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Introduction 

Motivation and objectives of this thesis 

In the fabrication of silicon solar cells, screen-printing is known as the “vital dinosaur” [1], as it 

has been used since the early 1970s for the formation of the front silver and rear aluminum 

contacts [1-3]. Since then, its simplicity, reliability and process speed have led to its 

establishment as the standard metallization technique [1], so that today over 90 % of the Si solar 

cells are contacted by screen-printing [4]. 

Due to its long history and widespread use, full-area alloying from screen-printed Al paste on Si 

wafers for solar cell applications has been investigated intensively. Today, it is well-known that 

a liquid Al-Si phase forms at the surface of the Si wafer during alloying, from which an 

Al-doped p+ Si (Al-p+) region grows epitaxially at the Si surface [5]. This Al-p+ region has been 

discovered as the most valuable part of the Al-alloyed contact shortly thereafter [6, 7]: Due to its 

high Al doping concentration, it shields electrons from the recombination active metal contact 

and thus improves the electrical characteristics of the solar cell [7]. Therefore, the alloying 

conditions have to be chosen carefully to “engineer” [8] the acceptor profile of the Al-p+ region 

in an adequate way. 

Despite the intensive research and excellent results reported for Al-alloyed contacts, there are 

still unanswered questions concerning the interaction of the alloying conditions and the electrical 

characteristics of the contacts: So far, no comprehensive analytical model for the alloying 

process has been published, which allows one to describe the composition of the Al contact in 

general and the doping profile of the Al-p+ region in particular for a broad range of printing and 

firing conditions. Consequently, it has not been able to directly relate the Al doping profiles to 

the electrical properties of the Al-alloyed contacts. A first objective of this work therefore is: 

• The development of an analytical model for alloying from screen-printed Al pastes for Si 

solar cell applications, which allows for the accurate calculation of the doping profiles of 

Al-p+ regions; the application of this model to investigate the recombination characteristics 

of Al-p+ regions in detail to achieve a profound physical understanding of the electrical 

properties of Al-alloyed contacts. 

A recent, promising improvement of Al screen-printing pastes for solar cell applications has 

been the addition of boron components to the pastes [9, 10]. The B additives thereby lead to the 

additional incorporation of B atoms as acceptors into the Al-p+ regions. Due to the significantly 
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higher solid solubility of B in crystalline Si compared to Al, the simultaneous Al and B doping 

can increase the acceptor concentration of the p+ region by up to one order of magnitude [8, 11]. 

Consequently, the application of Al pastes containing B additives for the formation of the rear 

contacts improves the electrical properties of Si solar cells considerably [10, 12]. 

Although these pastes have been used successfully in the solar cell industry for several years 

now [9, 13], not very many details are known on the formation of the Al-B acceptor profiles or 

the interaction of the Al paste and the B additive. Particularly the recombination characteristics 

of the Al- and B-doped p+ regions have remained largely unclear so far. A further topic of this 

work therefore is: 

• Understanding and quantifying alloying from Al pastes containing B additives. This 

knowledge is used to investigate and clarify the recombination characteristics of Al-B-doped 

p+ Si regions. In particular, the impact of the B percentage of the paste on these 

characteristics is to be resolved. 

In parallel to the development of the rear side of Si solar cells, much effort has been invested in 

improving their front sides by introducing metal pastes which can contact lowly phosphorus-

doped n+ emitters [4, 14] or by applying selective n+ emitter technologies [15]. Thus, despite the 

high potential of Al pastes containing B additives, at a certain point, the recombination 

characteristics of the full-area p+ region limit the performance of the solar cells [4, 10]. 

A promising approach to further improve the performance of Si solar cells is the passivation of 

the rear surface by dielectric layers and the application of local contacts through the passivation 

layer [16]. An industrially feasible way to manufacture the local contacts is full-area screen-

printing of Al paste on the locally opened passivation layer and subsequent contact formation by 

local alloying [17, 18]. Thereby, an Al-p+ region forms locally in the contact openings [19], 

which shields electrons from the rear contact [20]. However, a general challenge of local Al 

alloying is the heavy and persistent dissolution of Si through the local openings during alloying 

[21]. This leads to two main problems, which both deteriorate the recombination characteristics 

of the local contacts: (i) a strong enlargement of the contact area and (ii) low thicknesses of the 

Al-p+ regions in the contacts. Although this phenomenon has been explained qualitatively by the 

lateral diffusion of Si in the Al melt during local alloying [21, 22] and first approaches to its 

solution have been presented [23, 24], no comprehensive quantitative investigation of the local 

alloying process has been presented so far. Another field of work therefore is: 

• The development of a method to study the local alloying process quantitatively in order to 

provide an improved understanding of the local contact formation. Then, promising 
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approaches to improve the recombination characteristics of the local contacts are to be 

investigated in detail. 

As today’s Si solar cell manufacturing is focused on cells produced of boron-doped p-type 

crystalline Si material [4], alloying from screen-printed Al pastes is generally used to form the 

so-called full-area or local Al-p+ back surface fields beneath the rear Al contacts. However, it has 

been demonstrated that this well-established metallization technique can also be transferred to 

the fabrication of phosphorus-doped n-type Si solar cells by changing the base material from 

p- to n-type Si [25-27]. Since n-type Si material is less sensitive to common impurity atoms [28] 

and is considerably more stable under illumination than p-type Si [27, 29, 30], the n-type Si solar 

cell concept with an Al-alloyed rear combines the superior electrical properties of n-type Si 

material with the simple and reliable standard fabrication process. The Al-p+ regions which are 

the back surface fields in p-type Si cells then act as p+ rear emitters. As a consequence, this solar 

cell concept is very sensitive to the properties of the rear Al-p+ regions [31], so that it profits 

particularly from improvements of the electrical Al-p+ region properties. Thus, the concluding 

aim of this work is: 

• Transferring the knowledge of alloying from screen-printed Al and Al-B pastes to the 

fabrication of n-type Si solar cells with an alloyed p+ rear emitter in order to improve the 

conversion efficiencies of the solar cells. This includes the investigation and implementation 

of optimized industrial fabrication techniques. 

Thesis outline 

The present thesis consists of seven chapters, which are introduced in the following: 

Chapter 1 introduces the fundamentals of Si solar cells and reviews the physics of charge carrier 

recombination in Si, which provides the basis for the investigations of the recombination 

characteristics of Al-alloyed p+ regions. Furthermore, the working principles of pp+ low-high and 

np+ emitter junctions are discussed since they are important for understanding the charge carrier 

shielding by p+ regions. Subsequently, an introduction into eutectic phase diagrams is given, 

with which alloying from Al pastes on Si can be described quantitatively. 

In chapter 2, an analytical model for alloying from screen-printed Al pastes on Si wafers is 

presented, which quantitatively describes the composition of the Al-Si melt that forms on top of 

the Si wafer during alloying and the recrystallization of Si at the wafer surface. Characteristic 

effects like the latent heat of the Al paste and parasitic recrystallization of Si within the paste 

particles are discussed and included in the model. The model is applied to calculate the acceptor 
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profiles of Al-alloyed p+ regions for a broad range of printing and alloying conditions. In a 

concluding discussion, limitations of the model caused by wetting phenomena are considered. 

In chapter 3, the recombination characteristics of Al-alloyed contacts are investigated by means 

of simulations and experiments. Since these characteristics are defined by the ionized, 

electrically active acceptors in the Al-p+ regions, the ionization of Al acceptor atoms is analyzed 

in detail. These results are then combined with the model on alloying from Al paste on Si to 

simulate the influence of the printing and firing conditions on the recombination characteristics 

of the Al-alloyed contacts. Thereby, the contributions from (i) recombination at the surfaces of 

the Al-p+ regions and (ii) recombination at defects as well as (iii) Auger recombination within 

the Al-p+ region bulks are split up and investigated separately. The results of the simulations are 

then verified experimentally. Finally, the passivation of the Al-p+ region surface is analyzed as a 

promising approach to further improve the recombination properties of Al-p+ regions. 

Prerequisites for an effective surface passivation are discussed by means of simulations and 

experiments. 

Chapter 4 focuses on alloying from screen-printed Al pastes containing B additives. Based on 

the model presented in chapter 2, a quantitative description of the composition of the Al-B-Si 

melt during alloying and the incorporation of Al and B acceptor atoms into the recrystallizing Si 

is derived. This description is used to examine the effect of the B additive on the Al-B doping 

profiles and to explain the occurrence of characteristic kinks in the doping profile curves. The 

recombination characteristics of p+ regions alloyed from Al pastes containing B additives are 

subsequently investigated in detail by simulating the different recombination paths according to 

chapter 3. In particular, the influence of the B percentage of the paste on these characteristics is 

clarified. Finally, the results of the calculations are verified experimentally. 

Chapter 5 is concerned with the structural and electrical properties of local contacts formed by 

full-area screen-printing and firing of Al paste on locally opened dielectric layers. The formation 

of the local contacts is studied quantitatively by calculating the concentration of Si, which 

dissolves into the Al melt through the local openings during alloying, and relating this 

concentration to the contact structure. The application of Si additives within the Al paste for the 

local contact formation is investigated in detail and its effect on the contact structure clarified. It 

is discussed how the Si percentage of the paste influences the recombination characteristics of 

the local contacts, the internal reflectance at the solar cell rear and the resistivity of the paste. 

In chapter 6, the results of the previous chapters are combined to improve the conversion 

efficiencies of n-type Si solar cells with an Al-alloyed p+ rear emitter. Three different emitter 

configurations are investigated: (i) full-area Al-p+ emitters without surface passivation, 
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(ii) surface-passivated full-area Al-p+ emitters with local contacts, and (iii) local Al-p+ emitters 

in a passivated Si surface. Nickel plating is analyzed as a promising technique for the front side 

metallization of these solar cells, which enables the separate formation of the front and the rear 

contacts and, thus, the precise optimization of the alloying conditions for the Al-p+ rear emitter 

formation. The stability of the n-type Si solar cells with an Al-p+ emitter against the thermal Ni 

contact formation is examined and compared to the stability of conventional p-type Si solar cells. 

Because Ni-plated contacts feature low contact resistances even on lowly phosphorus-doped n+ 

Si, an industrially feasible approach to form lowly doped n+ front surface fields is investigated 

subsequently and implemented into the solar cell fabrication process. 

Finally, the results of this work are summarized and presented in a concise manner. 

 

 





 

 

 

1 Theoretical background 

This introductory chapter deals with reviewing the fundamental physics that are necessary to 

understand the formation and electrical properties of aluminum-alloyed p+ regions in silicon 

and their application to silicon solar cells. In section 1.1, the working principle of Si solar cells 

is discussed briefly and an analytical model for the description of their current-voltage 

characteristics is presented. In section 1.2, the recombination losses of photo-generated charge 

carriers are reviewed, which provide the basis for the investigation of the recombination 

characteristics of the Al-alloyed p+ Si regions. To clarify the principle of charge carrier 

shielding by the p+ regions, section 1.3 focusses on describing the physics of the Si base/p+ 

region transition. Finally, in section 1.4, eutectic phase diagrams are discussed, which are 

essential for modelling the formation of p+ regions by alloying. 

1.1 Current-voltage characteristics of silicon solar cells 

A silicon solar cell is basically a large-area pn junction diode, which is operated under 

illumination (see Fig. 1.1). By the absorption of photons, free electrons and holes are generated, 

which are separated by the pn junction and “do work in an external circuit” [32]. 

The current density-voltage j(V) characteristic under illumination therefore describes the solar 

cell in its standard operation conditions, so that this curve has been denoted as “photovoltaic 

output characteristic[.]” [33]. In the ideal case, the j(V) characteristic of an illuminated Si solar 

cell is described by the ideal diode equation, which was derived by William Shockley in 1949 

[34, 35]: 

 j(V) = j0⋅ �exp �
qV
kBT

�  - 1�  - jsc. (1.1) 

Thereby, j0 stands for the saturation current density of the diode, which is the sum of the 

saturation current densities from the base and from the emitter. The so-called short-circuit 

current density jsc represents the current density generated in the Si solar cell by illumination and 

collected by its contacts. kB stands for the Boltzmann constant and T for the temperature of the 

diode. Equation (1.1) has been deduced using different assumptions, which inter alia comprise 

no recombination within the space charge (SC) region of the diode. 

Several years later, in 1957, Sah et al. presented that exactly the recombination at defects within 

the space charge region leads to a deviation from the ideal j(V) dependence [36]. They showed  
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that in the presence of a deep defect1 in the SC region, the dark j(V) characteristics are 

proportional to exp(qV 2kBT⁄ ), i.e. that an additional ideality factor of two has to be taken into 

account. 

In 1963, Wolf et al. showed that the j(V) characteristics of solar cells are described accurately by 

the sum of two diodes with different ideality factors n1 and n2, respectively [33]. Out of this 

finding, the so-called two-diode model evolved [35]: 

 j(V) = j01 ⋅ �exp �
q(V - j(V)RS)

n1kBT
�  - 1�  + j02 ⋅ �exp �

q(V - j(V)RS)
n2kBT

�  - 1�  + 
V - j(V)RS

Rsh
 - jsc (1.2) 

The parameters used in this equation are summarized in Tab. 1.1. Due to its simple form and 

generality, the two-diode model is the most commonly used analytical model for Si solar cells.  

The first term of the two-diode model (corresponding to diode 1) thereby characterizes the 

recombination in the Si base, in the emitter and at the surfaces, so that, according to the ideal 

diode law, n1 generally can be taken as unity [39, 40]. The second term (diode 2) describes 

recombination within the SC regions. Under ideal conditions, n2 is thus given by two [39, 40]. 

                                                 

 

1  NB: A deep defect thereby means that the energy level of the defect is located near the middle of the Si band gap. 

Further information on defect recombination is given in subsection 1.2.4 [p. 15]. 

 

 

Fig. 1.1 Schematic structure of the first silicon solar cell, which was fabricated by Chapin, 

Fuller and Pearson in 1954 [32] (figure taken from [37, 38]). 
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However, these conditions are rarely fulfilled in practice, so that n2 is often larger than two [41].2 

The two-diode model furthermore accounts for series resistance losses and losses due to leakage 

current.  

A calculated characteristic j(V) curve of an n-type Si solar cell with an Al-doped p+ rear emitter 

is shown in Fig. 1.2. In addition, the resulting power density of the solar cell is presented in the 

graph. 

The maximum in power density, which is referred to as maximum power point (mpp), defines 

two characteristic quantities: the voltage Vmpp and the current density jmpp. Further quantities are 

the voltage at j = 0, which is referred to as open-circuit voltage Voc and the short-circuit current 

density jsc, which is given by the current density at V = 0. 

The conversion efficiency η of the solar cell is defined by the ratio of the maximum power 

density of the solar cell to the power density Plight of the incident light: 

η = 
jmpp⋅Vmpp

Plight
 = 

jsc⋅Voc⋅FF
Plight

. (1.3) 

For convenience, the so-called fill factor FF of the solar cell is defined as  

FF = 
jmpp⋅Vmpp

jsc⋅Voc
. (1.4) 

                                                 

 
2  For a comprehensive discussion of the ideality factors, the reader is referred to [42]. 

Tab. 1.1 Parameters of the two-diode model presented in equation (1.2). 

Parameter unit Description 

j0i A/cm2 Saturation current density of diode i (i =1, 2) 

ni - Ideality factor of diode i (i =1, 2) 

RS Ω cm2 Series resistance of the solar cell  

Rsh Ω cm2 Shunt resistance of the solar cell 
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The fill factor is always smaller than unity due to the intrinsic exponential form of the j(V) 

characteristic and is further reduced by series or shunt resistance losses [39]. 

1.2 Recombination of minority carriers in silicon solar cells 

The highest conversion efficiency that has been realized experimentally for a Si solar cells is 

25.6 % [43]. The difference to the maximal efficiency of the Carnot cycle of 85 % [40] is large 

and caused by versatile loss mechanisms. An overview of the loss mechanisms is given in 

Fig. 1.3. 

In general, three different fundamental loss mechanisms can be distinguished: (i) optical losses, 

(ii) electrical losses and (iii) losses resulting from the Si band gap. These losses have been 

discussed intensively in the literature [35, 40, 44-46]. Optical, ohmic and band gap losses are 

therefore not addressed in this chapter and the reader is referred to these literature publications. 

Since the recombination characteristics of alloyed p+ Si regions are a very central element of the 

 

0 100 200 300 400 500 600
0

5

10

15

20

25

30

35

40

Cu
rre

nt
 d

en
sit

y 
j [

m
A/

cm
2 ]

Voltage V [mV]

0

5

10

15

20

25jsc

VocVmpp

Po
we

r d
en

sit
y 

[m
W

/c
m

2 ]

jmpp

mpp

 

Fig. 1.2 Calculated current density-voltage j(V) characteristic (black line, left axis) of an 

n-type Si solar cell with an Al-doped p+ rear emitter in forward bias under standard testing 

conditions (AM1.5G, 100 mW/cm2, 25 °C). Additionally, the red line shows the power density of 

the solar cell (right axis). The point of maximum power (mpp) defines two characteristic 

quantities: the voltage Vmpp and the current density jmpp. Further quantities are the current 

density at V = 0, which is denoted as short-circuit current density jsc, and the voltage at j = 0, 

which is referred to as open-circuit voltage Voc. The calculations were carried out using the two-

diode model with the following parameters: j01 = 400 fA/cm2, n1 = 1, j02 = 20 nA/cm2, n2 = 2, 

Rs = 0.5 Ω cm2, Rsh = 50 kΩ cm2 and jsc = 37 mA/cm2. Please note that absolute values of the 

current and power density are displayed. 
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present work, however, the theoretical background of the recombination losses is reviewed in 

more detail. 

The absorption of photons by the Si crystal takes place by the excitation of electrons from the 

valence band into the conductance band. The excited electrons can then deliver their excitation 

energies to an external load. However, the excitation energy can also be released by the 

reemission of photons or by the generation of phonons, so that it does not contribute to the 

electrical power of the Si solar cell. These energy losses are denoted as recombination losses and 

occur either intrinsically within the Si crystal or extrinsically at defects within the Si material or 

at the surfaces. To provide the theoretical basis for a differentiated investigation of the 

recombination characteristics of alloyed p+ Si regions, the different recombination paths are 

introduced and discussed in the following subsections. 

1.2.1 Generation and recombination 

In thermal equilibrium without illumination, the excitation of electrons occurs with a rate G0, 

which is equal to the rate R0 of thermal relaxation. In the conception of electrons and holes, the 

thermal generation of electron-hole pairs equals their thermal recombination. On average, the 

concentrations of electrons n0 and holes p0 are therefore constant and can be determined by [35, 

40, 44, 45] 

n0 = NC ⋅ exp �−
EC - EF

kBT
�       and       p0 = NV ⋅ exp �−

EF - EV

kBT
� . (1.5) 

 

 

Fig. 1.3 Overview of loss mechanisms in silicon solar cells (taken from Hofmann [47]). 
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Thereby, NC and NV stand for the effective density of states at the conductance band and at the 

valence band edge, respectively. EC and EV parameterize the energies of the conductance band 

and the valence band edge and EF represents the Fermi energy. Furthermore, kB stands for the 

Boltzmann constant and T for the temperature of the Si crystal. 

Thus, the carrier concentrations fulfill the so-called law of mass action 

n0 ⋅ p0 = NCNV ⋅ exp �−
Egap

kBT
�  =: ni

2, (1.6) 

with Egap = EC - EV standing for the band gap energy of Si and ni for the intrinsic carrier 

concentration. For a Si crystal at a temperature of 300 K, ni is 9.65⋅109 cm-3 [48]. 

If the Si crystal is illuminated, additional electron-hole pairs are generated with a rate 

G = G0 + ΔG by photon absorption. Therefore, the concentration of electrons increases to 

n = n0 + Δn and the concentration of holes to p = p0 + Δp. The additionally generated carriers 

disturb the thermal equilibrium and the electron and hole concentrations can no longer be 

described by one single Fermi energy. Instead, two separate quasi-Fermi distributions with 

quasi-Fermi energies EF,n for electrons and EF,p for holes need to be introduced [40]: 

 n = NC ⋅ exp �−
EC - EF,n

kBT
�       and       p = NV ⋅ exp �−

EF,p - EV

kBT
� . (1.7) 

The law of mass action is no longer valid and has to be replaced by n ⋅ p > ni
2.  

The disturbance of the thermal equilibrium by illumination leads to an increased recombination 

rate R = R0 + ΔR. The relation between carrier concentrations and generation as well as 

recombination rate can be described mathematically by the continuity equation [40, 44] 

∂(n0+Δn)
∂t

 = G0 + ΔG - (R0 + ΔR), (1.8) 

thereby assuming a spatially homogeneous carrier concentration. Analogously, an equation for 

the hole concentration can be determined. Since ∂n0
∂t

 = G0 - R0 holds true for thermal equilibrium 

conditions, equation (1.8) can be simplified to  

∂Δn
∂t

 = ΔG - ΔR. (1.9) 

If the illumination of the Si crystal is turned off, the excess carriers recombine and the 

concentrations n and p are reduced to their equilibrium values n0 and p0. The excess carrier 

density Δn is thereby given by  
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∂Δn(t)
∂t

 = - ΔR(Δn(t), n0, p0). (1.10) 

This equation can be solved by power series expansion of ΔR in Δn. In the simplest case, ΔR is 

directly proportional to Δn.3 The excess carrier concentration thus decays exponentially with the 

time constant τ: 

τ ≔ 
Δn

ΔR�Δn, n0, p0�
, (1.11) 

which is denoted as lifetime of the excess carriers. Even if higher orders of the power series are 

taken into account, τ is defined by equation (1.11), but then becomes a function of the carrier 

concentrations, i.e. τ = τ(Δn, n0, p0). 

Normally, several recombination mechanisms occur simultaneously and independently from 

each other. In this case, the respective recombination rates ΔRi add up to the total rate 

ΔRtot = ∑ ΔRii . Thus, according to equation (1.11), the total lifetime τtot is given by: 

1
τtot

 = �
1
τii

. (1.12) 

The total lifetime is therefore always smaller than the lifetime with the lowest value, which 

comes from the recombination path with the highest recombination rate. Consequently, τtot is 

defined by the recombination mechanism with the highest recombination rate. 

The considerations of this introductory subsection were kept general without accounting for the 

characteristics of the different recombination mechanisms. In the following subsections, these 

recombination mechanisms are therefore discussed in more detail. 

1.2.2 Radiative recombination 

Radiative band-to-band recombination is the inverse process to the absorption of photons and is 

based on the recombination of an electron in the conduction band and a hole in the valence band 

under the emission of a photon.  

                                                 

 
3  A constant term does not occur due to the boundary condition ΔR(Δn = 0) = 0. 
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Since electrons and holes contribute equally to the radiative recombination, the respective 

recombination rate ΔRrad is proportional to the product of the electron and the hole concentration 

[45]: 

ΔRrad = B ⋅ �np - ni
2�. (1.13) 

The constant of proportionality B is called the radiative recombination coefficient and is a matter 

constant. B corresponds to the transition probability of an electron from the conduction to the 

valence band and therefore depends strongly on the band structure of the semiconductor. 

Consequently, B is several orders of magnitude larger for direct semiconductors (e.g. 

B = 3.0⋅10-10 cm3s-1 for gallium arsenide at 300 K [49]) than for indirect semiconductors, for 

which the participation of an additional phonon is required for the conservation of momentum. 

For a lowly doped Si crystal at 300 K, B is 4.73⋅10-15 cm2s-1 [50]. Due to Coulomb interaction 

between electrons and holes, B depends furthermore on the Si doping concentration [51]. 

As can be seen from equation (1.13), the driving force for recombination is the term np - ni
2. 

Since n0p0 = ni
2 applies under thermal equilibrium conditions and np > ni

2 under illumination, 

np - ni
2 characterizes the “deviation from equilibrium conditions” due to the exposure of the 

semiconductor to light. 

Using equation (1.11), the lifetime τrad of radiative recombination can be written as 

τrad = 
1

B ⋅ �n0 + p0 + Δn�
. (1.14) 

For Si crystals, radiative recombination is of minor importance due to the small recombination 

coefficient and is generally superposed by Auger or defect recombination. 

1.2.3 Auger recombination 

During band-to-band Auger recombination, an electron and a hole recombine and transfer their 

energy and momentum non-radiatively to a third free charge carrier. This carrier can either be an 

electron in the conduction band or a hole in the valence band. The transferred energy is then 

thermalized. 

The theory of Auger recombination has been described intensively in the literature. Thereby, the 

description has evolved from a traditional theory of non-interacting carriers [52, 53] to a 

sophisticated theory, which takes Coulomb interaction between the carriers into account [54, 55]. 

Several parameterizations of the Auger recombination rate ΔRAuger in dependence of the carrier 
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concentrations n0, p0 and Δn have been published [56-59]. A widely used empirical 

parameterization was presented by Kerr and Cuevas in 2002 [58], which is based on fitting the 

polynomial relation 

ΔRAuger = np �Cn
*(n0) n0 + Cp

*�p0� p0 + Ca
*(Δn) Δn� (1.15) 

to experimental data, with Cn
*, Cp

* and Ca
* representing the so-called Auger coefficients. 

The lifetime τAuger of Auger recombination can thus be expressed by 

τAuger = 
Δn

(n0 + Δn)�p0 + Δn� ⋅ �1.8⋅10-24 ⋅ n0
0.65 + 6⋅10-25 ⋅ p0

0.65 + 3⋅10-27 ⋅ Δn0.8�
. (1.16) 

For p-type Si with acceptor concentration NA in low injection conditions, this equation can be 

rewritten as 

τAuger = 
1

6⋅10-25 ⋅ NA
1.65 . (1.17) 

Thus, the lifetime of Auger recombination decreases strongly with increasing acceptor 

concentration, i.e. Auger recombination intensifies. As will be shown in chapter 4 [p. 131], this 

becomes highly relevant for p+ regions alloyed from aluminum pastes containing boron 

additives. 

Please note that it has been stated in [60] that it is not possible to implement the parameterization 

of Kerr and Cuevas into the semiconductor device simulator Sentaurus TCAD, which has been 

used in this work for numerically simulating the recombination characteristics of alloyed p+ 

regions. However, only negligible deviations are expected from the different parameterization 

since, in highly doped p+ regions, Auger recombination is described accurately by the 

parameterization of Kerr and Cuevas as well as by the parameterization used in Sentaurus TCAD 

[60]. 

1.2.4 Defect recombination 

Radiative recombination and Auger recombination are intrinsic recombination mechanisms, 

which occur independently from the material quality even for perfect Si crystals. However, 

recombination of electrons and holes also appears extrinsically at crystal defects and impurities 

within the Si material or at its surfaces. The mechanisms of defect recombination are discussed 

briefly in the following. For a more comprehensive description, the reader is referred to, e.g., 

[49] and [61]. 
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Recombination at defects in the Si volume 

The recombination of electrons and holes via defects in the Si volume occurs if the defects form 

energy levels within the Si band gap (shown schematically in the left image of Fig. 1.4). 

Thereby, an electron and a hole are trapped consecutively by the defect and then recombine. The 

energy of the electron and the hole is mainly transferred to the Si crystal via phonons [62]. 

Additionally, the energy can be provided to further free charge carriers or released by the 

emission of photons [61]. 

Shockley, Read [63] and Hall [64] have shown that defect recombination can be considered in a 

purely statistical way. According to this Shockley-Read-Hall (SRH) model, the rate of defect 

recombination is given by [63, 64] 

ΔRSRH = 
�np - ni

2� 𝑣th Nt

σp
-1 ⋅ (n + n1) + σn

-1 ⋅ �p + p1�
. (1.18) 

The parameters of this equation are summarized in Tab. 1.2. 

The so-called SRH densities n1 and p1 are thereby defined by 

n1 = NC ⋅ exp �−
EC - Et

kBT
�          and         p1 = NV ⋅ exp �−

Et - EV

kBT
� , (1.19) 

with Et standing for the energy level of the defect. The capture cross sections for electrons and 

holes are commonly in the range of 10-12 to 10-18 cm2 [62] and are characteristic for the 

 

   

Fig. 1.4 Left: Schematic illustration of recombination of electrons and holes via a bulk defect 

with an energy level Et and electron and hole capture cross sections σn and σp, respectively. 

Right: Schematic of recombination at a surface, which exhibits quasi-continuous energy levels 

through the entire band gap. EV and EC denote the energies of the valence and the conduction 

band edge. 
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respective defect [65], i.e. they cannot be modified. It is important to note that σn and σp can 

differ from each other by orders of magnitude.  

The lifetime τSRH of defect recombination can be expressed by  

τSRH = τp0  
n0 + n1 + Δn
n0 + p0 + Δn

 + τn0  
p0 + p1 + Δn
n0 + p0 + Δn

, (1.20) 

with the time constants τn0= 1 σn𝑣thNt⁄  and τp0= 1 σp𝑣thNt⁄  characterizing the capture times of 

electrons and holes by the defect, respectively. 

The lifetime of defect recombination is inversely proportional to the defect concentration Nt. 

This can be nicely seen by calculating τSRH as a function of the concentration of an interstitial 

iron defect in n- and p-type Si, respectively (see Fig. 1.5). The graph shows that n-type Si is 

significantly less sensitive to iron impurities than p-type Si. This is caused by the asymmetric 

capture cross sections σn / σp = 588 of the interstitial iron defect [66], which lead to a slower 

capture of holes than of electrons. Since the capture of minority carriers (i.e. of holes for n-type 

Si and of electrons for p-type Si) defines the defect recombination rate in low injection 

conditions, n-type Si exhibits higher τSRH values. For a more detailed investigation on the 

influence of interstitial iron as well as further impurity atoms, please refer to [67, 68]. 

In conclusion, extrinsic recombination via bulk defects can be suppressed by using high quality 

Si material with low defect concentration. In addition, since most metallic impurities exhibit 

lower capture cross sections for holes [28, 66], the application of donor-like dopants “offer[s] 

greater immunity to the effects of metal contaminants” [28]. 
 

  Tab. 1.2  Parameters used in equation (1.18). 

Parameter unit Description 

𝑣th cm/s Average thermal velocity 

Nt cm-3 Defect concentration 

σn   and  σp cm2 Capture cross sections for electrons and holes  

n1  and  p1 cm-3 SRH densities defined in equation (1.19) 
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Defect recombination at surfaces 

At the surface of the Si crystal, the Si lattice structure is disrupted abruptly. Si atoms lack in their 

previous neighbor atoms, which leads to a high density of unsaturated bonds (often denoted as 

dangling bonds). The energy levels of these dangling bonds are generally located in the Si band 

gap, so that surfaces exhibit high recombination rates. 

The recombination of electrons and holes at surfaces, which is shown schematically in the right 

image of Fig. 1.4, can again be described by the Shockley-Read-Hall theory. The main 

difference between defects at surfaces and within the bulk, however, is the form of the defect 

energy levels. Whereas the energy levels are discrete for bulk defects, they are, in general, 

distributed continuously over the entire band gap for surface defects [49]. The rate ΔRS of 

surface recombination is thus given by the integral of equation (1.18) over the entire defect 

energy spectrum:  

ΔRS = �nSpS - ni
2� �

𝑣th Dit(Et)
σp

-1(Et) ⋅ (nS + n1(Et)) + σn
-1(Et) ⋅ �pS + p1(Et)�

dEt

EC

EV

. (1.21) 

nS and pS thereby stand for the electron and hole concentration at the surface, respectively, and 

Dit for the density of defects at the surface. A major difference to bulk defect recombination is 
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Fig. 1.5 Calculated lifetime τSRH of defect recombination for an interstitial iron defect as a 

function of the interstitial iron concentration. The red solid line represents n-type Si and the 

dashed green line p-type Si, both with doping concentrations of 1016 cm-3. Low injection 

conditions were assumed for the calculations. The interstitial iron defect exhibits a defect level at 

EC – Et = 0.744 eV and has capture cross-sections σn = 4.0⋅10-14 cm2 and σp = 6.8⋅10-17 cm2 

[66]. Due to the preferential capture of electrons, τSRH is considerably lower for p-type Si than 

for n-type Si. 
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the fact that the characteristic parameters (σn, σp and Dit) of surface recombination are energy-

dependent. 

For the bulk defect recombination discussed above, equation (1.11) [p. 13] has been used to 

derive the lifetime of defect recombination from the respective recombination rate. For surface 

recombination, however, ΔRS does not have the unit [cm-3s-1] of a rate per volume as the bulk 

defect recombination, but the unit [cm-2s-1] of a rate per area. Therefore, it is not a surface 

recombination lifetime that is defined, but a surface recombination velocity (SRV) S [49]: 

 S�ΔnS, n0, p0� ≔  
ΔRS�ΔnS, n0, p0�

ΔnS
. (1.22) 

Thereby, ΔnS = nS – nS,0 = pS – pS,0 stands for the excess carrier density at the surface, which is 

given by the difference of the carrier densities at the surface under illumination (nS, pS) and 

under thermal equilibrium conditions (nS,0, pS,0). Since S is defined reciprocally to recombination 

lifetimes, high S values represent strong recombination at the surface, while low S values 

describe low surface recombination rates. 

For a very high surface recombination, the recombination rate is limited by the transport of 

carriers to the surface, which is driven thermally. Thus, S cannot be higher than the thermal 

velocity 𝑣th [49, 69]. 

1.2.5 Recombination characteristics of highly doped Si: Saturation current densities  

The previous subsections have shown that the different recombination paths are affected 

versatilely by the doping as well as the excess carrier concentrations, so that the precise 

determination of the recombination rates is often very complex. Highly doped n+ and p+ Si 

regions, which are generally formed at the surfaces of Si solar cells as emitters or front and back 

surface field regions, additionally feature inhomogeneous doping profiles and entail further 

effects like band gap narrowing [70, 71] or free carrier absorption [72].  
 

Effective surface recombination velocity 

To circumvent the problems which result from these effects for the determination of the 

recombination characteristics of n+ or p+ Si regions, a virtual surface is defined on the base side 

of the SC region of the n+ or p+ region (see Fig. 1.6). The recombination within the bulk and at 

the actual, physical surface of the n+ or p+ Si region is then merged to an effective surface 

recombination velocity Seff at this virtual surface. 
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The meaning of Seff can be illustrated nicely by considering the electron recombination current 

density jrec through the virtual surface [73]: 

jrec = Seff q Δn. (1.23) 

Seff thus describes the velocity with which excess electrons with charge density qΔn flow through 

the virtual surface to recombine within the highly doped region or at its surface. Please note that 

Δn thereby stands for the excess carrier density at the virtual surface, i.e. at the base side of the 

SC region. 
 

Saturation current density 

An alternative and more general approach to describe the recombination properties of highly 

doped regions is offered by the saturation current density approach, which originates directly 

from the ideal diode law of a pn junction (cf. section 1.1 [p. 7]). By applying equations (1.6) and 

(1.7) [p. 12] to the ideal diode equation, the recombination current density jrec at a given external 

voltage V can be expressed by  

jrec = j0 ⋅ �exp �
qV
kBT

�  - 1�  = j0 ⋅ �
np
ni

2  - 1�  ≈  j0 ⋅ 
�Ndop+Δn� ⋅ Δn

ni
2 , (1.24) 

with qV representing the splitting of the quasi-Fermi levels (qV = EF,n - EF,p) and Ndop standing 

for the doping concentration of the Si base. Equation (1.24) holds true if defect recombination 

within the SC region of the highly doped Si region can be neglected [74]. As discussed in 

section 1.1 [p. 7], the saturation current density j0 then comprises contributions from the highly 

doped Si region and from the Si base. By using high quality Si base material with low doping 

concentration, the saturation current density originating from recombination in the Si base can be 

suppressed, so that j0 characterizes the recombination within the bulk and at the surface of the 

highly doped Si region.  

 

 

Fig. 1.6 Illustration of the virtual surface defined to characterize the recombination properties 

of highly doped n+ or p+ Si regions. 
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The saturation current density formalism can be used to estimate the maximal voltage of a solar 

cell, which is denoted as implied open-circuit voltage Voc,impl. Since the ideal diode law describes 

the solar cell under ideal conditions, Voc,impl for a given j0 value can be determined from 

equation (1.1) [p. 7]: 

Voc,impl = 
kBT
q

 ln �
jsc
j0

 + 1�  ≈ 
kBT
q

ln �
jsc
j0

� . (1.25) 

In chapters 3 [p. 106] and 4 [p. 152], this relation is applied to investigate the Voc,impl values of Si 

solar cells with alloyed p+ regions. 
 

Relation of effective surface recombination velocity and saturation current density 

The effective surface recombination velocity and the saturation current density can be calculated 

from one another by equating equations (1.23) and (1.24):  

Seff = j0 ⋅ 
Ndop + Δn

qni
2 . (1.26) 

This relation provides the basis for the experimental determination of the saturation current 

density, which is further discussed in the following subsection 1.2.6. 
 

Differentiating the recombination characteristics of highly doped Si regions 

To yield an improved understanding of the recombination characteristics of highly doped n+ or 

p+ Si regions, it is valuable to not only determine the total saturation current density, but to 

investigate the recombination mechanisms in a more differentiated way: (i) defect and (ii) Auger 

recombination within the bulks of the highly doped Si regions as well as (iii) recombination at 

their physical surfaces. 

The current density jrec
defect of recombination at defects within the highly doped Si region can be de-

termined by integrating the defect recombination rate ΔRSRH over the depth x of this region [75]:4 

jrec
defect = q � ΔRSRH(x) dx

d

0
. (1.27) 

                                                 

 
4  NB: The origin of the x-axis is set to the virtual surface. x = d refers to the physical surface. 
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Thereby, d stands for the thickness of the region. The corresponding saturation current density 

can be determined easily by applying equation (1.24): 

j0
defect = 

q ∫ ΔRSRH(x) dxd
0

exp � qV
kBT�  - 1

. (1.28) 

Accordingly, the saturation current density j0
Auger of Auger recombination within the highly 

doped Si region is given by  

j0
Auger = 

q ∫ ΔRAuger(x) dxd
0

exp � qV
kBT�  - 1

, (1.29) 

with ΔRAuger standing for the Auger recombination rate. 

For the case of high surface recombination, each minority carrier reaching the physical surface of 

the highly doped region recombines. The recombination current density of surface recombination 

is thus given by the current density jmin(x = d) of minority carriers at the physical surface. The 

corresponding saturation current density j0
surface can be calculated from [75]:5 

j0
surface = 

jmin(x = d)

exp � qV
kBT�  - 1

. (1.30) 

Alternatively, j0
surface can be determined from equation (1.26) for a given surface recombination 

velocity.6 

Numerical simulations are necessary for this differentiated investigation of the recombination 

characteristics. In the course of this work, such simulations have been carried out for p+ Si 

regions alloyed from Al pastes with and without boron additives. The results, which are 

presented in chapters 3 [p. 107] and 4 [p. 152], provide an improved understanding of the 

                                                 

 
5  For convenience, the recombination current density at a voltage V = 0 has been neglected in this equation. For the 

numerical simulation of the saturation current densities, this term has been taken into account, though [75]. 

6  For determining the saturation current density of recombination at the physical surface from equation (1.26), Seff 

has to be replaced by the recombination velocity of the physical surface. Accordingly, Ndop and Δn are the doping 

and excess carrier concentrations at this surface. 
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recombination characteristics of these p+ regions and allow for an accurate optimization of the Al 

paste composition and the alloying conditions. 

Experimentally, the different recombination mechanisms cannot be separated. Only the total 

saturation current density j0 can be measured. In the following subsection, a method for the 

experimental determination of j0 is presented, which is based on separating recombination in the 

Si base and at the surface. 

1.2.6 Effective lifetime and separation of bulk and surface recombination 

The definition of a total lifetime which accounts for recombination both in the base of the Si crystal 

and at its (virtual) surface is not straight-forward. Since the SRH formalism does not yield a lifetime 

but a velocity of surface recombination, the total lifetime cannot be determined simply by the 

inverse sum 1/τb + 1/τS of the base and the surface recombination lifetimes τB and τS, respectively. 

Instead, a more detailed consideration is necessary, which is presented in this subsection. 
 

The effective lifetime 

The excess charge carrier density Δn generated by the illumination of the Si crystal decreases 

after turning off the illumination, because the charge carriers recombine within the volume or at 

the surfaces of the Si crystal. It can be shown (cf. references [39, 61]) that this decrease is 

dominated by a mode with the time constant τeff given by  

1
τeff

 = 
1
τb

 + α0
2 ⋅ D. (1.31) 

Thereby, D stands for the diffusion constant of minority carriers. The coefficient α0 is defined by 

the transcendental equation [76] 

tan(α0W) = 
S1 + S2

α0D - S1S2
α0D

. (1.32) 

W is the thickness of the Si base and S1 and S2 are the (effective) surface recombination 

velocities of the front and of the rear surface, respectively. Thus, α0 is defined completely by 

surface parameters. 

The first summand of equation (1.31) describes the recombination within the Si base and the 

second summand the recombination at the Si surfaces. Because the time constant τeff is a 

parameter that merges base and surface recombination and, in addition, can be measured 
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experimentally, τeff is commonly called the effective minority carrier lifetime or simply the 

effective lifetime. 

The transcendental equation (1.32) cannot be evaluated analytically, in general, but analytical 

solutions can be determined for limiting cases. For small S1 and S2 values, equation (1.31) can be 

approximated by [76] 

1
τeff

 = 
1
τb

 + 
S1 + S2

W
, (1.33) 

so that a surface lifetime τS can be defined by τS = W/(S1+S2).7 

For the investigation of the recombination characteristics of alloyed p+ regions in this work, 

p-type Si wafers with a thickness of approximately 250 μm and a resistivity of 100 Ω cm have 

been used as Si base material. For these wafer specifications, the error in τS resulting from the 

approximation has been calculated to be less than 10 % if S1 ≤ 470 cm/s is fulfilled.8 According 

to equation (1.26), this corresponds to saturation current densities ≤ 5.2⋅104 fA/cm2. Therefore, 

the approximated equation (1.33) provides a firm basis for the determination of the saturation 

current densities over a large range of values.  
 

Experimental determination of surface recombination velocities 

Equation (1.33) can be used to separate bulk and surface recombination: By measuring the 

effective lifetime for different wafer thicknesses W and plotting 1/τeff versus 1/W, the bulk 

lifetime and the sum of the SRVs can be determined from the axis intercept and the slope of a 

linear fit, respectively [59, 61]. This method provides very precise results, but also implies a 

tremendous experimental effort. 

A simpler and more straight-forward approach to determine the surface recombination velocities 

is based on using high purity float-zone (FZ) Si wafers, which feature a negligible concentration 

of defects within the Si bulk. The bulk recombination is then defined by radiative and Auger 

                                                 

 
7  Please note that, although equation (1.33) has been derived for transient carrier excitation, i.e. for the case of an 

abruptly ceasing excitation signal, the equation is also valid for quasi-steady state carrier excitation, for which the 

excitation decreases much slower than the charge carrier density [77]. 

8  Please note that this S1 boundary has been determined assuming S2 = 0 cm/s, which is a conservative assumption. 

For S2 > 0 cm/s, the S1 range in which equation (1.33) is valid increases. 
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recombination for which accurate parameterizations are available (cf. equations (1.14) and 

(1.16)). By applying 1/τb = 1/τrad + 1/τAuger to equation (1.33), the sum of the SRVs can be 

determined from measured effective lifetime values. 
 

Experimental determination of saturation current densities 

The recombination characteristics of highly doped n+ or p+ Si regions are commonly 

characterized by saturation current densities j0. In the following, an “asymmetrical” Si wafer 

with a highly doped Si region 1 on the front side and a second highly doped Si region 2 on the 

rear side is considered. The respective saturation current densities j0,1 and j0,2 are given by 

j0,i = Si ⋅ 
qni

2

Ndop + Δn
,     i =1, 2, (1.34) 

with Si standing for the respective SRVs. The determination of the saturation current densities 

from measured effective lifetimes is commonly done either under low [78] or under high 

injection conditions [79]. Since the high injection evaluation yields more reliable values [80], it 

has been used throughout this work. The following discussion is therefore restricted to this kind 

of evaluation.  

The effective lifetime of the sample under high injection conditions is given by  

1
τeff(Δn)

 = 
1

τb(Δn)
 + 

1
qni

2  ⋅ �j0,1 + j0,2�  ⋅ Δn. (1.35) 

Thereby, a constant generation of charge carriers at different heights of the samples has been 

assumed. Since radiative recombination can be neglected by approximation, equation (1.35) can 

be expressed by 

1
τeff(Δn)

 = 
1

τSRH
 + 

1
τAuger(Δn)

 + 
1

qni
2  ⋅ �j0,1 + j0,2�  ⋅ Δn. (1.36) 

Under high injection conditions, the lifetime of Auger recombination depends on the square of 

Δn. Thus, after deducting the Auger recombination term, 1/τeff is a linear function of Δn. Based 

on these considerations, Kane et al. developed the so-called slope method [79]: By plotting 

1/τeff - 1/τAuger versus the excess carrier density Δn¸ the sum of the saturation current densities 

can be determined from the slope of a linear fit. 
 

In general, it is not the sum of the saturation current densities, but the individual values j0,1 and 

j0,2 which are of interest. In practice, different process steps would have been applied to the two 
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sides of the sample to prepare Si region 1 on the front and Si region 2 on the rear. Normally, at 

least one of these process sequences could also be carried out on both sides, so that symmetrical 

reference samples could be fabricated with, for instance, Si region 1 on the front and on the rear. 

Applying the slope method to this reference sample would yield j0,1. The saturation current 

density j0,2 could thus be calculated easily by subtracting j0,1 from the sum j0,1 + j0,2 of the 

asymmetrical sample. 
 

Please note that the surface recombination velocity and the saturation current density formalism 

can also be combined [77, 79]. For samples with (i) a passivation layer with surface 

recombination velocity S1 on one surface and (ii) a highly Si doped region with saturation current 

density j0,2 at the other surface, the effective lifetime is given by  

1
τeff(Δn)

 = 
1

τSRH
 + 

1
τAuger(Δn)

 + 
S1

W
 + 

j0,2

qni
2  ⋅ Δn. (1.37) 

In chapter 3 [p. 115] and 4 [p. 167], equations (1.36) and (1.37) are utilized to experimentally 

determine the saturation current densities of alloyed p+ regions. 

1.3 Surface passivation by pp+ low-high junctions and np+ rear emitter junctions 

For high solar cell conversion efficiencies, the recombination of charge carriers has to be as low 

as possible. Due to the high ratio of surface to thickness of the Si wafers, the recombination 

characteristics of the surfaces are particularly critical.  

1.3.1 Basic passivation mechanisms 

Equation (1.21) [p. 18] has shown that the surface recombination rate ΔRS depends on (i) the 

density Dit of surface states and on (ii) the electron and hole concentrations at the surface. This 

leads to two different approaches for the reduction of surface recombination: 

(1) Reduction of the surface state density 

By lowering the density of surface states, ΔRS can be reduced effectively. Practically, this is 

realized by the deposition or growth of dielectric layers which saturate dangling bonds 

occurring at the Si surface. Examples of dielectric layers which are based on this passivation 

mechanism are thermally grown silicon dioxide layers [62, 81] and plasma-enhanced-

chemical-vapor-deposited (PECVD) intrinsic amorphous Si layers [82, 83]. 
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(2) Reduction of the electron or hole concentration at the surface 

Since both electrons and holes are necessary for recombination, the second mechanism is 

based on reducing the concentration of either electrons or holes at the surface. This can be 

done experimentally in two ways: 

- Fixed charges: 

By depositing dielectric layers which exhibit positive or negative charges an electric field 

is generated near the sample surface. This field repels electrons or holes depending on the 

polarity of the charges. Examples of dielectric layers with high densities of positive 

charges are PECVD silicon nitride layers [84, 85]; examples of dielectric layers 

containing negative charges are atomic-layer-deposited (ALD) aluminum oxide layers 

[86, 87]. 

- Low-high or emitter junctions: 

The presence of a highly doped n+ or p+ Si region near the surface leads to a decrease in 

the hole and electron concentration at the surface, respectively. Thereby, the highly 

doped Si region can either act as front or back surface field (unipolar nn+ or pp+ low-high 

junctions) or as emitter (bipolar pn+ or np+ emitter junctions). Since the shielding of 

electrons from a recombination-active contact by alloyed p+ regions is one of the central 

elements of the present work, its physical background is discussed in detail in the 

following subsection. 

1.3.2 Working principle of pp+ low-high junctions and np+ emitter junctions 

The pp+ low-high junction structure is very common in today’s Si solar cells: The majority of the 

Si solar cells that are industrially fabricated nowadays exhibit an aluminum-doped p+ Si (Al-p+) 

region at the rear, which is formed by alloying from a screen-printed Al paste. It is generally 

referred to as aluminum-back surface field (Al-p+ BSF). An np+ rear emitter structure occurs in 

n-type Si solar cells with an Al-alloyed rear p+ emitter, which can be manufactured using the 

similar fabrication process while only changing the base material from p- to n-type Si. This 

simple yet promising solar cell concept is the central solar cell concept of the present work (see 

chapter 6 [p. 195]). 

Already in the early 1970s, it was demonstrated that the losses due to rear surface recombination 

can be reduced effectively by forming a highly doped p+ Si region at the rear surface [5-7]. 

Nevertheless, even today, the working principle of unipolar pp+ low-high junctions or np+ emitter 

junctions is still sometimes misunderstood as has been pointed out in [88]. For this reason the 

physical background of electron shielding by p+ regions is reviewed and discussed in the 
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following.9 The discussion, which is based on the study of Cuevas and Yan [88], firstly focusses 

on pp+ low-high junctions and subsequently deals with np+ emitter junctions. Thereby, the 

influence of the acceptor concentration and the thickness of the p+ regions on their recombination 

characteristics are addressed in particular. 
 

Electron shielding by unipolar pp+ low-high junctions 

In order to clarify the working principle of a pp+ low-high junction, the characteristics of a 

simplified n+pp+ Si solar cell structure were simulated using the semiconductor simulation tool 

PC1D [89]. 

The front contact of the solar cell to the n+ emitter was assumed to be transparent and non-

recombining so as to increase the sensitivity to the solar cell’s rear side [88]. A thin, uniformly 

doped n+ front emitter with a doping concentration of 1018 cm-3 was assumed to enable the 

functionality of the solar cell. The acceptor concentration of the p-type Si base was set to 

1016 cm-3 and defect recombination in the base was deactivated. The p+ region at the rear was 

assumed to exhibit a thickness dp+ and a uniform doping profile with an acceptor concentration 

NA. Auger recombination within the p+ region was taken into account. For the sake of simplicity, 

the p+ region is considered to be free from defects. To account for recombination at the rear 

contact, the rear surface recombination velocity was set to thermal velocity, representing an 

ohmic contact without additional dielectric surface passivation. This simplified solar cell 

structure was assumed to be illuminated by light with an AM1.5G spectrum and an intensity of 

100 mW/cm2 and operated under open-circuit (Voc) conditions. Since no current is thereby 

extracted from the solar cell, all carriers generated by illumination recombine within the solar 

cell, which leads to a high sensitivity to the recombination properties. 

Fig. 1.7 shows the simulated energy band diagram of the pp+ transition for dp+ = 5 µm and 

NA = 1018 cm-3 for open-circuit conditions. Due to the adjustment of the quasi-Fermi levels of the 

p-type Si base and of the p+ region, a potential step in the conductance and in the valence band 

energy forms. The electron quasi-Fermi energy EF,n decreases toward the rear surface because of 

the high recombination rate at the surface. 

                                                 

 
9  In this section, only p+ Si regions with high acceptor concentrations are discussed, since these are the central 

element of this work. However, the results of the present section can be directly transferred to n+ regions with high 

donor concentrations. 
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The potential step of the conductance band at the pp+ junction is frequently taken as the reason 

for the passivating effect of low-high junctions [35, 88]: It is argued that this potential barrier 

would lead to an electric field, which would keep electrons from entering the p+ region and thus 

would shield electrons from the recombination-active rear surface. As a consequence, the p+ 

region at the rear surface is generally denoted as back surface field. 

In a recent publication, Cuevas and Yan have investigated the influence of the electric field of 

the pp+ low-high junction on the shielding of electrons in much detail [88]. They have shown 

that this electric field is not directly responsible for the improved recombination characteristics 

of solar cells with rear p+ region. They have demonstrated that the electric force on electrons, 

which is generated by the potential step at the pp+ junction, is compensated by the diffusive force 

exerted by the gradient in electron concentration toward the surface. The main reason for the 

electron shielding has been shown to be the reduction of electron concentration within the 

p+ region and the decrease in the electron diffusion coefficient [88]. 

The argumentation of Cuevas and Yan is discussed in the following in more detail. Thereby, the 

current density jn of electrons at the rear contact, i.e. at the p+ region surface, is taken as 

parameter to quantify the shielding of electrons. Due to the high recombination rate at the rear 

contact, each electron reaching the contact recombines. Thus, a low electron current density at 

the contact is required to improve the recombination characteristics of the solar cell. 
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Fig. 1.7 PC1D-simulated band diagram of a pp+ low-high junction at an illumination of 1 sun 

for open-circuit conditions. For the simulation, the doping concentration of the p-type Si base 

was set to 1016 cm-3, the doping concentration of the uniformly doped p+ region to 1018 cm-3 and 

the p+ region thickness to 5 μm. The recombination velocity of electrons at the rear contact to 

the p+ region was set to thermal velocity. For convenience, the hole quasi-Fermi energy is not 

shown. 
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The transport equation for electrons in a semiconductor is given by the sum of a drift and of a 

diffusion term [40, 44, 45]: 

jn = qμnnE + qDn∇n, (1.38) 

with q standing for the elementary charge, μn for the mobility of electrons [90], n for the density 

of electrons, 𝐸 for the electric field and Dn for the diffusivity of electrons. By applying the 

Einstein relation Dn = μn⋅ kBT q⁄  [40, 44, 45], the electron current density jn can be written as  

jn = qμn �nE + 
kBT
q

∇n� , (1.39) 

with kB standing for the Boltzmann constant and T for the temperature. The electron density n 

can be expressed by the electron quasi-Fermi energy EF,n (see equation (1.7) [p. 12]): 

  n = NC ⋅ exp �−
EC - EF,n

kBT
� (1.40) 

Thereby, NC stands for the effective density of states at the conductance band edge, with the 

latter exhibiting the energy EC. Evaluating the gradient of the electron density yields 

∇n = −
NC

kBT
 ⋅ exp �−

EC - EF,n

kBT
�  ⋅ �∇EC - ∇EF,n� = 

1
kBT

 n �∇EC - ∇EF,n�. (1.41) 

The gradient of the conductance band energy can thereby be written as 

∇EC = − q ⋅ ∇Φ = q⋅  E, (1.42) 

with Φ being the electrostatic potential. Inserting equations (1.41) and (1.42) into equation (1.39) 

results in a simple expression for jn: 

jn = qμn ⋅ n ⋅ ∇EF,n. (1.43) 

The electron current density therefore comprises three terms: (i) the mobility μn, (ii) the electron 

density n and (iii) the gradient of the electron quasi-Fermi energy, i.e. the electrochemical force 

on electrons. To reduce jn at the rear contact, which quantifies the recombination of electrons at 

the contact, these three terms need to be reduced (see Fig. 1.8). 

Please note that the saturation current density of recombination at the rear contact could be 

calculated directly from jn by applying equation (1.30) [p. 22]. 
 



1.3  Surface passivation by pp+ low-high junctions and np+ rear emitter junctions 31 

 

Influence of the doping concentration on the electron current density 

One-dimensional PC1D simulations were carried out in the course of this work to investigate 
the influence of the acceptor concentration NA of the p+ region on the electron current 
characteristics using the simple solar cell structure presented above. Fig. 1.9 shows the electron 
mobility μn, the electron density n, the electrochemical force dEF,n dx⁄  on electrons and the 
resulting electron current density jn toward the surface for different NA values from 1⋅1017 cm-3 
to 5⋅1018 cm-3. 

An increase in NA leads to (i) a decrease in electron mobility, since the density of scattering 

centers grows, but also to (ii) an increase in electron density in the p+ region and (iii) does not 

affect the electrochemical force toward the p+ region surface. Because the reduction of the 

electron mobility dominates the electron characteristics, the electron current density jn at the 

surface decreases with increasing NA. Therefore, the shielding of electrons from the rear contact 

can be improved by increasing the acceptor concentration of the p+ region. As Fig. 1.9 (b) shows 

nicely, this leads to a considerable increase in the electron density within the Si base.10 
 

                                                 

 
10 Thereby, the increase in the electron density n in the base for increasing NA values is stronger than the increase in 

n in the p+ region. The relative ratio of n in the p+ region and n in the base thus decreases as has been reported by 

several authors [7, 88]. 

 

 

Fig. 1.8 Schematic illustrating how the recombination at a recombination-active contact can 

be reduced by pp+ low-high junctions. Since electrons are the minority carriers in the p+ region, 

the recombination at the contact can be quantified by the current density jn of electrons at the 

contact. jn can be lowered by reducing (i) the mobility μn as well as (ii) the density n of electrons 

in the p+ region and by decreasing (iii) the electrochemical force dEF,n/dx on electrons toward 

the contact. The width of the red arrow illustrates the electrochemical force on electrons and the 

length of the red arrow the effect this force actually has on the electrons. 
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The electron current density curve corresponding to NA = 5⋅1018 cm-3 shows a distinct deviation 

from the linear trends of the other curves, which is caused by Auger recombination within the p+ 

region. This can be clearly seen by simulating jn without taking Auger recombination into 

account (see dotted black line in Fig. 1.9 (d)). 

This demonstrates that the consideration of the electron current density at the rear contact is not 

sufficient to accurately describe the recombination characteristics of pp+ low-high junctions, if 

recombination of electrons also occurs in the bulk of the p+ region. As will be shown in chapter 3 

[p. 107], in addition to Auger recombination, recombination at defects within the p+ region, 

which has been neglected so far, plays a central role for Al-alloyed p+ regions. In this case, it is 

not the shielding of electrons from the rear contact, but from the p+ region itself that is the 

important and critical point. This shielding can be quantified by the current density of electrons 

into the p+ region, i.e. by jn at the base side of the pp+ low-high junction. To reduce 

recombination within the p+ region as well as at the rear contact, this jn value needs to be as low 

as possible. 
 

Further PC1D simulations of jn as a function of the p+ region acceptor concentration NA have 

been carried out in the course of this work, this time taking defect recombination within the p+ 

region into account.11 Fig. 1.10 shows jn at the pp+ low-high junction with (closed symbols) and 

without (dashed lines) defect recombination. The simulation results show that (i) jn within the p+ 

region is decreased significantly as a result of defect recombination, but also that (ii) jn in the Si 

base is nearly unaffected by defect recombination. 
 

Therefore, whether with or without defect recombination in the p+ region, the electron current 

density into the p+ region can be reduced by increasing the acceptor concentration NA of the p+ 

region. According to Fig. 1.9, this can be attributed to the reduced electrochemical force on 

electrons in the Si base toward the pp+ low-high junction.12 
 

                                                 

 
11 As a first attempt, a deep defect level is assumed, which is located in the middle of the Si band gap and exhibits 

symmetrical capture time constants for electrons and holes (τn0 = τp0 = 100 ns). 

12 NB: Fig. 1.9 adequately describes the relative effect of NA on μn, n and dEF,n/dx in the Si base even when defect 

recombination in the p+ region is considered. 
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Fig. 1.9 PC1D-simulated (a) mobility μn and (b) density n of electrons, (c) electrochemical 

force dEF,n dx⁄  on electrons and (d) resulting electron current density jn as functions of the 

acceptor concentration NA of the p+ region. The p+ region thickness was set to 5 µm and the 

doping concentration of the p-type Si base to 1016 cm-3. The p+ regions were assumed to be free 

from defects. Thereby, a positive electrochemical force means that electrons are “pulled” 

toward the rear contact. Please note the logarithmic scales in (b) and (c). Also note that Auger 

recombination within the p+ region becomes relevant for NA ≳ 5⋅1018 cm-3, which additionally 

affects the current density toward the surface. The dotted black line in (d) shows jn simulated for 

NA = 5⋅1018 cm-3 without considering Auger recombination. The dashed black lines indicate the 

physical pp+ transitions.  
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Influence of the p+ region thickness on the electron current density 

In addition to the doping concentration, the shielding of electrons from the recombination-active 

rear contact or from the p+ region itself is affected by the thickness dp+ of the p+ region. This 

clearly indicates that the electric field of the pp+ transition is not the dominant reason for electron 

shielding [88]. Fig. 1.11 shows the influence of dp+ on μn, n, dEF,n/dx and jn. Please note that 

defect recombination within the p+ region has thereby not been taken into account. 

Shielding from the rear contact: An increase in the p+ region thickness dp+ has no impact on the 

electron mobility in the p+ region, but leads to an increase in the density of electrons. 

Simultaneously, since the gradient of the electron density toward the surface is smaller, the 

electrochemical force on electrons toward the surface decreases significantly. The electron 

current density at the rear contact, which is the product of these quantities, can thus be reduced 

by increasing the thickness of the p+ region. 

Shielding from the p+ region: If defect recombination within the bulks of the p+ regions is 

enabled (not shown), electrons need to be prevented from entering the p+ region. Hence, the 

electron current density jn at the base side of the pp+ junction, which can be assessed 

qualitatively from Fig. 1.11 (d), ought to be as low as possible. Although this figure shows jn for   
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Fig. 1.10 PC1D-simulated electron current density jn as a function of the acceptor 

concentrations NA of the p+ region. The p+ region thickness was set to 5 µm and the doping 

concentration of the p-type Si base to 1016 cm-3. The closed symbols were simulated taking defect 

recombination within the p+ region into account (energy level in the middle of the Si band gap, 

τn0 = τp0 = 100 ns), the dashed lines represent the jn curves without defect recombination shown 

in Fig. 1.9. Although defect recombination within the p+ region strongly affects jn in the 

p+ region, the electron current density does change only marginally in the p-type Si base. 
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Fig. 1.11 PC1D-simulated (a) mobility μn and (b) density n of electrons, (c) electrochemical 

force dEF,n dx⁄  on electrons and (d) resulting electron current density jn as functions of the 

p+ region thickness dp+. The acceptor concentration NA of the p+ region was set to 1018 cm-3 and 

that of the p-type Si base to 1016 cm-3. The p+ region was assumed as free from defects. A positive 

electrochemical force means that electrons are “pulled” toward the contact. Please note the 

logarithmic scales in (b) and (c). The dashed black lines indicate the physical pp+ transitions. 
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p+ regions without defects, the curves can also be used to describe jn in the Si base adequately for 

p+ regions with defects. According to Fig. 1.11 (d), electrons are shielded effectively from the p+ 

regions by increasing the thickness of the p+ regions. This is again caused by the reduced 

gradient of the electron quasi-Fermi energy in the Si base toward the pp+ junction. 
 

Electron shielding by bipolar np+ emitter junctions 

To investigate the influence of the p+ region thickness and doping concentration on the 

recombination characteristics of a bipolar np+ rear emitter junction, further PC1D simulations 

were carried out. Analogously to the previous simulations, a simplified n+np+ solar cell structure 

with a lightly doped n-type Si base (donor concentration 5⋅1015 cm-3) and a highly doped p+ rear 

emitter was assumed. Again, the mobility μn and density n of electrons, the gradient of the 

electron quasi-Fermi energy and the resulting electron current density jn toward the surface were 

simulated as functions of the p+ region thickness dp+ and the acceptor concentration NA. 

Identical dependencies were obtained for bipolar np+ and unipolar pp+ junctions. Therefore, the 

electrical properties of an np+ rear emitter structure without additional dielectric surface 

passivation can be improved similarly by increasing (i) the acceptor concentration and (ii) the 

thickness of the p+ region. 
 

Conclusions 

It has been shown by numerical simulations of simplified solar cell structures that the shielding 

of electrons from a highly recombination-active rear contact by unipolar pp+ and by bipolar np+ 

junctions can be improved by 

(i) increasing the acceptor concentration of the p+ region, which hinders the electron diffusion to 

the rear contact due to the reduction of the electron mobility in the p+ region, and by 

(ii) increasing the thickness of the p+ region, which leads to a decreased electrochemical force 

on electrons toward the contact. 

It has furthermore been demonstrated that, in the case of Auger and defect recombination within 

the p+ region, electrons can be prevented effectively from entering the p+ region by equally 

increasing the acceptor concentration and the thickness of the p+ region, respectively. 

The investigations of the present subsection have shown that the optimization of the Al-p+ BSF 

of p-type and the Al-p+ rear emitter of n-type Si solar cells can be performed in the same way, 

since both solar cell structures are affected similarly by the p+ region characteristics. Therefore, 
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the investigations and improvement of the structural and electrical p+ region properties presented 

in the following chapters exhibit a strong generality.  

The simulations of this subsection have been carried out to clarify the fundamental working 

principle of pp+ and np+ junctions. Thereby, several simplifying assumptions have been used, 

e.g. uniform doping profiles, complete ionization of the acceptor atoms or constant defect 

concentrations. For a sophisticated investigation of the recombination characteristics of Al-p+ 

regions formed by alloying from screen-printed Al pastes, these effects have to be included. In 

chapter 3 [p. 107], further, comprehensive numerical simulations are therefore presented, which 

enable the straightforward optimization of the printing and firing conditions.  

1.4 Eutectic phase diagrams 

The highly doped p+ regions investigated in this work are formed by alloying from screen-

printed Al pastes on a Si wafer. This Al-Si system is a prominent example of a binary system in 

which both elements completely mix in the liquid state, but show limited miscibility in the solid 

state. The composition of such a system can be described by a eutectic phase diagram. This 

section therefore deals with describing the characteristics of eutectic phase diagrams based on 

[91, 92].  
 

The eutectic phase diagram 

The eutectic phase diagram of a binary system comprising two elements (denoted as element A 

and element B) is exemplarily shown in Fig. 1.12 [91]. The phase diagram thereby describes the 

thermal equilibrium composition of the binary A-B system as a function of the temperature and 

the concentration of one of the elements, in the present case the concentration cB of element B. 

Low cB values therefore correspond to an A-rich system, cB values close to unity to a B-rich 

system. The melting temperatures of the pure elements A and B are denoted with TA and TB, 

respectively. In the following, it is assumed in particular that TA > TB. 

The accurate calculation of the phase diagram is complicated [93] and is based on determining 

the free enthalpies of the binary system for its different liquid and solid phases. The thermal 

equilibrium composition of the binary system for a given temperature is then given by the 

absolute minimum in the free enthalpy. A descriptive introduction to the calculation of phase 

diagrams can be found in [91, 92]. 

Depending on the temperature and the concentration cB of element B, different thermal 

equilibrium compositions need to be distinguished (see Fig. 1.12): 
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(1) For temperatures T1 > TA, the thermal equilibrium state of the A-B system is a liquid phase L, 

in which elements A and B are dissolved homogeneously. Since A and B show complete 

miscibility in L, this phase can occur for all concentrations of A and B. 

(2) For temperatures TA ≥ T2 > TB, L is furthermore the thermal equilibrium state, if the 

concentration cA = 1 - cB of element A is lower than the liquid solubility sA,L
α  = 1 - sB,L

α  of A. 

For higher concentrations of element A, though, the liquid solubility is exceeded, so that a 

solid phase α crystallizes and a thermal equilibrium between L and the solid phase α forms. 

Thereby, α is mainly composed of element A and particularly exhibits the crystal structure 
of element A [91], but has a certain amount of element B incorporated in its crystal. The 
concentration of B in α is given by the solid solubility sB,α at the respective temperature T2. 

(3) For temperatures TB ≥ T3 > Teut, a second solid phase β crystallizes, if the concentration of B 

exceeds the liquid solubility sB,L
β  of B in L. Correspondingly, β is a solid solution of element 

B with a concentration 1 - sB,β of element A dissolved. It is important to note that both the 

 

 

Fig. 1.12 Schematic eutectic phase diagram of a binary system of two elements A and B. The 

phase diagram describes the equilibrium composition of the system in dependence of the 

temperature T and the concentration cB of element B. The binary system can thereby occur in a 

liquid phase L or in two different solid phases α and β. The liquid solubility of element A in L is 

1 - sB,L
α  and the liquid solubility of B in L is sB,L

β . Moreover, the solid solubility of B in α is given 

by sB,α and that of A in β by 1 - sB,β. At the eutectic temperature Teut, L exhibits a characteristic B 

concentration ceut. Figure taken and adapted from Porter et al. [91]. The red labels and the 

dashed red lines were added by the author of this thesis. 
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liquid solubility 1 - sB,L
α  of A in L and the liquid solubility sB,L

β  of B in L decrease with 

decreasing temperature, so that the concentration range of L shrinks. 

(4) At the temperature Teut, which is called the eutectic temperature, a thermal equilibrium 

between the two solid phases α and β and the liquid phase forms. L thereby exhibits a 

characteristic B concentration ceut, which is denoted as eutectic concentration. Moreover, α 

features the maximal B concentration sB,α(Teut) and β the maximal A concentration 

1 - sB,β(Teut). 

(5) For temperatures T5 < Teut, the binary system occurs in either (i) the solid phase α for 

cB ≤ sB,α, in (ii) the solid phase β for sB,β ≤ cB or in (iii) an equilibrium of α and β for 

sB,α < cB < sB,β. Solid solutions with B concentrations between sB,α and sB,β cannot be formed: 

the system exhibits a miscibility gap in its solid state. For sB,α < cB < sB,β, the binary system 

therefore separates into two phases α and β. 

The curves corresponding to the liquid solubilities sB,L
α  and sB,L

β  describe the equilibrium of (i) 

liquid with (ii) liquid and solid solutions and are therefore denoted as liquidus curves [92]. 

Correspondingly, the lines characterizing the equilibriums of (i) liquid and solid solutions and 

(ii) the solid solutions are called solidus curves [92]. 

The eutectic concentration ceut is a very characteristic quantity of the phase diagram. A metallic 

system with eutectic concentration is referred to as eutectic alloy. Accordingly, the system is 

denoted as hypoeutectic alloy for cB < ceut and as hypereutectic alloy for cB > ceut. 
 

Please note that the eutectic phase diagram discussed above presents a rather simple case of a 

binary phase diagram. Realistic phase diagrams are often much more complex and can comprise, 

e.g., metastable phases or further phase transitions [93].  
 

 

Solidification of a hypereutectic alloy 

As an application of the eutectic phase diagram, the solidification of a hypereutectic alloy with B 

concentration cB,0 > ceut is discussed in the following (see Fig. 1.13). At the temperature T1
′ , the 

alloy occurs in the liquid phase L. When the system is cooled, the liquid solubility sB,L
β  of B in 

the melt decreases with decreasing temperature.  

At a certain temperature T2
′ , the B concentration exceeds the liquid solubility, i.e. cB,0 ≥ sB,L

β (T2
′ ). 

Therefore, the solid solution β crystallizes from the liquid phase and an equilibrium between L 
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and β forms. Thereby, β exhibits a B concentration sB,β(T2
′ ) and an A concentration of 

1 - sB,β(T2
′ ).  

When the temperature is further reduced, the composition of L changes according to the liquidus 

curve, so that more and more of element B is rejected from the liquid phase to crystallize as β. 

The composition of β also alters according to the solidus curve. At the temperature T3
′ , for 

example, the B concentration of L is sB,L
β (T3

′ ) and the B concentration of β is sB,β(T3
′ ). 

At the eutectic temperature Teut, the remaining liquid with eutectic concentration ceut crystallizes 

into the two solid phases α and β with B concentrations sB,α(Teut) and sB,β(Teut), respectively. Due 

to the simultaneous solidification of α and β, this solid exhibits a characteristic lamellar structure 

of α and β crystals [92]. Once solidified, the composition and morphology of the solid does not 

change further.13 

                                                 

 
13 This holds true if solid state diffusion is neglected, which is a good approximation due to the small diffusion 

coefficients at room temperature [92]. 

 

 

Fig. 1.13 The solidification of a hypereutectic binary alloy with a B concentration cB,0 > ceut can 

be described by means of the eutectic phase diagram. Thereby, the composition of the liquid 

phase L is given by the liquidus curve, the composition of the solid solution β by the solidus 

curve. Taken and adapted from Porter et al. [91]. The red labels and the red lines were added by 

the author of this thesis. 
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In the following chapter, an analogous evaluation of the eutectic Al-Si phase diagram is 

presented which is used to derive a quantitative model for the formation of Al-doped p+ Si 

regions at a Si wafer surface.  

 





 

 

 

2 Investigation of alloying from screen-printed aluminum pastes 

In this chapter, an analytical model for alloying from screen-printed aluminum pastes is 

developed which allows for the accurate calculation of the Al contact geometry and the Al 

acceptor profile. After a short historical review on Al alloying for silicon solar cell applications, 

which is given in section 2.1, the model is derived in section 2.2. In section 2.3, characteristic 

effects that occur for higher Al paste amounts are discussed and an extension to the model is 

presented. The precise calculation of Al doping profiles is deduced in section 2.4. Finally, 

section 2.5 deals with the formation of contact inhomogeneities for prolonged alloying. Parts of 

the results of this chapter have been published in [94, 95]. 

2.1 Introduction 

Alloying from screen-printed aluminum pastes is used widely in the silicon solar cell industry for 

the formation of the rear contact [4]. Thus, many studies have investigated the alloying process 

of Al on Si [97-102] and the properties of the Al-alloyed contacts [5, 7, 8, 103, 104] for solar cell 

applications. It is well-known today that Al-alloyed contacts are composed of three different 

regions: (i) an Al-doped p+ Si (Al-p+) region, which forms at the Si wafer surface by 

recrystallization of Si with Al being incorporated into the Si lattice; (ii) a compact Al-Si eutectic 

layer on top of the Al-p+ region; and (iii) the paste particle matrix. The technology and science of 

Al-alloyed contacts have been developed and investigated since the early 1970ies: 

In 1972, Mandelkorn et al. introduced Al-alloyed rear contacts – formed from evaporated Al 

layers – into the fabrication of Si solar cells [6]. They also reported on the formation of a highly 

Al-doped p+ Si region beneath the metal contact that has led to improved open-circuit voltages. 

Three years later, in 1975, Ralph initiated the application of screen-printed Al pastes for the rear 

contact formation [3], thus setting the basis for the present high-throughput solar cell fabrication 

process. 

Del Alamo et al. published an analytical model for the alloying process from evaporated Al 

layers for solar cell applications in 1981 [5]. Their model allows for the calculation of the Al-p+ 

region thickness in dependence of the Al layer thickness and the peak temperature of the alloying 

process. They concluded that thick Al layers and high alloying temperatures are essential to 

yielding high p+ region thicknesses, which is a prerequisite for good electrical properties [7]. 
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They recommended replacing evaporation of Al with alternative technologies such as screen-

printing of the Al paste in order to realize higher Al amounts.  

In 1993, Lölgen et al. investigated the doping profiles of Al-p+ regions alloyed from screen-

printed Al pastes in detail [103]. They presented first calculations of doping profiles by 

combining the model of del Alamo et al. with data on the solid solubility of Al in Si. They thus 

demonstrated that the Al doping profile is formed bythe incorporation of Al atoms into the Si 

lattice during recrystallization and not by a solid-state diffusion process.  

In 2005, Huster published an extensive study on the characteristics of alloying from screen-

printed Al pastes [98]. He presented a comprehensive qualitative model for the alloying process, 

taking into account the typical particle form of the Al paste. The importance of the aluminum 

oxide shells of the paste particles, which remain stable during alloying and thus keep the paste 

matrix intact, was discussed in particular. Furthermore, Huster reported that Si does not only 

recrystallize at the Si wafer surface, but also within the paste particles, so that the amount of Al 

paste that is effectively used for the growth of the Al-p+ region at the Si surface can be lower 

than the printed paste amount. 

With regard to the homogeneity of the Al-p+ regions, Meemongkolkiat et al. showed in 2006 that 

the Al-Si melt which forms on top of the Si wafer during alloying contracts above a critical 

temperature due to wetting phenomena [100]. The Al-p+ regions recrystallizing from the 

contracted melt have been shown to exhibit a severe thickness inhomogeneity.  

In 2010 and 2011, in close collaboration with the author of this work, Krause et al. presented 

further analytical calculations of the alloying process as a whole by using the model from del 

Alamo et al. [105, 106]. By comparing the measured with the calculated Al-p+ region and 

eutectic layer thicknesses, several characteristic effects of Al alloying from printed pastes were 

discussed. It was shown that (i) the contact properties depend on the peak temperature time, i.e. 

the time of the samples within the peak zone of the conveyor belt furnace, and that (ii) the peak 

temperature of the alloying process can be lower than the set peak temperature of the furnace. 

Nevertheless, Krause et al. reported that the model of del Alamo et al. could not be used for a 

simultaneous calculation of the Al-p+ region and the eutectic layer thickness. 

In the following sections, a comprehensive analytical model for alloying from screen-printed Al 

pastes on Si is therefore derived. It is demonstrated that the entire structure of the Al contacts 

including the thicknesses and Al doping profiles of the Al-p+ regions as well as the eutectic layer 

thicknesses can be calculated concurrently. 
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2.2 Derivation of the model for alloying from screen-printed aluminum pastes 

For the description of the alloying process of screen-printed Al pastes, there are several 

promising literature models available. However, these literature models have either been 

developed for evaporated Al layers on Si [5] and are thus not optimally adapted to printed Al 

pastes which exhibit an entirely different structure [98, 107, 108] or they have a qualitative, 

descriptive nature [98], so that the properties of the Al-alloyed contact cannot be calculated 

analytically. In this chapter, a quantitative, analytical model for alloying from screen-printed Al 

paste is therefore developed following the descriptions of del Alamo et al. [5], Lölgen et al. 

[103], Huster [98] and Krause et al. [105, 106]. 

2.2.1 Analytical model for alloying from screen-printed aluminum pastes 

A schematic of the alloying process is shown in Fig. 2.1. To enable an analytical calculation, 

thermal equilibrium conditions are assumed, which particularly implies that the alloying process 

is completely described by the binary Al-Si phase diagram presented in Fig. 2.2. 

Initially, the paste consisting of aluminum particles of mass mAl,0, solvents and organic binders is 

screen-printed onto the silicon wafer surface. The Al paste particles thus exhibit a volume 

Vpaste = mAl,0 /ρAl with ρAl standing for the Al mass density. After removing the solvents by 

drying the paste, the Al paste is alloyed during a short firing step, following the five steps shown 

in Fig. 2.1 and Fig. 2.2. 
 

1. While heating up, the organic binders burn out. After reaching the melting point of 660 °C 

[109], the Al liquidizes within the paste particle shells. The aluminum oxide (Al2O3) particle 

shells thereby remain stable during the entire alloying process [98], keeping the paste matrix 

intact and the particle volume constant. 
 

2. The molten Al penetrates the Al2O3 shells locally so that sinter necks form and the Al melt 

comes into contact with the Si wafer. Thus, the Si starts to dissolve into the Al melt from the 

Si wafer surface according to the liquid solubility sSi,melt of Si in the melt, so that a thermal 

equilibrium between the Al-Si melt and the crystalline Si forms. sSi,melt is thereby given by 

the liquidus curve of the binary phase diagram (see Fig. 2.2 (a)). Due to the thermal 

equilibrium conditions, Si is distributed homogeneously in the melt, such that sSi,melt is 

spatially independent. 



46  2  Investigation of alloying from screen-printed aluminum pastes 

 

Since, to the author’s knowledge, there is no parameterization for sSi,melt available, an 

Arrhenius relation has been fitted to the relevant temperature range of 577 to 1000 °C: 

sSi,melt(T) = 685.08 ∙ exp �−
0.294 eV

kB(T - Taz)�  at%, (2.1) 

with the temperature T given in degrees Celsius, kB standing for the Boltzmann constant and 

Taz = -273.15 °C [112] for the temperature of absolute zero. The dashed red line in 

Fig. 2.2 (a) shows the inverted parameterization T(sSi,melt). Note that for the following 

equations, sSi,melt has to be converted from at% to wt%. 

Because the volume of the paste particles remains constant, the masses of Al and Si in the 

melt within the paste particles, mAl
Paste and mSi

Paste, respectively, can be related as follows: 

mAl,0

ρAl
 = 

mAl
Paste(T2)

ρAl
+

mSi
Paste(T2)

ρSi
 = 

1 - sSi,melt(T2)
ρAl

∙mAlSi
Paste(T2) +

sSi,melt(T2)
ρSi

∙mAlSi
Paste(T2), (2.2) 

with ρSi standing for the Si mass density, mAlSi
Paste for the mass of the entire Al-Si melt within 

the paste particles and sSi,melt given in wt%. Please note that, for convenience, the model 

does not account for the temperature and phase dependency of the Al and Si mass densities 

[113, 114]. 

 

 

Fig. 2.1 Schematic of alloying from a screen-printed Al paste, redrawn from Huster [98]. The 

steps of the alloying process are described in the text. 
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By rewriting equation (2.2), the mass of the Al-Si melt within the paste particles is given by 

mAlSi
Paste(T2) = 

ρAlSi(T2)
ρAl

 ∙ mAl,0, (2.3) 

with ρAlSi standing for the mass density of the Al-Si melt: 

ρAlSi(T2) = 
1

sSi,melt(T2)
ρSi

 + 
1 - sSi,melt(T2)

ρAl

. (2.4) 

The volume VSi
Paste of Si within the paste particles is given by 

VSi
Paste = 

mSi
Paste

ρSi
 = 

sSi,melt

ρSi
 ∙ mAlSi

Paste = 
ρAlSi

ρSi∙ρAl

 ∙ sSi,melt ∙ mAl,0. (2.5) 

For simplicity, the temperature dependency is not explicitly stated here, nor is it in the 

following equations. As the volume of the paste particles is constant, Al with the identical 

volume VSi
Paste is displaced from the paste particles by the dissolved Si. Thus, the melt 
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Fig. 2.2 Binary Al-Si phase diagram showing (a) the Al rich part describing the equilibrium Si 

concentration of the Al-Si melt (literature data from [110]), and (b) the Si rich part determining 

the Al doping concentration of the recrystallizing Si solid (literature data from [111]). The 

dashed red lines in (a) and (b) display Arrhenius parameterizations of the liquid solubility sSi,melt 

of Si in the melt and of the solid solubility sAl,Si of Al in Si, respectively, which were determined 

for the temperature range of 577 to 1000 °C. The dashed black line in (b) shows the Arrhenius 

parameterization extrapolated to lower temperatures. The blue numbers correspond to the steps 

of the alloying process displayed in Fig. 2.1. 
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expands to the wafer surface, thereby creating a “lake” [98] of melt on the Si surface. The Al 

mass mAl
Lake of this lake, which is itself the mass of displaced Al, can be calculated as 

follows: 

mAl
Lake = ρAl ∙ VSi

Paste = 
ρAlSi
ρSi

 ∙ sSi,melt ∙ mAl,0. (2.6) 

Consequently, the mass mAlSi
Lake of the entire lake of the Al-Si melt is 

mAlSi
Lake = 

1
1 - sSi,melt

 ∙ mAl
Lake = 

sSi,melt

1 - sSi,melt
 ∙ 

ρAlSi
ρSi

 ∙ mAl,0. (2.7) 

The total mass of the Al-Si melt mAlSi
Paste,Lake = mAlSi

Paste + mAlSi
Lake at the temperature T2 can now 

be derived easily, leading to a simple expression: 

mAlSi
Paste,Lake = 

1
1 - sSi,melt

 mAl,0. (2.8) 

The Si mass mSi
Paste,Lake of the melt is thus given by 

mSi
Paste,Lake = sSi,melt ∙ mAlSi

Paste,Lake = 
sSi,melt

1 - sSi,melt
 mAl,0,  (2.9) 

which is a relation also known for alloying from evaporated Al layers [5]. 
 

3. When the temperature is increased further, more and more Si dissolves into the melt due to 

the increasing solubility sSi,melt and the lake expands on the Si wafer surface. At the peak 

temperature Tpeak, the maximal Si concentration cpeak = sSi,melt(Tpeak) of the melt is reached. 

Hence, equation (2.9) yields an expression for the Si mass mSi
Paste,Lake(Tpeak) being dissolved 

maximally within the melt. In section 2.2.4 [p. 57], mSi
Paste,Lake(Tpeak) measurements will be 

applied vice versa to calculate the effective peak temperature of the alloying process 

describing the actual maximal temperature of the samples during alloying. 
 

4. While cooling down, Si is rejected from the melt and recrystallizes epitaxially at the Si 

wafer surface. The thickness ΔdSi of the Si recrystallizing during cooling from temperature 

T4 + ΔT to T4 can be derived by applying equation (2.9): 

ΔdSi(T4) = 
mAl,0

A∙ρSi
 ∙ �

sSi,melt(T4+ΔT)
1 - sSi,melt(T4+ΔT)  - 

sSi,melt(T4)
1 - sSi,melt(T4)� , (2.10) 
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with ΔT > 0 being infinitesimally small and A standing for the printed area. The total 

thickness of the p+ region formed by cooling from the peak temperature Tpeak to T4 can thus 

be calculated by summing up the thickness intervals ΔdSi(T) for temperatures Tpeak ≥ T ≥ T4. 

Al atoms are incorporated into the lattice of the recrystallizing Si according to the solid 

solubility sAl,Si of Al in Si: 

sAl,Si(T) = 3.563 ∙ 1021 ∙ exp �−
0.604 eV

kB(T - Taz)�  cm-3, (2.11) 

with T given in degrees Celsius. This parameterization was determined empirically by fitting 

a comprehensive set of literature data and data derived from profile measurements of 

Al-doped Si regions. Details will be presented in section 2.4.3 [p. 79]. The inverted relation 

T(sAl,Si) is shown as the dashed red line in Fig. 2.2 (b). 

By correlating equations (2.10) and (2.11), the Al doping profile can be calculated (see 

Fig. 2.3). Since the recrystallization of Si starts at the peak temperature, the highest Al 

doping concentration is found directly at the transition to the Si base. During cooling, both 

the temperature of the sample as well as the Al solubility decrease. Thus, the Al profile 

shows the characteristic decrease in acceptor concentration toward the surface and exhibits 

typical doping concentrations in the range of 9∙1017 to 7∙1018 cm-3. In chapter 2.4.5 [p. 83], 

the influence of the paste amount and the peak temperature on the Al acceptor profiles will 

be discussed in more detail. 
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Fig. 2.3 Calculated Al doping profile of a p+ region, assuming an Al mass mAl,0 = 6 mg per 

square centimeter and a peak temperature of 900 °C. The blue numbers correspond to the steps 

of the alloying process displayed in Fig. 2.1 and Fig. 2.2. 
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5. At the eutectic temperature Teut = 577 °C [110], the remaining melt solidifies within a short 

period of time. The Al-alloyed rear contact is composed of three different regions: 

(i) The paste particle matrix consisting of Al-Si eutectic with a eutectic Si concentration 

ceut = sSi,melt(Teut) = 12.2 at% [110]. According to equation (2.3), the mass mAlSi
Paste(𝑇eut) of 

the solid is given by: 

mAlSi
Paste(Teut) = 

ρAlSi(Teut)
ρAl

 ∙ mAl,0. (2.12) 

(ii) The eutectic Al-Si layer of compact composition formed by solidification of the former 

surface lake. In the following, this region is referred to as eutectic layer. The thickness 

deut of the eutectic layer can be calculated from its mass mAlSi
Lake(𝑇eut) using equation 

(2.7): 

deut = 
mAlSi

Lake(Teut)
A ∙ ρAlSi(Teut)

 = 
mAl,0

A∙ρSi
 ⋅ 

sSi,melt(Teut)
1 - sSi,melt(Teut)

 . (2.13) 

Thus, deut is directly proportional to the Al mass mAl,0 and particularly independent of 

the peak temperature or of the firing conditions in general. 

(iii) The Al-doped p+ Si (Al-p+) region formed by recrystallization of Si at the Si wafer 

surface. The total thickness dAl-p+ of the Al-p+ region is given by 

dAl-p+=
mAl,0

A ∙ ρSi
 ∙ �

sSi,melt�Tpeak�
1 - sSi,melt�Tpeak�

 - 
sSi,melt(Teut)

1 - sSi,melt(Teut)
� , (2.14) 

according to equation (2.10). The Al-p+ region thickness is likewise proportional to 

mAl,0. Additionally, dAl-p+ is affected by the peak temperature: The higher Tpeak, the 

more Si is dissolved into the melt and the more Si recrystallizes as Al-p+ region. This 

relation has also been used by del Alamo et al. to calculate the Al-p+ region thicknesses 

of Al contacts alloyed from evaporated Al layers [5]. Since the Al-p+ region shields 

electrons from the recombination-active eutectic layer surface and thus defines the 

electrical properties of the Al-alloyed contact [7], its properties are of particular 

importance. This will be further investigated in detail in chapter 3 [p. 95]. 
 

An interesting and useful relation can be derived by calculating the mass mSi
Paste,Lake of Si within 

the eutectic layer and the paste particles according to equation (2.9): 
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mSi
Paste,Lake(Teut) = 

sSi,melt(Teut)
1 - sSi,melt(Teut)

 mAl,0.  (2.15) 

Thus, mSi
Paste,Lake and the mass mAlSi

Lake of the eutectic layer can be related easily by comparing 

equations (2.7) and (2.15): 

mAlSi
Lake(Teut)

ρAlSi(Teut)
 = 

mSi
Paste,Lake(Teut)

ρSi
 . (2.16) 

This leads to the evident result that the volume of the eutectic layer is equal to the volume of the 

Si present within the eutectic layer and the paste particles. Since mSi
Paste,Lake is a quantity that can 

be measured directly, equation (2.16) is useful for investigating Al-alloyed contacts. In 

subsection 2.2.3 [p. 53], this relation is applied to calculate the thicknesses of eutectic layers in 

order to evaluate the analytical model. 

In conclusion, a simple analytical model for alloying from screen-printed Al pastes has been 

presented in this subsection, which allows for the comprehensive characterization of the alloying 

process. Provided that the Al mass mAl,0 of the paste and the peak temperature Tpeak are known, 

the composition of the Al-alloyed contact can be calculated precisely, including the thickness 

and Al doping profile of the p+ region as well as the thickness of the eutectic layer. 

2.2.2 Test sample preparation and characterization 

For evaluating the model, a simple test sample structure was derived which enables the direct 

characterization of the Al-alloyed contacts without the fabrication of solar cells (see Fig. 2.4). In 

particular, these samples feature an asymmetric structure in order to maintain the principal 

configuration of solar cells with an Al-alloyed rear [115]. 

To manufacture the test samples, shiny-etched (100)-oriented float-zone silicon wafers with a 

diameter of 100 mm were used. Because the properties of the Al-alloyed contacts do not depend 

on the kind of wafer doping, boron-doped p-type Si wafers were chosen. For an accurate 

determination of the recombination characteristics, lowly doped wafers with a resistivity of 

100 Ω cm were applied (cf. subsection 1.2.6 [p. 24]). The samples were chemically cleaned and a 

silicon nitride (SiNx) layer with a refractive index of 2.1 was deposited onto the front sides of the 

wafers by means of plasma-enhanced chemical vapor deposition (PECVD). A non-fritted Al 

paste consisting of Al particles, solvents and organic binders (referred to as Al base paste in the 

following) was then screen-printed onto the entire rear surface. The composition of this paste is 

given in Tab. 2.1. 
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Thereby, a paste mass density m�Paste = mPaste/A = 8.07 ± 0.03 mg/cm2 with A representing the 

printed area was applied, which is a paste mass density commonly used in solar cell fabrication 

[1].14 For simplicity, the paste mass density is also denoted paste amount in the following. The 

printed paste amount corresponds to an Al amount m�Al,0 = mAl,0/A of 5.53 ± 0.02 mg/cm2. For a 

precise evaluation of the Al mass, the mass of the aluminum oxide particle shells has thereby 

been considered in particular. 

After drying the samples, the Al paste was alloyed during a short firing step in a conveyor belt 

furnace at a set peak temperature Tset = 900 °C. Please note that the samples were placed on 

dummy wafers for reasons of cleanliness. The belt velocity was varied to yield peak temperature 

times tpeak from 3.5 to 6.0 s. tpeak thereby represent calculated values determined from the length 

of the peak temperature zone and the belt velocity. 

Cross-sections of the Al-alloyed contacts were prepared by cutting off small pieces from the 

edges of the samples and applying ion polishing. 

The samples were subsequently etched in a diluted solution of hydrochloric acid (HCl) and 

hydrogen peroxide (H2O2), which was heated to 50 °C. Since this solution etches Al but not Si, 

the eutectic layers and the paste residues can be removed selectively, leaving the surface of the 

Al-p+ regions uncovered. Further cross-sections after metal removal were produced by cleaving, 

allowing for an improved investigation of the Al-p+ regions.  

                                                 

 
14 To distinguish the paste mass density m�Paste from the absolute paste mass mPaste, an additional tilde is used. Both 

quantities are related by m�Paste = mPaste/A with A standing for the printed area.  

 

 

Fig. 2.4 Schematic structure of (a) Si solar cells with Al-alloyed rear contact [115] and (b) the 

simple test sample structure which enables the straight-forward characterization of the Al contacts. 
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For characterization, the thicknesses of the eutectic layers and the Al-p+ regions were measured 

by means of scanning electron microscopy (SEM) using the metalized and HCl-etched cross-

sections, respectively. In addition, as proposed by Huster [98], the samples were weighed at 

different stages of the fabrication process: (i) before and (ii) after printing of the paste, (iii) after 

firing the samples and (iv) after HCl etching (corrected for the areas of the metallized pieces). 

2.2.3 Evaluation of the model 

In this section, the model for alloying from screen-printed Al pastes is evaluated by comparing 

calculated with measured thicknesses of several eutectic layers and Al-p+ regions.  

Fig. 2.5 (a) shows an SEM image of an Al contact alloyed at Tset = 900 °C for tpeak = 5.0 s. Due 

to the potential contrast between Al and Si (see subsection 7.1.4 [p. 269]), the composition of the 

contact can be identified clearly as consisting of (i) the paste particle matrix, (ii) the eutectic 

layer and (iii) the Al-p+ region. Particularly, the eutectic layer and the solid within the paste 

particle shells exhibit the characteristic lamellar structure of the Al-Si eutectic [98, 105, 116, 

117]. Various images were examined to measure the thickness deut of the eutectic layer. 

Further cross-sectional SEM images of Al contacts were investigated after the removal of the 

eutectic layers and the paste residuals in HCl, thereby yielding an improved contrast between the 

Al-p+ region and the Si base (see Fig. 2.5 (b)). These images are thus well-suited for the 

determination of the Al-p+ region thickness dAl-p+. 
 

 

Tab. 2.1  Composition of the Al base paste used in this work. 

Constituent  Percentage [wt%] Measurement method 

Pure aluminum 68.7 ± 1.4 Weighing 

Aluminum oxide 

particle shells 
5.2 ± 1.3 

Quantitative energy-dispersive 

X-ray (EDX) spectroscopy  

Solvents 23.3 ± 0.4 Weighing 

Organic binders 2.8 ± 0.1 Weighing 
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Eutectic layer thickness 

The closed squares of Fig. 2.6 (a) display the measured eutectic layer thicknesses deut as a 

function of tpeak for Tset = 900 °C and m�Paste = 8.07 mg/cm2. To improve the statistical power of 

the deut measurements, these were carried out at approximately 80 different positions each. The 

large amplitudes of the error bars, which result from lateral thickness variations, thus indicate the 

strong lateral inhomogeneity of the eutectic layers. 

 

For the calculation of deut, equation (2.16) [p. 51] was applied: 

deut = 
mAlSi

Lake(Teut)
A ∙ ρAlSi(Teut)

 = 
mSi

Paste,Lake(Teut)
A ∙ ρSi

 . (2.17) 

The amount m�Si
Paste,Lake(𝑇eut) = mSi

Paste,Lake(𝑇eut)/A of Si within both the paste particles and the 

eutectic layer serves as input parameter for the calculations. It was determined by measuring the 

mass difference of (i) the Si wafer before printing and (ii) after removal of the paste particles and 

the eutectic layer (see Fig. 2.7 for schematic). The mass difference related to the printed area A is  

 

 

Fig. 2.5 (a) Cross-sectional SEM image of a screen-printed Al-alloyed contact after contact 

alloying for a paste amount of 8.07 mg/cm2, a set peak temperature of 900 °C and a peak 

temperature time of 5.0 s. Dark areas represent silicon, bright parts represent Al, (verified by 

energy-dispersive X-ray (EDX) measurements). The composition of the contact can be seen 

clearly: (i) the paste particle matrix, (ii) the eutectic layer, and (iii) the Al-p+ region. For a better 

illustration, the interface between the Al-p+ region and the Si base is marked by the dashed white 

line. (b) Cross-sectional SEM image of an Al-alloyed contact after removing the eutectic layer and 

the paste residuals. The contrast between the Al-p+ region and the Si base is improved, enabling a 

more precise characterization of the Al-p+ region. Please note the different scales.  
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Fig. 2.6 (a) Measured (closed squares) and calculated (open squares) eutectic layer thickness 

deut as a function of the peak temperature time tpeak for a paste amount of 8.07 mg/cm2. deut was 

calculated using equation (2.17). The error bars of the measured thicknesses arise from 

measurements at approximately 80 different positions each. (b) Measured Si amount 

m�Si
Paste,Lake(Teut) as a function of tpeak, serving as input parameter for the calculation of the eutectic 

layer thickness. 

 

 

 

 

Fig. 2.7 Schematic of the measurement of the Si mass mSi
Paste,Lake(Teut) remaining within the 

paste particles and the eutectic layer. mSi
Paste,Lake(Teut) is the mass difference of the Si wafer 

(a) before printing and (b) after removing the paste matrix and the eutectic layer. By relating 

this mass difference to the printed area A, the Si amount m�Si
Paste,Lake(Teut) = mSi

Paste,Lake(Teut)/A can 

be determined. 
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the amount of Si remaining within the particles and the eutectic layer. Fig. 2.6 (b) displays 

m�Si
Paste,Lake(𝑇eut) as a function of tpeak. 

The open squares of Fig. 2.6 (a) show the calculated deut values in dependence of tpeak. The 

agreement between the calculated and the measured average deut values is good, thus confirming 

the model presented in subsection 2.2.1 [p. 45]. 

Please note that equation (2.13) [p. 50] can also be used for the calculations, with the measured 

Al amounts m�Al,0 as the input parameters. Similar deut values were calculated using this approach. 

 

Al-p+ region thickness 

In addition to eutectic layer thicknesses, measured and calculated Al-p+ region thicknesses dAl-p+ 

were compared. The closed squares of Fig. 2.8 show the measured dAl-p+ values as a function of 

tpeak. For the calculation of dAl-p+, equation (2.14) [p. 50] and equation (2.1) [p. 46] – converted to 

wt% – were used, with the Al amounts m�Al,0 and the set peak temperature Tset = 900 °C of the 

furnace serving as input parameters. 

It is obvious that the calculated dAl-p+ values exceed the measured values clearly. Moreover, the 

calculations do not reproduce the increase in dAl-p+ with increasing tpeak values observed for the 

measured values. 

The deviations between the measured and the calculated Al-p+ thicknesses give valuable 

information about the characteristics of alloying from Al pastes using conveyor belt furnaces. 

Equation (2.14) [p. 50] which was used to calculate dAl-p+ is investigated in more detail for this 

purpose: As the eutectic layer thickness deut has been calculated accurately, the subtrahend of 

equation (2.14), which is itself equal to deut (cf. equation (2.13) [p. 50]), is correct. Thus, the 

overestimation of dAl-p+ by the calculations is related to the minuend of equation (2.14): It is 

caused by overrating the Si concentration sSi,melt at the peak temperature, which, in turn, implies 

that the peak temperature has been overestimated. Thus, the assumption that the peak 

temperature of the samples is given by the set peak temperature Tset of the furnace is disproved; 

the actual peak temperature of the alloying process on the samples is smaller than Tset and 

depends in particular on the peak temperature time. 

In summary, it has been shown in this subsection that the model correctly reproduces the average 

eutectic layer thickness. The comparison of measured with calculated Al-p+ region thicknesses 

revealed that an effective peak temperature Tpeak,eff has to be implemented into the model, which 

takes into account that the actual peak temperature of the alloying process is lower than the set 
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peak temperature of the furnace. Since Tpeak,eff is a crucial parameter of the alloying process, it is 

investigated in detail in the following subsection. 

2.2.4 Calculation of the effective peak temperature 

The effective peak temperature Tpeak,eff is defined as the temperature at which the maximal 

concentration cpeak of Si in the Al-Si melt is reached, i.e. cpeak = sSi,melt(Tpeak,eff). Equation (2.9) 

[p. 48] is thus used to calculate cpeak as follows: 

cpeak = 
1

1 + 
mAl,0

mSi
Paste,Lake�Tpeak,eff�

 . (2.18) 

The Si mass mSi
Paste,Lake of the Al-Si melt at Tpeak,eff can be determined easily by adding (i) the Si 

mass mSi
Al-p+ of the Al-p+ region (shown in Fig. 2.8) to (ii) the mass mSi

Paste,Lake(Teut) of Si within 

the eutectic layer and the paste residuals (shown in Fig. 2.6 (b)), since this sum represents the 

mass of Si that is maximally dissolved into the melt from the Si wafer surface during alloying. 

This is illustrated in Fig. 2.9. 
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Fig. 2.8 Measured (closed squares) and calculated (open squares) Al-p+ region thicknesses 

dAl-p+ as a function of the peak temperature time tpeak for m�Paste = 8.07 mg/cm2. The error bars of 

the measured dAl-p+ values arise from measurements at approximately 50 different positions 

each. Equations (2.1) [p. 46] and (2.14) [p. 50] were used to calculate dAl-p+, with the set peak 

temperature Tset = 900 °C and the Al amounts m� Al,0 being the input parameters. The Si amount 

m�Si
Al-𝑝+ = dAl-p+ ⋅ ρSi of the Al-p+ regions is shown as the right ordinate. 
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Fig. 2.10 (a) displays the Si concentrations cpeak as a function of the peak temperature time tpeak for 

m�Paste = 8.07 mg/cm2 and Tset = 900 °C. By applying equation (2.1) [p. 46], these concentrations 

can be related directly to temperature values Tpeak,eff. These are presented in Fig. 2.10 (b). 

The maximum Si concentration cpeak and the effective peak temperature Tpeak,eff depend 

considerably on tpeak and show a significant increase for increasing tpeak values. Similar results 

have been reported in [106] using Al doping profile measurements. This dependency is attributed 

to the high latent heat of fusion of the Al paste [118, 119], which decelerates the increase of the 

sample temperature and the dissolution of Si during the alloying process. Fig. 2.10 (b) shows 

that, for low tpeak values, Tpeak,eff can be several hundred degrees Celsius below the set peak 

temperature Tset of the furnace.15 

In the present subsection, it has been demonstrated that the rather simple Si mass determination 

enables the calculation of the effective peak temperature of the alloying process. It is important 

to account for the latent heat of the Al paste for an accurate calculation of the Al-alloyed contact 

properties, as it significantly impacts the effective peak temperature of the samples. 

                                                 

 
15 Direct measurements of the sample peak temperature by, e.g., thermocouples have not been carried out in the 

course of this work, but have been reported in the literature [106]. These literature studies showed a similar 

dependency of the peak temperature on tpeak. However, it is not clear if these measurements are really suitable for 

determining the actual peak temperatures of the alloying process precisely. The measurement procedures 

themselves disturb the alloying process by either shading the heat irradiation of the furnace or demanding the local 

removal of the paste. 

 

 

Fig. 2.9 Schematic determination of the Si mass mSi
Paste,Lake(Tpeak,eff) that was maximally 

dissolved into the melt from the Si wafer surface during alloying. mSi
Paste,Lake(Tpeak,eff) can be 

derived by adding (a) the mass mSi
Paste,Lake(Teut) of Si within the paste residuals and the eutectic 

layer and (b) the mass mSi
Al-p+ of the Al-p+ region. 
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This has effects on the firing processes in the industrial solar cell fabrication: It has to be kept in 

mind that an increase in the belt velocity of the conveyor belt furnace for throughput reasons is 

attended by a reduction of the effective peak temperature, which, in turn, has to be countered by 

an increase in the set peak temperature of the furnace. 

2.3 Extending the model to higher paste amounts: Parasitic silicon 

recrystallization 

In the previous section, it has been shown that the model for alloying from screen-printed Al 

pastes can be used to accurately calculate the properties of Al-alloyed contacts for paste amounts 

of approximately 8 mg/cm2. When higher paste amounts are applied for the formation of the Al 

contacts, though, further effects become important and need to be taken into account: It has been 

reported that Si recrystallization does not only occur at the Si wafer surface, but also takes place 

within the paste particles [98, 105] since the particle shells represent effective Si seed crystals 

[113]. This effect is denoted as parasitic Si recrystallization within this thesis. Although being 

an important characteristic of alloying from screen-printed Al paste, parasitic Si recrystallization 

has not been implemented quantitatively in the existing literature models. 
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Fig. 2.10 (a) Calculated maximum concentration cpeak of Si within the Al-Si melt and (b) 

calculated effective peak temperature Tpeak,eff as a function of the peak temperature time tpeak for 

a set peak temperature Tset = 900 °C of the furnace and a paste amount of 8.07 mg/cm2. The 

dashed lines show the Si solubility sSi,melt at Tset in (a) and Tset in (b), respectively. The errors of 

cpeak and Tpeak,eff result from error propagation of the Al-p+ thicknesses. 
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In this section, parasitic Si recrystallization is implemented into the analytical model of the 

previous section 2.2, thus extending its applicability to higher paste amounts. The influence of 

parasitic Si recrystallization on the Al contact properties is then discussed in detail. For 

convenience, the model presented in section 2.2 is referred to as basic model and the model 

presented in the present section as extended model. 

2.3.1 Test sample preparation 

Further test samples were fabricated using the processing sequence presented in section 2.2.2 

[p. 51]. In addition to m�Paste = 8.07 mg/cm2, two further paste amounts were applied onto the Si 

wafers: 16.56 ± 0.05 and 25.6 ± 0.5 mg/cm2, corresponding to Al amounts m�Al,0 of 11.36 ± 0.04 

and 17.6  ± 0.3 mg/cm2, respectively. The Al pastes were alloyed during a short firing step in a 

conveyor belt furnace, again using a set peak temperature Tset of 900 °C. The peak temperature 

times tpeak were varied in the range of 3.5 to 8.2 s. 

For characterization, cross-sections of the Al contacts were prepared (i) after contact alloying by 

cutting off small pieces from the edges of the samples and performing ion-polishing and (ii) after 

contact removal in HCl by cleaving. Furthermore, the samples were weighted before and after 

printing of the paste, after firing and after HCl etching (corrected for the areas of the metallized 

pieces). 

2.3.2 Extension of the analytical model 

It has been reported in the literature [98, 105] that parasitic Si recrystallization is the more likely 

to occur, the higher the printed paste amount. This can also be seen in the SEM cross-sections of 

Fig. 2.11, demonstrating that the number of Si-filled paste particles increases when increasing 

the paste amount. 

Fig. 2.12 shows a schematic of the alloying process taking parasitic Si recrystallization into 

account.  

1. - 3.  It is assumed that the dissolution of Si during heating-up is not affected, which means 

that equations (2.1) to (2.9) [p. 46] hold for characterizing the heating process analytically. 

4. When cooling down, the Si concentration of the melt decreases and Si is rejected from the 

melt to recrystallize epitaxially at the Si wafer surface, with Al atoms being incorporated 

into the Si lattice. In addition, parasitic Si recrystallization occurs within the paste particles. 
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5. Thus, after solidification of the melt at the eutectic temperature of 577 °C, the paste particles 

are filled with (i) Al-Si eutectic and (ii) Al-doped p+ Si. For the determination of the Si 

concentration of the solid within the paste particles, these two phases are not considered 

separately. Instead, an effective Si concentration ceff is introduced which combines the Si 

concentrations of both phases and – in the case of strong parasitic Si recrystallization – can 

be significantly larger than the eutectic Si concentration ceut = sSi,melt(Teut). Since the 

recrystallization of Si within the paste particles does not affect the percentage composition 

of the eutectic layer [105], the Si concentration of the eutectic layer is ceut. 

According to equation (2.12) [p. 50], the mass of the solid within the paste particles at the 

eutectic temperature Teut is given by 

mAlSi
Paste(Teut) = 

ρAlSi
Paste(Teut)

ρAl
 ∙ mAl,0. (2.19) 

Due to the different Si concentrations ceff and ceut, the mass density ρAlSi
Paste of the Al-Si solid 

within the paste particles and the mass density ρAlSi
Lake of the eutectic layer need to be 

distinguished here as such: 

ρAlSi
Paste(Teut) = 

1
ceff
ρSi

 + 1 - ceff
ρAl

     and     ρAlSi
Lake(Teut) = 

1
ceut
ρSi

 + 1 - ceut
ρAl

. (2.20) 

 

 

 

Fig. 2.11 Cross-sectional SEM images of Al-alloyed contacts using paste amounts of 

(a) 8.07 mg/cm2, (b) 16.56 mg/cm2 and (c) 25.6 mg/cm2, Tset = 900 °C and tpeak = 5.0 s. Dark 

areas represent Si, bright parts represent Al. The Al-Si eutectic exhibits a characteristic lamellar 

structure; larger Si areas within paste particles in (b) and (c) result from parasitic Si 

recrystallization. Please note the different scales. Figure (a) has also been shown as Fig. 2.5 (a) 

[p. 54]. 
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Because of the replacement of Al from the paste particles, the Si present within the paste 

particles defines the Al mass mAl
Lake(Teut) of the eutectic layer according to equation (2.6) 

[p. 48] as follows: 

mAl
Lake(Teut) = 

ρAlSi
Paste(Teut)

ρSi
 ∙ ceff ∙ mAl,0. (2.21) 

Thus, the entire mass mAlSi
Lake(𝑇eut) of the eutectic layer is 

mAlSi
Lake(Teut) = 

1
1 - ceut

 mAl
Lake(Teut) = 

ceff

1 - ceut
 ∙ 

ρAlSi
Paste(Teut)

ρSi
 ∙ mAl,0. (2.22) 

Because they are proportional to ceff, the mass and consequently the thickness of the eutectic 

layer are affected directly by parasitic Si recrystallization. The mass mSi
Paste,Lake of Si within 

the eutectic layer and the paste residuals is given by 

 

 

Fig. 2.12 Schematic of alloying from a screen-printed Al paste, taking parasitic Si 

recrystallization within the paste particles into account. When cooling down, Si recrystallizes at 

the Si wafer surface and within the paste particles. Thus, the paste particles are filled with Al-Si 

eutectic and Al-doped p+ Si, resulting in an effective Si concentration ceff. As parasitic Si 

recrystallization does not affect the percentage composition of the eutectic layer, the Si 

concentration of the eutectic layer is given by the eutectic concentration ceut [105]. Figure 

redrawn from Huster [98]. 
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mSi
Paste,Lake(Teut) = ceff ∙ mAlSi

Paste(Teut) + ceut ∙ mAlSi
Lake(Teut) = 

ceff

1 - ceut
 ∙ 

ρAlSi
Paste(Teut)

ρAlSi
Lake(Teut)

 ∙ mAl,0  (2.23) 

This quantity is useful because it can be measured directly (see Fig. 2.7 [p. 55] for 

schematic). 

Equations (2.22) and (2.23) can be related as follows: 

mAlSi
Lake(Teut)

ρAlSi
Lake(Teut)

 = 
mSi

Paste,Lake(Teut)
ρSi

, (2.24) 

so that the volume of the eutectic layer again equals the volume of the Si present within the 

eutectic layer and the paste particles. 

Please note that the extended model can be transferred consistently to the basic model by 

assuming ceff = ceut. 

2.3.3 Evaluation of the extended model 

The extended model is evaluated by comparing the calculated with the measured thicknesses deut 

of eutectic layers alloyed from Al pastes of different paste amounts and at different peak 

temperature times. As deut is a parameter that is affected directly by parasitic Si recrystallization, 

it is a good measure for the evaluation. 

The eutectic layer thicknesses were measured by investigating various cross-sectional SEM 

images, as exemplarily shown in Fig. 2.11. The closed symbols of Fig. 2.13 (a) display the 

measured deut values as a function of tpeak for different m�Paste values. deut increases considerably 

when increasing the paste amount and, in addition, exhibits a slight dependence on the peak 

temperature time tpeak for paste amounts of 16.56 and 25.6 mg/cm2. 

For the calculation of deut, equation (2.24) is used. Again, the mass mSi
Paste,Lake(𝑇eut) of Si within 

the eutectic layer and the paste particles serves as the input parameter. Fig. 2.13 (b) presents 

mSi
Paste,Lake(Teut)/A, which was determined by measuring the mass differences of the Si wafers 

before printing and after contact removal according to Fig. 2.7 [p. 55]. The calculated deut values 

are shown in Fig. 2.13 (a) as open symbols. For comparison, the deut values determined from the 

basic model using equation (2.13) [p. 50] are displayed as dashed lines. 

For low paste amounts of 8.07 mg/cm2, the accordance between measured and calculated deut is 

excellent. As parasitic Si recrystallization hardly occurs for these paste amounts, deut can be  
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described adequately by the basic model as well, as discussed in subsection 2.2.3 [p. 53].  

For higher paste amounts, the extended model correctly reproduces the increase in deut for 

increasing tpeak values. This increase cannot be explained by the basic model, which describes 

deut as independent of the firing conditions. Thus, the basic model significantly underrates the 

eutectic layer thicknesses for higher paste amounts, as it does not account for the additional Si 

solid within the paste particles resulting from parasitic Si recrystallization. This additional Si 

leads to an increased replacement of Al from the paste particles and a considerable increase in 

deut. Therefore, for a more accurate assessment of the contact properties, the extended model has 

to be used. 

Nevertheless, the measured deut values exceed the calculated ones slightly. This is attributed to 

the fact that the deut measurements were carried out locally in the vicinity of the sample edges. 

During firing, the local temperature is higher at the edge compared to the one at the middle of the 
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Fig. 2.13 (a) Measured (closed symbols) and calculated (open symbols) eutectic layer 

thicknesses deut – using the extended model for the calculations – as a function of the peak 

temperature time tpeak for Tset = 900 °C and different paste amounts. The error bars of the 

measured values arise from thickness measurements at on average 50 different positions each. 

The dashed lines show the eutectic layer thicknesses calculated from the basic model using 

equation (2.13) [p. 50]. (b) Amount mSi
Paste,Lake(𝑇eut) of Si within the eutectic layer and the paste 

particles as a function of tpeak and the paste amount for Tset = 900 °C. The values for 

m�Paste = 8.07 mg/cm2 correspond to those shown in Fig. 2.6 [p. 55]. 
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samples [121]. Thus, more Si dissolves into the melt at the edge.16 Stronger parasitic 

recrystallization and higher eutectic layer thicknesses are therefore expected at the sample edges. 

Due to the latent heat of the Al pastes, the temperature inhomogeneities are expected to be the 

stronger, the higher the paste amount. As the extended model applies average mass values for the 

deut calculations, it does not account for local inhomogeneities, but yields more convenient area-

averaged, effective values. 

In conclusion, the extended model shows good accordance with the measured data. 

Since parasitic Si recrystallization significantly affects the Al contact structure for higher paste 

amounts, the impact of the paste amount on the Al-p+ region thickness is investigated in more 

detail in the following subsection 2.3.4, thereby taking parasitic Si recrystallization into account. 

Subsequently, in subsection 2.3.5 [p. 67], the influence of the paste amount on the composition 

of the Al-Si melt at the peak temperature is discussed. This discussion serves as the basis for the 

detailed quantitative investigation of parasitic Si recrystallization presented in subsection 2.3.6 

[p. 69]. 

2.3.4 Influence of the paste amount on the thickness of the Al-alloyed p+ region 

A comprehensive set of cross-sections of Al-alloyed contacts was analyzed by means of SEM 

after removal of the eutectic layers and the paste residuals to determine the Al-p+ region 

thicknesses dAl-p+ for different paste amounts. Fig. 2.14 shows exemplary SEM images for 

tpeak = 5.0 s. 

Fig. 2.15 displays the thickness distributions of the Al-p+ regions for the different paste amounts. 

The measured distributions can be adequately fitted assuming Gaussian functions with means 

dAl-p+ and standard deviations σ [8]. It is obvious that the mean thickness dAl-p+ increases slightly 

when increasing the paste amount. Furthermore, the lateral homogeneity of the Al-p+ regions 

improves, since the distributions become narrower. Similar results have been reported by Huster 

and Krause et al. [98, 105]. 

                                                 

 
16 This is indicated by the characteristic line- and star-shaped pattern [99, 105] of small pyramidal structures arising 

on the Al-p+ region surfaces (these structures will be further investigated in the subsections 2.4.2 [p. 75] and 3.4.2 

[p. 119]): The pattern, which can be related directly to the Si content in the melt [117], differs when comparing the 

edges to the middles of the samples. 
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Fig. 2.15 Measured normalized distribution of the Al-p+ region thicknesses (bars) for the three 

paste amounts, Tset = 900 °C and tpeak = 5.0 s. The distributions are fitted (lines) assuming 

Gaussian distributions with means dAl-p+ and standard deviations σ. For an adequate statistical 

power, the Al-p+ thicknesses have been measured at up to 50 different positions on each sample. 

 

 

 

 

Fig. 2.14 Cross-sectional SEM images of Al-alloyed contacts after paste particle and eutectic 

layer removal, using paste amounts of (a) 8.07 mg/cm2, (b) 16.56 mg/cm2 and (c) 25.6 mg/cm2, 

Tset = 900 °C and tpeak = 5.0 s. Whereas the thickness of the Al-p+ region increases only slightly 

when the paste amount is increased, the Al-p+ region homogeneity improves considerably. 
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The improvement in the homogeneity for increasing m�Paste can be explained by the local 

character of Si dissolution during alloying: Because the dissolution of Si from the Si wafer 

surface starts locally [98] (shown schematically in the point-2-images of Fig. 2.1 [p. 46] and 

Fig. 2.12 [p. 62]), the lake of Al-Si melt on the Si surface also forms locally and 

inhomogeneously at first. The more Si is dissolved from the Si surface, the more the lake 

expands laterally on the Si surface and the more it compensates for the initial inhomogeneity. 

During cooling, the Al-p+ region is formed by Si recrystallization from the Al-Si melt, so that an 

enhanced Al-Si lake homogeneity directly leads to an improved Al-p+ region homogeneity. As 

higher paste amounts result in the enlarged and more homogeneous formation of the Al-Si lake, 

the Al-p+ thickness deviations are reduced. 

To assess the influence of tpeak on the Al-p+ region thicknesses for higher paste amounts, further 

cross-sectional SEM images have been investigated. Fig. 2.16 displays dAl-p+ as a function of tpeak 

for the three different paste amounts. 

As already indicated by the thickness distributions, the average Al-p+ region thicknesses dAl-p+ 

show only a slight increase for higher paste amounts. The predominant influence on dAl-p+ comes 

from the peak temperature time: raising tpeak leads to a strong increase in dAl-p+ for all paste 

amounts.  

According to the basic model, the Al-p+ region thicknesses are expected to be directly 
proportional to the paste amount (cf. equation (2.14) [p. 50]). This was not be confirmed by the 
thickness measurements of the present subsection. Two effects are responsible for this: (i) the 
reduction of the effective peak temperature due to the latent heat of the Al paste and 
(ii) parasitic Si recrystallization. These issues will be discussed in detail in the following two 
subsections. 

2.3.5 Influence of the paste amount on the effective peak temperature 

For characterizing the influence of the paste amount on the effective peak temperature Tpeak,eff, 
equation (2.18) [p. 57] was used to calculate the maximal Si concentration cpeak of the melt. 
Equation (2.1) [p. 46] was then applied to relate these cpeak to temperature values.17 For  
                                                 

 
17 Although equation (2.18) was derived for the basic model, it is also applicable for higher paste amounts because 

the dissolution of Si during heating is assumed to be similar for the basic and the extended model (cf. 

subsection 2.3.2 [p. 60]). 
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the calculations, the mass mSi
Paste,Lake(Tpeak,eff) of Si maximally dissolved within the Al-Si melt 

was again used as input parameter. mSi
Paste,Lake(Tpeak,eff) was determined according to Fig. 2.9 

[p. 58]. 

Fig. 2.17 shows the maximum Si concentration cpeak and the effective peak temperature Tpeak,eff as 

a function of the peak temperature time for the three different paste amounts. 

In subsection 2.2.4 [p. 57], it has been observed that, for m�Paste = 8.07 mg/cm2, a decrease in tpeak 

results in a strong decrease in cpeak and Tpeak,eff due to the high latent heat of the Al paste. This 

trend also applies for higher paste amounts. In addition, cpeak and Tpeak,eff depend significantly on 

the paste amount itself: The higher m�Paste, the lower the effective peak temperature. This 

dependence can be explained adequately by the latent heat of the Al paste as well.  

To sum up the present subsection, the latent heat of the Al paste is an important part of alloying 

from screen-printed Al pastes. It considerably affects the peak temperature of the alloying 

process and, consequently, the composition of the Al-alloyed contacts. The reduced growth of 

the Al-p+ region that occurs for higher paste amounts, as presented in the previous 

subsection 2.3.4, can therefore be attributed partly to the reduction of the effective peak 

temperature of the alloying process. 
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Fig. 2.16 Measured thickness dAl-p+ and mass density m�Si
Al-p+ of the Al-p+ region as a function 

of the peak temperature time tpeak for three different paste amounts and Tset = 900 °C. For an 
adequate statistical power, the thicknesses dAl-p+ have been measured at approximately 40 
positions each. The values for m�Paste = 8.07 mg/cm2 correspond to those shown in Fig. 2.8 
[p. 57]. 
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2.3.6 Investigation of parasitic silicon recrystallization 

The investigations on the eutectic layer thicknesses have revealed that parasitic recrystallization 

of Si within the paste particles affects the properties of Al-alloyed contacts strongly, particularly 

for high paste amounts. In this subsection, parasitic Si recrystallization is therefore examined in 

detail in order to clarify its impact on the thickness of the Al-p+ region. 

 

Effective concentration of Si within the paste particles 

For a quantitative investigation, the effective concentration ceff of Si in the Al-Si solid within the 

paste particles was calculated according to equation (2.23) [p. 63]: 

ceff = 
1 - ceut 

mAl,0

mSi
Paste,Lake(Teut)

 + �
ρAl
ρSi

 - 1�  ∙ �ceut ∙ �1 + 
mAl,0

mSi
Paste,Lake(Teut)

�  - 1�
. 

(2.25) 

The measured Al masses mAl,0 and the measured masses mSi
Paste,Lake(𝑇eut) of Si within the paste 

particles and the eutectic layers were applied as input parameters. 

Fig. 2.18 shows ceff in dependence of the peak temperature time tpeak for the three different paste 

amounts. 
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Fig. 2.17 (a) Calculated maximum concentration cpeak of Si within the Al-Si melt and (b) 

calculated effective peak temperature Tpeak,eff as a function of the peak temperature time tpeak for 

Tset = 900 °C and three different paste amounts. The dashed lines show the Si solubility at Tset in 

(a) and Tset in (b), respectively. The errors of cpeak and Tpeak,eff result from error propagation of 

the Al-p+ thicknesses. The values for m�Paste = 8.07 mg/cm2 correspond to those shown in 

Fig. 2.10 [p. 59].  
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For low paste amounts of 8.07 mg/cm2, ceff is independent of tpeak and equal to the eutectic Si 

concentration ceut – even though the concentration cpeak of Si dissolved within the melt at Tpeak,eff 

depends strongly on tpeak (cf. Fig. 2.17 (a)). Parasitic Si recrystallization does not take place and 

the entire Si, which is rejected from the Al-Si melt for recrystallization during cooling, 

contributes to the growth of the Al-p+ region at the Si wafer surface. Consequently, the basic 

model of section 2.2 [p. 45] can be applied to characterize the alloying process for low paste 

amounts.  

For higher paste amounts, though, ceff is considerably larger than ceut and increases when 

increasing tpeak and the paste amount, respectively. This can be explained by the limited diffusion 

of Si to the wafer surface within the melt [98, 105]: Given the high cooling rates of the belt 

furnace in the range of 100 °C/s [121], the diffusion of Si to the Si wafer surface has to proceed 

fast. The higher the printed paste amount and the higher the maximal Si concentration cpeak in the 

melt, which increases with tpeak, the more critical the Si transport and the more likely the Si is to 

recrystallize within the paste particles. 
 

Influence of parasitic Si recrystallization on Al-p+ region growth 

To investigate how parasitic Si recrystallization affects the growth of the Al-p+ region at the Si 

wafer surface, the ratio q of (i) the measured Al-p+ region mass to (ii) the Si mass that is actually 

available for the Al-p+ growth was calculated [98]. For the ideal case of no parasitic Si 

recrystallization, the entire available Si contributes to the Al-p+ region growth at the wafer 

surface, making q equal to 1. In the case of entire parasitic Si recrystallization, q equals 0. 
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Fig. 2.18 Calculated effective Si percentage ceff in the paste particles as a function of the peak 

temperature time tpeak for three different paste amounts. The dashed black line represents the 

eutectic Si concentration ceut = 12.6 wt%. 
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For the calculation of the ratio q, it is important to consider that it is not possible to utilize the 

entire Si dissolved within the Al-Si melt at Tpeak,eff for the growth of the p+ region, but only Si 

exceeding the eutectic concentration ceut = 12.6 wt%. The mass mSi,theoret.
Paste,Lake(Teut) of Si that is not 

rejected from the melt, but forms the Al-Si eutectic, amounts to: 

mSi,theoret.
Paste,Lake(Teut) = 

ceut

1 - ceut
 ∙ mAl,0, (2.26) 

according to equation (2.15) [p. 51]. Thus, the Si mass mSi,theoret.
Al-p+ (Teut) available for Al-p+ growth is 

mSi,theoret.
Al-p+ (Teut) = mSi

Paste,Lake�Tpeak,eff� - mSi,theoret.
Paste,Lake(Teut), (2.27) 

with mSi
Paste,Lake(Tpeak,eff) being the maximal mass of Si in the melt. 

The ratio of the measured Al-p+ region mass mSi
Al-p+(Teut) to the calculated mass mSi,theoret.

Al-p+ (Teut) 

yields q (see Fig. 2.19 (a)). The ratio q thus specifies the fraction at which the Si that is available 

in the melt for the growth of the Al-p+ region actually contributes to the Al-p+ formation at the 

wafer surface. Accordingly, 1 – q determines the fraction at which the available Si is utilized for 

parasitic Si recrystallization within the paste particles (see Fig. 2.19 (b)). 
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Fig. 2.19 (a) Calculated ratio q of Si utilized for the growth of the Al-p+ region and (b) 

calculated ratio 1 – q of Si recrystallizing parasitically within the paste particles as a function of 

the peak temperature time tpeak for three different paste amounts. Although tpeak affects the 

absolute mass of Si dissolved into the melt, the mass ratio of Al-p+-growth-to-parasitic-

recrystallization is approximately independent of tpeak and solely defined by the printed paste 

amount. Lines are guides to the eye.  
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The ratios q and 1 – q are approximately independent of tpeak, but are strongly affected by the 

paste amount. Thus, it is not the firing conditions that determine how the dissolved Si is divided 

into recrystallization at the Si wafer surface and within the paste particles, but solely the 

thickness of the paste – which is itself proportional to the paste amount: the higher the thickness 

of the paste, the less Si is utilized for the p+ region growth and the more Si parasitically 

recrystallizes within the paste particles. The thickness of the Al-p+ region at the wafer surface is 

therefore reduced by nearly 40 % for high paste amounts of 25.6 mg/cm2.  

Consequently, in addition to the reduction of the effective peak temperature for increasing paste 

amounts (see previous subsection), parasitic Si recrystallization is another important issue 

leading to the reduced Al-p+ region growth for higher paste amounts. 
 

Effective paste amount 

Since the growth of the Al-p+ region is reduced by a factor q, which solely depends on the paste 

amount, parasitic Si recrystallization can be implemented easily into the calculation of the Al-p+ 

region thickness dAl-p+ by introducing a reduced effective paste amount m�Paste,eff: 

 m�Paste,eff = q(m�Paste ) ∙ m�Paste. (2.28) 

By averaging q over the tpeak values, m�Paste,eff was determined for the different printed paste 

amounts (see Fig. 2.20). It is obvious that the effective paste amount strongly deviates from the 

printed amount m�Paste for higher m�Paste values. Accordingly, since it is proportional to m�Paste, an 

effective Al amount m�Al,0,eff = q(m�Paste ) ∙ m�Al,0 can be defined. The approach of introducing a 

reduced Al amount has also been reported by Huster [98], however, without giving detailed 

information on the theoretical background. 
 

Calculation of Al-p+ region thickness 

The preceding investigations demonstrate that the calculation of the Al-p+ region thickness for 

higher paste amounts is not straightforward, since (i) the latent heat of the Al paste reduces the 

peak temperature of the alloying process and (ii) parasitic Si recrystallization reduces the 

utilization of Si for the Al-p+ region growth at the Si surface. 

Nevertheless, both effects can be accounted for by applying (i) the effective peak temperature 

Tpeak,eff as maximal temperature and (ii) the effective Al amount m�Al,0,eff: 

dAl-p+ = 
m�Al,0,eff

ρSi
 ∙ �

sSi,melt�Tpeak,eff�
1 - sSi,melt�Tpeak,eff�

 - 
ceut

1 - ceut
� . (2.29) 
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Fig. 2.21 shows the measured Al-p+ region thickness dAl-p+ as a function of the calculated 

effective peak temperatures Tpeak,eff. By using the effective Al amount m�Al,0,eff (solid lines) 

instead of the printed Al amount m�Al,0 (dashed lines) for the calculation of dAl-p+, the accordance 

between calculated and measured thicknesses dAl-p+ is excellent. 

In the present section 2.3, a consistent analytical model for alloying from screen-printed Al 
paste has been presented, which can be used for calculating the structure of the Al contact for a 
large range of printing and firing conditions with high accuracy. The author wants to point out 
that the model itself exhibits a general validity. The values calculated by applying the model 
(e.g., the eutectic layer and Al-p+ region thicknesses or the effective peak temperatures), 
however, are of a more specific character. Since the masses which serve as input data for the 
model calculations depend on (i) the composition of the Al paste (i.e. on the size distribution of 
the paste particles and the percentages of the solvents and organic binders) and on (ii) the type 
of furnace used for alloying, so do the calculated values. Nevertheless, the relative trends for 
other paste and furnace specifications are expected to be similar to those obtained in the present 
work. 

In the following section 2.4, the model is used to assess the acceptor profiles of the Al-doped p+ 

regions. 
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Fig. 2.20 Calculated effective paste amount m�Paste,eff as a function of the printed paste amount 

m�Paste. The dashed line shows the bisector representing the ideal case of no parasitic Si 

recrystallization. The higher m�Paste, the more m�Paste,eff deviates from the ideal line. The blue line 

is a guide to the eye. 
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2.4 Doping profiles of aluminum-alloyed p+ regions 

The doping profiles of the Al-p+ regions are essential characteristics of Al-alloyed contacts, 

because they define the barrier for the shielding of electrons from the recombination-active 

eutectic layer surface in solar cell applications (see subsection 1.3.2 [p. 27]). In this section, Al 

acceptor profiles are therefore investigated in detail: In subsection 2.4.2, measured Al doping 

profiles are discussed and measurement artifacts are clarified. An advanced parameterization for 

the solid solubility of Al in Si is derived in subsection 2.4.3 [p. 79], which describes the 

incorporation of Al as acceptor atoms into the Si lattice of the Al-p+ region. In subsection 2.4.4 

[p. 81], measured and calculated Al acceptor profiles are compared and, in subsection 2.4.5 

[p. 83], the influence of the printing and firing conditions on the acceptor profiles are discussed 

by means of analytical calculations. 

2.4.1 Experimental 

For the investigation of Al doping profiles formed by alloying, the test samples presented in 

subsection 2.3.1 [p. 60] were used. After Al paste alloying, the paste residuals and the Al-Si 

eutectic layers were removed in a heated HCl/H2O2 solution in order to lay open the Al-p+ region 

surface. Then, the Al doping profiles were determined by electrochemical capacitance-voltage  
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Fig. 2.21 Measured (symbols) and calculated (lines) Al-p+ region thickness dAl-p+ as a function 

of the effective peak temperature Tpeak,eff. The dashed lines show calculations assuming the Al 

amount to be equal to the printed Al amount m�Al,0, the solid lines show calculations assuming a 

reduced, effective Al amount m�Al,0,eff = q ∙ m�Al,0. 
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(ECV) measurements (for a detailed description see appendix 7.1.2 [p. 264]), which are most 

commonly used for Al doping profile examinations [8, 99, 103]. As the ECV technique is very 

sensitive to the roughness of the sample surface, Al-p+ regions alloyed from paste amounts of 

25.6 mg/cm2 were applied for the profile investigations, which exhibit reduced surface 

roughnesses (cf. Fig. 2.15 [p. 66]). 

In order to examine the influence of small pyramidal structures arising on the Al-p+ region 

surface after removal of the eutectic layer/paste residuals on the doping profiles, additional test 

samples were prepared using paste amounts of 17.2 to 20.2 mg/cm2. These Al-p+ regions were 

etched successively in a diluted potassium hydroxide (KOH) solution [122] exhibiting an etching 

rate of 1.3 µm/min. Different etching times were applied, leading to etching depths from 0 to 

4.8 µm. 

To investigate the formation of the pyramidal surface structures further, an Al-alloyed contact 

was etched in HCl at room temperature to selectively remove the Al from the contact without 

etching the Si [98]. 

2.4.2 Characteristics of ECV-measured Al acceptor profiles formed by alloying 

Fig. 2.22 shows a typical ECV-measured doping profile of an Al-alloyed p+ region. As discussed 

in subsection 2.2.1 [p. 45], the Al doping profile is defined by the incorporation of Al acceptor 

atoms into the Si lattice according to the solid solubility sAl,Si of Al in Si during the 

recrystallization of the p+ region. Because sAl,Si decreases with decreasing temperature, the 

doping profile exhibits a characteristic decrease from the Al-p+/Si base interface toward the 

p+ region surface. Two additional features appear which are characteristic for ECV 

measurements of Al doping profiles formed by alloying: 

1. a peak in the acceptor profile at the Al-p+ region surface. Bock et al. have shown that this 

peak is a measurement artifact, which can be related to small pyramidal structures arising on 

the Al-p+ region surface [99].  

2. a blurring of the Al-p+/Si base transition. Huster et al. have demonstrated that the blurred 

transition is caused by deviations of the Al-p+ region thickness within the ECV measurement 

spot [8] exhibiting a diameter of 3.55 mm (cf. subsection 7.1.2 [p. 264]). 

In the following, both measurement artifacts are discussed in detail, with the aim of specifying a 

procedure for assessing the real, area-averaged Al acceptor profile. 
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Pyramidal Al-containing surface structures 

Fig. 2.23 (a) shows an SEM image of the Al-p+ region surface after removal of the eutectic layer 

and the paste residuals in heated HCl solution. It is clearly visible that the surface is covered with 

small pyramidal structures aligned in a network of strings. Since the pyramidal structures are 

composed of Si [99], they are not etched by HCl. The black squares of Fig. 2.23 (d) display the 

corresponding acceptor profile, which exhibits a distinct peak at the surface of the Al-p+ region. 

In order to investigate the influence of the surface structures on the ECV-measured acceptor 

profiles, the Al-p+ regions were etched successively in diluted KOH solution. With increasing 

etching depths, the pyramidal structures are underetched (Fig. 2.23 (b)) and totally removed for 

persistent etching (Fig. 2.23 (c)). Fig. 2.23 (d) shows the ECV-measured acceptor profiles for the 

different etching depths. For low etching depths of 0.3 µm, the peak at the surface is still detected. 

As soon as the pyramidal structures are removed, though, the peak vanishes. This demonstrates 

that the peak at the surface is caused by the pyramidal structures and can thus be considered a 

measurement artifact. This investigation has also been presented in the diploma thesis of the 

author of this thesis [95]. A comparable study has also been reported by Bock et al. in [99].  

In order to clarify the origin of the pyramidal structures, an Al-alloyed contact was etched in cold 

diluted HCl to remove the Al from the contact in a more careful and selective way [98]. A cross-

sectional SEM image of the contact after etching is presented in Fig. 2.24. The characteristic 
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Fig. 2.22 ECV-measured acceptor profile of an Al-p+ region alloyed from the Al base paste 

using m�Paste = 25.6 mg/cm2, Tset = 900 °C and tpeak = 5.0 s, resulting in Tpeak,eff = 721 °C. The 

acceptor profile shows a characteristic decrease toward the surface. In addition, two 

measurement artifacts can be identified: (i) a peak at the surface and (ii) a blurring of the Al-p+ 

region/Si base transition. 
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lamellar structure of the Si within the former eutectic layer and within the paste particles can be 

seen nicely. Obviously, the Si lamellas point toward the pyramidal structures on the Al-p+ region 

surface, suggesting that the pyramidal structures form at the spots where the Si lamellas come 

into contact with the Al-p+ surface. 

The pyramidal structures enlarge the surface of the Al-p+ region considerably, which leads to the 

significant overestimation of the acceptor profile by the ECV measurements (cf. appendix 7.1.2 

[p. 264] and reference [99]). Thus, in order to correct the profiles, the area enlargement needs to 

be determined correctly and taken into account within the measurements, which is, however, 

very challenging due to the small size and high density of the pyramidal structures. As an 
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Fig. 2.23 Tilted SEM images of Al-alloyed p+ region surfaces after etching successively in 

KOH: (a) without etching, (b) after 0.3 µm etching and (c) after 2.7 µm etching. Please note the 

different scales. Initially, the surface is covered with pyramidal structures, which are 

underetched and entirely removed for persistent etching. (d) Corresponding ECV-measured 

acceptor profiles. The etched profiles are indented for a better illustration. The peak detected at 

the surface of the Al-p+ region vanishes as soon as the pyramidal structures are removed. For 

the formation of the p+ regions, paste amounts of 17.2 to 20.2 mg/cm2 have been used, which are 

slightly lower than the paste amounts used for the further investigations in this section. As the 

influence of the pyramidal structures on the acceptor profiles is similar for different paste 

amounts, though, the lower paste amount is not relevant. Published in [95, 123]. 
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alternative and more straightforward correction, the artifact peak at the surface can be neglected 

and the acceptor profile extrapolated toward the p+ region surface. 

 

Deviations of Al-p+ region thickness 

The lateral dimension of the Al-p+ thickness deviations are on a much smaller scale than the 

diameter of the ECV measurement spot, such that the thickness deviations are averaged by the 

ECV measurement. As the Al-p+ thickness is normally distributed (see subsection 2.3.4 [p. 65]), 

the blurring of the Al-p+/Si base transition is reproduced adequately by convoluting an abrupt 

doping profile with a Gaussian thickness distribution. This has been demonstrated by Huster et 

al., however, without giving further details on the mathematical procedure [8]. In the following, 

the convolution of the Al acceptor profile is therefore described more comprehensively. 

Let 𝑁Al,abrupt
𝑑 (𝑥) be the abrupt, non-convoluted local Al acceptor profile with x as the depth 

variable and d the local Al-p+ region thickness. The Gaussian distribution of the Al-p+ thickness 

is given by: 

fGaussian
 dAl-p+,σ (x) = 

1
√2π ∙ σ

exp �−
1
2

∙ �
 x  - dAl-p+

σ
�

2

� ,  (2.30) 

 

 

Fig. 2.24 Cross-sectional SEM image of an Al-alloyed contact after selectively removing the Al 

from the contact in cold HCl without etching the Si. The lamellar structure of the Si solid within 

the former eutectic layer and within the paste particles can be seen. Thereby, the lamellas seem 

to point toward the pyramidal structures on the Al-p+ region surface. Please note that neither of 

the Al2O3 oxide shells of the paste particles have been etched, so that the paste particle structure 

is kept intact. 
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with dAl-p+ as the mean Al-p+ region thickness and σ the corresponding standard deviation. The 

“blurred” Al acceptor profile NAl,blurred
dAl-p+, σ

(x), as it is measured by the ECV technique, is defined by: 

NAl,blurred
 dAl-p+,σ (x) = � fGaussian

 dAl-p+, σ(y) ∙ NAl,abrupt
 y (x) dy.

∞

0

 (2.31) 

The convoluted acceptor profile is thus determined by integrating over all the profiles occurring 

within the ECV measurement spot, with the Gaussian thickness distribution as the corresponding 

weight. 

For the determination of the actual area-averaged Al doping profile NAl,abrupt
dAl-p+ (x), the “blurred” 

ECV-measured doping profile NAl,blurred
dAl-p+, σ

(x) was thus fitted and the measured profile 

deconvoluted. 

2.4.3 Determination of the solid solubility of aluminum in silicon 

The solid solubility sAl,Si of Al in Si is a key parameter for the calculation of the Al acceptor 

profiles. Although several studies on the temperature dependency of sAl,Si have been published 

[111, 124-126], there is to the author’s knowledge no data yet available for temperatures lower 

than 740 °C. This would require sAl,Si to be extrapolated to the eutectic temperature of 577 °C, 

which would complicate the profile calculations [98, 105].  

For this reason, further data for sAl,Si at lower temperatures is determined in this subsection to 

enable a refined parameterization of sAl,Si.  

Several acceptor profiles of Al-alloyed p+ regions were measured by ECV, thus serving as 

reference profiles. Fig. 2.25 exemplarily shows three measured profiles for different peak 

temperature times. The profiles were fitted (dashed red lines) by (i) neglecting the artifact peak 

at the surface and (ii) convoluting an abrupt profile (solid red lines) with a Gaussian thickness 

distribution, as discussed in the previous subsection. The abrupt profile is the actual area-

averaged Al doping profile, which is used for the determination of sAl,Si. 

Two points of the Al acceptor profiles can be related to defined values of the solid solubility sAl,Si 

of Al in Si: The Al concentration NAl at the transition of the p+ region to the Si base can be 

assigned to sAl,Si at Tpeak,eff and the extrapolated Al concentration NAl at the p+ region surface to 

sAl,Si at Teut (see Fig. 2.25). 

By measuring and fitting several reference Al doping profiles, a comprehensive data set for sAl,Si 

was determined in the temperature range of 577 to 820 °C (see Fig. 2.26). The agreement with 
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data from the literature [111] is good, so that the entire data was fitted in the relevant range of 

577 to 1000 °C by assuming an Arrhenius relation: 

sAl,Si(T) = 3.563 ∙ 1021 ∙ exp �−
0.604 eV

kB(T - Taz)
�  cm-3, (2.32) 

with T given in degrees Celsius, kB standing for the Boltzmann constant and Taz for the 

temperature of absolute zero. This equation was already anticipated in equation (2.11) [p. 49] in 
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Fig. 2.25 ECV-measured Al doping profiles (green triangles) of Al-p+ regions alloyed from the 

Al base paste using a paste amount of 25.6 mg/cm2, a set peak temperature of 900 °C and peak 

temperature times tpeak of (a) 5.0 s, (b) 6.0 s and (c) 8.2 s, leading to effective peak temperatures 

of 694, 772 and 819 °C, respectively. The measured doping profiles have been fitted (dashed red 

lines) by neglecting the artifact surface peak and convoluting abrupt profiles (solid red lines) 

with Gaussian thickness distributions. The abrupt, non-convoluted profile represents the actual 

area-averaged Al doping profile. 
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the derivation of the analytical model for the alloying process. In the following subsection, the 

parameterization of sAl,Si is used to calculate Al doping profiles. 

2.4.4 Calculation of aluminum acceptor profiles 

In order to calculate Al acceptor profiles formed by alloying, the Si recrystallization needs to be 

described analytically: The thickness dSi of the Si that recrystallizes at temperatures within the 

range of the effective peak temperature Tpeak,eff and a temperature T is given by 

dSi(T) = 
m�Al,0,eff

ρSi
 ∙ �

sSi,melt�Tpeak,eff�
1 - sSi,melt�Tpeak,eff�

 - 
sSi,melt(T)

1 - sSi,melt(T)� , (2.33) 

according to equation (2.29) [p. 72]. By using the effective peak temperature Tpeak,eff and the 

effective Al amount m�Al,0,eff as input parameters, two essential effects are taken into account: (i) 

the latent heat of the Al paste and (ii) parasitic Si recrystallization within the paste particles, 

respectively. 

The incorporation of Al atoms into the recrystallizing Si can be assessed by inverting 

relation (2.33) to T(dSi) and correlating it with the solid solubility sAl,Si(T) of Al in Si. Thus, the 

Al acceptor profile NAl(dSi) can be determined easily by sAl,Si(T(dSi)). The average thickness dAl-p+ 

of the Al-p+ region is then given by dSi(Teut) (cf. equation (2.29) [p. 72]). 
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Fig. 2.26 Solid solubility sAl,Si of Al in Si as a function of the temperature. Blue circles represent 

data from the literature [111], olive triangles display the data of this work obtained from Al 

doping profile measurements of p+ regions alloyed at different effective peak temperatures. The 

entire data set has been fitted assuming an Arrhenius relation (red line). kB stands for the 

Boltzmann constant and Taz for the temperature of absolute zero. 
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The profile calculations are validated by comparing calculated with measured acceptor profiles. 

The solid red line in Fig. 2.27 shows the calculated Al doping profile of a p+ region alloyed from 

the Al base paste with a paste amount of 25.6 mg/cm2, a set peak temperature of 900 °C and a 

peak temperature time of 5.0 s. Thus, by using an effective paste amount of 

m�Al,0,eff  = 11.4 mg/cm2 (m�Al,0  = 17.9 mg/cm2, q = 0.64) and an effective peak temperature of 

Tpeak,eff = 721 °C, the calculated Al acceptor profile is defined without any free parameters. Here, 

it should be emphasized that the solid red line shows a calculated and not a fitted profile. 

The olive-colored triangles display the ECV-measured acceptor profile. When neglecting the 

artifact peak near the surface of the measured profile, the accordance between the calculated and 

the measured profiles to depths of up to approximately 6 µm is excellent. The blurred Al-p+/Si 

base transition of the measured acceptor profile, however, makes the comparison of the profiles 

around this transition difficult. 

For a better comparison of the calculated with the measured profile, the blurring of the Al-p+/Si 

base transition by the ECV technique resulting from the varying Al-p+ thickness within the 

measurement spot is artificially considered in the calculations. For this purpose, the calculated 

 

0 2 4 6 8 10
1017

1018

1019

 Measured
 Calculated
 Calculated (convoluted)

Ac
ce

pt
or

 c
on

ce
nt

ra
tio

n 
[c

m
-3
]

Depth [µm]

0.0

0.5

1.0

1.5

2.0

s

 G
au

ss
ia

n 
th

ick
ne

ss
 d

ist
rib

ut
io

n

s

dAl-p+

6 4 2 0 -2
Thickness dSi [µm]

 

Fig. 2.27 Calculated (solid red line) and ECV-measured (olive triangles) Al acceptor profile of 

a p+ region alloyed from an Al paste using m�Paste = 25.6 mg/cm2, Tset = 900 °C and tpeak = 5.0 s, 

leading to Tpeak,eff = 721 °C. In order to additionally account for the blurring of the Al-p+/Si base 

transition by the ECV technique, the calculated abrupt profile is convoluted with a Gaussian 

thickness distribution, resulting in the profile shown by the dashed red line. Please note that the 

lower x axis shows the measured depth with respect to the p+ region surface and the upper x axis 

the thickness dSi of recrystallizing Si, which refers to the Al-p+/Si base transition. 
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abrupt acceptor profile is convoluted with the Gaussian distribution of the Al-p+ thickness. The 

parameters of the Gaussian distribution were already determined in subsection 2.3.4 [p. 65] by 

means of SEM (cf. Fig. 2.15), so that the convoluted calculated profile was again defined without 

any free quantities. Please note that the SEM-measured mean Al-p+ thickness consistently agrees 

with the calculated thickness dAl-p+ = dSi(Teut).  

The dashed red line in Fig. 2.27 represents the convoluted Al acceptor profile. By intentionally 

taking the Al-p+ thickness deviations into account, the agreement between the calculated and 

measured profile is very good, so that the calculations correctly reproduce the entire Al acceptor 

profile. This shows that the extended model discussed in the last section 2.3 not only precisely 

describes the eutectic layer and the Al-p+ region thicknesses, but can also be used to calculate the 

Al doping profiles with high accuracy. This confirms furthermore that the parameterization of 

the solid solubility of Al in Si derived in the previous subsection allows for accurately 

characterizing the incorporation of Al atoms into the Al-p+ region. 

In the following subsection, the profile calculations are used to systematically investigate the 

influence of both the paste amount and the peak temperature on the form and thickness of the Al 

acceptor profiles. 

2.4.5 Influence of paste amount and peak temperature on Al acceptor profiles 

For low paste amounts, the high surface roughness of the Al-p+ regions makes the precise 

measurement of the Al acceptor profiles difficult (cf. appendix 7.1.2 [p. 264]). The calculation of 

the profiles is a simple and beneficial alternative for the investigation of these acceptor profiles. 

Fig. 2.28 (a) shows the effect of the effective peak temperature of the alloying process on the Al 

acceptor profiles for a common paste amount of 8 mg/cm2. It is obvious that an increase in 

Tpeak,eff leads to an increase in both (i) the Al-p+ region thickness and (ii) the maximum acceptor 

concentration. The higher Tpeak,eff, the higher the maximal concentration cpeak = sSi,melt(Tpeak,eff) of 

Si in the melt and the more Si recrystallizes as p+ region. In addition, the incorporation of Al into 

the Si lattice starts at higher temperatures, which, in turn, results in higher maximum acceptor 

concentrations sAl,Si(Tpeak,eff). Nevertheless, the basic shape of the profile is not affected by the 

Tpeak,eff values. Please note that these effects were also observed experimentally in the previous 

subsection 2.4.3 for higher paste amounts of 25.6 mg/cm2 (cf. Fig. 2.25 [p. 80]). 

The impact of the paste amount on the Al acceptor profiles is shown in Fig. 2.28 (b) for a 

constant effective peak temperature. In particular, parasitic Si recrystallization is taken into 
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account for the profile calculations. Whereas m�Paste does not influence the maximum acceptor 

concentration, it strongly affects the thickness and form of the profiles. The higher m�Paste, the 

more the acceptor profiles are “stretched”, i.e. the thicker the Al-p+ regions and the smaller the 

slopes of the profiles. Although the concentration sSi,melt of Si in the melt is independent of m�Paste, 

the absolute amount of melt – and thus the absolute amount of Si in the melt – increases when 

increasing m�Paste, so that more Si recrystallizes as Al-p+ region.  

Since parasitic recrystallization of Si within the paste particles intensifies for higher paste 

amounts (cf. Fig. 2.19 [p. 71]), the increase in the Al-p+ region thickness is not steady, but 

significantly attenuates for higher m�Paste values. 

In conclusion, the calculations show that the maximal Al concentration of the acceptor profile is 

solely defined by the effective peak temperature, whereas the slope of the acceptor profile is 

determined by the paste amount. The thickness of the profiles is thus affected by both the 

effective peak temperature and the paste amount. Comparable results – without considering 

parasitic Si recrystallization and using a less reliable parameterization of the solid solubility, 

though, – have been presented in [106]. 

An important application of the profile calculations is given in section 3.3 [p. 106] in which 

calculated Al acceptor profiles were used to investigate the impact of both the peak temperature 

and the paste amount on the recombination characteristics of Al-alloyed contacts. 
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Fig. 2.28 Calculated acceptor profiles of Al-alloyed p+ regions for (a) a paste amount m�Paste of 

8 mg/cm2 and varying effective peak temperatures Tpeak,eff of the alloying process and (b) 

Tpeak,eff = 850 °C and varying m�Paste  values, thereby taking parasitic Si recrystallization into 

account. The vertical lines in (a) represent the transitions of the p+ regions to the Si base for the 

indicated Tpeak,eff values.  
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2.5 Practical limitations of the model for aluminum contact formation  

In the previous sections, it has been shown that the extended model is well suited to calculate the 

influence of both the paste amount and the firing conditions on the properties of the Al-alloyed 

contacts. In this section, the limitations of the analytical model are discussed. 

As has been demonstrated by Meemongkolkiat et al., exceeding a critical peak temperature can 

lead to the formation of severe eutectic layer and Al-p+ region inhomogeneities due to the 

contraction of the Al-Si melt during alloying [100]. This phenomenon is not considered in the 

model. In the following, these inhomogeneous contacts are referred to as agglomerated contacts. 

Though agglomerated contacts quite commonly occur and can have negative effects on the 

characteristics of solar cells with an Al-alloyed rear, to the author’s knowledge, only the study 

done by Meemongkolkiat et al. has addressed this issue in detail [100]. In the following section, 

the formation and structural properties of agglomerated contacts are therefore comprehensively 

discussed. The model proposed in [100] is refined in order to prevent contact inhomogeneities. 

The results of these investigations were obtained in collaboration with Jonas Krause. 

2.5.1 Test sample preparation and characterization 

In the course of this investigation, simple test samples were fabricated, using the processing 

sequence presented in subsection 2.2.2 [p. 51]. Three different Al paste amounts m�Paste were 

used: 11.6 ± 0.1, 20.2 ± 2.1 and 32.9 ± 1.9 mg/cm2. Aluminum alloying for the formation of the 

Al contacts was carried out in a conveyor belt furnace at peak temperature times tpeak ranging 

from 4.3 to 12.1 s and at set peak temperatures Tset of 880, 900 and 920 °C. Please note that the 

effective peak temperatures have not been calculated for these samples. Finally, the paste 

residuals and the Al-Si eutectic layers were removed in HCl/H2O2 solution. To characterize the 

thickness, homogeneity and surface morphology of the Al-alloyed contacts, cross-sections were 

prepared by ion beam polishing and investigated by SEM. The sample fabrication was done by 

Christian Schmiga, the characterization of the samples by the author of the present thesis.  

2.5.2 Formation of contact inhomogeneities 

The Al-p+ region thickness dAl-p+ is shown in Fig. 2.29 as a function of tpeak for 

m�Paste = 20.2 mg/cm2 and Tset = 900 °C. As discussed in subsection 2.2.3 [p. 53] and 2.3.3 

[p. 63], dAl-p+ increases with increasing peak temperature times. A closer examination of the 

Al-p+ homogeneity quantified by the amplitudes of the Al-p+ thickness error bars reveals 
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furthermore that agglomerated Al-p+ regions are formed when a critical peak temperature time 

tcrit is exceeded. These agglomerated Al-p+ regions exhibit strong thickness variations. 

 

Structural properties of agglomerated contacts 

The structural properties of the Al contacts were investigated in order to verify the reasons for 

the thickness inhomogeneities related to agglomerations. In Fig. 2.30 (middle) an image of the 

paste surface of an agglomerated Al contact is displayed showing a characteristic pattern of 

circular cores surrounded by darker areas. For simplicity, these areas are referred to as area A 

and area B, respectively. 

As has been shown in the subsections 2.2.3 [p. 53] and 2.3.3 [p. 63], the compositions and 

thicknesses of the paste matrix, the eutectic layer and the Al-doped p+ Si region can be 

comprehensively investigated using ion-beam-polished cross sectional SEM images due to the 

contrast between Al and Si. 

Within the circular cores of area A, an Al-Si eutectic layer formed with thicknesses in the range 

of 50 to 80 µm, which is composed mainly of pure Al enclosing Si lamellas (see Fig. 2.30 (left)). 

The thick eutectic layer thereby indicates that during alloying, a very thick Al-Si melt was 

present in area A. This may have been responsible for two effects: (i) In addition to parasitic Si 

recrystallization within the paste particles, Si also recrystallized parasitically within the eutectic 

layers, which can be seen by the large Si areas. (ii) Voids within the Al-Si eutectic layer also 
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Fig. 2.29 Measured thickness of A-p+ regions as a function of the peak temperature time tpeak for 

an Al paste amount of 20.2 ± 2.1 mg/cm2 and a set peak temperature Tset of 900 °C. The error 

bars arise from thickness measurements at different positions on the samples, indicating a 

strongly inhomogeneous Al-p+ formation when exceeding a critical peak temperature time tcrit. 

Published in [94]. 
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appear. These voids are well known from Al alloying on locally opened surface passivation 

layers, in which high amounts of Al-Si melts are locally present as well [22, 127]. Examining the 

Al-p+ region beneath the eutectic layer in area A, thicknesses in the range of 15 to 40 µm were 

measured, thus showing severe thickness variations. In area B, however, almost no Al-Si eutectic 

layer formed and the Al-p+ region is shallow, comprising thicknesses well below 2 µm (see 

Fig. 2.30 (right)). As the eutectic layer strongly affects the lateral conductivity of the contact 

[105], its low thickness may result in conductivity problems. In addition to this, it was observed 

that the interface between the Al-p+ region and the Si bulk showed a gradient along the sample 

that rose from area A to area B, thus indicating that the dissolution and recrystallization of Si 

were not homogeneous. 

To enable a distinct characterization of the Al-doped p+ Si surface morphology, the paste 

residuals and the Al-Si eutectic layer were removed in HCl. Afterwards, the surface still featured 

its characteristic circular pattern (see Fig. 2.31 (middle)). A cross-sectional SEM image of area A 

shows that severe Al-p+ thickness inhomogeneities within this area result from large pyramids as 

high as 20 µm, which obviously formed due to preferential recrystallization in <111> direction 

of the Si crystal. The Al-p+ surface in area B, however, is covered by spherical particles with 

sizes ranging from 1 to 15 µm, that are responsible for its matt appearance. To further investigate 

the composition of the spherical particles, EDX spectroscopy was applied. Thus, it could be 

 

 

Fig. 2.30 Agglomerated Al contact after alloying for 10.1 s. Middle: Top view of the paste 

surface showing the characteristic pattern of circular cores (denoted as area A) surrounded by 

darker areas (denoted as area B). Left: SEM image of an ion-beam-polished cross-section of 

area A showing the Al paste matrix and a 50 – 80 µm thick Al-Si eutectic layer including voids. 

The interface between the Al-doped p+ Si and the Si base was marked by a dashed line. In area 

A, the Al-p+ region is relatively thick (15-40 µm) and exhibits large lateral inhomogeneities. 

Right: Cross-sectional SEM image of area B. Almost no Al-Si eutectic layer formed and the 

Al-p+ region is shallow, comprising thicknesses below 2 µm. Published in [94]. 
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identified that (i) the particles are filled with Si and (ii) the particle shells consist of aluminum 

oxide (AlOx) with thicknesses of 100 nm. The sizes of the particles as well as the composition 

and thickness of their shells leads to the conclusion that these particles had formerly been paste 

particles of the screen-printed Al paste [98]. Since no Al-Si eutectic layer formed beneath them 

and they directly adhere to the Al-doped p+ Si  

surface, they were not removed by HCl etching. Additionally, during alloying, the surface of the 

Al-Si melt was oxidized, thus resulting in an AlOx layer on top. Therefore, in areas without an 

Al-Si eutectic layer, this AlOx layer directly covers the Al-doped p+ Si surface. This strongly 

affects, e.g., the etching behavior [128]. Some results of this paragraph have also been published 

in the diploma thesis of the author of this thesis [95]. 
 

Qualitative model for the formation of agglomerated Al contacts 

By correlating the results of the spatial distribution of the eutectic layer and the Al-p+ region 

thickness with the investigations on the surface morphology, the existing simple model for the 

formation of the agglomerated contacts [100] is refined. The qualitative model of this work is 

based on wetting phenomena and is schematically illustrated in Fig. 2.32: 

(i)  Si wafer with screen-printed Al paste before firing. 

(ii)  By raising the temperature, the Al paste melts at 660 °C and Si dissolves into the melt, 

leading to the formation of a liquid lake on the wafer surface. Initially, the liquid is 

distributed homogeneously. 

 

 

Fig. 2.31 Agglomerated Al-p+ surface after removal of the paste matrix and the eutectic layer. 

Middle: Top view image showing the characteristic pattern with area B appearing matt. Left and 

Right: Cross-sectional SEM images of area A and area B, respectively. Within area A, large 

Al-p+ pyramids formed during recrystallization. The surface of area B, however, is covered by 

residual spherical paste particles (see inset) causing the matt appearance. Please note the 

different scales. Published in [94]. 
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(iii, iv)  When this Al-Si lake on the surface exceeds a critical thickness, it starts to contract to 

minimize the interface tension between the Al-Si liquid and the solid Si wafer, leading to 

lateral melt accumulation and depletion. The cohesion of the paste matrix thereby exerts a 

force against the contraction of the melt, since the contraction is automatically attended by 

the buckling of the paste matrix. Therefore, the precise value of the critical thickness 

depends strongly on the specific alloying conditions and will be further investigated in the 

following subsection 2.5.3. 

(v)  Upon cooling down, silicon is rejected from the melt and recrystallizes epitaxially on the 

wafer surface, thereby incorporating Al doping atoms. As the accumulated regions provide a 

higher amount of the Al-Si melt, the Al-p+ region growth is enhanced within these regions. 

The contraction of the remaining liquid continues during cooling. 

(vi)  After reaching the eutectic temperature Teut = 577 °C, the residual Al-Si melt solidifies, 

building a compact Al-Si layer of eutectic composition on top of the Al-p+ region. In 

depleted areas, however, the retreat of the Al-Si melt inhibits the formation of such a 

compact layer. Instead, the Al-p+ region grows from the Si wafer surface into the paste 

particle shells located next to the surface. 

2.5.3 Preventing agglomerated aluminum contacts 

Since they exhibit strong lateral thickness inhomogeneities, it is beneficial to avoid agglomerated 

Al contacts in Si solar cells. By (i) decreasing the peak temperature or (ii) increasing the printed 

Al paste amount, the critical peak temperature time tcrit, defined in the previous subsection 2.5.2 

 

 

Fig. 2.32 Qualitative model for the formation of agglomerated Al-p+ regions, based on [100]. 

For description please refer to the text. Published in [94]. 
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as the value for the transition from homogeneous to agglomerated Al contacts, is enhanced 

considerably (see Fig. 2.33).  

This behavior can be explained as follows:  

(i) By decreasing the peak temperature for a fixed paste amount, less Si dissolves into the Al-Si 

melt and the thickness of the melt is reduced, leading to a decreased melt contraction.  

(ii) Although increasing the printed paste amount results in an enlarged melt thickness as well, 

the melt has to buckle a considerably thickened paste matrix in order to contract. This can be 

observed by investigating the characteristic pattern of the circular cores: Increasing the 

printed Al paste amount leads to significantly enlarged core diameters [100], indicating that 

the force exerted by the cohesion of the paste matrix against contraction is intensified. As 

the effect of hindered paste matrix buckling outweighs the effect of the increase in melt 

thickness, the contraction of the melt is slowed down by increasing the printed paste amount. 

In conclusion, the structural properties of agglomerated Al-alloyed contacts which exhibit 

serious lateral thickness inhomogeneities were investigated. An existing simple model based on 

wetting phenomena for the formation of agglomerated Al contacts has been refined. According 

to the model, the thickness inhomogeneities are caused by the contraction of the Al-Si melt 

during alloying, leading to enhanced and reduced Si recrystallization in the regions of melt 

 

 

Fig. 2.33 Critical peak temperature time tcrit as a function of the paste amount for set peak 

temperatures Tset of 880°C and 920°C. The tcrit values separate the conditions for homogeneous 

and agglomerated Al contact formation. The applied maximum peak temperature time is 12.1 s 

(dashed line). By decreasing Tset or by increasing m�Paste, tcrit can be increased considerably. For 

m�Paste = 32.9 mg/cm² and Tset = 880°C, no agglomerated Al contacts were observed for the 

whole tpeak range. Published in [94]. 

 

10 15 20 25 30

6

8

10

12
Agglomerated

Homogeneous

Agglomerated

920 °C

Cr
itic

al
 p

ea
k 

te
m

pe
ra

tu
re

 ti
m

e 
t cr

it [
s]

Paste amount mPaste [mg/cm2]

880 °C

Homogeneous

~
10 15 20 25 30

 

 



2.6  Summary 91 

 

accumulation and depletion, respectively. It has been demonstrated that the melt contraction can 

be delayed by carefully choosing adequate alloying conditions.  

2.6 Summary 

In this chapter, an extended analytical model for alloying from screen-printed aluminum pastes 

for silicon solar cell applications has been presented, which allows for the precise calculation of 

the Al contact properties. The model is based on the binary Al-Si phase diagram and 

quantitatively describes both the composition of the Al-Si melt that forms on top of the Si wafer 

during alloying and the recrystallization of Si at the Si wafer surface. It has been shown that two 

characteristic features have to be taken into account in order to accurately characterize the 

alloying process: (i) the latent heat of the Al paste and (ii) parasitic recrystallization of Si within 

the paste particles: 

(i) Latent heat of the Al paste: 

The latent heat of fusion of the Al paste delays the increase in sample temperature during 

alloying in a conveyor belt furnace. It has been demonstrated that for high Al paste amounts 

and short times within the peak temperature zone of the furnace, the peak temperature of the 

alloying process can be several hundred degree Celsius below the set peak temperature of the 

furnace. This also affects the composition of the Al-alloyed contact: As less Si is dissolved 

into the Al-Si melt during alloying, the growth of the Al-doped p+ Si (Al-p+) region at the Si 

wafer surface is reduced considerably. Therefore, to account for the latent heat of the Al 

paste in the model, an effective peak temperature of the alloying process has been introduced, 

which can differ considerably from the set peak temperature of the furnace. 

(ii) Parasitic Si recrystallization: 

Recrystallization of Si is shown to not only occur at the Si wafer surface, but also within the 

paste particles, whose shells present effective Si seed crystals. The Si concentration of the 

Al-Si solid within the paste particles can thus exceed the eutectic percentage considerably. 

Due to parasitic Si recrystallization, the amount of Al that is replaced from the particles is 

increased, which leads to higher eutectic layer thicknesses. By introducing an effective Si 

percentage of the solid in the paste particles into the model, which can be larger than the 

eutectic percentage, the eutectic layer thickness can be calculated accurately. 

Since it is a competing process, parasitic Si recrystallization also reduces the growth of the 

Al-p+ region at the Si wafer surface. The ratio of Si recrystallizing within the paste particles 

and at the Si wafer surface is thereby defined solely by the paste amount and is particularly 
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independent of the firing conditions. Thus, only a reduced paste amount contributes to the 

Al-p+ region growth at the Si surface. By implementing an effective paste amount into the 

model, parasitic Si recrystallization has been taken into account in the calculation of the 

Al-p+ region thickness. 

In order to validate the model experimentally, a simplified test sample structure has been derived 

which enables the characterization of the Al-alloyed contacts without requiring the fabrication of 

solar cells. A large set of Al-alloyed contacts has thus been investigated, comprising different 

paste amounts and different firing conditions. It has been demonstrated that the calculated 

eutectic layer and Al-p+ region thicknesses are in very good accordance with measured 

thicknesses. 
 

It has been shown furthermore that the analytical model derived in the present chapter can be 

used to calculate the doping profiles of the Al-p+ regions with high accuracy. These profiles are 

defined by the incorporation of Al atoms into the Si lattice according to the solid solubility of Al 

in Si during the Si recrystallization. For a precise calculation of the doping profiles, an advanced 

parameterization of the solid solubility of Al in Si has been derived within this work, which 

extends the solubility data to temperatures as low as the eutectic temperature of 577 °C. By 

considering the latent heat of the Al paste and parasitic Si recrystallization in the model, 

excellent agreement between measured and calculated Al acceptor profiles was achieved. The 

calculations were used to investigate the influence of the paste amount and the effective peak 

temperature on the Al doping profile in detail. 
 

Limitations of the analytical model were then discussed. It was explained how wetting 

phenomena, which are not accounted for in the model, can lead to the formation of 

inhomogeneous Al contacts due to the contraction of the Al-Si melt during alloying. These 

contact inhomogeneities can be avoided by increasing the printed paste amount or by decreasing 

the thermal budget of the alloying process, i.e. by decreasing the set peak temperature or the time 

within the peak temperature zone of the furnace. 
 

In conclusion, in the present chapter, a comprehensive and complete quantitative model for 

alloying from screen-printed Al pastes for solar cell applications has been developed, which 

provides a profound understanding of the alloying process and allows for the precise calculation 

of the Al-alloyed contact structure. This model serves as a firm basis for the optimization of the 

recombination characteristics of the Al contacts in the following chapter. 
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3 Electrical properties of aluminum-alloyed p+ regions 

In this chapter, the recombination characteristics of Al-alloyed contacts are investigated 

theoretically and experimentally in order to optimize their electrical properties. It is 

demonstrated that the recombination characteristics are defined by the Al-doped p+ Si (Al-p+) 

regions, which shield electrons from the contacts. In section 3.1, a short historical review of the 

electrical properties of Al-alloyed contacts is presented. In the subsequent section 3.2, 

incomplete ionization of Al atoms within Al-p+ regions is investigated and the underlying physics 

is discussed in detail. In section 3.3, the results on incomplete ionization of Al atoms are applied 

to simulate the influence of the paste amount and the peak temperature of the alloying process 

on the recombination characteristics of the Al-alloyed contacts. Since these characteristics are 

affected diversely by (i) surface recombination, (ii) recombination via defects and (iii) Auger 

recombination, these recombination paths are investigated separately. Subsequently, the results 

of the numerical simulations are verified experimentally. Finally, in section 3.4, the prerequisites 

for an effective passivation of the Al-p+ region surface are investigated by means of simulations 

and experiments. Parts of the results of this chapter have been published in [95, 123, 128, 129]. 

3.1 Introduction 

Right from the introduction of Al alloying into the fabrication of Si solar cells, the Al-doped p+ 

Si (Al-p+) region has been identified as the part of the Al contact that determines the 

recombination properties of the contact [6]. It has therefore been reported that the shielding of 

electrons from the recombination-active metalized rear surface by the Al-p+ region leads to 

“abnormally high open-circuit voltages” [7] compared to cells without an Al-alloyed rear. 

Godlewski et al. published the first analytical calculations on electron shielding by Al-p+ regions 

in 1973 [7]. They reported that the p+ region presents a barrier for electrons, so that high p+ 

region thicknesses and high Al acceptor concentrations are necessary to improve the electron 

shielding and, thus, to yield good electrical properties of the Al-alloyed contacts. 

In 1981, del Alamo et al. presented further calculations on the recombination characteristics of 

Al-p+ regions alloyed from evaporated Al layers and implemented binary Al-Si phase diagram 

calculations to investigate the effect of the alloying conditions. They reported that the effective 

rear surface recombination velocity, which describes the recombination within the Al-p+ region 

and at the rear metal surface, is reduced by increasing the Al layer thickness and the peak 

temperature of the alloying process. Experimentally, del Alamo et al. could not confirm the 
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calculated results, which they attributed to the low thickness of the evaporated Al layers applied 

in their study. As a conclusion, they suggested using screen-printed Al pastes instead of 

evaporated Al layers, since the former enables a significantly higher Al application. 

Over ten years later, in 1993, Lölgen et al. showed that excellent surface recombination 

properties can be realized experimentally by using screen-printed Al pastes for the formation of 

the contact [103]. They achieved very low effective surface recombination velocities of 130 to 

170 cm/s – which correspond to Al-p+ saturation current densities of 330 to 430 fA/cm2 [130] – 

by forming Al-p+ regions with a high thickness of 12 µm. 

Huster and Schubert published first investigations on the incomplete ionization of Al atoms 

within Al-p+ regions in 2005 [8]. They suggested that, due to the high doping energy of the Al 

acceptor level, not all of the Al atoms are ionized, nor do all contribute to the hole concentration. 

They estimated further that incomplete ionization can affect 20 to 50 % of the Al atoms, which 

influences the electron shielding properties. 

In 2007, Bock et al. showed that the recombination properties of the Al-p+ region surface can be 

improved by passivating the Al-p+ region surface with a 20 nm thick layer of hydrogenated 

amorphous silicon (a-Si) [122]. The saturation current density of an Al-p+ region could thus be 

reduced from 800 ± 200 fA/cm2 to 246 ± 60 fA/cm2.  

Two years later, in 2009, Schmidt et al. demonstrated that the lifetime of minority carriers 
within Al-alloyed p+ regions is reduced significantly due to the generation of a highly 
recombination-active defect [104, 131]. This defect is possibly related to the formation of 
aluminum-oxygen (Al–O) complexes [132] and can limit the efficiency of Si solar cells with an 
Al-alloyed rear. 
 

These studies represent the scientific knowledge of the recombination characteristics of 

Al-alloyed contacts at the time when the present work started. Since then further research has 

been conducted: 

In 2011, in a joint publication with the author of this thesis, Woehl et al. determined the 

Shockley-Read-Hall (SRH) lifetime of electrons within Al-p+ regions in a spatially resolved way 

by using micro-luminescence and Fano-Raman measurements [133]. They have thus shown that 

high SRH recombination occurs within the p+ region near the Al-p+ region/Si base interface. It 

was postulated that the increased defect concentration at the interface is caused by a reduced 

crystallinity of the Al-doped Si region. The influence of Al-O defect complexes, however, was 

not discussed. Based on the work of this thesis presented in section 3.3 [p. 106], Woehl et al. 
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demonstrated furthermore that the saturation current densities of non-passivated Al-p+ regions 

decrease by decreasing the Al-p+ sheet resistance. 

In the same year, in close collaboration with the author of this thesis, Rüdiger et al. showed that 

two effects have to be considered to model the recombination characteristics of Al-alloyed 

contacts accurately [134, 135]: (i) recombination via defects within the Al-p+ regions and (ii) 

incomplete ionization of Al atoms, which reduces the shielding of electrons from the metalized 

surface. Taking both effects into account, Rüdiger et al. achieved excellent accordance between 

simulated and measured Al-p+ saturation current densities of both non-passivated and surface-

passivated Al-p+ regions, which proves the validity of their model. Nevertheless, Rüdiger et al. 

did not analyze the contributions of the different recombination paths in detail nor did they study 

the influence of the alloying conditions on the recombination characteristics. 
 

In the following chapter of the present thesis, the analytical model for alloying from screen-

printed Al pastes presented in the previous chapter 2 is combined with the model of Rüdiger et 

al. in order to study the recombination characteristics of Al-alloyed contacts in detail. The results 

of the simulations are then validated experimentally. 

3.2 Incomplete ionization of aluminum acceptors 

As the high concentration of Al acceptors within the p+ region generates a “barrier” for electrons 

by reducing the electron mobility and the electrochemical force toward the surface (see 

subsection 1.3.2 [p. 27]), electrons are shielded from the recombination-active metal by the Al-p+ 

region. However, Al acceptors that are not ionized do not contribute to this barrier. Therefore, 

the incomplete ionization (referred to as i.i. in the following) of Al acceptors in Si is of great 

importance for the recombination characteristics of Al-p+ regions. In the present section, the 

physics of i.i. is reviewed and a parameterization for the i.i. of Al acceptors is deduced, which is 

then evaluated experimentally. 

3.2.1 Comparison of ECV and SIMS measurements of Al acceptor profiles 

For investigating the i.i. of Al acceptors, the precise determination of the Al doping profiles is 

essential. As the electrochemical capacitance-voltage (ECV) technique is mostly applied for the 

profile measurements, it is important to analyze what is actually measured by ECV, the ionized 

or the total (ionized and non-ionized) Al concentration [8].  
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ECV measurements of Al-p+ regions 

The ECV technique, which is described in detail in the appendix 7.1.2 [p. 264], is based on 

modulating an external voltage on the electrolyte/Si Schottky contact (diameter of measurement 

spot 3.55 mm). This Schottky contact creates a space charge (SC) region within the Si. By 

varying the external voltage, the depth and thus the capacitance of the SC region varies 

depending on the doping concentration in the vicinity of the SC edge [136], so that the latter can 

be determined. The strong band bending within the SC region thereby leads to the ionization of 

originally non-ionized, electrically inactive dopant atoms that are incorporated substitutionally 

into the Si crystal. Thus, all substitutional dopant atoms contribute to the ECV doping profile 

[137]. Consequently, for Al-p+ regions formed by alloying, the ECV technique does not 

determine the electrically active, but the total Al concentration. This was first reported by Huster 

et al. [8]. 

Please note that it is important to distinguish between (i) substitutional, electrically inactive and 

(ii) non-substitutional dopant atoms here. Non-substitutional dopant atoms like agglomerated or 

precipitated phosphorus atoms [138] are not ionized during the measurement and thus are not 

detected by ECV [139] (cf. section 6.5 [p. 225]). 
 

SIMS measurements of Al-p+ regions 

In order to evaluate the ECV-measured Al acceptor profiles, secondary ion mass spectrometry 

(SIMS) measurements of the Al-alloyed p+ regions were carried out additionally. Hartmuth 

Strutzberg from the CiS Forschungsinstitut für Mikrosensorik und Photovoltaik, Erfurt is 

acknowledged for these SIMS measurements. Because SIMS is based on sputtering the Al-p+ 

surface by O2+ ion bombardment and analyzing the sputtered secondary ions by means of mass 

spectrometry, the total Al concentration is detected.  

The test sample for the SIMS measurement of the acceptor profiles had to be prepared carefully: 

The SIMS technique (diameter of measurement area 8 µm [140]) is very sensitive to surface 

roughness and to the change in angle of ion incidence that is accompanied by rough surfaces 

[141]. In contrast to ECV, in which the profiles can be corrected easily for the surface roughness 

after the measurements (cf. appendix 7.1.2 [p. 264]), during SIMS measurements, rough surfaces 

affect the yield of secondary ions strongly and limit the depth resolution [141]. Moreover, an 

additional roughening of the surface can occur during sputtering, which is promoted by an 

initially rough Al-p+ surface and leads to the formation of rough, periodically modulated 

structures known as ripples [141, 142]. It has been reported in the literature that the amplitude of 
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these ripples increases with increasing etch depths [142], thus causing large measurement errors 

for high Al-p+ region thicknesses.  

Consequently, the samples for precise SIMS measurements shall exhibit a thin and simulta-

neously very smooth Al-p+ region. In the course of this investigation, it was observed that reli-

able measurements can be performed for Al-p+ region thicknesses of up to approximately 5 µm. 

In subsection 2.3.4 [p. 65], it was shown that the formation of smooth Al-p+ regions correlates 

directly to the application of high Al paste amounts. The test samples for this ECV-SIMS 

comparison were therefore fabricated using the processing sequence of subsection 2.2.2 [p. 51] 

and applying a high paste amount of 28.0 mg/cm2. Since smooth and continuous Al-p+ regions 

entail high Al-p+ region thicknesses, though [98, 105], thin and simultaneously homogeneous 

Al-p+ regions could not be realized by applying high paste amounts and adjusting solely the 

alloying conditions. Instead, it was necessary to prepare an Al-p+ region with a rather high 

thickness of 12.0 µm and to thin down the Al-doped region homogeneously by wet-chemical 

etching in KOH solution. Thus, a smooth Al-p+ region with a thickness of 5.4 µm was realized, 

exhibiting a thickness standard deviation of only 0.6 µm (see Fig. 3.1). 

 

Comparison of ECV- and SIMS-measured Al acceptor profiles 

Fig. 3.2 shows one ECV measurement and three SIMS measurements of the Al acceptor profile 

on the same sample, taken at different positions only few millimeters apart. Good accordance 

between both measurement techniques was achieved. 

Two interesting aspects can be seen here: The SIMS-measured Al acceptor profiles show a much 

more abrupt Al-p+/Si base transition. This is caused by the much smaller measurement spot of 

the SIMS technique exhibiting a diameter of only 8 µm. Thus, there is virtually no variation of 

 

 

Fig. 3.1 Cross-sectional SEM image of the Al-alloyed p+ region used for the ECV and SIMS 

measurements of the Al acceptor profile. Since the SIMS technique is (i) very sensitive to surface 

roughness and (ii) restricted to maximal profile thicknesses of around 5 µm, a rather thick Al-p+ 

region was prepared initially, which was then thinned down homogeneously to a thickness of 

5.4 ± 0.6 µm.  
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the Al-p+ thickness within the measurement area, resulting in a very narrow thickness 

distribution. Due to the small measurement spot, SIMS measurements are also more sensitive to 

lateral thickness variations on the sample, as there is practically no area averaging effect. This 

can be seen at the variation of the Al-p+ thicknesses for the SIMS measurements at different 

positions of the sample. Consistently, these thicknesses are in the range of the blurred Al-p+/Si 

base transition measured by ECV, which indicates the thickness variations of the p+ regions over 

the much larger ECV measurement spot. 

In conclusion, the good accordance between ECV- and SIMS-measured doping profiles 

confirms, firstly, that the Al atoms are incorporated substitutionally into the Si during alloying 

and, secondly, that ECV detects the total Al acceptor concentration by ionizing electrically 

inactive dopant atoms during measuring. For a solar cell in operation conditions, however, the 

electrical properties are determined by the ionized, electrically active dopant atoms, so that the 

following subsections deal with reviewing the physics of incomplete Al acceptor ionization 

(subsection 3.2.2) and experimentally evaluating a simple quantitative model for i.i. (sub-

section 3.2.3 and 3.2.4) 

3.2.2 Theory of incomplete ionization of aluminum acceptors 

Although the theory of i.i. has been examined intensively [143-146] and is well known today, it 

has remained unclear as to whether it also applies for Al acceptors formed by alloying. Huster et 

al. published first investigations of i.i. in Al-alloyed p+ regions in 2005, which showed that i.i. 
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Fig. 3.2 Al acceptor concentration profiles of an Al-doped p+ region measured via ECV 

(closed symbols) and SIMS (open symbols). The SIMS measurements were carried out at three 

different positions on the sample by Hartmuth Strutzberg at the CiS Forschungsinstitut für 

Mikrosensorik und Photovoltaik, Erfurt. Published in [129]. 
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has to be taken into account for describing the conductivity of these regions [8]. They pointed 

out that the “higher ionization energy of Al compared to shallow dopants like B” [8] leads to a 

relatively strong effect. Furthermore, they gave a curve for the ionization percentage, which, 

however, was described to be of a qualitative nature [8].  

To investigate the i.i. of Al acceptors formed by alloying more quantitatively, the physics of i.i. 

is therefore discussed in the following. 

When increasing the Al acceptor concentration NAl within the Si crystal, the Coulomb interaction 

between the Al acceptors increases, leading to (i) the broadening of the discrete Al acceptor 

energy level into an acceptor band and (ii) the approaching of the acceptor band to the valence 

band edge (with energy EV) [143, 146]. As it exhibits a minor effect on the i.i., the broadening 

into an acceptor band can be neglected and the acceptor energy level can be treated as discrete 

with energy EV + Edop,Al [146, 147]. The approaching of the acceptor level to the valence band 

edge is then equivalent to a decrease of the Al acceptor energy Edop,Al with increasing NAl. This 

decrease is caused by a decrease of the potential energy of attraction between the acceptor atoms 

and holes due to shielding by other mobile valence band holes [144, 145, 148]. Thus, it is 

inversely proportional to the average distance between the acceptors, which can be expressed by 

NAl
-1/3 [148]. The Al acceptor energy thus follows an equation of the type [149, 150] 

Edop,Al(NAl) = Edop,Al
0  - α ∙ NAl

1 3⁄ . (3.1) 

The proportionality factor α was determined to 3.1∙10-5 meV cm [149, 150] and an Al acceptor 

ground state energy Edop,Al
0  of 69.0 meV has been reported for low Al concentrations [151].  

When increasing NAl, the Fermi level exhibiting the energy EV + EF also approaches the valence 

band edge [44], i.e. the Fermi energy EF decreases. As the decrease of EF occurs “faster” than the 

decrease of Edop,Al, the overlap between the density of acceptor states and the occupation 

probability increases (see Fig. 3.3 and [146, 147]). Consequently, an increasing part of the holes 

is restricted to localized Al acceptor states and the fraction fAl of ionized Al acceptor atoms 

decreases. By assuming Boltzmann statistics, fAl can be assessed by [44] 

fAl(NAl) = 
1

1 + gA ∙ exp �
Edop,Al(NAl) - EF(NAl)

kBT �
  for  NAl < NAl,crit, (3.2) 

with a degeneracy factor gA = 4 caused by the twofold spin degeneracy and the two degenerate 

valence bands [44] and NAl,crit standing for the critical Al concentration of the Mott insulator-
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metal transition [146, 152]. To solve this equation iteratively, Sentaurus TCAD calculations were 

carried out by Marc Rüdiger [134]. Fig. 3.4 (a) shows fAl in dependence of the Al concentration 

NAl, which demonstrates that incomplete ionization of Al acceptors can amount to up to 45 %. 

Since typical Al concentrations of Al-alloyed p+ regions are in the range of 9∙1017 to 7∙1018 cm-3 

(cf. subsection 2.4.5 [p. 83]), the i.i. of Al acceptors is highly relevant. 

For Al concentrations exceeding 1.1∙1019 cm-3, the Al acceptor energy Edop,Al vanishes, indicating 

the Mott insulator-metal transition. At this transition the acceptor level “touches” the valence 

band [146], enabling free hole movement and leading to complete Al ionization for doping 

concentrations above this critical value. Because no further values for the critical Al 

concentration have been published, NAl,crit = 1.1∙1019 cm-3 was used, which is in the range of the 

Mott transitions of other dopant species in Si [147]. Although the model thus exhibits an 

unphysically hard transition to complete ionization at NAl,crit, only minor deviations are expected, 

since the Al doping concentrations of Al-alloyed p+ regions are well below NAl,crit. 

In conclusion, NAl has to be multiplied by fAl in order to assess the ionized, electrically active Al 

acceptor concentration relevant for solar cell operations, which leads to a significant “shift” in 

the profile. Fig. 3.4 (b) shows the total and the ionized Al acceptor concentration of the Al-p+ 

profile already presented in Fig. 3.2. 

 

 

Fig. 3.3 Occupation probability of holes (solid lines) and energy Edop,Al of the Al acceptor level 

(dashed lines) for different Al concentrations NAl in dependence of the energetic distance from 

the valence band edge. The occupation probability is given by the hole Fermi distribution 

corrected for an additional degeneracy factor of 4, which accounts for the spin degeneracy and 

the two degenerate valence bands [44, 146, 147]. Edop,Al is given by equation (3.1). Since the Al 

acceptor levels are treated as discrete, the densities of acceptor states are proportional to delta 

functions “centered” around the respective Edop,Al values. 
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In close collaboration with the author of this thesis, Rüdiger et al. applied this simple model to 

simulate the saturation current densities of Al-p+ regions [134, 135] and demonstrated very good 

accordance with measured values. In the following two subsections, further, more direct 

approaches to investigate the i.i. of Al acceptors are presented. 

3.2.3 Direct measurement of incomplete ionization of aluminum acceptor 

There are several techniques for directly measuring the concentration of electrically active 

dopant atoms, e.g. stripping hall or spreading resistance measurements [153]. These techniques, 

however, were either not available during the present work or did not yield reliable results for 

Al-alloyed p+ regions. 

The electrically active concentration of Al acceptors in Si was therefore determined by means of 

micro Raman spectroscopy (µ-RS) [154-156]. This technique was introduced by Becker et al. in 

2009 [154] and is based on illuminating the sample with a laser and detecting the first order peak 

of the Raman-scattered light. Thereby, one takes advantage of the fact that the line width of this 

 

 

Fig. 3.4 (a) Calculated fraction of ionized Al acceptor atoms fAl as a function of the total Al 

doping concentration NAl [134]. When increasing NAl, the Fermi level approaches the Al 

acceptor level, leading to the enhanced restriction of holes to localized Al acceptor states. Thus, 

the fraction of ionized Al acceptors decreases. Above NAl,crit, the Al acceptor energy vanishes, 

resulting once again in complete ionization. For Al-p+ Si doped by alloying, only 75 to 55 % of 

the Al acceptor atoms are ionized. (b) ECV-measured (squares) and fitted (dashed red line) total 

Al doping profile (also displayed in Fig. 3.2). The profile of ionized Al acceptors (solid blue line) 

was calculated from the fitted profile by multiplication with fAl. Due to the high degree of 

incomplete ionization, the ionized, electrically active Al concentration is considerably reduced. 

Published in [129]. 
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peak increases monotonously with the doping concentration [155]. By measuring the line widths 

of boron-doped Si samples with known acceptor concentrations, the μ-RS setup was calibrated 

so that the concentration of electrically active Al acceptor atoms could be determined.  

The μ-RS setup is implemented in a confocal microscope system, which enables the 

measurement of the doping concentration with a spatial resolution as low as 200 nm [156]. Line 

scan measurements on cross-sections of the Al-doped p+ Si, which were prepared by chemical 

and mechanical polishing, thus allow for the determination of entire Al doping profiles. For 

further information on the setup and the measurement principle, please refer to [155, 156]. 

Friedemann Heinz is acknowledged for carrying out the μ-RS measurements shown in this work. 

Fig. 3.5 shows two μ-RS measurements of the ionized Al acceptor concentration of the Al-p+ 

profile already presented in Fig. 3.2 and Fig. 3.4. It can be seen nicely that the μ-RS-measured 

concentration agrees well with the ionized Al concentration, which was calculated from the 

ECV-measured total Al concentration by applying the parameterization introduced in the 

previous subsection. Therefore, this parameterization adequately describes the ionization of Al 

acceptors in Si – at least for NAl ≈ 3⋅1018 cm-3. Further μ-RS measurements on a larger set of 

Al-p+ profiles need to be carried out to investigate the i.i. of Al in Si for a broader range of Al 

doping concentrations. However, due to the complex sample preparation and data evaluation, 

this is part of future work. 
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Fig. 3.5 ECV-measured (squares) and fitted (dashed red line) total Al doping profile (also 

displayed in Fig. 3.4). The electrically active Al concentration (blue solid line) calculated from 

the fitted profile according to subsection 3.2.2 shows good agreement with the μ-RS-measured 

concentration of ionized Al acceptors (orange diamonds and triangles). The μ-RS measurements 

were carried out at two different positions on the sample by Friedemann Heinz at Fraunhofer 

ISE. 
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3.2.4 Indirect investigation of incomplete ionization of aluminum acceptors 

In this subsection, a further approach to validate the parameterization for the i.i. of Al acceptors 

discussed above is presented. As proposed by Huster et al. [8], the four-point probe (4PP) 

technique was applied to measure the electrical sheet resistances ρsh,4PP of Al-doped p+ Si 

regions, which are defined by the ionized, electrically active Al acceptors. These values were 

compared with sheet resistances ρsh,ECV calculated from the ECV-measured total Al 

concentrations NAl using [45] 

ρsh,ECV = 
1

q ∙ ∫ μp�NAl(d)� ∙ NAl(d) dddAl-p+
0

. (3.3) 

Here, q stands for the elementary charge, µp for the hole mobility [90] and dAl-p+ for the 

thicknesses of the abrupt, deconvoluted Al doping profiles. Since the ECV technique measures 

the total Al concentration, ρsh,ECV is a lower theoretical boundary for the Al-p+ sheet resistance 

for the case of complete ionization.  

Fig. 3.6 (a) displays the 4PP-measured and ECV-calculated sheet resistances for eight Al-p+ 

regions comprising a broad range of sheet resistances. These Al-p+ regions were formed by 

alloying from the Al base paste using a paste amount of 25.6 ± 0.5 mg/cm2 and different peak 

temperature times (see subsection 2.3.1 [p. 60] for sample preparation). A significant gap 

between the measured and calculated values appears which indicates that the ECV-measured 

total Al doping concentration clearly overestimates the electrically active concentration. 

In order to account for incomplete Al ionization according to subsection 3.2.2, NAl was replaced 

by NAl ∙ fAl in equation (3.3). Thus, after correcting the ECV-measured Al profiles for i.i., the 

calculated sheet resistances show a much better agreement with the values measured by 4PP (see 

Fig. 3.6).  

Nevertheless, even after the implementation of the model for i.i., the calculated sheet resistances 

slightly underrate the 4PP-measured values, which means that the i.i. of Al acceptors is 

underestimated. This is attributed to the parameterization of the Al doping energy Edop,Al given 

by equation (3.1). This parameterization was derived for acceptors in general and needs to be 

specified further for the case of Al dopants [147]. However, since there is “no firm database” 

[147] for a refined parameterization, equation (3.1) is used for the calculation of the i.i. of Al 

acceptors in this work. 

In conclusion, it has been demonstrated that the parameterization presented in subsection 3.2.2 

adequately describes the ionization of Al acceptors. The calculations have shown that i.i. can 
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amount to up to 45 % and therefore has to be taken into account for the correct assessment of 

highly Al-doped p+ regions in Si. 

3.3 Recombination characteristics of aluminum-alloyed p+ regions 

In the last few decades, the recombination characteristics of Al-alloyed p+ regions have been 

investigated intensively [5, 7, 102-104, 122, 131, 133-135]. Thus, it is well known today that 

these characteristics are affected by different recombination mechanisms, more specifically by 

(i) surface recombination, (ii) recombination via defects and (iii) Auger recombination. Although 

the relevance of each mechanism depends strongly on the thickness and the doping concentration 

of the Al-p+ region, no study has been published so far in which these mechanisms are 

investigated for Al-p+ regions in a differentiated way. 

In subsection 3.3.1, the recombination mechanisms are therefore analyzed separately by means 

of numerical simulations in order to yield an improved understanding of the recombination 

characteristics of Al-alloyed p+ regions. The results of the recombination characteristics are then 

combined with the investigations of the alloying process presented in chapter 2 in order to 

determine the optimal paste amount and firing conditions simulatively. In subsection 3.3.2, the 

results of the simulations are evaluated experimentally. 
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Fig. 3.6 (a) Measured and calculated sheet resistances of Al-alloyed p+ Si regions. The sheet 

resistances have been measured by the 4PP technique (closed triangles) and calculated from 

ECV doping profiles, thereby assuming complete (open triangles) and incomplete Al ionization 

(open diamonds). (b) Ratio of calculated and measured sheet resistances. Parts of these results 

published in [129]. 
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3.3.1 Numerical simulation of the recombination characteristics 

In section 1.3 [p. 26], a review of the fundamental working principle of pp+ low-high and np+ 

emitter junctions was presented. It has been shown that the shielding of electrons from the 

surfaces of the p+ regions can be improved by (i) increasing the acceptor concentrations of the p+ 

regions, which reduces the diffusivity of electrons to the surface, and by (ii) increasing the 

thicknesses of the p+ regions, which leads to a decrease of the electrochemical force on electrons 

toward the surface. It has been demonstrated that an increase in the thickness or the acceptor 

concentration also prevents electrons from entering the p+ region.  

Although the simplifying assumptions on which these simulations were based – e.g. uniform 

acceptor profiles, complete ionization of the acceptor atoms or a constant density of defects – are 

well suited to explain the basic function of pp+ and np+ junctions, the recombination 

characteristics of p+ regions formed by alloying from screen-printed Al pastes are much more 

complex. 

In a joint study with the author of this thesis, Rüdiger et al. published a more advanced model for 

the calculation of the recombination characteristics of Al-alloyed p+ regions [134, 135]. For 

convenience, this model is referred to as recombination model in the following. This 

recombination model uses Al acceptor profiles as input data to calculate the saturation current 

densities j0,Al-p+ of the respective Al-p+ regions. Excellent accordance with experimental data 

could be achieved by accounting for (i) recombination at defects within the Al-p+ regions and (ii) 

incomplete ionization of Al acceptors in the numerical simulations. 

In this subsection, this recombination model is applied to investigate the influence of the paste 

amount m�Paste and the peak temperature Tpeak of the alloying process on the saturation current 

densities j0,Al-p+. Because it presents a very complex system, the impact of the Al doping 

concentrations and the thicknesses of the Al-p+ regions on j0,Al-p+ is analyzed in advance. The 

numerical simulations of the Al-p+ saturation current densities j0,Al-p+ presented in the following 

were done by Heiko Steinkemper using the semiconductor device simulator Sentaurus TCAD 

[150]. The author of this thesis calculated the Al doping profiles which serve as input for the 

simulations and evaluated the simulation results. 

 

Influence of Al doping concentration and Al-p+ region thickness on the recombination 

characteristics 

A solar cell structure with an Al-alloyed rear was used for the numerical simulation of the Al-p+ 

recombination characteristics [134, 135]. By defining (i) the front contact as transparent and non-
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recombining, (ii) the P-diffused n+ front and the base of the solar cell as non-recombining and 

(iii) the recombination velocity at the rear contact as equal to the thermal velocity, the saturation 

current density of the Al-p+ region could be determined from the calculated current-voltage 

characteristics [134, 135]. To account for recombination via defects within the Al-p+ regions, 

which is likely caused by the generation of Al–O defect centers [132], the density of defects was 

assumed to be proportional to the total Al concentration.  

The validity of the recombination model has already been successfully demonstrated in [69, 134, 

135] and is therefore not discussed further here. 

 

In order to investigate the effect of the Al doping concentration and the thickness of the Al-p+ 

region on j0,Al-p+, different Al doping profiles were used as input for the numerical simulations 

(see Fig. 3.7). The Al doping profiles were calculated using the binary Al-Si phase diagram as 

described in subsection 2.4.4 [p. 81]. The ionized, electrically active Al concentrations were then 

determined by accounting for incomplete ionization according to subsection 3.2.2 [p. 100]. The 

peak concentration NAl,peak of ionized Al acceptors was thereby varied in the range of 1.7 to 

5.2⋅1018 cm-3, which corresponds to a realistic peak temperatures range of 700 to 900 °C. By 

multiplying the normalized profile depths with values in the range of 1 to 15 µm, different Al-p+ 
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Fig. 3.7 Calculated ionized Al acceptor profiles of Al-alloyed p+ regions. The profile curves 

were determined analytically using the binary Al-Si phase diagram according to subsection 2.4.4 

[p. 81] and additionally taking incomplete ionization of the Al acceptors into account. Peak Al 

concentrations NAl,peak in the range of 1.7 to 5.2∙1018 cm-3 were used, corresponding to peak 

temperatures of 700 to 900 °C. The Al-p+ region thickness dAl-p+ was varied in the range of 1 to 

15 µm. 
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region thicknesses dAl-p+ were realized. This procedure has enabled a differentiated investigation 

of NAl,peak and dAl-p+. 

Fig. 3.8 shows the impact of the Al-p+ thickness dAl-p+ and the peak concentration NAl,peak of 

ionized Al acceptors on the saturation current densities j0,Al-p+ of the Al-p+ regions. For a 

comprehensive characterization, j0,Al-p+ is additionally separated into the different contributions 

(i) recombination at the Al-p+ surface, (ii) recombination via defects and (iii) Auger 

recombination within the Al-p+ region bulk (see subsection 1.2.5 [p. 19] for equations). The 

corresponding saturation current densities are denoted with j0,Al-p+
surface , j0,Al-p+

defect  and j0,Al-p+
Auger , 

respectively. In addition, the percentages of the recombination paths on the total recombination 

were calculated (see Fig. 3.9). 

 

 

 

Fig. 3.8 Simulated saturation current densities of non-surface-passivated Al-p+ regions as 

functions of the Al-p+ region thickness dAl-p+ and the peak concentration NAl,peak of ionized Al 

acceptors: (i) j0,Al-p+
surface  corresponding to recombination at the p+ region surface, (ii) j0,Al-p+

defect and (iii) 

 j0,Al-p+
Auger  corresponding to defect and Auger recombination within the p+ region, respectively and 

(iv) total saturation current density j0,Al-p+. Please note the different scales. 
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(i) Surface recombination: 

The saturation current density j0,Al-p+
surface  related to surface recombination is strongly dependent 

on the Al-p+ region thickness dAl-p+ and marginally affected by the peak concentration 

NAl,peak.  

j0,Al-p+
surface  decreases when dAl-p+ increases because the electrochemical force dragging electrons 

toward the surface of the p+ region is reduced (cf. subsection 1.2.5 [p. 19]). Furthermore, 

j0,Al-p+
surface  can be lowered to a slight extend by increasing NAl,peak, which hinders the diffusion of 

electrons toward the surface. Fig. 3.9 shows that, for Al-p+ thicknesses dAl-p+ ≲ 9 µm, surface 

recombination is the dominant and most critical recombination mechanism. 

(ii) Defect recombination: 

Recombination at defects within the Al-p+ region, described by the saturation current density 

j0,Al-p+
defect , is predominantly affected by dAl-p+. NAl,peak has only a very small influence on j0,Al-p+

defect .  

Defect recombination can be reduced by (i) decreasing dAl-p+ since the integrated amount of 

Al defects within the p+ region decreases and, in addition, the electron density within the 

p+ region decreases due to intensified surface recombination; (ii) decreasing NAl,peak, because 

 

  

Fig. 3.9 Simulated percentage of surface (left) and defect recombination (right) at the total 

recombination as a function of the Al-p+ region thickness dAl-p+ and the peak concentration 

NAl,peak of ionized Al acceptors for non-surface-passivated Al-p+ regions. Due to its low effect, 

the percentage of Auger recombination is not shown here. It is clearly visible that the percentage 

of both surface and defect recombination is almost exclusively affected by the Al-p+ region 

thickness dAl-p+. The peak Al concentration NAl,peak only marginally influences the recombination 

characteristics. 
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this leads to lower defect densities18 as well as lower electron densities within the p+ region 

as a result of increased surface recombination. 

For Al-p+ thicknesses dAl-p+ ≲ 5 µm, defect recombination only contributes marginally to 

j0,Al-p+ (see Fig. 3.9). For higher thicknesses, however, it becomes relevant, so that for 

dAl-p+ ≈ 9 µm, defect recombination is in the same order of magnitude as surface 

recombination. 

(iii) Auger recombination: 

The saturation current density j0,Al-p+
Auger  of Auger recombination is influenced by both dAl-p+ and 

NAl,peak to comparable extents. However, due to the low concentration of ionized Al 

acceptors, Auger recombination can be neglected compared to surface and defect 

recombination. 

(iv) Total recombination: 

Because surface and defect recombination depend strongly on dAl-p+ but are only slightly 

affected by NAl,peak (and Auger recombination can be neglected), the total saturation current 

density j0,Al-p+ is also affected strongly by dAl-p+ and slightly dependent on NAl,peak.  

Fig. 3.8 and Fig. 3.9 show that, for dAl-p+ ≲ 9 µm, j0,Al-p+ is predominantly determined by 

surface recombination, so that the main task for minimizing j0,Al-p+ is the reduction of the 

surface recombination. This can be realized effectively by increasing the p+ region thickness 

dAl-p+, so that electrons are prevented from reaching the rear surface. Because defect 

recombination intensifies with increasing dAl-p+ and dominates for dAl-p+ ≳ 9 µm, however, 

the j0,Al-p+ values saturate for thicknesses larger than 9 µm. For further minor improvements 

of j0,Al-p+, NAl,peak needs to be increased additionally in order to prevent electrons from 

entering the p+ region. 

In conclusion, high Al-p+ region thicknesses and high concentrations of ionized Al acceptors 
are necessary to optimize the recombination properties of Al-p+ regions. Comparable trends 
have been reported by Godlewski et al. [7], Harder et al. [157] and Nagel et al. [31]. These 
research groups used simplifying assumptions (e.g. constant acceptor profiles, no defect 

                                                 

 
18 NB: As a reminder, the defect density was assumed to be proportional to the peak concentration. 
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recombination, complete ionization), though, thus neglecting important characteristics of 
Al-alloyed p+ regions.  
 

Influence of paste amount and peak temperature on the recombination characteristics 

Although the Al-p+ region thickness and the Al peak concentration define the Al doping profile 

and, thus, the recombination properties of the Al-p+ region completely, the paste amount m�Paste 

and the peak temperature Tpeak of the alloying process are more relevant parameters from the 

technological point of view.19 The relation between m�Paste, Tpeak and dAl-p+, NAl,peak is simple and 

has already been presented in subsection 2.4.5 [p. 83] in detail: An increase in Tpeak leads to 

(i) enhanced Al-p+ region thicknesses dAl-p+ and (ii) increased peak Al concentrations NAl,peak. An 

increase in m�Paste has been shown to result in higher dAl-p+ values without affecting NAl,peak. 

The Al-p+ region saturation current density was simulated as a function of m�Paste and Tpeak, 
thereby distinguishing again between total, surface, defect and Auger recombination. In order to 
investigate the influence of m�Paste and Tpeak on the recombination properties accurately, different 
characteristic effects were taken into account: (i) parasitic Si recrystallization in the paste 
particles, which reduces the Al-p+ region thickness for higher paste amounts (cf. sub-

section 2.3.6 [p. 69]), (ii) incomplete ionization of Al acceptors and (iii) the density of defects 
within the Al-p+ region as proportional to the Al concentration. These effects fundamentally 
influence the recombination properties and have not been considered in previous calculations [5, 
7, 102, 157]. Thus, by combining the characteristics of the alloying process with the 
recombination model, a comprehensive and straightforward optimization of the printing and 
firing conditions is enabled.  

Fig. 3.10 shows the different saturation current densities as functions of m�Paste and Tpeak for 
paste amounts in the range of 4.5 to 25 mg/cm2 and peak temperatures from 700 to 900 °C. 
Since the influence of m�Paste and Tpeak on the recombination characteristics derive directly from 
the dependencies on dAl-p+ and NAl,peak, the following discussion only addresses total 
recombination: 

                                                 

 
19 More precisely, the effective peak temperature has to be taken as parameter. For convenience, the term “effective” 

is omitted in the discussion of this subsection. The author wants to note that it is important to compare the Tpeak 

values of these simulations with the effective peak temperature Tpeak,eff of the experiments. 
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The total saturation current density j0,Al-p+ – which is the sum of the surface, defect and Auger 

saturation current densities – is severely high for low paste amounts and low peak temperatures, 

because the shielding of electrons from the recombination-active surface of the Al-p+ region is 

insufficient. By increasing Tpeak and m�Paste, the thickness of the p+ region can be enhanced, so 

that the surface recombination decreases considerably and j0,Al-p+ improves. For paste amounts 

exceeding 10 mg/cm2, the influence of m�Paste on j0,Al-p+ becomes smaller and smaller, though. 

This is due to the fact that (i) parasitic Si recrystallization increases, so that a further increase in 

m�Paste has only a minor effect on the p+ region thickness, and (ii) recombination via defects 

within the p+ region gets more and more relevant. For these m�Paste values, Tpeak is the most 

important and critical parameter for reducing j0,Al-p+ and has to be as high as possible. 

For a paste amount of 25.0 mg/cm2 and a peak temperature of 900 °C, for example, a saturation 

current density of 322 fA/cm2 has been simulated, which corresponds to an implied open-circuit 

voltage Voc,impl of 659 mV.  

 

 

 

Fig. 3.10 Simulated saturation current densities of non-surface-passivated Al-p+ regions as 

function of the paste amount m�Paste and the peak temperature Tpeak for (i) surface, (ii) defect, (iii) 

Auger and (iv) total recombination. Please note the different scales. 
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This saturation current density is only slightly lower than the j0,Al-p+ value of 337 fA/cm2 

simulated for m�Paste = 8.0 mg/cm2 and Tpeak = 900 °C (corresponding to Voc,impl = 658 mV).20 
 

In summary, the optimal printing and firing conditions comprise: 

1. High peak temperatures of the alloying process. 

2. A paste amount of approximately 8 mg/cm2: In order to assess the optimal printing 

conditions, it is not only the absolute j0,Al-p+ value – which is lowest for the highest paste 

amounts – that needs to be considered, but further aspects as well: (i) j0,Al-p+ improves only 

marginally when increasing the paste amount beyond 8 mg/cm2 because parasitic Si 

recrystallization intensifies. Increasing m�Paste from 8 to 25 mg/cm2 leads to a very small 

increase in Voc,impl. (ii) Due to the latent heat of the Al paste, the effective peak temperature 

of the alloying process is lower than the set peak temperature Tset of the furnace. The higher 

the paste amount, the more pronounced the difference is between Tset and Tpeak,eff (cf. 

subsection 2.3.5 [p. 67]). Thus, for high m�Paste values, higher peak temperature times tpeak are 

necessary, which drastically reduces the throughput of the solar cell fabrication process. (iii) 

As metallization pastes are the most expensive materials in solar cell fabrication [4], the Al 

paste amount should be as low as possible to reduce the production costs. 

A compromise between the optimization of the recombination properties and the industrial 

and economic feasibility is a paste amount of approximately 8 mg/cm2. A more 

comprehensive economic investigation is necessary to determine the optimal paste amount 

more closely. This, however, is part of future work. 

In the following subsection, the results of the numerical simulations are evaluated 

experimentally. 

                                                 

 
20 The author wants to point out that these values are only valid for the Al base paste used in this work. Since other 

Al pastes may exhibit different size distributions of their particles as well as different percentages of organic 

binders and solvents, the influence of the paste amount and the peak temperature on the recombination 

characteristics of the Al-p+ regions may vary slightly. Nevertheless, the relative trends for other paste 

specifications are expected to be similar to those obtained in the present chapter. Future work will deal with 

applying the recombination model of this work to other Al pastes. 
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3.3.2 Experimental investigation of the recombination characteristics 

To investigate the influence of the paste amount and the peak temperature on the Al-p+ saturation 

current densities experimentally, the test samples introduced in subsection 2.3.1 [p. 60] were 

applied. After the removal of the paste residuals and the eutectic layers in HCl/H2O2 solution, 

quasi-steady state photoconductance (QSS-PC, see appendix 7.1.1 [p. 263]) measurements were 

performed to determine the total saturation current densities j0,Al-p+ of the samples under high 

injection conditions (cf. subsection 1.2.6 [p. 23]).21 Due to the low doping concentrations and the 

high quality of the Si base of the test samples, the recombination within the Si bases can be 

neglected [59]. The measured saturation current densities thus consist of the sums of the 

contributions from the SiNx front and the Al-p+ rear sides. By means of reference samples, which 

are SiNx-coated on both sides, the Al-p+ saturation current densities j0,Al-p+ were determined (cf. 

subsection 1.2.6 [p. 25] and reference [77]). 

Fig. 3.11 displays j0,Al-p+ as a function of the effective peak temperature Tpeak,eff for paste amounts 

from 8.07 to 25.6 mg/cm2. It is obvious that j0,Al-p+ decreases significantly when Tpeak,eff is 

increased. Within the scatter of the j0,Al-p+ data, no clear influence of the paste amount could be 

determined. Both results are in good accordance with the numerical simulations presented in the 

previous subsection: The simulations showed that for paste amounts in the range of 10 mg/cm2 

or higher, j0,Al-p+ is only marginally affected by m�Paste and decreases when the peak temperature 

increases. 

In conclusion, the experimental results confirm that (i) high peak temperatures are necessary 

and that (ii) a paste amount of approximately 8 mg/cm2 is sufficient for the formation of Al-p+ 

regions with excellent recombination characteristics. For m�Paste = 8.07 mg/cm2 and 

Tpeak,eff = 810 °C, a saturation current density of 440 fA/cm2 was measured (corresponding to 

Voc,impl = 651 mV). These j0,Al-p+ values are only slightly higher than those for the higher paste 

amounts: For m�Paste = 25.6 mg/cm2 and Tpeak,eff = 815 °C, j0,Al-p+ = 380 fA/cm2 was achieved 

(corresponding to Voc,impl = 655 mV). Both j0,Al-p+ values are in very good accordance with 

simulated values (cf. Fig. 3.10). 

                                                 

 
21 An intrinsic carrier concentration ni of 9.65∙109 cm-3 [48] was used for the determination of the saturation current 

densities. 
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In the following section 3.4, an approach to further improve the electrical Al-p+ region properties 

is presented: the passivation of the Al-p+ region surface. 

3.4 Effective surface passivation of aluminum-alloyed p+ regions 

The simulations and experiments of the previous section 3.3 have shown that the saturation 

current density of non-surface-passivated Al-p+ regions are reduced by utilizing high peak 

temperatures of the alloying process. However, in many solar cell applications, the peak 

temperature cannot be chosen at will: (i) either the front and rear metallization of the solar cells 

are co-fired in one single firing step, in which the temperature profile is adjusted to the front 

contact requirements, or (ii) agglomeration of the Al-Si melt during alloying occurs for high 

temperatures, leading to the formation of strong contact inhomogeneities (see section 2.5 

[p. 85]).  

The simulations of the previous section have shown furthermore that surface recombination is 

the dominant recombination path for most paste amount and peak temperature configurations. 

Therefore, a promising approach to further improve the electrical properties of Al-p+ regions is 

the passivation of the Al-p+ region surface, i.e. the deactivation of surface recombination. 

Although this approach was already introduced by Bock et al. few years ago [122] and its 

positive effect has been demonstrated by Schmiga et al. on solar cell level [158], the 

requirements for an effective surface passivation have not been clarified so far. 
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Fig. 3.11 Measured saturation current density j0,Al-p+ as a function of the effective peak 

temperature Tpeak,eff for three different paste amounts for non-surface-passivated Al-p+ regions. 

The effective peak temperatures Tpeak,eff were determined by means of phase diagram calculations 

(see subsection 2.3.5 [p. 67]). 
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In this section, the passivation of the Al-p+ region surface is therefore discussed in detail by 

means of numerical simulations (subsection 3.4.1) and experiments (subsection 3.4.2). 

3.4.1 Numerical simulation of the recombination characteristics 

For simulating the electrical properties of surface-passivated Al-p+ regions, Sentaurus TCAD 

[150] was applied. The simulations were again carried out by Heiko Steinkemper using the 

recombination model, while the author of this thesis calculated the Al doping profiles which 

serve as input for the simulations and evaluated the simulation results. 

A sample structure equivalent to the one without Al-p+ surface passivation presented in 

subsection 3.3.1 [p. 107] was assumed, exhibiting (i) a transparent and non-recombining front 

contact, (ii) a non-recombining P-diffused n+ front and a non-recombining base, and (iii) a 

surface recombination velocity of 0 cm/s at the rear contact in order to account for the 

passivation of the Al-p+ region surface. For details on the simulated sample structure, please 

refer to [69, 134, 135]. 

The density of defects within the Al-p+ region was defined to be proportional to the total Al 

concentration. Incomplete ionization of Al acceptors was considered according to 

subsection 3.2.2 [p. 100]. The model for simulating the recombination characteristics of surface-

passivated Al-p+ regions was verified successfully in [69, 134, 135], so that its validity is not 

discussed further here. 
 

Influence of Al doping concentration and Al-p+ region thickness 

In order to investigate the effect of the Al-p+ region thickness dAl-p+ and the peak concentration 

NAl,peak of ionized Al acceptors on the saturation current densities j0,Al-p+ of surface-passivated 

Al-p+ regions, the Al doping profiles shown in Fig. 3.7 were again used as input for the 

numerical simulations. Fig. 3.12 (a) displays the calculated j0,Al-p+ values in dependence of dAl-p+ 

and NAl,peak. The total saturation current density j0,Al-p+ thereby approximately equals the 

saturation current density j0,Al-p+
defect  of defect recombination within the Al-p+ region, because 

recombination at the Al-p+ surface is omitted and Auger recombination can be neglected. It is for 

this reason that the different recombination mechanisms are not shown separately. 

Since defect recombination within the Al-p+ regions defines j0,Al-p+, the recombination 

characteristics can be improved effectively by reducing the amount of defects. This can be done 

by decreasing the Al-p+ region thicknesses. In addition, minor improvements in j0,Al-p+ can be 

realized by reducing NAl,peak, which leads to a decrease in the defect density. The calculations 
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demonstrate that low Al-p+ thicknesses ≲ 3 µm are necessary to yield saturation current densities 

below 150 fA/cm2. 

Interestingly, the total saturation current density of surface-passivated Al-p+ regions shows a 

very similar dependence on dAl-p+ and NAl,peak as the saturation current density of defect 

recombination of non-surface-passivated Al-p+ regions (cf. Fig. 3.8 [p. 109] and Fig. 3.12 (a)). 

This provides a useful tool for experimentally investigating the defect recombination of non-

surface-passivated Al-p+ regions by means of surface-passivated samples. This approach will be 

applied in section 4.2 [p. 133]. 

 

Influence of paste amount and peak temperature 

Fig. 3.12 (b) shows j0,Al-p+ simulated as a function of the paste amount m�Paste and the peak 

temperature Tpeak of the alloying process. For the calculations, parasitic Si recrystallization was 

again taken into account.  

Since the thicknesses of the surface-passivated Al-p+ regions need to be as low as possible to 

improve their recombination characteristics, j0,Al-p+ can be reduced by applying low paste 

amounts and low peak temperatures. m�Paste ≲ 8 mg/cm2 and Tpeak ≲ 750 °C are necessary to yield 

j0,Al-p+ values below 150 fA/cm2, i.e. to realize a significant improvement of the recombination 

properties of the Al-p+ regions by surface passivation.  

From the technological point of view, however, such printing and firing conditions are difficult 

to implement in the fabrication of Si solar cells: (i) Due to the local character of Si dissolution 

during alloying, the Al-p+ regions form inhomogeneously for low paste amounts and low peak 

 

 

Fig. 3.12 Simulated total saturation current densities of surface-passivated Al-p+ regions as 

functions of (a) the Al-p+ region thickness dAl-p+ and the peak concentration NAl,peak of ionized Al 

acceptors and as functions of (b) the paste amount m�Paste and the peak temperature Tpeak.  
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temperatures (cf. subsection 2.3.4 [p. 65]). Interruptions in the Al-p+ regions are likely to occur. 

(ii) In addition, the Al-p+ region surfaces need to be preconditioned by etching before the 

application of the passivation layers. This issue is discussed in detail in the following subsection. 

Thus, by preconditioning, the Al-p+ region interruptions can be enlarged, so that the 

inhomogeneity problem is aggravated.  

In conclusion, the simulations of this subsection have demonstrated that the passivation of the 

Al-p+ region surfaces has a promisingly high potential to improve the recombination charac-

teristics of Al-p+ regions. Its realization seems to be challenging, though, because inhomogeneous 

and interrupted Al-p+ regions need to be prevented. In the following subsection, the experimental 

realization of the surface passivation is therefore investigated in more detail. Furthermore, an 

approach to form thin and simultaneously homogeneous Al-p+ regions is presented. 

3.4.2 Experimental investigation of electrical properties 

In order to experimentally investigate the passivation of the Al-p+ region surfaces, further test 

samples were fabricated following the processing sequence presented in subsection 2.2.2 [p. 51]. 

Shiny-etched (100)-oriented B-doped p-type FZ Si wafers with a resistivity of 100 Ω cm were 

used for this purpose. The test sample structure is shown schematically in Fig. 3.13.  

After wet-chemical cleaning, silicon nitride (SiNx) layers were deposited onto the front sides. 

Then, the Al base paste was screen-printed onto the entire rear surfaces (paste amount 

20.1 ± 1.4 mg/cm2) and dried to remove the solvents. The Al-p+ regions were alloyed during a 

firing step in a conveyor belt furnace at a set peak temperature of 900 °C and, at the same time, 

the SiNx layers were annealed for an increase in the front surface passivation. Different Al-p+ 

region thicknesses were prepared by varying the peak temperature time tpeak from 5.3 s to 8.2 s. 

The paste residuals and the Al–Si eutectic layers were subsequently etched off in diluted 

HCl/H2O2 solution. Potassium hydroxide (KOH) solution (30 %, 80 °C) was used to prepare the 

Al-p+ region surfaces for the subsequent passivation. Four different etching times tetch ranging 

from 0 s to 180 s were applied here. Then, the Al-p+ regions were passivated either by plasma-

enhanced-chemical-vapor-deposited amorphous silicon (a-Si) layers or by atomic-layer-

deposited aluminum oxide (Al2O3) layers, each with thicknesses ≥ 30 nm. Subsequently, the 

Al2O3-coated samples were annealed in a forming gas ambient at a temperature of 425 °C to 

activate the Al2O3 layer passivation [159, 160]. 

Quasi-steady state photoconductance (QSS-PC) measurements were performed to determine the 

saturation current densities j0,Al-p+ of the samples before and after surface preparation and 
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passivation. Please note that the effective peak temperatures Tpeak,eff of the alloying process were 

not determined.  

The sample fabrication was done by Christian Schmiga, the characterization of the samples by 

the author of the present thesis. Some results of the present subsection have been published in the 

diploma thesis of the author of this thesis [95]. 
 

Preparation of the Al-p+ regions for surface passivation 

For the passivation of the Al-p+ regions, the Al-p+ region surfaces were laid open by removing 

the Al-Si eutectic layers and the paste particle matrices. In subsection 2.4.2 [p. 75], it was shown 

that after metal removal, the Al-p+ region surfaces are covered by small pyramidal structures 

aligned in networks of strings. These structures are likely caused by remains of the lamellar 

Al-Si eutectic. For a more detailed investigation of their composition, further cross-sectional 

SEM images of Al-alloyed contacts were taken before and after contact removal (see Fig. 3.14). 

It can be seen nicely that the pyramidal structures can contain Al inclusions (see (a)). When the 

contact metal is removed, these Al inclusions are either removed as well, resulting in the 

formation of voids (see (b)), or – in case the inclusions are enclosed completely by Si – remain 

within the pyramidal structures as has been reported by Bock et al. [99]. 

In order to remove the pyramidal structures and to successively etch the Al-doped Si surfaces, 

the Al-p+ regions were exposed to diluted KOH solution, which exhibits an etch rate of 

approximately 1.3 µm/min, for different etching times tetch from 0 s to 180 s. In Fig. 2.23 [p. 77] 

of the previous chapter, it was shown that with increasing etching time, the pyramidal structures 

are underetched (tetch = 20 s) and totally removed for prolonged etching (tetch ≥ 80 s) resulting in 

a smooth surface. The preparation of the Al-p+ region surfaces by etching has a significant 

impact on the effectiveness of the surface passivation, which is shown in the following. 

 

 

Fig. 3.13 Comparison of the test sample structures for investigating the recombination 

characteristics of (a) non-surface-passivated and (b) surface-passivated Al-p+ regions. For the 

passivation of the Al-p+ region surfaces, amorphous silicon (a-Si) or aluminum oxide (Al2O3) 

layers have been applied. 
 



3.4  Effective surface passivation of aluminum-alloyed p+ regions 121 

 

Impact of Al-p+ region preconditioning on the surface passivation 

For the passivation of the Al-p+ region surface, a-Si or Al2O3 layers were used, both featuring 

excellent passivation properties. On highly doped boron-diffused p+ Si with a sheet resistance of 

218 Ω/sq, saturation current densities of 52 fA/cm2 and 15 fA/cm2 were achieved for a-Si- and 

for Al2O3-passivated surfaces, respectively. The boron surface concentration of these diffusions 

amounts to 2.5∙1018 cm-3, which is in the range of the Al surface concentration of Al-alloyed p+ 

regions. Thus, the a-Si and Al2O3 layers are excellently suitable for the passivation of Al-doped 

p+ surfaces. 

Fig. 3.15 shows the saturation current densities j0,Al-p+ of (i) non-surface-passivated and 

(ii) surface-passivated Al-p+ regions as a function of the peak temperature time tpeak.22 The 

surface-passivated Al-p+ regions were etched in KOH for different times from 0 s to 180 s prior 

to passivation. 

                                                 

 
22 Please note that the effective peak temperature Tpeak,eff of the alloying process was not calculated for these 

samples. Instead, the peak temperature time tpeak is used as abscissa, which is proportional to Tpeak,eff (cf. 

Fig. 2.17 (b) [p. 69]). 

 

 

Fig. 3.14 Cross-sectional SEM images of Al-alloyed contacts (a) before and (b) after removing 

the paste particle matrices and the eutectic layers. Pyramidal structures arise on the surfaces of 

the Al-p+ regions, which can exhibit Al inclusions. When etching off the contact metal, the Al 

inclusions are either removed, which results in the formation of voids, or – if the inclusions are 

completely enclosed by Si – remain within the pyramidal structures as has been reported by 

Bock et al. [99]. For illustration purposes, the interface between the Al-p+ region and the Si base 

is marked by a dashed line in (a). Please note the different scales. 
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For non-surface-passivated Al-p+ regions, the recombination at the Al-p+ region surface 

dominates, so that the saturation current densities improve by increasing the tpeak values (i.e. by 

increasing Tpeak,eff) due to improved electron shielding from the surface. This is mainly caused by 

the increase in the thickness of the Al-p+ regions for enhanced peak temperature times (cf. the 

simulation results of subsection 3.3.1 [p. 107]). 

In case the pyramidal structures are still present on the surfaces of the Al-p+ regions when the 

passivation layers are applied (tetch = 0 and 20 s), the j0,Al-p+ developing is equal to that of non-

surface-passivated Al-p+ regions with only a moderate overall decrease of approximately 
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Fig. 3.15 Saturation current density of Al-p+ regions before (black squares) and after surface 

preparation in KOH and passivation with a-Si (blue circles) or Al2O3 layers (orange triangles). 

Different KOH etching times have been applied, which affect the passivation properties strongly. 

Al-p+ regions still possessing the pyramidal structures (tetch = 0 and 20 s) cannot be passivated 

effectively. When the pyramids are removed totally (tetch = 80 and 180 s), j0,Al-p+ is decreased 

considerably by surface passivation. Encircled values indicate lowest j0,Al-p+ values. Lines are 

guides to the eye. 
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100 fA/cm2. Thus, surface recombination still dominates despite the application of the 

passivation layers. The pyramidal structures on top of the Al-p+ regions prevent the effective 

passivation of the surfaces. This is attributed to (i) the holed structure of the pyramids whose 

voids were not coated by the passivation layers, and to (ii) the Al inclusions within the pyramids 

which are expected to act as recombination cites. 

In case the pyramidal structures have been removed totally (tetch = 80 and 180 s), the a-Si or 

Al2O3 passivation greatly decreases the saturation current densities and the j0,Al-p+ developing is 

inverted: The lower the tpeak values – i.e. the lower the Al-p+ region thicknesses –, the lower the 

j0,Al-p+ values. This demonstrates that recombination within the Al-p+ region bulk now dominates 

the recombination characteristics because recombination at the Al-p+ region surface was reduced 

effectively.  
 

For an effective passivation of the Al-p+ region surfaces, it is therefore essential to  

1. remove the pyramidal structures from the surfaces before the deposition of the passivation 

layers and to 

2. apply low Al-p+ region thicknesses so as to reduce recombination within the Al-p+ regions.  
 

Realizing low saturation current densities of surface-passivated Al-p+ regions experimentally 

The investigation of the preconditioning of the Al-p+ region surface has shown a promising way 

for realizing thin and simultaneously homogeneous Al-p+ regions: High paste amounts and high 

peak temperatures can be applied to form Al-p+ regions that are thick and homogeneous. For an 

effective passivation of the Al-p+ region, the pyramidal surface structures have to be removed by 

etching in diluted KOH solution. This etching step is used to not only etch off the pyramidal 

structures, but to further thin down the Al-p+ region by extending the etching time. Thus, thin 

and homogeneous Al-p+ regions are fabricated. 

Applying this approach, two Al-p+ regions with thicknesses of 2.4 ± 0.8 and 2.6 ± 0.9 µm were 

prepared. Excellently low saturation current densities of 130 fA/cm2 and 70 fA/cm2, which 

correspond to implied Voc values of 682 and 699 mV, were achieved by passivating the surfaces 

of these Al-p+ regions with a-Si and Al2O3 layers, respectively (see encircled values in 

Fig. 3.15). To the author’s knowledge, these are the lowest saturation current densities reported 

for screen-printed Al-p+ regions, which demonstrates the high potential of passivating the Al-p+ 

region surfaces. 
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Based on these results, Woehl et al. have shown that the saturation current densities of surface-

passivated Al-p+ regions decrease with increasing Al-p+ sheet resistances [133]. 
 

Limitations to the thickness optimization 

Due to the low etching rate of approximately 1.3 µm/min and the rather isotropic character of 

etching, the thinning of the Al-p+ regions by KOH etching is easy to control. Nevertheless, there 

are limitations to the applicability of the etching process for the Al-p+ region thinning. If the 

etching step is carried out too long, the Al-p+ region is locally removed, causing interruptions to 

form (see Fig. 3.16).23 

3.4.3 Determination of the carrier lifetime profiles by micro-photoluminescence  

A straightforward method to investigate the recombination characteristics of Al-alloyed p+ 

regions directly is offered by the micro-photoluminescence lifetime spectroscopy (µ-PLS) 

                                                 

 
23 For solar cell applications, local contacts to the surface-passivated full-area Al-p+ region have to be formed 

through the passivation layers. In case the local rear contacts make a direct contact to the interrupted Al-p+ region 

area, (i) a highly recombination-active area is generated for p-type Si solar cells with a surface-passivated full-area 

Al-p+ back surface field or (ii) shunts form for n-type Si solar cells with a surface-passivated full-area Al-p+ rear 

emitter. Moreover, even if the interrupted areas remain isolated from the rear contact by the dielectric passivation 

layer, the lateral conductivity of the rear Al-p+ region, which is required for the hole conduction to the local 

contacts, drops drastically. Thus, it is beneficial to avoid interrupted Al-p+ regions through the careful adjustment 

of the KOH etching time. 

 

 

Fig. 3.16 Cross-sectional SEM images of an Al-p+ region etched in diluted KOH solution for (a) 

160 s and (b) 240 s. The Al-p+ region was thinned from an initial thickness of 7.2 ± 0.5 µm down 

to 3.1 ± 0.8 µm and 1.4 ± 0.9 µm, respectively (errors are standard deviations due to lateral 

thickness variations). For the etching time of 240 s, the Al-p+ region was locally removed, 

causing interruptions to form. Please note the different scales. 
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technique [161, 162]. This technique enables the detection of carrier lifetimes with a spatial 

resolution as low as 1 µm. The first measurements using this technique were reported by Woehl 

et al. in [133]. They have shown that high defect recombination occurs within the Al-p+ region 

near the Al-p+ region/Si base interface. In the present work, µ-PLS was used to analyze the 

impact of the surface passivation on the carrier lifetime within the Al-p+ region. Paul Gundel and 

Friedemann Heinz are acknowledged for the µ-PLS measurements. The preparation of the 

samples was done by the author of this thesis. 
 

Micro-photoluminescence lifetime spectroscopy (µ-PLS) measurements 

Common setups for the measurement of carrier lifetimes exhibit spatial resolutions in the range 

of 10 to 100 µm [161], which are mainly limited by the lateral diffusion of photogenerated 

carriers. The µ-PLS technique avoids these resolution limits by using high illumination 

intensities with excess carrier concentrations of 1019 cm-3 [162]. Thus, the carrier diffusion 

lengths are reduced to below 1 µm due to the drastically increased Auger recombination, causing 

the locations of carrier excitation and photoluminescence emission to be close to each other. The 

µ-PLS setup used in this work applies confocal optics, which provides high spatial resolution of 

both the excitation irradiation and the emitted photoluminescence signal.  

By simulating the detected photoluminescence signal using two-dimensional finite element 

calculations, the lifetime of defect recombination can be determined in a spatially resolved way. 

For investigating Al-p+ regions, the ECV-measured Al doping profiles are thereby taken as input 

for the simulation. Auger recombination presents an upper limit for the defect lifetime: only 

defect lifetimes smaller than the Auger lifetime can be determined. It is important to note that 

µ-PLS does not detect the defect lifetime under low injection conditions, which are the relevant 

conditions for solar cell applications, but under high injection conditions. The qualitative trends 

for the high and low injection lifetimes are the same [161], though, so that µ-PLS measurements 

are well suited for qualitatively investigating the recombination characteristics of Al-p+ regions. 

More details on the measurement technique and the setup can be found in [161, 162]. 
 

Sample preparation 

The µ-PLS measurements were carried out on one sample exhibiting a non-surface-passivated 

and a surface-passivated part (see Fig. 3.17 for the schematic sample structure). This special 

sample structure was used to (i) simplify the complex finite element simulations and (ii) to 

minimize fluctuations originating from sample preparation.  
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After the removal of the paste residuals and the Al-Si eutectic layer, the Al-doped p+ Si region 

was prepared in KOH (tetch = 180 s) for the subsequent deposition of an Al2O3 layer. The Al-p+ 

region thickness was 9.3 ± 0.7 µm after etching. Then, the sample was annealed in a forming gas 

ambient at a temperature of 425 °C to activate the Al2O3 passivation. An etch mask was prepared 

on the rear by means of photolithography and the Al2O3 layer was selectively etched to form a 

passivated and a non-passivated part. Finally, a thin layer of aluminum was evaporated onto the 

Al-p+ region of the non-surface-passivated area and onto the Al2O3 layer of the surface-

passivated area, respectively. A high quality cross-section comprising both areas was prepared 

by means of chemical and mechanical polishing.  

Please note that such high Al-p+ region thicknesses in fact do not lead to low j0,Al-p+ values after 

surface passivation, but enable the determination of the defect lifetime at several points of the 

profile. 
 

Results and discussion of the µ-PLS measurements 

Fig. 3.18 shows two µ-PLS line scan measurements of the effective defect lifetime τeff
defect for 

(a) the non-surface-passivated and (b) the surface-passivated area of the Al-p+ regions. The line 

scan measurements were thereby carried out perpendicular to the Al-p+ region surface. The 

effective defect lifetime comprises (i) recombination at defects within the p+ region and 

(ii) surface recombination. Please note that due to a shift in the focus of the excitation irradiation, 

the Auger recombination limit was slightly higher for the measurement on the surface-passivated 

Al-p+ region. 

The effective defect lifetime curves for non-passivated and passivated Al-p+ regions show good 

accordance near the transition to the Si base, but clearly deviate near the regions’ surfaces. 

 

 

Fig. 3.17 Schematic cross-section of the sample structure used for the µ-PLS measurements. A 

non-surface-passivated and a surface-passivated area were realized on one sample. The area 

“in the middle” was analyzed. 
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Near the Al-p+ region/Si base interfaces, both the non-passivated and the passivated Al-p+ 

regions exhibit a strong decrease in τeff
defect toward the interface with a distinct minimum directly 

at the interface. Recombination at interface defects can be eliminated as the reason for this τeff
defect 

minimum, since the measuring points in the Si base next to the interface show no comparable 

decrease. Woehl et al., who reported a similar dependence for non-passivated Al-p+ regions, 

have postulated that the decrease in lifetime within the p+ region is caused by the reduced 

crystallinity of the Al-doped Si region [133]. The enhanced formation of Al–O defects within the 

Al-p+ region toward the interface, which results from the increasing Al concentration, could be a 

further possible reason. Further investigations comprising high-resolution transmission electron 

microscopy or electron diffraction pattern analyses are necessary to clarify this issue 

conclusively. 

Near the Al-p+ region/Al metal interface, the τeff
defect values of the non-passivated area strongly 

decrease in direction to the interface. Woehl et al. have reported a similar trend, which they have 

 

 

Fig. 3.18 Micro-photoluminescence lifetime spectroscopy (µ-PLS) measurements of the effective 

defect lifetime τeff
defect on (a) a non-surface-passivated and (b) a surface-passivated area of the 

same Al-p+ region. The lifetime values within the hatched area cannot be resolved because of the 

Auger recombination limit. Due to a shift in the focus of the excitation laser, the measurement at 

the surface-passivated Al-p+ region was performed with a slightly lower illumination intensity, 

causing the Auger recombination limit to be at higher lifetimes. τeff
defect is evaluated under high 

injection conditions, so that the exact absolute values are irrelevant for solar cell applications; 

only the qualitative τeff
defect developing can be assessed. Lines are guides to the eye. Paul Gundel 

and Friedemann Heinz are acknowledged for the μ-PLS measurements. 
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attributed to recombination at the Al-p+ region surface [133]. This was verified in the present 

work: The τeff
defect values of the passivated Al-p+ region exhibit no reduction near the surface and 

are well above the Auger detection limit, since the surface recombination has been suppressed. 

In conclusion, the results of the µ-PLS measurements have demonstrated that the preparation of 

the Al-p+ region by etching in KOH and the application of an Al2O3 layer lead to an effective 

passivation of the Al-p+ region surface. 

3.5 Summary 

In this chapter, a comprehensive theoretical and experimental investigation of the recombination 

characteristics of Al-alloyed contacts has been presented. It has been shown that the 

recombination characteristics are defined by the acceptor profiles of the Al-p+ regions because 

they provide a barrier for electrons, which shields electrons from the recombination-active 

contacts. 
 

It has been demonstrated that not all the Al atoms within Al-alloyed p+ regions are ionized due to 

the high energy of the Al acceptor level in Si. Thus, the concentration of the ionized, electrically 

active Al acceptors is significantly lower than the total concentration of Al atoms. By reviewing 

the physics of incomplete ionization, a parameterization for the percentage of ionized Al 

acceptors has been presented. This parameterization was evaluated experimentally by profile and 

sheet resistance measurements, which have both shown that the ionization of Al acceptors is 

adequately described. Since it amounts to up to approximately 45 %, incomplete ionization of Al 

acceptors must be taken into account for correctly assessing the electrical properties of 

Al-alloyed contacts. 
 

The recombination characteristics of Al-alloyed p+ regions are affected by different mechanisms: 

(i) recombination at the surfaces of the Al-p+ regions as well as (ii) recombination at defects and 

(iii) Auger recombination within their bulks. In this chapter, these recombination mechanisms 

have been analyzed separately by means of numerical simulations. Thus, for the first time, a 

differentiated investigation of the recombination characteristics of Al-alloyed p+ regions has 

been presented. This has provided an improved understanding of these characteristics and 

allowed for the targeted optimization of the paste amount and the peak temperature of the 

alloying process. It has been demonstrated simulatively that excellent saturation current densities 

can be realized for non-passivated full-area Al-p+ regions in an industrially feasible and cost-
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effective way by applying paste amounts of approximately 8 mg/cm2 and high peak temperatures 

of the alloying process. These results could be verified experimentally: For a paste amount of 

8.07 mg/cm2 and an effective peak temperature of 810 °C, a saturation current density of 

440 fA/cm2 (ni = 9.65⋅109 cm-3) has been achieved, corresponding to an implied open-circuit 

voltage of 651 mV. 
 

In this chapter, the passivation of the Al-p+ region surfaces has been shown to be a very 

promising approach for further improving the recombination characteristics. Prior to the 

deposition of the passivation layers, a careful surface preparation is thereby essential to remove 

pyramidal structures from the Al-p+ region surfaces. Surface recombination is then omitted 

effectively and the recombination characteristics of the Al-p+ regions are determined by defect 

recombination within their bulks. This has been shown directly by measuring the carrier lifetime 

in the Al-p+ region in a spatially resolved way. Thus, particularly thin surface-passivated Al-p+ 

regions feature improved saturation current densities, since defect recombination is less 

pronounced for these regions. By passivating the surface of an Al-p+ region with a thickness of 

2.6 ± 0.9 µm by an aluminum oxide layer, an excellently low saturation current density of 

70 fA/cm2 has been achieved, which corresponds to an implied open-circuit voltage of 699 mV. 

To the author’s knowledge, this is the lowest saturation current density reported for screen-

printed Al-alloyed p+ regions so far, which demonstrates the high potential of passivating the 

Al-p+ region surface. 

 

 

 





 

 

 

4 Alloying from aluminum pastes containing boron additives 

In this chapter, a detailed study on alloying from screen-printed aluminum pastes containing 

boron additives (Al-B pastes) is presented. It is shown that due to the high solid solubility of B in 

Si, the additional incorporation of B atoms as acceptors into the alloyed p+ region enhances the 

acceptor concentration of the p+ region and provides improved shielding of electrons from the 

recombination-active surface. In section 4.1, a brief historical review on alloying from Al-B 

pastes is given. The following section 4.2 deals with demonstrating the improved recombination 

characteristics of Al-B-co-doped p+ regions by applying Al-B pastes standardly used at 

Fraunhofer ISE. Since this raises questions about the incorporation of the B atoms into the 

p+ region and the interaction of the B additive and the Al paste, a simple analytical model for 

alloying from screen-printed Al-B pastes is presented in section 4.3, which allows for the precise 

calculation of the Al-B acceptor profiles. In the following section 4.4, this model is applied to 

investigate the recombination characteristics of Al-B-co-doped p+ regions by means of 

numerical calculations. Moreover, experimental results of the recombination characteristics are 

presented. Some of the results of this chapter have been published in [163-165] or will be 

published soon [166]. 

4.1 Introduction 

The investigations on the recombination characteristics of Al-alloyed p+ regions in the previous 

chapter have shown that the shielding of electrons from the recombination-active surface is 

defined by the Al doping concentration. The higher the maximum Al doping concentration, the 

more effectively electrons are prevented from entering the p+ region, which makes high 

concentrations beneficial. For Al-alloyed p+ regions, though, the maximum Al doping 

concentration is defined by the solid solubility of Al in crystalline Si, which only depends on the 

peak temperature during alloying. Therefore, an increase in the maximum Al doping 

concentration can be achieved by increasing the alloying peak temperature. However, even for 

high temperatures, the height of the doping profile curve can be improved only marginally as the 

solid solubility of Al in Si is rather low [111, 167]. 

Therefore, additives containing elements with higher solid solubilities in Si than Al are a 

promising approach to improving the electrical properties of p+ regions alloyed from printed Al 

pastes. Besides Al, boron is another element whose atoms act as acceptors in Si. During alloying 
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from Al pastes containing B additives (denoted as Al-B pastes), the p+ regions are simultaneously 

doped with Al and B acceptor atoms (referred to as Al-B co-doping of Si). 

Although Al-B pastes have been applied for the fabrication of Si solar cells for several years now 

[9, 13], only a few studies addressing the properties of the Al-B-co-doped p+ Si (Al-B-p+) 

regions and the Al-B-Si alloying process have been published so far. Thus, there is little 

knowledge on either the formation or on the recombination characteristics of Al-B-p+ regions. In 

the following, a brief review on these studies published in the literature is given: 

In 1994, Lölgen et al. introduced alloying from Al-B pastes in the fabrication of Si solar cells 

[11]. They demonstrated that alloying from Al pastes containing boron of approximately 1 % 

leads to an increase in the acceptor concentration by approximately one order of magnitude. Due 

to the low B percentage, the Al-Si alloying process was reported to proceed nearly unchanged: 

An Al-Si melt forms on top of the Si surface, in which B dissolves. While cooling down, Si is 

rejected from the melt to recrystallize epitaxially on the surface and Al and B are incorporated 

simultaneously into the Si lattice, resulting in the Al-B co-doping of Si. 

In 2005, Huster et al. investigated the acceptor profiles of p+ regions alloyed from commercial 

Al pastes containing different amounts of boron in a glass frit [8]. They showed that the 

concentration of Al-B acceptors can vary depending on the amount of B additive in the paste. 

For a paste “with medium frit content[, which] probably contain[ed] less boron” [8], the 

acceptor concentration was reported to be below the solid solubility of Al and B in Si. Huster et 

al. assumed that the acceptor concentration corresponding to this paste resulted from the 

segregation of B during the growth of the p+ region. 

In 2012, Gu et al. studied the recombination characteristics of Al-p+ and Al-B-p+ regions by 

means of simulations and experiments [12]. They simulated that the effective surface 

recombination velocity of a p+ region exhibits a minimum at an acceptor concentration of 

approximately 1019 cm-3. By alloying p+ regions from an Al paste without additives and from an 

Al paste containing 0.5 wt% of B, they could thus improve the surface recombination velocity 

from 450 cm/s to 201 cm/s. On the solar cell level, an efficiency improvement of 0.5 %abs was 

reported. 
 

These few studies show the potential and feasibility of Al pastes containing B additives, but they 

also reveal that there is still a lack of knowledge on the formation of Al-B acceptor profiles as 

well as on the electrical properties of the Al-B-p+ regions.  
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To further motivate and underline the high potential of Al-B pastes, an Al-B paste standardly 

used at Fraunhofer ISE and an Al paste without B additives are compared in section 4.2. 

Subsequently, in section 4.3, an analytical model for alloying from screen-printed Al-B pastes is 

derived. The model is used to study the influence of the B additive and the alloying peak 

temperature on the Al-B acceptor profiles comprehensively. Furthermore, saturation current 

densities of Al-B-p+ regions are investigated in section 4.4 in order to yield an improved 

understanding of their recombination characteristics and to determine optimal acceptor profiles. 

4.2 Investigation of an aluminum-boron paste standardly used at Fraunhofer ISE 

In this section, the acceptor profiles and the recombination characteristics of p+ regions formed 

from an Al-B paste standardly used at Fraunhofer ISE are investigated in detail and compared to 

the properties of p+ regions alloyed from an Al paste without B additives. The goal of this 

investigation is to clarify the impact of the additional B acceptor atoms. 

4.2.1 Test sample preparation and characterization 

The test samples were fabricated in accordance with the sample structure introduced in 

subsection 2.2.2 [p. 51]. Shiny-etched (100)-oriented B-doped p-type float-zone Si wafers with a 

resistivity of 100 Ω cm were used. After the deposition of a silicon nitride (SiNx) layer onto the 

front side, an Al paste was printed onto the rear surface and dried to remove the solvents. An 

Al-B paste which has been standardly used at Fraunhofer ISE and the Al base paste (cf. Tab. 2.1 

[p. 53]) free from B additives were applied. The p+ regions were subsequently alloyed during a 

short firing step in a conveyor belt furnace at a set peak temperature of 900 °C. Different p+ 

region thicknesses were prepared by varying the peak temperature time from 4 s to 12 s. The 

paste residuals and the eutectic layers were then etched off in hydrochloric acid. For an effective 

passivation, the surfaces of the p+ regions were prepared by a short potassium hydroxide (KOH) 

dip so as to remove pyramidal structures (cf. subsection 3.4.2 [p. 119]). Subsequently, an 

aluminum oxide (Al2O3) layer was deposited by atomic layer deposition and activated during a 

forming gas anneal at a temperature of 425 °C for 20 min [159, 160]. 

For characterization, quasi-steady-state photoconductance (QSS-PC) measurements were 

performed to determine the p+ saturation current densities j0,p+ before and after surface 

passivation. Additionally, scanning electron microscopy (SEM) was used to examine the 

thicknesses dp+ of the p+ regions and electrochemical capacitance-voltage (ECV) measurements 
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were carried out to detect the acceptor profiles. Please note that the effective peak temperatures 

Tpeak,eff of the alloying processes were not determined here.  

4.2.2 Acceptor profiles and recombination characteristics of Al-B-co-doped p+ regions 

The ECV technique is an accurate method for the investigation of doping profiles. However, 

absolute acceptor concentrations are measured without distinguishing between different acceptor 

species [8, 11]. Therefore, it detects the sum of the Al and B doping concentrations. Fig. 4.1 

shows the ECV measurements of an Al-B-p+ region alloyed from an Al-B paste and of an Al-p+ 

region alloyed from an Al paste. Due to the higher solid solubility of B in Si, the Al-B-p+ region 

is predominantly B-doped and its acceptor concentration exceeds the acceptor concentration of 

the Al-p+ region clearly. Furthermore, the Al-B doping profile curve exhibits a clear kink (see 

red circle in Fig. 4.1). 

For non-surface-passivated p+ regions, it was demonstrated in section 3.3 [p. 106] that the 

saturation current densities j0,p+ are affected by (i) the thickness and (ii) the doping concentration 

of the p+ regions: 

The influence of the thickness (effect (i)) can be seen from the j0,p+ trends of both the Al-p+ and 

the Al-B-p+ regions in Fig. 4.2 (a): The higher the thickness dp+ of the p+ regions, the more 

effectively electrons are shielded from the recombination-active surface, so that j0,p+ decreases 

with increasing dp+. The influence of the doping concentration (effect (ii)) is clearly visible when 
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Fig. 4.1 ECV-measured acceptor concentrations of p+ regions alloyed from Al and Al-B 

pastes, respectively. In the case of Al-B pastes, the measured acceptor concentration is 

composed of Al and B doping concentrations. The area-averaged thicknesses of the respective p+ 

regions are denoted with dp+. Please note that the different thicknesses dp+ of the Al-B-p+ and the 

Al-p+ regions result from different paste amounts. 
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comparing the j0,p+ values of Al-p+ and Al-B-p+ regions with each other. Due to the increased 

acceptor concentrations of Al-B-p+ regions, the decrease in j0,p+ starts at lower thicknesses dp+ 

and the j0,p+ values reach a lower level. 

By applying passivation layers on the p+ surfaces, the trends of the saturation current densities 

for both Al-p+ and Al-B-p+ regions reverse, since now recombination within the p+ region bulks 

dominates (cf. section 3.4 [p. 116]). Thus, the saturation current densities j0,p+ increase by 

increasing the thickness dp+ (see Fig. 4.2 (b)). Comparing the j0,p+ values of surface-passivated 

Al-p+ and Al-B-p+ regions with each other gives valuable information about the characteristics of 

these regions: Although the acceptor concentrations of the Al-B-p+ regions exceed the acceptor 

concentrations of Al-p+ regions clearly, the recombination within the respective regions is 

similar. This leads to the conclusion that Auger recombination, which depends strongly on the 

acceptor concentration, is not the only recombination mechanism within these p+ regions. Thus, 

further evidence for a highly recombination-active defect within Al-p+ and Al-B-p+ regions is 

presented here. Since these regions exhibit similar Al doping concentrations as well as similar 

recombination properties, the defect is expected to correlate with the Al doping concentration. 
 

In conclusion, it has been demonstrated throughout this section that the application of Al pastes 

containing B additives leads to increased acceptor concentrations and, thus, to improved 
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Fig. 4.2 Measured saturation current densities j0,p+ as a function of the Al-p+ and Al-B-p+ 

region thicknesses dp+, respectively, both (a) without and (b) with p+ surface passivation. 

Orange squares represent j0,p+ values for an Al paste containing boron additives (Al-B paste), 

black circles stand for Al pastes free from additives. The black lines show Sentaurus TCAD 

simulations for Al-p+ regions carried out by Rüdiger et al. [134, 135]. The orange line acts as a 

guide to the eye for Al-B-p+ regions. Published in [163]. 
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recombination characteristics of the p+ regions. By passivating the p+ region surfaces, it has been 

shown furthermore that Al-B-p+ and Al-p+ regions exhibit similar bulk recombination properties, 

despite having different acceptor densities.  
 

The investigations on Al-B pastes standardly used at Fraunhofer ISE have demonstrated the high 

potential of Al-B co-doping of Si, but they have also raised several questions: How are B atoms 

incorporated into the Si lattice of the p+ region? Why do the Al-B acceptor profile curves exhibit 

kinks? How do the percentage and the nature of the B additive affect the Al-B doping profiles? 

And finally, how does this impact the recombination characteristics of the Al-B-p+ regions? In 

the following sections, these issues are addressed in detail by means of simulations and 

experiments. 

4.3 Theory of alloying from aluminum pastes containing boron additives 

In this section, alloying from Al pastes containing B additives is investigated in detail to derive 

an analytical model for the formation of Al-B doping profiles. This model is applied to measured 

Al-B doping profiles, which were formed using different amounts of elemental B powder in the 

Al paste and different firing conditions so as to (i) comprehensively investigate the influence of 

the B additive on the alloying process and to (ii) make predictions for further paste 

improvements. 

4.3.1 Analytical model for alloying from aluminum pastes containing boron additives 

In chapter 2, a simple analytical model for alloying from screen-printed Al pastes was presented, 

which allows for the precise calculation of Al doping profiles. In the present subsection, this 

model is extended in order to establish a quantitative model for the formation of Al-B doping 

profiles by alloying from screen-printed Al pastes containing B additives.  
 

Dissolution of Si and B into the Al-B-Si melt 

The model for Al-B co-doping of Si is based on the ternary Al-B-Si phase diagram, which is a 

complex system comprising various phases and phase transitions [120, 168-170]. In the case of 

low B percentages, however, the phase diagram considerably simplifies and resembles the binary 

Al-Si diagram with just two additional AlB2 and AlB12 phases [168]. Fig. 4.3 exemplarily shows 

the partial ternary phase diagram of the Al-B-Si system for a B percentage of 0.1 wt% (cf. the 

binary Al-Si phase diagram, Fig. 2.2 [p. 47]). 
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Alloying from screen-printed Al-B pastes thus proceeds as follows: Initially, the Al-B paste 

consisting of Al and B particles is printed onto the Si surface. After reaching the Al melting 

temperature of around 660 °C [109], the alloying process starts with Al liquidizing within the 

stable paste particle shells (Point 1 in Fig. 4.3). Si and B do not melt in this temperature range, but 

dissolve into the Al melt according to the liquid solubilities sSi,melt and sB,melt, so that a thermal 

equilibrium forms between the Al-B-Si-melt, crystalline Si and crystalline B particles (Point 2). 

Due to the small B percentage, sSi,melt is affected only marginally by the additional B in the melt 

[120, 168-170]. Thus, to describe the Si percentage of the melt, the Si solubility sSi,melt of the 

ternary Al-B-Si system is approximated by the respective solubility of the binary Al-Si system 

given by equation (2.1) [p. 46]. 

For the liquid solubility sB,melt of B in the Al-B-Si melt, the literature data is scarce. Lukas 

reported values for the temperature range below 677 °C [170], Yoshikawa et al. for the 

temperature range above 1100 °C [120] (see Fig. 4.4). These data were fitted assuming an 

Arrhenius relation: 

sB,melt(T) = 356.06 ∙ exp �−
0.683 eV

kB(T - Taz)�  at%, (4.1) 

with kB representing the Boltzmann constant, Taz the temperature of absolute zero and the 

temperature T given in °C. Please note that for the following equations, sB,melt has to be converted 
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Fig. 4.3 Partial ternary phase diagram of the Al-B-Si system for a fixed boron percentage of 

0.1 wt% (taken from [168, 170]). The diagram shows the relation of the equilibrium composition 

and the temperature of the system. L thereby stands for the liquid phase. The black lines 

represent phase transitions. For a description of the numbered points, please refer to the text. 

Published in [166]. 
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from at% to wt%. The liquid solubility sB,melt of B in the Al-B-Si melt is rather small (below 

0.2 wt% for peak temperatures of 900 °C).24  
 

When the temperature is increased further, more and more Si and B atoms dissolve into the melt 

due to the in-creasing solubilities sSi,melt and sB,melt (Point 3). Depending on the percentage fB of B 

added to the paste25, two cases have to be distinguished from one another: 

(i) fB ≥ sB,melt(Tpeak): For sufficient amounts of B particles within the paste, the dissolution of B 

continues up to the peak temperature, where the melt exhibits a maximum B concentration 

equal to the liquid solubility sB,melt(Tpeak) = 0.17 wt%, assuming Tpeak = 900°C (orange 

squares in Fig. 4.5). Thus, the concentration cB,melt of B in the melt is given by the respective 

solubility: 

cB,melt(T) = sB,melt(T). (4.2) 

                                                 

 
24 Please note that sB,melt depends only marginally on the amount of Si dissolved in the Al-B-Si melt [120]. 

Therefore, the B solubility data of a binary Al-B system could also be used to define sB,melt. The liquid B 

solubilities of an Al-B melt were found to be in good agreement with the Arrhenius fit of this study [171, 172]. 

25 Please note that the B percentage fB as applied in this work always refers to the Al amount m�Al,0 and not to the 

total amount m�Paste of the paste, the latter also including solvents and organic binders. 
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Fig. 4.4 Liquid solubility sB,melt of B in the Al-B-Si melt as a function of the temperature. The 

orange circles represent literature data for sB,melt [120, 170]. The dashed red line shows an 

Arrhenius fit on these data (see equation (4.1)). Published in [166]. 
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(ii) fB < sB,melt(Tpeak): For B percentages fB lower than sB,melt(Tpeak), though, the B source exhausts 

at a critical temperature Tcrit (Point 4 in Fig. 4.3 and Fig. 4.5). Upon further heating, the melt 

could absorb more B than effectively available and the B mass within the melt remains 

constant: mB,max = fB ∙ mAl,0. The B concentration cB,melt of the melt is thus given by 

cB,melt(T) = � 
 sB,melt(T) for   T ≤ Tcrit

mB,max

mAl,0 + mSi,melt(T) + mB,max
 <  sB,melt(T) for  T > Tcrit  

 (4.3) 

(see orange circles in Fig. 4.5). mAl,0 and mSi,melt(T) thereby stand for the masses of Al and Si 

within the melt, respectively. Because the Si dissolution continues for T > Tcrit, the mass of 

the melt increases further, leading to a slight decrease in cB,melt. 

Fig. 4.5 shows that the B concentration of the melt exhibits a kink at the critical temperature. 

The position of the kink is thereby characteristic for the B percentage fB within the Al paste: 

the lower the fB, the earlier the B source exhausts and the lower the critical temperature Tcrit. 
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Fig. 4.5 Calculated concentration cB,melt of B in the Al-B-Si melt as a function of the 

temperature for B percentages fB of 0.01 wt% (triangles), 0.1 wt% (circles) and 1 wt% (squares) 

of the Al paste. The closed symbols refer to heating of the samples from the Al melting 

temperature to the peak temperature Tpeak, the open symbols to cooling of the samples down to 

the eutectic temperature Teut. For B percentages fB ≥ sB,melt(Tpeak) = 0.17 wt%, cB,melt is defined by 

the solubility sB,melt (squares). For fB < sB,melt(Tpeak), the B source exhausts upon heating up, 

leading to a kink in cB,melt (circles). In the case fB is even smaller than sB,melt(Teut), the kink 

vanishes and cB,melt is maximal at the eutectic point (triangles). For a description of the 

numbered points, please refer to the text. Please note that the concentrations are given in wt% 

here, contrary to equation (4.1). Published in [166]. 
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In case the B amount fB is even lower than the B solubility sB,melt(Teut) = 0.01 wt% at the 

eutectic temperature, cB,melt does not adopt solubility values at any time of the alloying 

process. Thus, the kink vanishes completely and cB,melt is maximal at the eutectic point (see 

orange triangles in Fig. 4.5). 
 

Recrystallization of the Al- and B-co-doped p+ Si region 

While cooling down, Si is rejected from the melt to recrystallize epitaxially. The thickness dSi of 

Si material that recrystallizes at the Si wafer surface during cooling from Tpeak to a lower 

temperature T is given by 

dSi(T) = 
mAl,0

A ⋅ ρSi
 ∙ �

sSi,melt�Tpeak�
1 - sSi,melt�Tpeak�

 - 
sSi,melt(T)

1 - sSi,melt(T)� (4.4) 

according to equation (2.33) [p. 81], with A standing for the printed area and ρSi for the mass 

density of Si. 

Al atoms are thereby incorporated into the Si lattice corresponding to the solid solubility sAl,Si of 

Al in Si. An accurate parameterization of sAl,Si was derived in subsection 2.4.3 [p. 79], so that the 

Al acceptor profiles could be calculated easily (see open black symbols of Fig. 4.6). The author 

would like to point out that sAl,Si describes the total Al acceptor concentration (ionized and non-

ionized atoms). To assess the electrically active Al concentration, incomplete ionization of the Al 

acceptor atoms has to be taken into account as well (see section 3.2 [p. 97]). 

Simultaneously, B atoms are incorporated into the Si lattice. Concerning the solid solubility sB,Si 

of B in Si, several studies have been published [167, 173, 174]; however, all refer to 

temperatures above 700 °C. For a comprehensive description of the Al-B-Si alloying process, it 

is necessary to expand the solubility data sB,Si to lower temperatures.  

For this purpose, several reference Al-B acceptor profiles were prepared by alloying from Al 

pastes containing excessive B additive using the processing sequence introduced in 

subsection 2.2.2 [p. 51].26 By varying the firing conditions, different effective peak temperatures 

Tpeak,eff were realized. Due to the high amount of B additive, the Al-B doping profiles were 

                                                 

 
26 Please note that the high amounts of B additive did not influence the basic Al-Si alloying process in general nor 

the recrystallization of Si in particular. This was confirmed by measuring the thicknesses of these Al-B-p+ regions, 

which were equal to the thicknesses of Al-p+ regions alloyed using the same conditions. 
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determined by the sum of the solid solubilities sAl,Si and sB,Si of Al and B in Si, respectively. 

Fig. 4.7 exemplarily shows an ECV-measured acceptor profile. 

As has been discussed in subsection 2.4.3 [p. 79], in which a parameterization for the solid 

solubility of Al in Si was derived, two points of the Al-B doping profile can be clearly assigned 

to solid solubilities: (i) The maximal acceptor concentration occurring at the transition of the 

p+ region to the Si base can be related to sAl,Si + sB,Si at the effective peak temperature Tpeak,eff and 

(ii) the extrapolated acceptor concentration at the surface of the p+ region to sAl,Si + sB,Si at the 

eutectic temperature Teut. By subtracting the Al solubilities sAl,Si(Tpeak,eff) and sAl,Si(Teut) from 

these acceptor concentrations, the B solubilities sB,Si(Tpeak,eff) and sB,Si(Teut) were determined. 

This method was applied to several Al-B profiles. The respective solubilities sB,Si are displayed 

in Fig. 4.8. The sB,Si values of this work show good accordance with literature data, so that the 

entire data set provides an excellent basis for the determination of the temperature-dependent 

solid solubility of B in Si. The entire data set was fitted assuming an Arrhenius relation in order 

to derive the empirical parameterization 
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Fig. 4.6 (a) Calculated Al concentration cAl,Si and B concentrations cB,Si in the recrystallizing 

Si region and (b) resulting Al-B acceptor profiles as a function of the thickness dSi of 

recrystallized Si for fB = 0 (open black triangles), 0.01 wt% (closed orange triangles), 0.1 wt% 

(closed orange circles) and 1 wt% (closed orange squares). An exemplary paste amount m�Paste = 

8 mg/cm2 was assumed, which corresponds to an Al amount m�Al,0 = mAl,0/A = 5.5 mg/cm2. The 

kink occurring in the B concentration cB,melt of the melt for sB,melt(Teut) < fB < sB,melt(Tpeak) due to 

exhaustion of the B source is reproduced in the Al-B doping profiles. Please note that the 

abscissas show the thickness dSi of recrystallizing Si (referring to the p+ region/Si base 

transition), which differs from the ECV-measured depth (referring to the p+ region surface).  

Published in [166]. 
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sB,Si(T) = 4.56 ∙ 1022 ∙ exp �−
0.645 eV

kB(T - Taz)�  cm-3, (4.5) 

with T given in °C. 

 

The concentration cB,Si of B incorporated into the recrystallizing Si is determined by the product 

of the segregation coefficient k(T) with the B concentration cB,melt of the melt. Since k is defined 

by the ratio of the solubility sB,Si of B in Si and the solubility sB,melt of B in the melt [174, 175], 

cB,Si can also be written as 

cB,Si(T) = 
sB,Si(T)

sB,melt(T)
 ∙ cB,melt(T) = 

cB,melt(T)
sB,melt(T)  ∙ sB,Si(T). (4.6) 

As the concentration cB,melt of B in the melt can differ from the respective solubility sB,melt, the 

B acceptor concentration cB,Si can deviate from the solubility sB,Si as well. Thus, according to the 

discussion of cB,melt in the last paragraph, two different cases need to be distinguished here: 

(i) For fB ≥ sB,melt(Tpeak), cB,melt equals sB,melt for the entire alloying process (see equation (4.2)). 

The B acceptor concentration cB,Si is thus given by the solubility sB,Si. The resulting B doping 
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Fig. 4.7 ECV-measured Al-B acceptor profile of a p+ region alloyed from an Al paste with 

excessive B additive. The measured profile was fitted (dashed red line) by (i) neglecting the 

artifact peak at the surface and (ii) convoluting an abrupt profile (solid red line) with a 

Gaussian thickness distribution. The abrupt profile is the actual area-averaged Al-B doping 

profile. The acceptor concentration at the transition of the p+ region to the Si base can be 

assigned to the effective peak temperature Tpeak,eff, the extrapolated acceptor concentration at the 

p+ region surface to the eutectic temperature Teut. These values are used for determining the 

solubility sB,Si of B in crystalline Si for temperatures down to Teut. Published in [166]. 
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profile is shown in Fig. 4.6 (a) (orange squares). It features a maximum doping concentration 

at the Al-B-p+/Si base interface and a characteristic decrease toward the p+ region surface 

originating from the decreasing B solubility in Si during cooling. Excessive B, which 

exceeds the liquid solubility of B in the melt, is rejected from the melt and recrystallizes as 

AlB12 or AlB2 (Points 4 and 3 in Fig. 4.3 and Fig. 4.5). At the eutectic temperature Teut of 

approximately 577 °C [168], the remaining melt solidifies to form the Al-B-Si eutectic 

consisting of 87.5 wt% Al, 12.5 wt% Si and 0.01 wt% B [168, 169] (Point 5 in Fig. 4.3 and 

Fig. 4.5). 

(ii) For fB < sB,melt(Tpeak), equation (4.3) holds and the B concentration of the melt exhibits a 

characteristic kink at the critical temperature Tcrit. This kink is reproduced in the B doping 

profile cB,Si at a thickness dSi(Tcrit) (see closed orange circles in Fig. 4.6 (a)). 

For T > Tcrit, cB,melt is lower than the respective solubility sB,melt. Applying this relation to 

equation (4.6) results in cB,Si < sB,Si for d < dSi(Tcrit), i.e. the B acceptor concentration is lower 

than the B solubility. The B acceptor profile is rather flat in this thickness range, as cB,melt 

exhibits only a minor temperature-dependence for T > Tcrit and the segregation coefficient 

k(T) is approximately constant as well (not shown). 

For T ≤ Tcrit, cB,melt equals sB,melt and the B acceptor concentration cB,Si is given by the 

solubility sB,Si for d ≥ dSi(Tcrit). In this thickness range, the B profile again features the 

characteristic decrease toward the surface. 
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Fig. 4.8 Solid solubility sB,Si of B in crystalline Si as a function of the temperature. Black 

squares show literature data [167, 173, 174], orange circles display data of this study derived 

from Al-B doping profile measurements. The entire data set was fitted assuming an Arrhenius 

relation (dashed red line). Published in [166]. 
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For very low B amounts fB < sB,melt(Teut) = 0.01 wt%, the B concentration cB,Si is lower than 

sB,Si for the entire profile (see closed orange triangles in Fig. 4.6 (a)). 

The solid phase forming on top of the Al-B-co-doped Si p+ region at the eutectic temperature 

is now com-posed of Al-Si and Al-B-Si eutectic. 

The total acceptor concentration of the p+ region is given by the sum of the Al and B acceptor 

atoms. Fig. 4.6 (b) shows the resulting calculated Al-B acceptor profiles. 
 

In conclusion, it has been demonstrated in this subsection that the height and form of the Al-B 

doping profile curves strongly depend on the B percentage fB of the paste. The analytical model 

has clarified the occurrence of kinks in the doping profiles as being caused by the exhaustion of 

the B additive leading to the maximal dissolution of the B additive. 

4.3.2 Evaluation of the model for alloying from aluminum pastes containing boron additives 

So far, the theory of Al-B co-doping of Si has been discussed and an analytical model for the co-

doping process has been derived. In this subsection, these theoretical considerations are applied 

to measured Al-B doping profiles in order to evaluate the model experimentally. Furthermore, 

the interaction of the Al paste and the B additive during alloying is analyzed in detail. For this 

purpose, elemental boron powder is intentionally added to an Al paste. Aluminum diboride 

(AlB2) and boron trioxide (B2O3), which can also be used as B additives, are discussed in the 

following subsection 4.3.3. 
 

Test sample fabrication 

In the course of this investigation, simple test samples were fabricated in order to investigate the 

acceptor profiles of Al-B-co-doped p+ regions. After wet chemical cleaning, a silicon nitride 

layer with a refractive index of 2.1 was deposited onto the front side of the wafers by means of 

plasma-enhanced chemical vapor deposition. The composition of the Al base paste free from B 

additives (cf. Tab. 2.1 [p. 53]) was modified by systematically adding elemental boron powder 

(particle size smaller than 2 µm) to the paste, thus varying the B percentage fB of the paste in the 

range of 0 to 0.9 wt% (with respect to the Al amount m�Al,0 of the paste). Furthermore, terpineol 

was added to the pastes for the sake of printability and a three mill chair was used to homogenize 

the pastes. Each paste was then screen-printed onto the rear surface of the samples and dried to 

remove the solvents. The printed paste amount m�Paste was measured to be 17.2 ± 0.5 mg/cm2, 

corresponding to an Al amount m�Al,0 of 12.2 ± 0.3 mg/cm2. Then, the Al-B-p+ regions were 
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alloyed in a conveyor belt furnace at a set peak temperature of 900 °C. By applying peak 

temperature times from 4.0 s to 7.0 s, the effective peak temperatures Tpeak,eff, which differ from 

the set peak temperature of the furnace due to latent heat effects (cf. subsection 2.3.5 [p. 67]), 

were varied from 650 °C to 860 °C. The eutectic layers and the paste residuals were finally 

removed in hydrochloric acid. Please note that, due to process instabilities during the deposition 

of the SiNx passivation layers, the front surfaces were repassivated by Al2O3 layers.  

The Al-B acceptor profiles were determined by electrochemical capacitance-voltage (ECV) 

measurements. The profiles were thereby corrected for the surface roughness of the p+ regions 

(cf. appendix 7.1.2 [p. 264]), which was determined by confocal microscopy. 
 

Experimental investigation of Al-B co-doping of Si 

Fig. 4.9 shows an ECV-measured Al-B acceptor profile of a p+ region, which was alloyed from 

an Al paste containing 0.9 wt% of elemental B at an effective peak temperature Tpeak,eff = 835 °C. 

The profile was recalculated analytically according to the following steps: 

1. Equation (4.4) was used to determine the temperature-dependent thickness of the p+ region. 

Thereby, a reduced effective Al amount m�Al,0,eff was applied according to equation (2.28) 

[p. 72], which accounts for parasitic Si recrystallization within the paste particles. The 

effective peak temperature Tpeak,eff provides the maximal thickness of the p+ region. 

2. Equation (2.32) [p. 80] was used to calculate the Al acceptor profile and equations 

(4.1)-(4.3), (4.5) and (4.6) to determine the B acceptor profile for a given B percentage fB. 

The sum of both Al and B concentrations yields the Al-B acceptor profile. 

Thus, the calculated Al-B acceptor profile was defined without any free parameter (see the 

dashed red line in Fig. 4.9).27 The calculated profile correctly describes the measured profile 

curve near the p+ region surface and reproduces the thickness of the measured profile. However, 

it is obvious that the calculated profile clearly overrates the measured doping profile near the 

transition to the Si base. 

The percentage fB = 0.9 wt% of B added to the paste exceeds the maximal B solubility 

sB,melt(Tpeak,eff) = 0.11 wt% of the melt by far, so that the melt should be saturated with B at any 

time of the alloying process. Neverheless, the measured profile exhibits a kink, indicating that 

                                                 

 
27 It should be emphasized that the red line shows a calculated and not a fitted profile. 
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the B additive has exhausted. Thus, the actually utilized effective B percentage fB,eff is 

significantly lower than fB and, in particular, lower than sB,melt(Tpeak,eff). The Al-B acceptor profile 

was recalculated using an effective B percentage fB,eff of 0.08 wt%, which leads to excellent 

accordance with the measured profile (see the solid red line in Fig. 4.9). The discrepancy 

between fB,eff and fB is attributed to the slow dissolution behavior of the elemental B particles, 

which has also been reported for aluminum diboride particles [168]. 

For a better comparison of the calculated and the measured profiles, the blurring of the Al-p+/Si 

base transition, which is a measurement artifact caused by the ECV technique, was included in 

the calculations. This is done by convoluting the calculated profile with a Gaussian thickness 

distribution as presented in subsection 2.4.4 [p. 81]. The dash-dotted blue line in Fig. 4.9 shows 

the convoluted Al-B acceptor profile, which reproduces the ECV-measured doping profile curve 

very well. Please note that the parameters of the Gaussian thickness distribution were determined 

by means of SEM (cf. subsection 2.3.4 [p. 65]), so that no further free parameters were 

introduced into the calculations. 
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Fig. 4.9 ECV-measured (orange symbols) and calculated (dashed red line) Al-B doping 

profiles for a B percentage fB = 0.9 wt% of the paste. The solid red line shows the calculated 

profile assuming a reduced effective B percentage fB,eff of 0.08 wt%. For the profile calculations, 

the analytical model presented in the previous subsection was used. The maximal depth of the 

calculated profile is thereby defined by Tpeak,eff = 835 °C. The measured Al-B doping profile can 

only be described correctly by applying a reduced B percentage fB,eff, which is significantly lower 

than fB. To account for the blurring of the Al-p+/Si base transition by the ECV technique, the 

calculated abrupt profile is convoluted with a Gaussian thickness distribution, resulting in the 

profile shown by the dash-dotted blue line. Please note that the abscissa shows the measured 

depth (referring to the p+ region surface), which differs from the thickness dSi of recrystallizing 

Si shown in Fig. 4.6 (referring to the p+ region/Si base transition). Published in [166]. 
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In conclusion, the comparison of the measured with the calculated Al-B acceptor profiles shows 

nicely that the analytical model for Al-B co-doping of Si derived in the previous subsection 

excellently describes the co-doping process. In particular, the model reproduces the characteristic 

kinks in the Al-B doping profiles correctly and clarifies the occurrence of the kinks as being 

caused by the exhaustion of the B additive, leading to the maximal dissolution of the B additive. 

It was demonstrated that only a small part of the B powder added to the paste dissolves into the 

melt, so that the effectively utilized B percentage fB,eff is significantly smaller than the percentage 

fB of B of the paste. Therefore, incomplete dissolution of the B additives is an important element 

of the alloying process and has to be taken into account. 
 

Influence of the boron additive amount on the aluminum-boron acceptor profiles 

The experiments and calculations presented so far have shown that the acceptor profile curves 

are strongly influenced by the B additives in the Al pastes. In the following, the influence of the 

B percentage fB of the paste on the height and form of the Al-B acceptor profile curves is 

investigated further. 

Fig. 4.10 shows measured Al-B acceptor profiles for different percentages fB of B powder and 

different effective peak temperatures Tpeak,eff. It is obvious that both Tpeak,eff and fB affect the 

doping profile curves significantly. 

By increasing Tpeak,eff for a constant B percentage, (i) the thickness of the p+ region increases, 

because more Si dissolves from the wafer surface into the melt and recrystallizes epitaxially (cf. 

Fig. 2.21 [p. 74]), and (ii) the measured acceptor concentration increases as well, which means 

that a growing amount of B is incorporated into the Si lattice. Consequently, although the same 

percentage of B powder has been added to the paste, the utilization of this B percentage depends 

on Tpeak,eff, i.e. on the firing conditions. As the acceptor concentrations are limited by the sum of 

the Al and B solubilities in Si (see dashed lines in Fig. 4.10), the positions of the kinks in the 

profile curves shift toward the Si base for increasing Tpeak,eff values. 

By increasing fB for a constant Tpeak,eff value, a growing amount of B atoms is incorporated into 

the Si lattice, so that the acceptor concentration increases. The thicknesses of the p+ regions, 

however, are independent of fB, which confirms that the basic Al-Si alloying process is not 

affected by the low percentages of B additive used. This was one of the key assumptions made 

for the derivation of the model on Al-B co-doping of Si (cf. previous subsection 4.3.1).  
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Fig. 4.10 Measured (symbols) and calculated 

(lines) Al-B doping profiles for (a) 0.1 wt%, 

(b) 0.3 wt% and (c) 0.9 wt% of elemental B 

powder in the Al paste and different effective 

peak temperatures. The profiles were calcu-

lated assuming effective B percentages fB,eff 

significantly lower than fB (fB,eff in the range of 

0.001 to 0.08 wt%, see Fig. 4.11), which 

shows that only a small part of the B powder 

dissolves into the melt during alloying. The 

dashed black lines show the sum of the Al and 

B solid solubilities in Si. Published in [166]. 
 

For a more detailed analysis, the Al-B profiles were recalculated, thereby using the effective B 

percentage fB,eff as sole fit parameters (see solid lines in Fig. 4.10). The accordance of the 

measured and calculated profiles is very good, making the calculations a powerful tool to 

investigate the formation of the Al-B doping profiles comprehensively. 

Fig. 4.11 (a) displays the effective B percentages fB,eff as a function of Tpeak,eff for the three 

different B percentages fB discussed in Fig. 4.10. The solubility sB,melt(Tpeak,eff) of B of the melt 

thereby presents an upper limit for fB,eff. It is obvious that fB,eff depends strongly on Tpeak,eff and fB. 

By increasing Tpeak,eff or fB, the fB,eff values augment and approach the solubility limit. This is the 

reason for the increasing acceptor concentrations of the Al-B doping profiles detected in 

Fig. 4.10. The comparison of the effective B percentages fB,eff with the respective fB values shows 
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that only a small part of the B powder added to the paste was dissolved into the melt (e.g. less 
than 2 % for Tpeak,eff ≲ 700 °C), even though the melt could absorb considerably more B, because 

fB,eff is significantly lower than the solubility limit sB,melt. 

The profile calculations can also be used to make predictions for further paste improvements: In 

order to determine the amount of elemental B powder that has to be added to the paste to reach 

sB,melt for a given effective peak temperature, the ratio r of the effective B percentage fB,eff to the 

solubility sB,melt was calculated (see Fig. 4.11 (b)). The ratio r thus specifies the percentage at 

which the melt is saturated with B during the alloying process. For r < 100 %, the B additive 

dissolution exhausts and the resulting Al-B acceptor profiles exhibit a kink. By extrapolating r 

linearly to 100 %, the amount of B powder that is further required in the paste is determined to 

be approximately 2.0 wt% for Tpeak,eff = 710 °C and 0.5 wt% for 830 °C. Thus, the calculations 

show that the amount of B powder that has to be further added to the paste depends considerably 

on the specific firing conditions. 

4.3.3 Influence of the kind of boron additive on the aluminum-boron acceptor profiles 

As an alternative to elemental boron, aluminum diboride (AlB2) or boron trioxide (B2O3) can 

also be used as a B additive. To investigate the influence of the nature of the B additive on the 
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Fig. 4.11 (a) Effective B percentage fB,eff as a function of the effective peak temperature Tpeak,eff 

for the three different B percentages fB discussed in Fig. 4.10. The solubility sB,melt of B of the 

melt presents an upper limit for fB,eff. (b) Ratio r of fB,eff to sB,melt as a function of Tpeak,eff. The 

amount of B powder further required in the paste to reach the solubility limit can be estimated at 

approximately 2.0 wt% for Tpeak,eff = 710 °C and at 0.5 wt% for 830 °C by linearly extrapolating 

r to 100 %. Lines are guides to the eye. Figure (a) published in [166]. 
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Al-B acceptor profiles in detail, further test samples were fabricated according to the processing 

flow described above. Two additional Al-B pastes were prepared by adding either AlB2 powder 

or B2O3 powder to the Al base paste (boron percentages fB = 0.9 wt%). Each paste was printed 

separately onto the surface of one sample, thereby applying paste amounts m�Paste of 18.2 mg/cm2 

and 20.9 mg/cm2 for the pastes containing AlB2 and B2O3, respectively. To alloy the p+ regions, 

the samples were fired in a conveyor belt furnace at a set peak temperature of 900 °C using a 

fixed peak temperature time of 5.3 s. 

Fig. 4.12 shows the ECV-measured Al-B acceptor profiles formed by alloying from the Al pastes 

with (i) elemental B, (ii) AlB2 and (iii) B2O3 additive, respectively. Please note that identical 

firing conditions were used for the alloying processes. 

Neither elemental B nor AlB2 melts at temperatures relevant for Si solar cell applications [176] 

and thus similar co-alloying processes are expected. This can be seen by the thicknesses of the 

respective p+ regions, which are about the same size and indicate that the basic Al-Si alloying 

process proceeds similarly. However, the dissolution of the elemental B and AlB2 powder is 

obviously different: Whereas the Al-B acceptor profile corresponding to elemental B exhibits a 

kink in the profile curve, which can be related to the exhaustion of the B additive during 

alloying, the profile corresponding to AlB2 does not exhibit this characteristic kink. Therefore, B 
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Fig. 4.12 ECV-measured Al-B doping profiles of p+ regions alloyed from Al pastes containing 

(i) elemental boron (open orange diamonds), (ii) aluminum diboride (AlB2, closed blue circles) 

and (iii) boron trioxide (B2O3, closed red triangles). Identical B percentages fB = 0.9 wt% and 

identical firing conditions were applied for alloying (Tset = 900 °C, tpeak = 5.3 s). The doping 

profile curve corresponding to the elemental B additive exhibits a kink indicated by the orange 

circle. 
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is dissolved faster into the Al-Si melt from the AlB2 than from the elemental B particles. To 

clarify the reason for this issue, further investigations need to be carried out.28 

By using B2O3 instead of elemental B or AlB2 as the B source, the p+ region forms significantly 

thinner (see Fig. 4.12). In contrast to elemental B or AlB2, B2O3 liquidizes at 450 °C [177], i.e. 

approximately 200 °C before Al starts to melt. Because it is favored energetically, B2O3 oxidizes 

Si to SiO2 and Al to Al2O3 and is thereby reduced to elemental B [178, 179], which then 

dissolves into the Al-Si melt. Thus, the Al paste particle shells are expected to be thickened 

before the beginning of the actual alloying process. Since small sintering necks between these 

particles are necessary for the transport of matter during alloying [98], the thickened shells may 

slow down the dissolution and recrystallization of Si. Thus, thinner p+ regions should be the 

consequence. This makes B2O3 a rather unsuitable additive for full-area Al-alloyed contacts. It 

has been shown in the literature, however, that the suppression of the Si transport through the 

paste particles is highly beneficial for locally Al-alloyed contacts [180], for which the alloying 

proceeds through small openings in a dielectric layer. Local Al-alloyed contacts are discussed in 

detail in chapter 5 [p. 175]. 
 

In conclusion, it has been demonstrated that both elemental boron and aluminum diboride can be 

used as B additives within Al pastes to positively modify the acceptor profiles of alloyed p+ 

regions by means of Al-B co-doping of Si. The precise control of the effective B percentage fB,eff 

applied for the incorporation of B atoms into the p+ region, however, has been shown to be 

difficult, because fB,eff depends on the firing conditions due to the slow dissolution of the B 

additives. In addition, the different B additives exhibit different dissolution rates. A silicon-based 

B additive (boron silicide or the like) is expected to be simpler to control, but was not available 

during the present work. 

Although B atoms can also be incorporated into the p+ region from boron trioxide additives, 

B2O3 reduces the growth of the p+ region. Thus, B2O3 is not optimally suited as an additive 

within Al pastes for full-area alloyed contacts. 

                                                 

 
28 Despite its slightly faster dissolution behavior, the AlB2 additive also shows incomplete dissolution: For a lower 

amount of AlB2 additive corresponding to a B percentage fB = 0.3 wt% and similar firing conditions, the acceptor 

profile exhibits a pronounced kink in the profile curve (not shown). For AlB2, the effectively utilized percentage 

of B is thus significantly below the actual B percentage of the paste as well. 
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4.4 Recombination characteristics of aluminum-boron-co-doped p+ regions 

In the previous section, it was shown that the acceptor profiles of Al-B-co-doped p+ Si regions 

can be modified versatilely by varying the amount of boron components added to the Al paste or 

the peak temperature of the alloying process. This affects the recombination characteristics of the 

Al-B-p+ regions strongly because it impacts (i) the shielding of electrons from the 

recombination-active contacts as well as (ii) the recombination within the p+ regions themselves. 

In the present section, the doping profiles of the Al-B-p+ regions are therefore correlated with 

their saturation current densities by means of numerical simulations (subsection 4.4.1) and 

experiments (subsection 4.4.2). Optimal acceptor profiles are discussed and the prerequisites for 

their realization are clarified. 

4.4.1 Simulation of the recombination properties of aluminum-boron-co-doped p+ regions 

Since the recombination characteristics of Al-B-p+ regions are very complex, numerical 

simulations of the Al-B-p+ saturation current densities j0,p+ were carried out. For this purpose, the 

recombination model, which was used for the simulation of the recombination characteristics of 

Al-doped p+ regions in subsection 3.3.1 [p. 107], was extended to Al-B-co-doped p+ regions. To 

obtain an improved understanding of the recombination characteristics, the different 

recombination mechanisms (i) surface recombination, (ii) defect recombination and (iii) Auger 

recombination within the p+ regions were analyzed separately. 

The numerical simulations of the Al-B-p+ saturation current densities j0,p+ presented in this 

subsection were done by Heiko Steinkemper using the semiconductor device simulator Sentaurus 

TCAD [150]. The author of this thesis calculated the Al-B doping profiles, which served as input 

for the simulations, and evaluated the simulation results. 
 

Device structure for numerical simulations 

For the numerical simulations, the device structure presented in subsection 3.3.1 [p. 107] was 

used. To account for recombination at the surface of the p+ regions in particular, the rear surface 

recombination velocity was set equal to the thermal velocity. Furthermore, the density of defects 

within the p+ regions was assumed to be independent of the B concentration. This was deduced 

from the recombination characteristics of Al-B-p+ regions alloyed from the Al-B paste standardly 

used at Fraunhofer ISE (cf. subsection 4.2.2 [p. 134]): The similar bulk recombination properties 

of surface-passivated Al-p+ and Al-B-p+ regions have suggested that the highly recombination-

active defect present in alloyed p+ regions correlates with the Al doping concentration. 
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Therefore, in the simulations of this section, the density of defects within the p+ regions was 

assumed to be proportional to the total Al concentration and the same proportionality factor as 

for the Al-p+ regions in subsection 3.3.1 [p. 107] was used [134, 135]. 
 

Determination of the Al-B acceptor profiles 

The recombination model applies acceptor profiles as input data for the simulation of the 

saturation current densities j0,p+. The acceptor profiles of Al-B-co-doped p+ regions were 

therefore determined in dependence of (i) the printed paste amount m�Paste, (ii) the effective B 

percentage of the paste and (iii) the peak temperature Tpeak of the alloying process. For the 

calculation of the profiles, the model for Al-B co-doping of Si was used, which was presented in 

subsection 4.3.1 [p. 136].  

To accurately and realistically describe Al-B acceptor profiles, several aspects characteristic for 

alloying from Al and Al-B paste were taken into account: 

(i) Parasitic Si recrystallization: 

Parasitic Si recrystallization, which was discussed in detail in subsection 2.3.6 [p. 69], 

reduces the thickness of the Al-p+ and Al-B-p+ regions for higher paste amounts. It was taken 

into account in the present calculations by using an effective paste amount, which is reduced 

by a factor q(m�Paste) (cf. equation (2.28) [p. 72]) and can differ significantly from the printed 

paste amount (cf. Fig. 2.20 [p. 73]). 

(ii) Incomplete ionization of Al acceptor atoms: 

In the previous chapter 3 [p. 97], it was shown that the incomplete ionization of Al acceptors 

can amount to up to 45 %. Thus, it also has to be accounted for in the simulations of Al-B-p+ 

regions. For B acceptors, incomplete ionization is significantly less pronounced [147] 

because the doping energy of the B acceptor level is smaller than the doping energy of the Al 

acceptor level (Edop,B
0  = 44.39 meV [151] compared to Edop,Al

0  = 69 meV [151], respectively). 

Huster et al. have demonstrated consistently that for p+ regions alloyed from Al-B paste, the 

total acceptor concentration is close to the concentration of the ionized, electrically active 

acceptor atoms [8]. Incomplete ionization of B acceptor atoms was therefore neglected in the 

calculations. 

To determine the profiles of the electrically active acceptors, the concentration profiles of Al 

acceptors NAl(dSi) and of B acceptors NB(dSi) were calculated separately. The electrically 
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active acceptor profiles are then given by NAl(dSi) ⋅ fAl(NAl(dSi)) + NB(dSi) with fAl standing for 

the fraction of ionized Al acceptors (see equation (3.2) [p. 101]). 

(iii) Incomplete dissolution of B additives: 

An important aspect of alloying from Al pastes containing B additives is the incomplete 

dissolution of the B additive. It was demonstrated in the previous section 4.3 that only a 

small part of the B additive is utilized during the Al-B co-alloying process for the B doping 

of the Al-B-p+ region. Thus, the effectively utilized B percentage fB,eff is significantly smaller 

than the total B percentage fB of the paste. Because the effective B percentage also depends 

considerably on the firing conditions (cf. Fig. 4.11) and on the kind of B additive (cf. 

Fig. 4.12), it was very difficult to determine an accurate parameterization for fB,eff. 

Consequently, complete dissolution of the B additive was assumed for the simulations. The 

respective B percentage fB,compl of the paste directly represents the percentage of utilized B 

additive. When the simulation results are to be compared to experimental results, it is very 

important to not compare the simulated fB,compl value with the percentage fB of B in the paste, 

but with the effective value fB,eff. To underline the difference between the B percentage 

fB,compl used for the simulations and the experimental B percentage fB, the parameter for the 

simulations has been given the additional index “compl”. 

Fig. 4.13 shows the calculated ionized acceptor profiles of Al-B-p+ regions assuming different 

amounts of B additive in the pastes, which lead to fB,compl values in the range of 0 to 0.3 wt% 

(exemplarily shown for m�Paste = 8.0 mg/cm2). The peak temperatures were varied in the range of 

700 °C to 900 °C. Furthermore, paste amounts from 4.5 to 25 mg/cm2 were used for the 

calculations (not shown).29 

The ionized acceptor profiles of p+ regions alloyed from an Al paste free from B additives are 

presented in Fig. 4.13 (a). As already discussed, the thicknesses and the peak doping 

concentrations of the p+ regions increase when Tpeak is increased. 

                                                 

 
29 Please note that investigating the influence of the peak doping concentrations and the thicknesses of the p+ regions 

on their recombination characteristics, as it has been carried out for Al-p+ regions in subsection 3.3.1 [p. 107], is 

not appropriate for Al-B-p+ regions, because the peak doping concentration depends on both the B percentage 

fB,compl and the peak temperature Tpeak. 
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Fig. 4.13 Calculated ionized acceptor profiles of Al-B-p+ regions formed by alloying from Al 

paste (a) without B additive or with B percentages fB,compl of (b) 0.01 wt%, (c) 0.03 wt% and 

(d) 0.30 wt%. Peak temperatures in the range of 700 °C to 900 °C were used for the 

calculations. The profiles were determined by applying the model for Al-B co-doping of Si 

presented in subsection 4.3.1 [p. 136]. Because both Al and B atoms contribute to the ionized 

acceptor concentration, the profiles are defined by the sum of the ionized Al and B acceptor 

atoms. Thereby, incomplete ionization of Al acceptors is taken into account in particular. Please 

note that, although an exemplary paste amount of 8.0 mg/cm2 was used for the calculations, the 

profiles for other paste amounts can be calculated easily by “compressing” 

(m�Paste < 8.0 mg/cm2) or “stretching” (m�Paste > 8.0 mg/cm2) the profiles presented in this figure 

(cf. subsection 2.4.5 [p. 83]). Also note that complete dissolution of the B additive during 

alloying has been assumed. 
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By adding B to the paste, the ionized acceptor concentration increases due to the additional 

incorporation of B atoms (see Fig. 4.13 (b)). For fB,compl = 0.01 wt%, the acceptor concentrations 

are approximately independent of Tpeak since not enough B is present in the paste to saturate the 

melt with B during alloying. The thicknesses of the p+ regions are not affected by the B additive. 

For fB,compl = 0.03 wt%, the acceptor concentration of the Al-B profiles further increases (see 

Fig. 4.13 (c)). Since the acceptor profiles are limited by the sum of the Al and B solid 

solubilities30, the characteristic kinks appear in the profile curves, which separate the profiles 

into an increasing and an approximately constant part. By further raising the B percentage, the 

peak acceptor concentrations continue to increase, so that the kinks in the profile curves shift 

toward the Si base. 

Fig. 4.13 (d) shows that a B percentage fB,compl = 0.3 wt% is sufficient to realize Al-B profiles 

defined by the solid solubility limit for peak temperatures of up to 900 °C. 

By applying paste amounts other than 8.0 mg/cm2, the acceptor profiles are “compressed” 
(m�Paste < 8.0 mg/cm2) or “stretched” (m�Paste > 8.0 mg/cm2), i.e. the thicknesses of the p+ regions  
 

decrease or increase, whereas the peak acceptor concentrations are not affected (cf. Fig. 2.28 (b) 

[p. 84]). Since parasitic recrystallization of Si within the paste particles intensifies for higher 

paste amounts, the increase in the p+ region thickness is thereby not steady, but attenuates 

significantly for higher m�Paste values (cf. Fig. 2.28 (b) [p. 84]). 
 

Recombination characteristics of Al-B-co-doped p+ regions 

The Al-B acceptor profiles discussed above were used as input data for the recombination model 

to determine the recombination characteristics of Al-B-co-doped p+ regions in dependence of 

m�Paste, Tpeak and fB,compl. In addition to the total saturation current density j0,p+, the different 

contributions from (i) recombination at the Al-B-p+ surface, (ii) Auger recombination and 

(iii) recombination at defects within the Al-B-p+ region bulk were simulated (see 

subsection 1.2.5 [p. 19] for equations). The corresponding saturation current densities are 

denoted with j0,p+
surface, j0,p+

Auger and j0,p+
defect, respectively. 

                                                 

 
30 More precisely, the ionized acceptor profiles are limited by the sum of the Al and B solid solubilities corrected for 

the incomplete ionization of the Al acceptors. 
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The B percentage fB,compl strongly affects the recombination characteristics of Al-B-p+ regions, as 

exemplarily shown in Fig. 4.14 for a paste amount of 8.0 mg/cm2 and a medium peak 

temperature of 800 °C. 

For fB,compl ≲ 0.01 wt%, surface recombination dominates the recombination characteristics. 

Auger recombination and defect recombination make only minor contributions. When the B 

percentage fB,compl is increased, the Al-B acceptor concentrations increase. Thus, surface 

recombination is reduced significantly, since the diffusion of electrons toward the surface of the 

p+ region is hindered (cf. subsection 1.3.2 [p. 27]). Simultaneously, Auger recombination, which 

depends on the square of the acceptor concentration [58, 59], intensifies and becomes the 

dominant recombination mechanism for fB,compl ≳ 0.05 wt%. Although the density of defects 

within the p+ regions is constant for the different fB,compl values, the defect recombination 

decreases due to the increasing Auger recombination. 

The total recombination current density, which is the sum of the surface, Auger and defect 

saturation current densities, therefore exhibits a minimum at fB,compl = 0.03 wt%, which is a 

compromise between the three recombination mechanisms. 
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Fig. 4.14 Simulated saturation current densities of an Al-B-p+ region as a function of the B 

percentage fB,compl for a paste amount of 8.0 mg/cm2 and a peak temperature of 800 °C. In 

addition to the total saturation current density (black squares), the different contributions 

originating from recombination at the p+ region surface (blue circles) as well as Auger (green 

triangles) and defect recombination (orange diamonds) within the p+ regions were calculated. 

Please note that the complete dissolution of the B additive during alloying has been assumed for 

the simulations. Published in [165]. 
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This brief exemplary discussion illustrates nicely how B additives within the Al pastes affect – 

and improve – the recombination properties of Al-B-co-doped p+ regions. It shows that Auger 

recombination of electrons within the p+ region, which can be neglected completely for p+ 

regions alloyed from boron-free Al pastes, is an important element of the recombination 

characteristics of Al-B-p+ regions. In the following, a more comprehensive investigation into the 

influence of the B percentage fB,compl, the paste amount m�Paste and the peak temperature Tpeak is 

presented. 
 

The following graphs show the saturation current densities of recombination at the Al-B-p+ 

region surfaces (Fig. 4.15), the saturation current densities of Auger (Fig. 4.16) and defect 

recombination (Fig. 4.17) within the p+ region bulks and the total saturation current densities j0,p+ 

(Fig. 4.18) for paste amounts from 4.5 to 25 mg/cm2. 

(i) Surface recombination: 

The saturation current density j0,p+
surface which describes the recombination at the surface of the 

Al-B-p+ regions depends strongly on the paste amount m�Paste, the B content fB,compl and the 

peak temperature Tpeak of the alloying process: 

For Al pastes free from boron additives (fB,compl = 0 wt%), high Tpeak values and paste 

amounts m�Paste ≳ 8 mg/cm2 are necessary to yield low surface recombination as has been 

presented in section 3.3 [p. 106] in detail. 

By adding B to the Al paste, the surface recombination is reduced further. Thereby, already 

very low B percentages fB,compl of only 0.01 wt% lead to a very effective j0,p+
surface reduction to 

less than 50 % of the values corresponding to pastes free from B additives. For 

fB,compl = 0.03 wt%, the j0,p+
surface values are even reduced to less than 30 %. A further increase in 

fB,compl, however, only leads to minor improvements of the surface recombination properties. 

Although the influence of the peak temperature and the paste amount on j0,p+
surface is not as 

strong for Al pastes containing B additives than for Al pastes free from B, high peak 

temperatures and high paste amounts are beneficial for these pastes as well since the 

thicknesses and peak concentrations of the Al-B acceptor profiles are enhanced. 

Consequently, to reduce recombination at the surface of the Al-B-p+ region effectively, a B 

percentage fB,compl of at least 0.03 wt% is necessary. Furthermore, the printed Al-B paste 

amount and the peak temperature should be as high as possible. 
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Fig. 4.15 Simulated saturation current density j0,p+
surface corresponding to recombination at the 

surface of Al-B-p+ regions as a function of the peak temperature Tpeak for different B percentages 

fB,compl of the Al paste. Paste amounts m�Paste of (a) 4.5 mg/cm2, (b) 8.0 mg/cm2, (c) 15.0 mg/cm2 

and (d) 25.0 mg/cm2 were assumed for the simulations. Please note that complete dissolution of 

the B additive during alloying has been assumed furthermore. Also note that the scales differ 

from Fig. 4.16 and Fig. 4.17. Lines are guides to the eye. 
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(ii) Auger recombination: 

Auger recombination within the p+ regions, which is quantified by the saturation current 

density j0,p+
Auger, is influenced by both the B percentage fB,compl and the peak temperature Tpeak, 

but depends only marginally on the paste amount m�Paste.  

For Al pastes without B additives, j0,p+
Auger can be neglected completely. When the B percentage 

fB,compl in the paste is increased, though, Auger recombination becomes more and more 

relevant, since the acceptor concentrations augment. Thereby, the form of the acceptor 

profiles, which was presented in Fig. 4.13, influences the temperature dependency of j0,p+
Auger 

significantly: 

For B percentages fB,compl ≲ 0.05 wt%, the peak concentration of Al and B acceptors was 

demonstrated to be approximately independent of Tpeak, since B is incorporated into the 

p+ region according to its limited availability in the melt (cf. Fig. 4.13 (b) and (c)). Therefore, 

j0,p+
Auger marginally depends on Tpeak and shows only a slight increase when increasing Tpeak due 

to the reduced surface recombination. 

For higher fB,compl values, the B atoms are incorporated according to the solid solubility of B 

in Si, so that the peak concentration of the Al-B acceptor profiles increases when Tpeak is 

raised (cf. Fig. 4.13 (d)). In this fB,compl range, j0,p+
Auger intensifies significantly with increasing 

Tpeak. 

The paste amount m�Paste has only a minor influence on the Auger recombination. j0,p+
Auger 

increases slightly when m�Paste is enhanced. This is attributed to the decreasing surface 

recombination, leading to a higher density of electrons in the p+ region bulks. 

In conclusion, Auger recombination can be reduced by minimizing the B percentage fB,compl. 

If high B amounts are inevitable, the peak temperature should be as low as possible. 
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Fig. 4.16 Simulated saturation current density j0,p+
Auger corresponding to Auger recombination 

within Al-B-p+ regions as a function of the peak temperature Tpeak for different B percentages 

fB,compl of the Al paste. Paste amounts m�Paste of (a) 4.5 mg/cm2, (b) 8.0 mg/cm2, (c) 15.0 mg/cm2 

and (d) 25.0 mg/cm2 were assumed for the simulations. Please note that complete dissolution of 

the B additive during alloying has been assumed furthermore. Also note that the scales differ 

from Fig. 4.15, Fig. 4.17 and Fig. 4.18. Lines are guides to the eye. 
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(iii) Defect recombination: 

The saturation current density j0,p+
defect of defect recombination is affected by m�Paste, Tpeak and – 

although the density of defects was assumed as independent of the B percentage – by fB,compl. 

The latter is caused by the fact that the strength of defect recombination is not only affected 

by the density of defects within the p+ region, but also by the strength of the competing 

recombination mechanisms, i.e. of surface and Auger recombination. 

For Al pastes without B additives, recombination at defects in the p+ regions was shown to 

intensify with increasing peak temperature Tpeak and increasing paste amount m�Paste due to the 

decreasing surface recombination and growing amount of defects (cf. subsection 3.3.1 

[p. 107]). 

By adding B to the Al paste, the defect recombination decreases since Auger recombination 

becomes the dominating recombination mechanism of electrons and holes in the bulks of the 

p+ regions.  

For fB,compl ≲ 0.05 wt%, the concentration of the Al-B acceptor profiles are approximately 

independent of m�Paste and Tpeak, so that Auger recombination is likewise independent of m�Paste 

and Tpeak. Thus, the m�Paste and Tpeak dependency of defect recombination is similar to that of p+ 

regions alloyed from boron-free pastes: j0,p+
defect increases with growing m�Paste and Tpeak values. 

For fB,compl ≳ 0.1 wt%, however, the peak concentration of Al and B acceptors and, thus, the 

Auger recombination rate increase with increasing Tpeak values. This obviously compensates 

for the increasing density of defects within the p+ regions, so that j0,p+
defect is approximately 

independent of Tpeak.  

To sum up, recombination via defects in the p+ region bulks is reduced by decreasing the 

amount and density of defects within the p+ regions, which can be done by applying low 

paste amounts and low peak temperatures. In addition, high B percentages effectively reduce 

defect recombination. 

  



4.4  Recombination characteristics of aluminum-boron-co-doped p+ regions 163 

 

  

 

0

50

100

150

200

250

300

 

 

Sa
tu

ra
tio

n 
cu

rre
nt

 d
en

sit
y 

j  d
ef

ec
t

0,
p+

 [f
A/

cm
2 ]

0

50

100

150

200

250

300

  

 

700 750 800 850 900
0

50

100

150

200

250

300

 

 

Peak temperature Tpeak [°C]
700 750 800 850 900

0

50

100

150

200

250

300

Without p+ surface passivation

(d)          mPaste = 25.0 mg/cm2

fB,compl [wt%]
 none
 0.01  
 0.03 
 0.05 
 0.10
 0.20
 0.30

(a)            mPaste = 4.5 mg/cm2

(c)          mPaste = 15.0 mg/cm2

 

 

 

Peak temperature Tpeak [°C]

(b)            mPaste = 8.0 mg/cm2~~

~ ~

 

~

Defect recombination

 

 

Fig. 4.17 Simulated saturation current density j0,p+
defect corresponding to recombination at defects 

within Al-B-p+ regions as a function of the peak temperature Tpeak for different B percentages 

fB,compl of the Al paste. Paste amounts m�Paste of (a) 4.5 mg/cm2, (b) 8.0 mg/cm2, (c) 15.0 mg/cm2 

and (d) 25.0 mg/cm2 were assumed for the simulations. Please note that complete dissolution of 

the B additive during alloying has been assumed furthermore. Also note that the scales differ 

from Fig. 4.15, Fig. 4.16 and Fig. 4.18. Lines are guides to the eye. 
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(iv) Total recombination: 

The total saturation current density j0,p+ of alloyed p+ regions are improved significantly by 

adding B components to the Al paste. The optimization of the B percentage fB,compl thereby is 

a trade-off between the reduction of (i) the recombination at the p+ region surface and at 

defects within the p+ region bulk, which both decrease with increasing fB,compl values, and of 

(ii) Auger recombination within the p+ region bulk, which intensifies with increasing the 

fB,compl (see, e.g., Fig. 4.14 for m�Paste = 8 mg/cm2 and Tpeak = 800 °C).  

For paste amounts m�Paste ≲ 8 mg/cm2 and peak temperatures Tpeak ≲ 750 °C, surface 

recombination dominates the total recombination characteristics since the p+ region 

thicknesses are rather low (dp+ ≲ 5 µm, cf. Fig. 2.28 (a) [p. 84]). For these printing and firing 

conditions, the addition of B components to the Al paste is particularly effective for reducing 

j0,p+, since the incorporation of the additional B acceptor atoms greatly improves the 

shielding of electrons from the recombination active surface. Thereby, the j0,p+ values 

saturate for fB,compl values higher than 0.03 wt%, so that the addition of further B is not 

necessary. Since recombination at defects and Auger recombination only make minor 

contributions even for fB,compl > 0.03 wt%, higher B percentages are not critical, though, and 

do not lead to a deterioration of the recombination characteristics. 

For other configurations of the paste amount and the peak temperature, the B percentage 

fB,compl has to be adjusted more carefully: Since surface recombination is less dominant, the 

total saturation current density is more significantly affected by recombination within the p+ 

region bulk. For fB,compl ≤ 0.03 wt%, the decreasing defect recombination compensates for the 

intensifying Auger recombination when fB,compl is increased. The recombination within the 

bulk of the p+ region therefore remains approximately constant, so that the total 

recombination rate decreases slightly due to the reduction in surface recombination. For 

fB,compl > 0.03 wt%, however, the Auger recombination rate increases strongly and dominates 

the recombination characteristics. Consequently, j0,p+ grows when fB,compl is increased to 

values higher than 0.03 wt%.  

As a consequence, the optimal B percentage fB,compl of the Al paste was determined to be 

0.03 wt% for all paste amounts and firing temperatures investigated in this work. 
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Fig. 4.18 Simulated total saturation current density j0,p+ of an Al-B-p+ region as a function of 

the peak temperature Tpeak for different B percentages fB,compl of the Al paste. Paste amounts 

m�Paste of (a) 4.5 mg/cm2, (b) 8.0 mg/cm2, (c) 15.0 mg/cm2 and (d) 25.0 mg/cm2 were assumed for 

the simulations. Please note that complete dissolution of the B additive during alloying has been 

assumed furthermore. Also note that the scales differ from Fig. 4.16 and Fig. 4.17. Lines are 

guides to the eye. 
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The Al-B acceptor profiles corresponding to the optimal paste composition have already been 

presented in Fig. 4.13 (c). The figure shows nicely that for fB,compl = 0.03 wt%, the ionized Al-B 

acceptor concentration is approximately 1.4⋅1019 cm-3 and particularly independent of the peak 

temperature and the paste amount. This optimal acceptor concentration is in good accordance 

with the results reported by Gu et al., who calculated a broad minimum of the surface 

recombination velocity for acceptor concentrations from 6⋅1018 to 3⋅1019 cm-3 [12]. For their 

calculations, Gu et al. assumed a constant acceptor profile, though, without considering the 

characteristics of alloyed p+ regions. 

The fact that the concentration of the Al-B acceptor profiles can be set independently of m�Paste 

and Tpeak by adjusting fB,compl to 0.03 wt% implies a high robustness of the recombination 

characteristics of these Al-B-p+ regions against variations in m�Paste and Tpeak: Fig. 4.19 shows the 

total saturation current density j0,p+ as a function of the paste amount and the peak temperature 

for the optimal B percentage of 0.03 wt%. It is clearly visible that for paste amounts 

m�Paste ≳ 8 mg/cm2 and peak temperatures Tpeak ≳ 750 °C the j0,p+ values are nearly independent 

of m� Paste and Tpeak and on an excellently low level below 250 fA/cm2 (corresponding to implied 

open-circuit voltages of more than 665 mV). This shows that the application of Al pastes 

containing the optimized percentage of B additive provides an improved stability against 

variations in the alloying conditions. 

For a paste amount of 8.0 mg/cm2, the best saturation current density was calculated to be 

215 fA/cm2 (corresponding to an implied Voc of 670 mV) for a peak temperature of 800 °C. No 

further substantial improvements were obtained for higher paste amounts making 

m�Paste = 8.0 mg/cm2 sufficient for realizing the full potential of B additives within Al pastes.31 

Thus, Al pastes with B additives are excellently suited for a flexible fabrication of Si solar cells 

with alloyed p+ rear. 

                                                 

 
31 The author would like to point out that the exact value of this optimal paste amount is only valid for the Al paste 

used in this work. Since other Al pastes may exhibit different size distributions of their particles as well as 

different percentages of organic binders and solvents, the optimal paste amounts may vary slightly. Nevertheless, 

the relative trends are expected to be similar to those obtained in the present chapter. Future work will deal with 

transferring the model of this work to other Al pastes. 
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In the following subsection, the numerical simulations are evaluated experimentally by 

investigating the influence of the B additive on measured saturation current densities of Al-B-co-

doped p+ regions. 

4.4.2 Experimental investigation of recombination properties of Al-B-co-doped p+ regions 

To investigate the recombination characteristics of Al-B-p+ regions experimentally, the test 

samples presented in subsection 4.3.2 [p. 144] were used, which feature a silicon 

nitride-passivated front side and an alloyed p+ rear side. For the formation of the p+ regions, Al 

pastes containing different percentages fB of elemental B in the range of 0 to 0.9 wt% were 

applied (paste amount m�Paste = 17.2 ± 0.5 mg/cm2).32 The effective peak temperatures33 were 

varied from 650 to 860 °C. 

                                                 

 
32 The author again wants to emphasize that the percentage fB of B within the paste differs from the B percentage 

fB,compl used for the numerical simulations, since complete dissolution of the B additive has been assumed for the 

simulations. When the results of the simulations are to be compared to experimental results, it is very important to 

compare the simulated value fB,compl with the experimental effective value fB,eff. 
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Fig. 4.19 Simulated total saturation current density j0,p+ of an Al-B-p+ region as a function of 

the peak temperature Tpeak for the optimal B percentage of 0.03 wt% in the Al paste. Paste 

amounts in the range of 4.5 to 25 mg/cm2 were used for the simulations. Please note that 

complete dissolution of the B additive during alloying has been assumed furthermore. Lines are 

guides to the eye. Published in [165]. 
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In addition to the ECV measurements of the doping profiles (see Fig. 4.10 [p. 148]), quasi-steady 

state photoconductance (QSS-PC) measurements were carried out to determine the Al-B-p+ 

saturation current densities j0,p+. 
 

Fig. 4.20 (a) shows the measured j0,p+ values of the Al-B-p+ regions as a function of the effective 

peak temperature Tpeak,eff for different B percentages fB. For low effective peak temperatures 

(Tpeak,eff ≲ 750 °C), the j0,p+ values decrease with increasing Tpeak,eff, whereas for high effective 

peak temperatures (Tpeak,eff ≳ 800 °C), the j0,p+ values show an increase. Thus, the j0,p+ curves 

exhibit distinct minima. Thereby, the minimum of each j0,p+ curve determines an optimal 

effective peak temperature for each B percentage fB. Two interesting aspects occur here:  

(i) By increasing fB, the optimal peak temperature decreases (e.g. 795 °C for fB = 0.3 wt% and 

767 °C for 0.9 wt%).  

(ii) For fB = 0.3 and 0.9 wt%, lower j0,p+ values are reached than for fB = 0.1 wt%. 

For a more profound analysis of the recombination characteristics, the saturation current 

densities were plotted as a function of the effective B percentages fB,eff, which were determined 

from profile calculations (see subsection 4.3.2 [p. 144]). Fig. 4.20 (b) depicts that the j0,p+ values 

decrease for increasing fB,eff values and exhibit a broad minimum at fB,eff ≈ 0.03 wt%. The 

numerical simulations presented in the previous subsection have shown that this j0,p+ decrease 

can be attributed to the decreasing recombination at the Al-B-p+ region surfaces and at defects 

within the Al-B-p+ region bulks. For fB,eff values exceeding 0.03 wt%, the measured j0,p+ values 

increase again for growing fB,eff values, which can be ascribed to the intensification of Auger 

recombination. Thus, the measured saturation current densities excellently reproduce the trends 

of the numerical simulations, which yielded a minimum in j0,p+ for a B percentage of 0.03 wt% 

as well. 
 

Fig. 4.20 (b) also shows that the incomplete dissolution of the B additive during alloying leads to 

different optimal peak temperatures for the different B percentages fB: For fB = 0.9 wt%, the 
                                                                                                                                                             

 
33 Please note that in experiments, the effective peak temperature Tpeak,eff is the parameter that characterizes the 

alloying process. Tpeak,eff thereby differs from the set peak temperature Tset of the firing furnace due to the latent 

heat of the Al paste. In the numerical simulations, the latent heat of the Al paste was not directly taken into 

account. Therefore, the peak temperatures Tpeak of the simulations need to be compared with the experimental 

effective values Tpeak,eff . 
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optimal effective B percentage fB,eff of 0.03 wt% is reached at Tpeak,eff = 767 °C (see Fig. 4.11 (a) 

[p. 149]). If less B is added to the paste (fB = 0.3 wt%), a higher peak temperature is necessary to 

realize the optimal fB,eff value (Tpeak,eff = 795 °C), so that the j0,p+ minimum is reached at a higher 

Tpeak,eff value. Thereby, the j0,p+ minimum values corresponding to fB = 0.3 and 0.9 wt% are 

approximately similar, despite the different effective peak temperatures. This is due to the fact 

that for fB,eff = 0.03 wt%, the concentration of the Al-B acceptor profiles and thus the recom-

bination characteristics do not depend on Tpeak,eff (cf. Fig. 4.13 [p. 155] and Fig. 4.19 [p. 167]). 

For fB = 0.1 wt%, the amount of B additive within the paste does not suffice to reach 

fB,eff = 0.03 wt% within the Tpeak,eff range used in this work. Therefore, the saturation current 

densities achieved for this Al-B paste are higher than those of the other two Al-B pastes, which 

exhibit higher percentages of the B additive.  
 

Excellently low saturation current densities of 260 fA/cm2 were achieved for an Al paste with a 

B percentage fB of 0.3 wt% for Tpeak,eff = 795 °C and similar saturation current densities of 

253 fA/cm2 for fB = 0.9 wt% at Tpeak,eff = 767 °C (intrinsic carrier density ni = 9.65 ∙ 109 cm-3 

[48]). These j0,p+ values correspond to implied open-circuit voltages of 665 mV. 
 

In conclusion, the experimental investigation of the recombination characteristics of Al-B-co-

doped p+ regions have shown that there is no specific optimum for the printing and firing 

conditions on account of the incomplete dissolution of the B additive during alloying. It has been 
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Fig. 4.20 Measured saturation current densities j0,p+ as a function of (a) the effective peak 

temperature Tpeak,eff and (b) the effective B percentage fB,eff  for different percentages fB of 

elemental B within the Al paste. Lines are guides to the eye. Figure (a) and (b) published in 

[164] and [165], respectively. 
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demonstrated that the effective peak temperature Tpeak,eff needs to be adjusted to the B 

percentage fB of the paste, so that the effectively utilized B percentage fB,eff is approximately 

0.03 wt%. For different B percentages fB of the paste, this is realized at different effective peak 

temperatures. When the adaption of the B percentage and the firing conditions is done properly, 

though, it has been shown that excellently low saturation current densities of less than 

260 fA/cm2 can be achieved. Moreover, it has been shown that the recombination characteristics 

exhibit a considerably weaker dependence on Tpeak,eff for Al-B pastes with fB in the range of 0.3 

to 0.9 wt% than for Al pastes free from B additives. This underlines the high potential and 

improved flexibility of Al pastes containing B additives. 
 

As a brief outlook, the author of this thesis estimates that B additives which do not show 

incomplete dissolution (as expected for e.g. boron silicide) will be the next step in the 

optimization of Al pastes containing B additives. These pastes would allow one to adjust the 

utilized B percentage to exactly 0.03 wt% without any dependence on the firing conditions. This, 

however, is part of future work. 

4.4.3 Surface-passivated aluminum-boron-co-doped p+ regions 

The passivation of the p+ region surface by dielectric layers has been demonstrated to be very 

promising for reducing the saturation current densities of p+ regions alloyed from Al pastes free 

from B additives (see section 3.4 [p. 116]). In the present subsection, the influence of the B 

additives in the Al pastes on the recombination characteristics of surface-passivated Al-B-p+ 

regions is investigated. 

For this purpose, the test samples presented in the previous subsection were used. To enable an 

effective passivation of the p+ region surfaces, the p+ regions had to be prepared carefully, as has 

been comprehensively shown in subsection 3.4.2 [p. 119]: Small pyramidal structures arising on 

the surfaces need to be removed before the deposition of the passivation layers. Therefore, after 

etching off the eutectic layers and the paste residuals, the test samples were exposed to diluted 

KOH (30 %, 80 °C) for 90 s. Subsequently, Al2O3 layers were deposited using atomic layer 

deposition and activated during a forming gas anneal at a temperature of 425 °C for 20 min [159, 

160]. 
 

Fig. 4.21 shows the saturation current densities j0,p+ of surface-passivated Al-B-p+ regions as a 

function of the effective peak temperature Tpeak,eff for B percentages fB from 0.1 to 0.9 wt%. It is 

obvious that, even though the j0,p+ values corresponding to fB = 0.3 wt% seem to be slightly 
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lower than the other j0,p+ values, no clear improvement in j0,p+ could be obtained by the B 

additives.  

Due to the effective surface passivation, the recombination characteristics of the surface-

passivated p+ regions are defined by the recombination in the p+ region bulks, i.e. by the sum of 

Auger and defect recombination. Since the concentrations of Al-B acceptors increase for 

growing fB values at a constant Tpeak,eff value (see Fig. 4.10 [p. 148]), Auger recombination 

within these p+ regions increases as well. Because no significant deviations in the j0,p+ values of 

the passivated p+ regions were measured, though, a reduction of recombination at defects 

obviously compensates for the increase in Auger recombination. This was also observed for the 

recombination characteristics of surface-passivated Al-B-p+ regions, which were alloyed from 

the Al-B paste standardly used at Fraunhofer ISE (see Fig. 4.2 (b) [p. 135]). 

Although no improvement of the recombination characteristics could be realized by the addition 

of B to the Al pastes, it is promising for solar cell applications that the higher acceptor 

concentration of Al-B-p+ regions leads to improved lateral conductivity of the p+ region. Thus, a 

higher distance between the local contacts to the surface-passivated p+ region can be used, so that 

the area fraction of the contacts can be further reduced. Al pastes containing B additives are 

therefore advantageous for the fabrication of Si solar cells with surface-passivated p+ regions and 

local contacts as well. 
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Fig. 4.21 Measured saturation current density j0,p+ of surface-passivated Al-B-p+ regions as a 

function of the effective peak temperature Tpeak,eff for different percentages fB of elemental B in 

the paste. Please note that the saturation current densities of surface-passivated p+ regions 

alloyed from Al pastes without B have not been included because they have not been measured. 

Nevertheless, saturation current densities similar to those of the Al-B-p+ regions are expected 

(cf. Fig. 4.2 (b) [p. 135]). Published in [164]. 
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4.5 Summary 

In this chapter, alloying from screen-printed aluminum pastes containing boron additives (Al-B 

pastes) has been investigated in detail by means of experiments and simulations. It has been 

shown that the application of Al-B pastes leads to the simultaneous incorporation of Al and B 

atoms as acceptors into the Si lattice of the p+ regions. Since the solid solubility of B in Si is 

significantly higher than the solubility of Al in Si, this affects both the form and the peak 

concentration of the Al-B acceptor profiles and, thus, strongly impacts the recombination 

characteristics of the p+ regions. 
 

In the course of this work, an analytical model for the formation of the Al-B acceptor profiles 

has been derived by quantitatively describing (i) the composition of the Al-B-Si melt and (ii) the 

incorporation of Al and B acceptor atoms into the recrystallizing Si during alloying. It has thus 

been shown that the acceptor concentrations of the Al-B-co-doped p+ Si (Al-B-p+) regions 

depend strongly on the percentage of the B additive of the paste. The model furthermore 

accurately describes the formation of characteristic kinks in the acceptor profiles as being caused 

by the maximal dissolution of the B additive during alloying. 

A large set of Al-B acceptor profiles was prepared by alloying from Al pastes containing 

different percentages fB of elemental B powder and using different firing conditions. It has been 

demonstrated that the analytical model excellently reproduces measured Al-B acceptor profiles, 

thus making the model a powerful tool for the comprehensive investigation of alloying from 

Al-B pastes. The calculations show that only a small part of the B powder added to the paste is 

actually dissolved into the melt during alloying, so that the effectively utilized B percentage fB,eff 

is significantly smaller than fB. Moreover, the utilization of the B additive also depends on (i) the 

kind of B component and (ii) the firing conditions of the alloying process. For low effective peak 

temperatures, for example, the dissolution of elemental B can amount to less than 2 %. For this 

reason, the precise control of the effective B percentage fB,eff which is utilized for the 

incorporation of B atoms into the p+ region is technologically challenging. Thus, the incomplete 

dissolution of the B additive is an essential element of alloying from Al-B pastes. 
 

In this chapter, it has been shown that the recombination characteristics of Al-B-p+ regions can 

be modified strongly by the addition of B to the Al pastes, since the additional B acceptor atoms 

affect both the shielding of electrons from the recombination active contact as well as the 

recombination within the p+ region bulks. 
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Numerical simulations of the recombination characteristics: 

By numerically simulating the saturation current densities corresponding to (i) recombination at 

the surfaces of the Al-B-p+ regions as well as (ii) Auger and (iii) defect recombination within the 

Al-B-p+ region bulks, for the first time, a differentiated investigation of the recombination 

characteristics has been presented. An increase in the effectively utilized B percentage leads to a 

significant reduction of recombination at the p+ region surfaces and at defects within the p+ 

regions, but also to the simultaneous intensification of Auger recombination within the p+ 

regions. The optimal effective B percentage, which was simulated to be 0.03 wt%, thus 

constitutes a compromise between these recombination mechanisms. Al-B-p+ regions alloyed 

from an Al-B paste “containing” this optimal effective B percentage feature considerably lower 

saturation current densities than p+ regions alloyed from boron-free Al pastes. Moreover, the 

Al-B-p+ saturation current densities were simulated to be largely independent of the paste 

amount and the firing conditions.  

Experimental investigation of the recombination characteristics: 

By measuring the saturation current densities of various Al-B-p+ regions, which were formed by 

alloying from Al pastes containing different percentages fB of elemental B powder, the optimal 

effective B percentage fB,eff of 0.03 wt% has been verified experimentally. The experiments, 

however, have also shown that the practical realization of this optimal effective B percentage is 

not straightforward due to the incomplete dissolution of the B additive. It is for this reason that 

the B percentage fB of the paste and the effective peak temperature of the alloying process have 

to be carefully adapted to each other. It was demonstrated that, if the adaption of the paste 

composition and the firing conditions is done properly, excellently low saturation current 

densities of less than 260 fA/cm2 can be achieved experimentally for non-passivated full-area 

Al-B-p+ regions for both fB = 0.3 and 0.9 wt%. This corresponds to implied open-circuit voltages 

of 665 mV. Moreover, even if the firing conditions differ from the optimal ones, the 

recombination characteristics corresponding to Al-B pastes with these fB values were 

significantly less dependent on the effective peak temperature than those corresponding to Al 

pastes free from B additives. 

For surface-passivated Al-B-p+ regions, no significant influence of the B additive on the 

recombination characteristics has been measured. This is promising for Si solar cell applications, 

since the higher acceptor concentrations of Al-B-p+ regions result in improved lateral 

conductivity of the p+ regions, thus opening up the possibility to increase the spacing between 

the local contacts. 
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In conclusion, the high potential of alloying from Al pastes containing B additives has been 

presented in detail in this chapter. It has been shown that the addition of B components to the Al 

pastes (i)  improves the recombination characteristics of alloyed p+ regions significantly and (ii) 

leads to an increased robustness of these characteristics against variations in the printing and 

firing conditions. This offers great technological advantages, since Al-B pastes allow for a very 

flexible fabrication of the front and rear contacts of Si solar cells in a single co-firing process. 

Nevertheless, this chapter has also shown that the incomplete dissolution of the B additive 

complicates its precise application. Therefore, in the author’s opinion, further paste optimization 

will have to deal with investigating B additives that dissolve instantaneously during alloying. 

Silicon-based B additives, which were not available during the present work, are promising 

compounds. 

 



 

 

 

5 Aluminum alloying in local contact openings 

This chapter deals with investigating the structural and electrical properties of local aluminum-

alloyed contacts formed by full-area screen-printing and firing of Al paste on the locally opened 

passivation layer of rear surface-passivated silicon solar cells. In section 5.1, a short historical 

review on the development of locally Al-alloyed contacts is given. Since the different concepts of 

rear surface-passivated Si solar cells require different distances between the local contacts, 

section 5.2 focuses on clarifying the influence of the contact distance on the contact properties. It 

is demonstrated that this influence can be reduced significantly by applying Al pastes containing 

Si additives for the local contact formation. In section 5.3, the influence of the contact distance 

and the Si content in the paste on the rear surface recombination, the internal reflectance and 

the rear contact resistivity is investigated in detail in order to determine the optimal paste 

composition. Some of the results of this chapter have been published in [181, 182]. 

5.1 Introduction and review 

The results presented in the previous chapter have shown that the electrical properties of alloyed 

p+ regions can be improved considerably by adding boron to the Al paste and applying adapted 

alloying conditions. However, it has also been demonstrated that the lowest saturation current 

densities of Al-B-co-doped p+ regions were around 250 fA/cm2, so that at a certain point, the 

solar cell performance is always limited by the properties of the p+ region [10]. A very promising 

approach to further improve the cell performance is the passivation of the rear Si surface [10], 

which requires the application of locally defined contacts through the passivation layer, though. 

By full-area screen-printing of Al pastes for the rear contact, two different techniques for the 

local contact preparation are applicable: (i) full-area screen-printing on the locally opened 

passivation layer and subsequent contact formation by thermal alloying during a firing step in a 

belt furnace [17, 18, 20, 21, 127, 183-185] or (ii) full-area screen-printing on the non-opened 

passivation layer, furnace firing and subsequent contact formation by laser alloying through the 

passivation layer [107, 186, 187].  

Since, in the author’s opinion, technique (i) offers higher flexibility and improved control over 

the properties of the local contacts, this chapter focuses on investigating and optimizing thermal 

alloying from screen-printed Al pastes through local contact openings.  
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In the following, the development of this contacting technique is described by giving a brief 

historical review of the most important literature studies: 

In 1989, Blakers et al. introduced the “passivated emitter and rear cell” (PERC) solar cell 

concept, with which they realized remarkably high conversion efficiencies of 22.8 % [16]. This 

concept features, as the name suggests, a surface-passivated rear side, which is contacted via 

local contacts through the passivation layer. The local contacts were thereby formed by means of 

“laboratory processes”, i.e. the contact openings in the passivation layer stack were structured by 

photolithography and the contact metal was deposited onto the locally opened layers by 

evaporation.  

Several years later, in 2000, Preu et al. simplified this fabrication process by forming the contact 

openings in the passivation layers by laser ablation [188]. They reported that the process time for 

the laser ablation could be reduced to only a few seconds per solar cell making this approach an 

industrially viable process. For the deposition of the contact metal, however, Preu et al. still used 

evaporation of Al metal, which is a rather low-throughput process. 

In 2005, for the first time, an industrially feasible method for the formation of the local rear 

contacts through the passivation layer was published by Agostinelli et al. [17, 18]. They applied 

laser ablation in order to locally open the rear passivation layers and screen-printed an Al metal 

paste onto the entire rear surface. The contact to the rear surface was then formed during firing 

of the Al paste. They reported that the key issue of this approach was the application of 

passivation layers that (i) withstand the Al paste and (ii) simultaneously keep or even improve 

their passivation quality during the firing process. Thus, in contrast to full-area alloying from 

printed Al paste, the interaction of Al and Si is restricted to the local openings.  

As a part of his doctoral thesis published in 2008, Vichai Meemongkolkiat seized the approach of 

Agostinelli et al. and investigated the influence of the Al paste composition on the properties of 

the local contacts [24]. He showed that the Al-doped p+ regions which form in the local contact 

areas during alloying are rather thin, if common Al pastes are applied. Meemongkolkiat explained 

this finding qualitatively by the lateral distribution of Si in the Al melt during alloying, which 

“reduces the amount of Si available for the regrowth in the openings” [24]. He demonstrated that 

by adding Si to the Al paste, the “Si appetite” of the Al paste next to the openings can be “satis-

fied” [24], allowing the Al-p+ regions in the contact area to grow significantly thicker. 

In 2009, Uruena et al. used the binary Al-Si phase diagram to give an advanced, though still 

qualitative description of alloying from screen-printed Al pastes in local openings of a dielectric 

layer [189]. They discussed that the Si, which has dissolved into the Al melt through the contact 
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openings, diffuses laterally within the melt away from the contact area during alloying. Thus, the 

Si concentration above the contact area was reported to stay relatively low, so that a “high 

driving force” [189] for the further Si dissolution from the contact area is maintained. As a 

consequence, the Al-Si melt expands through the local openings and penetrates deeply into the Si 

base, which leads to high contact depths of several 10 µm. 
 

These studies represent the state of the scientific and technological knowledge at the time when 

the investigations presented in this chapter were carried out. Further research was conducted in 

parallel to these investigations: 

In 2011, Urrejola et al. demonstrated that locally Al-alloyed contacts can exhibit voids in the 

contact area between the paste matrix and the Si bulk [127]. They explained their findings with 

the retreat of the Al-Si melt from the contact “holes” during alloying. They estimated this as 

being caused by the different diffusion velocities of Al and Si in the melt. Therefore, after 

solidification of the melt, the contact area is not filled with Al-Si eutectic. 

In the same year, Müller et al. showed that the thickness of the Al-p+ region in the contact area 

of locally Al-alloyed contacts depends on the geometry and size of the contact openings in the 

passivation layer [20]. They also showed that, similar to the case of full-area Al-alloyed contacts, 

high Al-p+ region thicknesses in the contact area are beneficial for shielding electrons from the 

recombination active contact metal. Müller et al. thus demonstrated that contacts alloyed through 

line openings exhibit better recombination properties than contacts alloyed through point 

openings. 
 

Since then, further studies were published, which partly seized the results of the present work: 

In 2012, Müller et al. published an analytical model that describes the formation of the Al-p+ 

region in the contact areas during local alloying quantitatively [190]. They solved the basic 

differential equations to describe the lateral distribution of Si in the melt, thereby applying 

simplifying assumptions like a spatially homogeneous Si concentration in the melt. They could 

thus calculate the thicknesses of the Al-p+ regions in the contact area for line and point contacts 

in accordance with measurements. 

Recently, in 2013, Lauermann et al. presented a refined version of this model by additionally 

taking the lateral distribution of Si in the melt into account [184]. They demonstrated that the 

composition of the Al paste affects the diffusivity of Al in the paste considerably and, thus, the 

recrystallization of the Al-p+ region in the contact areas.  
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In 2013, Metz et al. realized an outstanding conversion efficiency of 21.3 % for rear surface-

passivated p-type Si solar cells with locally Al-alloyed contacts, which underlines the very high 

potential of this rear side scheme [185]. They demonstrated in particular that the design and 

composition of the Al paste is an essential part for improving the solar cell efficiency.  
 

The large number of recent publications shows the high relevance of local Al-alloyed contacts 

for the industrial realization of rear surface-passivated Si solar cells. By now, this contact 

technology is used for the fabrication of p-type Si PERC solar cells [185, 191, 192], with the 

Al-doped p+ regions in the contact areas acting as local back surface fields. 

In the next chapter 6 [p. 195], this contacting approach is applied to rear-surface-passivated 

n-type Si solar cells. For this solar cell concept, the Al-doped p+ regions in the contact areas are 

the local emitters, making this concept a back-junction solar cell concept. The local contact 

properties are therefore particularly critical for these solar cells, with inadequate contact 

properties easily leading to the strong deterioration of the electrical solar cell characteristics. In 

chapter 6, locally Al-alloyed contacts are furthermore used to contact the surface-passivated full-

area rear Al-p+ emitter of n-type Si solar cells. For this solar cell concept, deficient contact 

properties can result in shunting of the full-area rear emitter. 

In the following section, the formation of locally Al-alloyed contacts is therefore investigated in 

detail in order to improve the electrical contact characteristics and enable the reliable application 

in Si solar cells. 

5.2 Quantitative investigation of locally aluminum-alloyed contacts 

The publications presented in the literature review of the introductory section have shown that 

the properties of the locally Al-alloyed contacts are versatilely affected by the size [20, 23, 184, 

190] and shape [20, 184, 190] of the contact openings, the composition of the Al paste [24, 184, 

185] and the firing conditions [127, 184]. 

An additional effect, which has not been investigated yet, is the influence of the contact spacing 

on the contact properties. The distance between the local contacts is particularly relevant for 

n-type Si solar cells, in which the p+ regions of the locally Al-alloyed contacts act as local rear 

emitters. For back-junction solar cells, small distances between the local rear emitters – and thus 

between the locally Al-alloyed contacts – are necessary for an efficient collection of charge 

carriers [193]. 
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The focus of the following subsection therefore lies in investigating the influence of the contact 

spacing on the recombination properties of locally Al-alloyed contacts. To minimize this 

influence, the composition of the Al paste is modified systematically.  

5.2.1 Influence of contact spacing on the formation of locally aluminum-alloyed contacts 

Fig. 5.1 shows a schematic of the alloying process from a full-area screen-printed Al paste in 

local contact openings as first described in [189]. 

Initially, the passivation layer is locally opened by laser ablation and the Al paste is full-area 

screen-printed onto the entire surface. The local alloying process starts with the melting of the Al 

within the paste particles at a temperature of 660 °C and the dissolution of Si into the melt from 

the Si surface (point 1). So far, local Al alloying does not differ from full-area Al alloying, which 

was presented in subsection 2.2.1 [p. 45]. In contrast to full-area Al alloying, a strong Si 

concentration gradient within the melt occurs, which is directed away from the opened areas. 

Therefore, a fast lateral Si diffusion occurs, so that Si distributes within the melt. Due to this 

distribution, the Si concentration directly above the opened areas is reduced, which leads to a 

strong driving force for persistent Si dissolution (point 2). At the peak temperature, a certain 

amount of Si is dissolved in the melt (point 3). While cooling down, Si is rejected only 

marginally from the Al-Si melt due to the low Si concentration, leading to a poor epitaxial 

recrystallization of the Al-doped p+ Si within the contact areas (point 4). Non-recrystallized Si 

remains within the solidified Al-Si melt to form the Al-Si eutectic (point 5). In the case of very 

fast lateral Si diffusion, the melt can even retreat from the contact area during alloying. This 

 

 

Fig. 5.1 Schematic of alloying from full-area screen-printed Al paste in local contact openings. 

The steps of the alloying process are described in the text. Black arrows illustrate the directions 

of Si transport. Taken and adapted from [189]. 
 



180 5  Aluminum alloying in local contact openings 

 

results in the formation of voids within the contacts between the paste particles and the Si bulk 

(not shown). 

The lateral diffusion of Si in the melt therefore is a central element of local alloying from Al 

pastes, as was also reported in the literature studies presented in the introduction. As a 

consequence, locally Al-alloyed contacts often exhibit two main problems:  

(i) high contact depths resulting in enlarged contact areas and  

(ii) low thicknesses of the Al-p+ regions leading to poor electron shielding. 

Both effects lead to high recombination of electrons at the local contacts, which can considerably 

deteriorate the performance of rear-surface-passivated Si solar cells. Thus, the contact depth and 

the thickness of the Al-p+ region in the contact area are a good measure for the recombination 

characteristics of locally Al-alloyed contacts. 
 

Test sample fabrication 

To investigate the influence of the distance between the locally Al-alloyed contacts on the 

contact depth and the Al-p+ region thickness in the contact areas, simple test samples were 

fabricated, which are shown schematically in Fig. 5.2. Point openings in the passivation layers 

were favored over line openings here, since (i) lower metallization fractions can be achieved and 

(ii) the lateral diffusion of Si is stronger with point openings due to the two-dimensional instead 

of the one-dimensional diffusion. Therefore, improvements of the contact properties due to 

changes in the Si diffusion appear much stronger, enabling the contact properties to be optimized 

more directly. 
 

Shiny-etched (100)-oriented boron-doped p-type float-zone silicon wafers with a resistivity of 

100 Ω cm were used. After wet chemical cleaning, a silicon nitride (SiNx) layer (refractive index 

2.1) was deposited onto the front side by means of plasma-enhanced chemical vapor deposition 

(PECVD). Then, the samples were split into two groups: Whereas the first part was retained 

(denoted as group A), an optional full-area Al-p+ region was alloyed on the rear of the second 

part (denoted as group B) for the investigation of full-area Al-p+ shunting. Please note that the 

optional full-are Al-p+ region did not influence the local contact formation, though. 

Subsequently, the samples of both groups were rear surface-passivated by a stack consisting of a 

10 nm thick atomic-layer-deposited aluminum oxide (Al2O3) layer and an 80 nm thick PECVD 

SiNx layer. The Al2O3/SiNx stack was locally opened by laser ablation using a Lumera Super 

Rapid laser (wavelength of 532 nm, pulse width of 12 ps), creating points with a diameter of 
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approximately 75 µm and pitches L in the range of 150 µm to 2000 µm. Subsequently, a fritless 

Al paste for the full-area rear contact was screen-printed onto the entire rear surface and dried so 

as to remove the solvents. 

The composition of the Al base paste (cf. Tab. 2.1 [p. 53]) was modified by systematically 

adding Si powder (particle size 1 to 20 µm) to vary the Si content fSi in the range of 0 to 24 wt%. 

Furthermore, terpineol was added for the sake of printability. The printed paste amount m�Paste 

was measured to be 6.4 ± 0.2 mg/cm2 before drying, independent of the paste composition. The 

Al pastes were fired in a conveyor belt furnace at a set peak temperature of 900 °C to form the 

local contacts to the Si surface in the opened points by alloying. At the same time the non-

opened Al2O3/SiNx passivation stack protects the Si surface and improves its passivation quality 

significantly due to thermal activation [159, 160]. To enable a distinct characterization of the 

contact properties, the paste residuals and the Al-Si eutectic layer were subsequently etched off 

in hydrochloric acid (HCl). 

The effective peak temperature Tpeak,eff of the alloying process was not measured, but is expected 

to be clearly above 800 °C, since the low amount of the paste reduces the effect of the latent heat 

of the paste (cf. subsection 2.3.5 [p. 67]). 

Scanning electron microscopy (SEM) was used to evaluate the contact geometry and the 

thicknesses of the Al-p+ regions in the contact points. Quasi-steady state photoconductance 

(QSS-PC) measurements were carried out to determine the effective rear surface recombination 

velocities Srear (see subsection 1.2.6 [p. 23] and [194]). In order to assess the internal reflectance, 

 

 

Fig. 5.2 Schematic structure of the test samples for the characterization of locally Al-alloyed 

point contacts (before HCl etching). For group B samples, a full-area Al-p+ region was 

additionally alloyed on the rear. The contact crater is shown as being filled with Al-Si eutectic, 

but may also exhibit voids. Please note that after alloying, the width of the point contact can be 

slightly larger than the diameter of the laser opening, since the dissolution of Si from the edges 

of the opening during alloying leads to the widening of the contact point. Published in [182]. 
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spectrally resolved reflectance measurements were performed. The four-point probe technique 

was applied to investigate the resistivities of the paste matrices. 
 

Characterization of locally aluminum-alloyed contacts 

In Fig. 5.3, cross-sectional SEM images of locally Al-alloyed contacts which were formed by 

alloying from a conventional Al paste with 0 wt% Si content are displayed for different pitches 

L. It is evident that the Al-p+ region thicknesses dAl-p+ in the contact points considerably decrease 

and the contact depths dcont considerably increase with increasing pitch, thus resulting in inferior 

contact properties. The distance between the openings therefore has a significant influence on the 

properties of the locally Al-alloyed contacts. A quantitative dependence of dAl-p+ and dcont on the 

applied contact pitch L is shown in Fig. 5.4 (a). 

To understand the deficient contact formation, the Si percentage cSi
local which dissolves into the 

Al-Si melt from the local contact openings during alloying was calculated. By assuming that the 

Si mass which is dissolved per contact point is homogeneously distributed in the melt within the 

paste matrix of a square with an edge length of pitch L and in the contact crater (see Fig. 5.5), 

cSi
local can be estimated by 

cSi
local(L) = 

VSi(L) ⋅ ρSi

VSi(L) ⋅ ρSi + m�Al,0 ⋅ L2 , (5.1) 

with VSi standing for the dissolved Si volume per contact point and m�Al,0 for the amount of Al 

mass. Thus, for the first time, a quantitative estimation of the Si concentration of the Al melt 

during local alloying is presented, which serves as a basis for the further optimization of the 

paste composition. 

Fig. 5.4 (b) displays the Si percentage cSi
local as a function of the pitch L for a conventional Al 

paste. It is clearly visible that cSi
local decreases strongly with increasing pitch, showing a direct 

correlation with the Al-p+ thickness dAl-p+ in the contact points in Fig. 5.4 (a). As discussed in 

section 2.2.1 [p. 45], an Al-Si melt with a Si percentage well above the eutectic percentage 

ceut = 12.6 wt% is required to reject Si from the melt for the formation of an Al-p+ region so that 

dAl-p+ severely drops for higher L values. Additionally, for effective peak temperatures higher 

than 800 °C, the equilibrium peak Si percentage exceeds 30 wt%. Since the calculated cSi
local 

values are far below this percentage for L > 150 μm, a strong driving force for persistent Si 

dissolution through the opened areas during alloying is set up, leading to high contact depths. 
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Fig. 5.3 Cross-sectional SEM images of Al-alloyed contact points for pitches L of (a) 150 µm, 

(b) 250 µm and (c) 400 µm (group B samples). A conventional Al paste with 0 wt% Si content was 

used and identical paste amounts and firing conditions were applied for contact alloying. Due to 

the potential contrast, the interface between the Al-p+ region and the Si base is clearly visible (cf. 

appendix 7.1.4 [p. 269]) and can be used for Al-p+ thickness measurements. The point contacts 

show increasing contact depths and decreasing Al-p+ thicknesses in the contact areas for a 

growing pitch L. The widths of the contact points are thereby limited by the Al2O3/SiNx passivation 

stacks which cover the optional full-area Al-p+ regions at the edges. For pitches L ≥ 250 µm, the 

local contacts have characteristic shapes of truncated pyramids, which are caused by the 

preferential Si dissolution following the 〈111〉 direction of the Si crystal. Published in [182]. 

 

 

0 500 1000 1500 2000
0

1

2

3

4

5

6

7

Al
-p

+  re
gi

on
 th

ick
ne

ss
 in

 
co

nt
ac

t p
oi

nt
s 

d Al
-p

+ [
µm

]

Pitch L [µm]

Si content fSi = 0 wt%

20

30

40

50

60

70

80
(a)

Co
nt

ac
t d

ep
th

 d
co

nt
 [µ

m
]

0 500 1000 1500 2000
0

5

10

15

20

25

30

35
Si content fSi = 0 wt% 

 

Si
 p

er
ce

nt
ag

e 
of

 A
l-S

i m
el

t 
clo

ca
l

Si
 [w

t%
]

Pitch L [µm]

Lack of Si rejection
from melt during
cooling

(b)

Si percentage at 
estimated effective 
peak temperature 

Si percentage at 
eutectic temperature 

Driving force 
for persistent 
Si dissolution

 

Fig. 5.4 (a) Average thickness dAl-p+ of the Al-p+ region in the contact points and contact depth 

dcont as functions of the pitch L using a conventional Al paste with 0 wt% Si content (group B 

samples). (b) Calculated Si percentage cSi
local that dissolves into the Al-Si melt from the local 

openings during alloying. Lines are guides to the eyes. Published in [182], adapted. 
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Please note that assuming a homogeneous distribution of Si within the melt is only a first-order 

approximation [127, 184]. Due to a laterally inhomogeneous Si distribution, local Si 

accumulation in the vicinity of the local openings leads to a slight Al-p+ formation even for high 

pitch values. For a more exact evaluation, finite lateral Si diffusion has to be taken into account.34 

In conclusion, in order to improve the structural and electrical properties of the Al contact points 

by increasing the Al-p+ thicknesses in the contacts and lowering the contact depths, it is 

necessary to increase the Si percentage in the melt during alloying. Several possibilities are 

conceivable when adhering to full-area screen printing: 

(i) Providing additional Si by manually adding Si to the Al paste [24]. 

(ii) Increasing the diameter of the opened points. However, this leads to an increase in the 

contact resistivity [23] and in the percentage of the metallized rear surface. 

(iii) Replacement of the point contacts by line contacts [20, 184], which exhibit only a one-

dimensional Si diffusion. This would again lead to an increase in the percentage of the 

metallized rear surface. 

(iv) Reducing the Si diffusivity [184], e.g. by adding components to the Al paste that slow down 

the transport of matter though the paste particles. In subsection 4.3.3 [p. 149] of this work, it 
                                                 

 
34 Further analytical models for local alloying from Al paste have been published subsequent to the investigations of 

this work, which partly seize the results of this work [184, 190]. These literature models account for the lateral Si 

distribution to different extents (see introductory section 5.1). 

 

 

Fig. 5.5 Schematic showing how the Si percentage cSi
local that dissolves into the Al melt from 

beneath the opened areas during alloying was calculated. The red-shaded area represents the 

dissolved Si volume VSi per contact point, which has been determined by measuring the contact 

geometry. For the calculation, a homogeneous distribution of Si in the melt in (i) the paste 

matrix with an edge length of pitch L, which is illustrated by the black-shaded area of the paste 

matrix, and (ii) in the contact crater was assumed.  
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was shown that boron trioxide is such a promising additive, which at the same time enables 

the incorporation of B acceptors into the p+ regions in the contact areas. Alternatively, the 

size distribution of the paste particles could be adapted to reduce the Si diffusivity [184]. 

(v) Reducing the printed Al paste amount further, which might technologically be very 

challenging, though. 

5.2.2 Local alloying from aluminum pastes with additional silicon content 

The approach of adding Si to the Al paste for the local contact alloying was introduced by Vichai 

Meemongkolkiat in 2008 [24]. Although he achieved clear efficiency improvements for p-type 

Si PERC solar cells by forming the local contacts from an Al paste containing Si additives (Al-Si 

paste), he did not investigate the influence of the Al-Si paste on the contact point properties in 

very detail.  

Therefore, in this work, the composition of an Al base paste was modified systematically by 

intentionally adding different amounts of Si powder to the paste. Fig. 5.6 shows cross-sectional 

SEM images of Al-alloyed contact points for a pitch L = 900 µm and different Si contents fSi in 

the Al paste. This high pitch, besides being a pitch often used for PERC solar cells [195, 196], 

allows one to investigate the effect of the paste composition on the contact formation in a clear 

way. It is clearly visible that by increasing fSi, the contact depths are reduced drastically and the 

Al-p+ region thicknesses in the contact point increase. 
 

In Fig. 5.7, the thicknesses dAl-p+ of the Al-p+ regions in the contact points and the contact depths 

dcont are shown as functions of the pitch L for different Si contents fSi in the Al pastes.  

For small pitches, dAl-p+ and dcont are approximately independent of fSi as enough Si is provided 

from the opened contact areas to saturate the Al-Si melt for fSi = 0 wt% as well. Thus, the further 

dissolution is slowed down and Si is sufficiently rejected from the melt for Al-p+ crystallization. 

The strong decrease in dAl-p+ and increase in dcont that has been observed for fSi = 0 wt% in 

Fig. 5.4 (a) can be moderated considerably by increasing fSi (see red arrows in Fig. 5.7 (a) and 

(b)). In particular, the Al-p+ thicknesses get independent of the pitch for fSi close to the eutectic 

percentage of 12.6 wt% and above. This indicates that the Si for the formation of the Al-doped 

p+ regions is provided mainly by Si added to the paste and not by Si dissolved from the contact 

points. Accordingly, in order to yield constantly low contact depths, which are particularly 

independent of the pitch, fSi has to be increased toward the peak concentration of approximately 
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30 wt%. The contact penetration into the Si base is expected to be prevented completely by 

further adding Si to the Al paste. 

For Si contents fSi of 12 wt% and 24 wt%, no significant differences in the Al-p+ region 

thicknesses in the contact areas were observed, even though the concentrations of Si in the Al-Si 

melts should differ considerably. To clarify this issue, cross-sections of the Al paste matrices 

from the surface-passivated areas between the local contacts were prepared after contact firing 

by means of ion polishing. Fig. 5.8 shows SEM images of the paste matrices for Si contents fSi 

ranging from 0 to 24 wt%. 

For fSi = 0 wt%, the paste particles are completely filled with Al and no Si is detected within the 

paste matrix. After Si powder has been added to the Al paste (fSi = 6 wt%), small Si lamellas 

appear near the rims of the paste particles, which have grown into the particles from the particle 

shells. For fSi = 12 wt%, which is close to the eutectic concentration, the characteristic lamellar 

structure of the Al-Si eutectic is visible within the entire paste particles. For fSi = 24 wt%, in 

addition to Si lamellas, also larger Si areas appear, which result from parasitic Si 

recrystallization within the paste particles. Therefore, although the concentration of Si in the melt 

in the paste particles increases when increasing the Si content from 12 wt% to 24 wt%, this does 

 

 

Fig. 5.6 Cross-sectional SEM images of locally Al-alloyed contact points for a pitch 

L = 900 µm and Si contents fSi in the Al paste of (a) 0 wt%, (b) 6 wt%, (c) 12 wt% and 

(d) 24 wt% (group B samples). Identical paste amounts and firing conditions were used for 

contact alloying. For an improved characterization of the Al-p+ region in the contact points, the 

Al-Si eutectic and the paste residuals were removed. Published in [181]. 
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not result in stronger Al-p+ region growth in the contact areas due to the intensifying parasitic Si 

recrystallization. 
 

In summary, by applying Al pastes with Si contents in the range of the peak equilibrium 
percentage, which depends on the specific effective peak temperature, high Al-p+ thicknesses 
within the contact points and low contact depths are achieved. At the same time, these Si 
contents ensure a point contact geometry independent of the distance between the point 
contacts. 

5.3 Further properties of locally aluminum-alloyed contacts 

Since the addition of Si to the Al paste has a significant effect on the point contact geometry, 

further properties of the locally Al-alloyed contacts were investigated. 

5.3.1 Recombination at contact points 

The major advantage of a passivated rear is the reduction of the metalized area, enabling a 

significantly reduced rear surface recombination velocity Srear [16, 69, 197]. In Fig. 5.9 the 

influence of the pitch L and the Si content fSi on Srear, evaluated at an excess charge carrier 

density of 1015 cm-3, is shown. Srear thereby consists of a contribution from the non-passivated 

point contact areas (denoted as Scont) and a constant contribution from the passivated rear surface 
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Fig. 5.7 (a) Average Al-p+ region thickness in the contact points and (b) average contact depth 

as functions of the pitch L for different Si contents fSi in the Al paste (group B samples). For 

convenience, error bars are not displayed here and in the following figures. Lines are guides to 

the eyes. Published in [182]. 
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between the contacts (denoted as Spass). For the investigation of the recombination properties, the 

samples of group A without a full-area Al-p+ region were used to yield Spass values as low as 

possible. 

An increase in the pitch L causes two main effects which affect Srear inversely: (i) The point 

contact density decreases, lowering the contribution of the contact recombination so that Srear 

approaches Spass. (ii) At the same time, the point contact geometry changes, as discussed in the 

previous section. In particular, the Al-p+ thickness dAl-p+ in the contact points is reduced, which 

leads to the deterioration of electron shielding. 

For L = 150 µm, dAl-p+ is independent of fSi (see Fig. 5.7 (a)). Consequently, the respective Srear 

values are nearly identical. For higher pitches, however, the substantially different dAl-p+(L) 

dependency of Al pastes with fSi below the eutectic concentration (0 wt% and 6 wt%) and with fSi 

close to or above the eutectic concentration (12 wt% and 24 wt%) causes significant differences 

in the Srear behavior: 

 

 

Fig. 5.8 Cross-sectional SEM images of the Al paste matrices in the surface-passivated areas 

between the local contacts for Si contents of (a) 0 wt%, (b) 6 wt%, (c) 12 wt% and (d) 24 wt% 

(group B samples). A contact distance of 900 µm, identical paste amounts and identical firing 

conditions were used for contact alloying. Dark areas represent silicon, bright parts represent 

aluminum (verified by energy dispersive X-ray measurements). The Al-Si eutectic in (c) exhibits 

a characteristic lamellar structure; larger Si areas within the paste particles in (d) result from 

parasitic Si recrystallization.  
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The strong decrease of the Al-p+ thickness in the low pitch range, which was observed for Al 

pastes with fSi = 0 wt% and 6 wt%, lowers the electron shielding in the contact points 

significantly. This leads to a severe increase in Scont, which predominates the decreasing point 

contact density clearly. Consequently, Srear increases for increasing pitch in the low pitch range. 

For further increasing L, the deficiently high point contact recombination becomes more and 

more negligible, so that Srear reaches a maximum for contact distances in the range of 600 to 

900 µm and decreases toward Spass for high L values. 

However, when Al pastes with Si contents of 12 wt% or 24 wt% are applied, the Al-p+ thickness 

in the contact points is nearly independent of L. Thus, Scont remains approximately constant with 

increasing pitch, so that only the reduction of the contact density contributes, leading to a 

monotonous decrease of Srear toward Spass. 

In conclusion, the addition of Si for an improved local contact formation is particularly effective 

for contact distances in the range of 600 to 900 µm, which are exactly the distances that are often 

used for the fabrication of rear surface-passivated p-type Si solar cells [195, 196]. In this pitch 

range, Srear could be reduced to less than 30 % of the value corresponding to the Si-free Al paste 

by the application of an Al paste with an adapted Si content. 
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Fig. 5.9 Effective rear surface recombination velocity Srear as a function of the pitch L for 

different Si contents fSi, evaluated at an excess charge carrier density of 1015 cm-3. For the 

lifetime measurements, type A samples have been used, thereby omitting the optional full-area 

Al-p+ region. Please note that the measurement spot for the determination of Srear has a diameter 

in the range of centimeters, so that it is much larger than the pitches L of this investigation. 

Lines are guides to the eyes. Published in [182]. 
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5.3.2 Rear side reflectivity 

In addition to improvements in the rear side recombination, rear surface-passivated solar cells 

profit from an increased internal reflectance in the long wavelength range [198]. 

Meemongkolkiat demonstrated that the internal reflectance of Al pastes containing Si additives 

is lower than the internal reflectance of Al pastes free from Si additives [24], however, without 

addressing the effect of the contact distance on the internal reflectance in detail. This 

investigation is therefore presented in the following. 

Because all samples used for the experiments described in this chapter exhibit the same front 

side scheme, the reflectivity R1200 at a wavelength of 1200 nm is a convenient quantitative 

measure for the internal reflectance. Again, R1200 comprises contributions of the point contact 

areas and of the passivated rear surface. In Fig. 5.10, R1200 is shown as a function of the pitch L 

for different fSi values. Obviously, the reflectivity is improved for increasing the pitch, the 

magnitude of the improvement thereby depending on the Si content in the Al paste. 

For the low pitch range, the high parasitic absorption within the aluminum covering the contact 

points dominates. Therefore, the internal reflectance is reduced and particularly independent of 

the Si content fSi.  

For large pitches, the absorption within the contact points becomes secondary, so that R1200 is 

primarily determined by the area between the contacts. Since the thickness of the rear passivation 

layer was fixed, changes in the internal reflectance in this pitch range result from different 

constitutions of the paste matrices covering the passivation layers. Thus, the decrease in R1200 for 

increasing Si contents fSi has to be attributed to the intrinsic change in the Al paste matrix 

composition (see the red arrow in Fig. 5.10). Since the addition of Si to the Al paste enhances the 

formation of an Al-Si substructure consisting of pure Al and Si lamellas or larger Si areas (cf. 

Fig. 5.8), it is assumed that the more pronounced substructure leads to stronger parasitic 

absorption within the rear Al metal contact. 

5.3.3 Resistivity of the paste matrices 

For conventional Si solar cells without rear surface passivation, a characteristic Al-Si eutectic 

layer of compact composition forms underneath the Al paste matrix during alloying of the full 

area rear contact (cf. section 2.2 [p. 45]). This layer affects the contact’s lateral conductivity 

strongly due to its low specific resistivity of 6 µΩ cm [105]. However, by applying a passivation 

layer on the rear surface, the formation of an Al-Si eutectic layer is inhibited, so that the current 

solely flows laterally through the rear Al paste matrix to the silver soldering pads to which the 



5.3  Further properties of locally aluminum-alloyed contacts 191 

 

solar cell interconnectors are attached. Consequently, low specific resistivities of the paste 

matrix are required to prevent resistive losses. 

In Fig. 5.11 (a) the specific resistivity ρpaste of the Al paste matrix, determined by four-point 

probe measurements, is plotted against the pitch L for different Si contents fSi. The specific paste 

resistivity is approximately independent of L and only shows a slight increase in the low pitch 

range. However, adding Si to the Al paste leads to a larger increase in ρpaste (see the red arrow in 

Fig. 5.11 (a)). This increase can be easily attributed to the growing percentage of Si in the paste 

matrix, which, as a semiconductor, exhibits a higher specific resistivity. 

To assess the influence of the paste resistivity on the solar cell characteristics, the series 

resistance contribution Rs,paste originating from the paste resistivity was calculated. For this 

purpose, solar cells with an edge length of 125 mm were assumed, which exhibit two continuous 

rear silver soldering pads with similar length. By assuming correctly that the point contact 

distance is small compared to the distance dsp = 61.5 mm between the rear soldering pads, Rs,paste 

is given by [35]: 

Rs,paste(L) =  
1
12

 ⋅
ρpaste(L)

dpaste
⋅ dsp

2 , (5.2) 

with dpaste standing for the thickness of the Al paste. Fig. 5.11 (b) shows Rs,paste as a function of 

the pitch L for the different Si contents fSi. For comparison, typical series resistances of the front 

side metallization of n-type Si solar cells with Al-alloyed rear emitter are in the range of 

0.6 Ω cm2 [199]. 
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Fig. 5.10 Reflectivity at a wavelength of 1200 nm R1200 as a function of the pitch L for different 

Si contents fSi in the Al paste (group B samples). Lines are guides to the eyes. Please note that 

the measurement spot for the determination of the reflectivity has a diameter in the range of 

centimeters, so that it is much larger than the pitches L of this investigation. Published in [182]. 
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The two-diode model (see section 1.1 [p. 7]) was applied to determine the losses in fill factor 

resulting from the paste resistances. For Si contents fSi ≤ 12 wt%, the fill factor losses due to the 

paste resistivities were calculated to be well below 1 %abs.  

5.3.4 Discussion of contact point properties 

In the present section 5.3, it has been shown that recombination within the contact points can be 

reduced significantly by increasing the Si content fSi in the Al paste. However, to account for the 

decreasing internal reflectance and particularly for the strongly increasing specific resistivity, the 

Si content in the Al paste should be limited to values in the range of the eutectic percentage of 

12.6 wt%. These Si contents are high enough to enable low rear surface recombination and at the 

same time moderate reflectance and resistive losses. To further reduce or circumvent the 

conductivity problems, two possibilities are conceivable: (i) Evaluating further paste additives to 

lower the paste matrix resistivity, which is part of future work, or (ii) investigating ways to form 

full-area contacts to the rear paste matrix for the solar cell interconnection. Different approaches 

for this interconnection concept have already been presented [200-203]. 

 

0 500 1000 1500 2000
0

50

100

150

200

250

300

350

Sp
ec

ific
 p

as
te

 re
sis

tiv
ity

r pa
st

e [
µΩ

cm
]

Pitch L [µm]

(a)(a)

Si content fSi

   0 wt%
   6 wt%
 12 wt%
 24 wt%

0 500 1000 1500 2000
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40
(b)

 

 

Se
rie

s 
re

sis
ta

nc
e 

R s,
pa

st
e [

Ω
 cm

2 ]

Pitch L [µm]

125 x 125 mm2

Two rear busbars

Si content fSi

   0 wt%
   6 wt%
 12 wt%
 24 wt%

 

Fig. 5.11 (a) Measured specific resistivity ρpaste and (b) calculated series resistance Rs,paste of the 

paste matrix as functions of the pitch L for different Si contents fSi in the Al paste (group B 

samples). For the calculation of the series resistance, solar cells with edge lengths of 125 mm 

and two rear solerding pads for the solar cell interconnection were assumed. Lines are guides to 

the eyes. Figure (a) published in [182]. 
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5.4 Summary 

In this chapter, a comprehensive investigation of local contacts formed by full-area screen-

printing and firing of an aluminum paste on the locally opened passivation layers of rear surface-

passivated p- and n-type silicon solar cells has been presented. The Al-doped p+ regions that 

form in the contact areas during alloying thereby act as local back surface fields for the p-type Si 

and as local rear emitters for the n-type Si solar cells, respectively. 
 

Because different contact geometries are necessary for the different solar cell concepts, the 

influence of the contact distance on the contact properties has been investigated in detail. It has 

been demonstrated throughout this chapter that the contact distance has a significant influence on 

the local alloying process for the contact formation when conventional Al pastes are applied. 

This strongly affects the structural and electrical contact properties: Increasing the contact 

distance leads to (i) high contact depths, resulting in an enlargement of the contact area, and to 

(ii) severely low thicknesses of the Al-doped p+ Si regions in the contact areas, leading to a 

strong increase in recombination within the contact points. For the first time, this inadequate 

contact formation has been investigated quantitatively by calculating the concentration of Si 

that dissolves into the melt through the local openings during alloying. The deficient contact 

properties could thus be linked directly to the low Si concentration of the melt, which results in 

(i) the persistent dissolution of Si through the local openings and (ii) the poor recrystallization of 

Al-doped p+ Si in the contact areas. 

It has been shown that, by intentionally adding Si powder to the Al paste, an approach 

introduced in the literature, the contact penetration into the Si base is reduced and the thickness 

of the Al-p+ region in the contact points increased. By applying Al pastes with Si contents of 

24 wt%, local contact properties independent of the contact distance were realized. 
 

By measuring the rear surface recombination velocity Srear, which comprises a contribution from 

the non-passivated local contacts and a constant contribution from the passivated rear surface 

between the contacts, it has been demonstrated that Srear depends strongly on the contact distance. 

When applying conventional Al pastes free from Si additives, Srear showed a distinct maximum 

for contact distances in the range of 600 to 900 µm, which are the distances that are often used 

for the fabrication of rear surface-passivated p-type Si solar cells. If the local contacts are formed 

from Al pastes containing Si contents close to or above the eutectic concentration of 12.6 wt%, 

the shielding of electrons from the metal contact improves significantly. The rear surface 
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recombination velocity in this pitch range could thus be lowered to less than 30 % of the value 

corresponding to the Si-free Al paste.  

It has been demonstrated furthermore that adding Si to the Al paste is attended by a decrease in 

internal reflectance due to the intensified parasitic absorption in the paste matrix and by an 

increase in the resistivity of the paste matrix. This would lead to reflectance and ohmic losses in 

solar cell applications, respectively. Thus, it has been proposed to use moderate Si contents in 

the range of the eutectic percentage in order to profit from the reduced recombination, while at 

the same time minimizing the losses from the reduced internal reflectivity and the increased 

paste matrix resistivity. 

In summary, a simple and efficient method to significantly improve the formation of locally 

Al-alloyed contacts has been presented in this chapter. 

 

 



 

 

 

6 Application of aluminum-alloyed p+ emitters in n-type silicon solar 

cells  

In this chapter, alloying from screen-printed aluminum pastes is applied to form the p+ rear 

emitter of n-type silicon solar cells. In section 6.1, the key aspects for a successful fabrication of 

n-type Si solar cells with an Al-p+ emitter reported in the literature are reviewed. In the 

subsequent section 6.2, the different concepts for the implementation of Al-p+ emitters in solar 

cells currently under research at Fraunhofer ISE are presented. It is discussed how the results of 

this work have contributed to improving the performance of these solar cell concepts. Section 6.3 

deals with simplifying the solar cell fabrication processes. Section 6.4 focuses on replacing 

printed front contacts by nickel-plated contacts, which allow to decouple the front and the rear 

contact formation and, thus, to optimize the conditions for the alloying of the p+ rear emitter 

accurately. Because Ni-plated contacts form low-ohmic contacts to lowly doped phosphorus-n+ 

regions, an industrially viable process for the formation of advanced n+ front surface fields is 

investigated in section 6.5, which is based on etching of highly P-doped n+ regions. In section 6.6, 

different approaches for future improvements of n-type Si solar cells with an Al-alloyed p+ rear 

emitter are discussed. Some of the results of this chapter have been published in [204, 205]. 

6.1 Introduction 

Today, the main part of the Si solar cells are fabricated from boron-doped p-type Si wafers [4]. 

Nevertheless, the percentage of solar cells made from P-doped n-type Si increases steadily [4], 

since n-type Si (i) is less sensitive to common impurity atoms like e.g. iron (cf. Fig. 1.5 [p. 18] 

and reference [28]), and (ii) does not show light-induced degradation, which results from the 

formation of boron-oxygen complexes in p-type Si [29, 30]. As a consequence, the two 

companies that manufacture high-efficiency Si solar cells today, SunPower [206] and Panasonic 

[207], use n-type Si as base material, which underlines the high potential of this material. 

The transfer from p- to n-type Si base material involves technological challenges for solar cell 

manufacturing, particularly for the fabrication of the highly doped p+ emitters. Several routes are 

industrially conceivable: (i) B diffusion [32, 206, 208], (ii) deposition of a stack of intrinsic and 

B-doped amorphous Si layers [207, 209] or (iii) alloying from a screen-printed Al paste. 

Whereas approaches (i) and (ii) require the change from established production processes to new 

techniques and new fabrication equipment, no fundamental change is necessary for switching 

from p- to n-type Si solar cells applying approach (iii). Therefore, the well-established processes 
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that are used for the fabrication of the majority of today’s Si solar cells can be retained for this 

approach. The P-diffused n+ front, which forms the emitter in p-type Si cells, then acts as front 

surface field (FSF) and the full-area screen-printed Al-alloyed p+ rear, which is the back surface 

field in p-type Si cells, acts as rear emitter, so that this solar cell concept is an n+np+ rear emitter 

concept. n-type Si solar cells with an Al-alloyed p+ rear emitter therefore combine the superior 

electrical properties of n-type Si material and a well-established and industrially feasible 

fabrication process.35 

In 2001, Meier et al. were the first to apply Al-alloyed emitters in n-type Si solar cells, thus 

achieving conversion efficiencies of 14.2 % (cell area: 4 cm2) [25]. They concluded that “the 

quality, uniformity, and reproducibility of aluminum alloy p-n junctions are satisfactory for 

silicon solar cells” [25]. Since then, much research has been conducted to improve the 

performance of this solar cell concept by experiments [26, 27, 158, 213-216] and simulations 

[31, 199].  

Several key aspects for a successful application of screen-printed Al-alloyed p+ emitters in 

n-type Si solar cells have been identified so far: 

(i) Careful Al-p+ rear emitter formation: The Al-alloyed p+ emitter has to be prepared very 

carefully because these solar cells are particularly sensitive to the properties of the p+ rear 

emitter [31, 157, 217]. An additional passivation of the Al-p+ emitter surface is therefore 

very promising to improve the electrical properties of the solar cells [158, 213, 217]. 

(ii) Effectively passivated and lowly doped front surface fields: The surface of the P-doped n+ 

FSF has to be passivated effectively in order to improve the collection of holes by the rear 

emitter [31, 215, 217, 218]. For this reason, low P surface concentrations [219] and an 

adapted front side metallization are required. 

(iii) High base resistivities or selective front surface fields: Base resistivities of 10 Ω cm or more 

are important to ensure an efficient shielding of holes by the FSF [26, 31, 199]. If higher-

doped n-type Si material should also be used for the solar cell fabrication to maximize the 

utilization of the Si ingot, the implementation of a selective FSF is required [199]. 

                                                 

 
35 Please note that, in addition to n-type Si solar cells with contacts on both sides, Al-alloyed p+ emitters have also 

been applied to fabricate back-contact back-junction n-type Si solar cells [210-212]. However, these solar cell 

concepts demand for a much more complex fabrication process. 
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(iv) High quality base material: High diffusion lengths of the minority carriers in the n-type Si 

base are essential to yield an adequate carrier collection by the rear emitter [31, 217]. 

Czochralski-grown n-type Si is well-suited for the solar cell fabrication because it is rather 

insensitive to common impurity atoms and does not exhibit light-induced degradation [26, 

27, 220].  

Following these key aspects, during recent years, several research groups have achieved 

remarkably high conversion efficiencies in the range of 19 to 20 % [214-216] for large-area 

n-type Si solar cells with an Al-p+ rear emitter. Thereby, two different industrially feasible 

approaches for realizing an optional rear surface passivation have been introduced into this cell 

structure: (i) the passivation of the full-area Al-p+ rear emitter surface and the application of 

local contacts through this passivation layer [214, 221], and (ii) the passivation of the rear 

surface of the n-type Si base and the formation of local Al-p+ emitters [214, 221]. 

In the following section, the concepts and results of n-type Si solar cells with an Al-p+ rear 

emitter realized at Fraunhofer ISE are presented and compared to the results of other work 

groups. The optimized Al-p+ emitter structures discussed in the previous chapters of this work 

have been implemented to improve the solar cell performance. In addition, approaches for 

further improvements and simplifications of the solar cell process are derived, which are 

addressed in detail in the subsequent sections of this chapter. 

6.2 Concepts and results of n-type Si solar cells with Al-p+ rear emitter at 

Fraunhofer ISE 

The solar cell development described in this section 6.2 is based on the work of Christian 

Schmiga at Fraunhofer ISE. Thereby, the investigations on alloying from Al pastes carried out in 

the present work made important contributions to this solar cell development. These 

contributions are pointed out and discussed in the following. 

Fig. 6.1 shows the schematic structures of the n+np+ Si solar cells featuring: 

(i) a non-passivated full-area Al-p+ emitter (denoted as solar cell concept 1): 

This solar cell concept is the most simple one to use Al-alloyed p+ emitters in n-type Si solar 

cells. Thereby, the open-circuit voltages of the solar cells are enhanced significantly by 

adapting the printing and firing conditions of the alloying process (i.e. the paste amount, the 

peak temperature and the peak temperature time, cf. section 3.3 [p. 106]). The application of  
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Fig. 6.1 Structures of n+np+ n-type Si solar 

cells with aerosol jet-printed and plated Ag 

front contacts and (a) a non-passivated 

full-area Al-alloyed p+ rear emitter, (b) a 

surface-passivated full-area Al-p+ rear 

emitter and local contacts and (c) local 

Al-alloyed p+ rear emitters in a passivated 

rear Si surface. The solar cell structures were 

described in [214, 218, 221]. 

 

B-additives within the Al pastes has the potential to improve the recombination 

characteristics of the p+ regions further (cf. section 4.4 [p. 152]). 

 (ii) a surface-passivated full-area Al-p+ emitter (solar cell concept 2): 

To further improve the recombination characteristics and thus the Voc values of the solar 

cells, an additional passivation of the full-area Al-p+ rear emitter surface is applied. Thereby, 

a careful preparation of the emitter surface before the deposition of the passivation layer 

stack is essential (cf. section 3.4 [p. 116]). Al-p+ emitters with low thicknesses hence feature 

excellent electrical properties (cf. section 3.4 [p. 116]). Since the depths of the locally alloyed 

rear contacts through the passivation stack exceed the thickness of the full-area Al-p+ emitter 

by far (cf. section 5.2 [p. 178]), it is important to reduce the recombination in the contact 

points as well. This can be done effectively by using an Al paste containing Si additives for 

the contact formation, which leads to an enhanced Al-p+ emitter formation in the contact 

points (cf. section 5.3 [p. 187]). 
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 (iii)  local Al-p+ emitters in a passivated rear Si surface (solar cell concept 3): 

An obvious simplification of solar cell concept 2 is to omit the full-area Al-p+ emitter and to 

apply local emitters. Since for solar cell concept 3, the recombination characteristics of the 

locally alloyed Al-p+ emitters are particularly critical, the utilization of an Al paste 

containing Si additives is highly effective (cf. section 5.3 [p. 187]). 

To form the front contact grids to the front surface fields of these solar cells, aerosol jet printing 

of a silver seed layer followed by Ag plating has been used [222-224]. This promising two-layer 

metallization technique enables low contact resistances to n+ Si with P surface concentrations 

significantly below 1020 cm-3 [223, 224]. Therefore, it is well suited for the application to 

advanced FSFs allowing for improved front surface passivation. 
 

Solar cell fabrication 

The solar cells were manufactured from P-doped n-type float-zone Si wafers with a resistivity of 

10 Ω cm and edge lengths of 12.5 cm. The fabrication processes of the three solar cell concepts 

have been described in detail in [214, 218, 221] and are schematically shown in Fig. 6.2. 

The initial processing steps are identical for the three solar cell concepts: 

After saw damage etching, a silicon dioxide (SiO2) mask was prepared on the rear side by 

thermal oxidation. The rear SiO2 layer thus provides protection for the subsequent texturing with 

random pyramids and the phosphoryl chloride (POCl3) diffusion of the front surface field. To 

lower the P surface concentration of the FSF, an additional thermal drive-in step was carried out. 

Thus, the FSF exhibits a sheet resistance of 100 Ω/sq and a P surface concentration of 

5⋅1019 cm-3. The rear oxide mask was then removed in hydrofluoric acid (HF). Subsequently, the 

passivation layer stack was formed on the front surface: a 10 nm thick SiO2 layer was thermally 

grown and a 65 nm thick antireflection silicon nitride (SiNx) layer was deposited by plasma-

enhanced chemical vapor deposition (PECVD). This allows for saturation current densities of the 

FSF of approximately 100 fA/cm2.36 Then, the 10 nm thick SiO2 layer was etched off from the 

rear by a short HF dip.  

The further processing of the three solar cell concepts differs: 

                                                 

 
36 This saturation current density was measured on textured reference samples without metal fingers after firing in a 

conveyor belt furnace. 
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Solar cell concept 1: 

The Ag seed layer for the front metal grid was printed using the aerosol jet technique. Typical 

seed layer widths are in the range of 30 to 50 µm. Then, Al paste was full-area screen-printed 

onto the rear, thereby applying the Al base paste investigated in chapter 2 [p. 43] and 3 [p. 95] 

(paste amount m�Paste = 6.5 mg/cm2). Subsequently, a co-firing step in a conveyor belt furnace 

was carried out to form the front contacts and to simultaneously alloy the full-area Al-p+ rear 

emitter (set peak temperature Tset = 900 °C, peak temperature time tpeak = 4.3 s). Finally, the seed 

layer was thickened by means of light-induced Ag plating to improve the conductivity of the 

front grid [225]. 

 

Solar cell concept 2: 

Few further steps have to be added to the process sequence to realize an additional surface 

passivation of the full-area Al-p+ rear emitter. After the formation of the SiO2/SiNx passivation 

 

 
 

Fig. 6.2 Processing sequences of the three n-type Si solar cell concepts with an Al-alloyed p+ 

rear emitter shown in Fig. 6.1. The process steps were performed on the front (blue fields), on 

the rear (orange fields) or on the front and on the rear (grey fields). Figure redrawn from [214]. 
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stack on the front, the same Al paste was screen-printed onto the entire rear surface and fired to 

form the full-area Al-p+ emitter. As has been proposed in subsection 3.4.2 [p. 123], a high paste 

amount (m�Paste = 13.5 mg/cm2) and a high thermal budget of the alloying process (Tset = 900 °C, 

tpeak = 5.3 s) were thereby used to improve the lateral homogeneity of the Al-p+ emitter. This 

resulted in an Al-p+ emitter thickness of 9.2 ± 1.4 µm. The paste residuals and the Al-Si eutectic 

layer were then removed in hydrochloric acid (HCl) to lay open the surface of the Al-p+ emitter. 

The samples were subsequently exposed to potassium hydroxide (KOH) solution to etch off 

pyramidal structures from the surface of the Al-p+ emitter (cf. Fig. 2.23 [p. 77]). Since the 

recombination characteristics of surface-passivated Al-p+ emitters improve with decreasing 

emitter thickness (cf. Fig. 3.15 [p. 122]), the emitter was further thinned down homogeneously to 

a thickness of only 1.7 ± 1.1 µm. Thereby, the front SiNx antireflection layer acts as etching 

mask for the front side. 

For the passivation of the Al-p+ emitter surface, a stack consisting of a 10 nm thick aluminum 

oxide (Al2O3) and an 80 nm thick SiNx layer was deposited on the rear side by means of atomic 

layer deposition (ALD) and PECVD, respectively. The Al2O3/SiNx stack was then opened 

locally by laser ablation, creating points with distances of 500 µm. 

Subsequently, the Ag seed layer grid was aerosol-jet-printed onto the front and Al paste was 

screen-printed onto the entire rear. Since for contact distances of 500 µm, the application of 

conventional Al pastes leads to high recombination within the contact points (cf. Fig. 5.9 

[p. 189]), an Al paste with a Si content of 12 wt% was utilized, which has been evaluated in the 

course of this work. This allows for an enhanced Al-p+ emitter formation in the contact points 

(cf. Fig. 5.7 [p. 187]) and thus to improve the recombination characteristics of the contact points 

considerably (cf. Fig. 5.9 [p. 189]). The samples were subsequently co-fired to form the front 

contacts and the local rear contacts to the full-area Al-p+ emitter within in the openings of the 

passivation stack. Finally, the Ag seed layer was thickened by light-induced Ag plating. 
 

Solar cell concept 3: 

A more simple fabrication process is offered by solar cell concept 3, whose process sequence can 

be taken over from the well-known fabrication of p-type Si PERC (passivated emitter and rear 

cell) solar cells: After the formation of the SiO2/SiNx front passivation layers, the rear surface of 

the n-type Si base was passivated directly by an Al2O3/SiNx stack and laser ablation was applied 

for local contact opening. Reduced contact point distances of 200 µm were thereby used to 

ensure an efficient carrier collection by the local Al-p+ emitters. 
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Subsequently, the Ag seed layer was aerosol jet-printed onto the front. An Al paste containing 

12 wt% of Si, adapted for improved Al-p+ emitter formation (cf. Fig. 5.7 [p. 187]), was screen-

printed onto the entire rear surface and locally alloyed in the point openings during co-firing. 

Light-induced Ag plating was applied to thicken the Ag seed layer. 
 

Solar cell results 

Tab. 6.1 summarizes the electrical parameters of the n-type Si solar cells with an Al-alloyed p+ 

rear emitter fabricated at Fraunhofer ISE.  

Remarkably high conversion efficiencies of up to 19.3 % have been achieved for solar cell 

concept 1. This is in the range of the highest efficiencies reported for this cell structure on large-

area wafers: In 2011, Book et al. published a conversion efficiency of 19.4 % [215]. Recently, 

the company SunTech Power presented a conversion efficiency of 19.8 % [216] using an 

advanced “self aligned metallization” [226] technique for the front contact formation. This is to 

the author’s knowledge the highest value reported for this concept so far. 

At Fraunhofer ISE, excellent efficiencies of 20.0 % and 19.7 % have been achieved for solar cell 

concept 2 and 3, respectively. Thereby, the solar cells profit particularly from improved open-

circuit voltages. The high Voc values show that (i) for concept 2, the surface of the Al-p+ emitter 

between the contacts is well-passivated (see discussion in section 3.4 [p. 116]) and that (ii)  for 

concepts 2 and 3, the thickness of the Al-p+ emitters in the contact areas is adequately high to 

effectively shield electrons from the metal contacts (see discussion in section 5.3 [p. 187]). 

While the conversion efficiency of 20 % for concept 2 is the highest value obtained for large-

area n-type Si solar cells with an Al-p+ emitter so far, the conversion efficiency of 19.7 % shows 

that concept 3 is a very promising alternative approach with a less complex processing sequence. 

All results demonstrate the high potential of screen-printed Al-alloyed p+ emitters for n-type Si 

solar cells.  

A further, detailed characterization and discussion of the solar cells fabricated at Fraunhofer ISE 

will be given by Christian Schmiga within his doctoral thesis [227]. 
 

Motivation and objectives of further work 

The results presented above have shown the promising potential of n-type Si solar cells with an 

Al-p+ emitter. Based on these results, approaches for further simplifying the fabrication and 

improving the performance of these solar cells are motivated and discussed in the following. 
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Simplifying the solar cell fabrication 

The processing sequences of n-type Si solar cells with an Al-alloyed p+ rear emitter shown 

schematically in Fig. 6.2 are already quite straight-forward. Thus, the possibilities for 

simplifying the solar cell manufacturing are limited. An evident approach is based on omitting 

the rear side silicon dioxide mask, which has been included to enable a single-sided texturing 

and a single-sided P diffusion of the n+ FSF. As a consequence, the Al paste is printed and 

alloyed on a textured and P-diffused surface. These issues will be addressed in detail in 

section 6.3 of this thesis. 

Implementation of nickel-plated front contacts 

The formation of the printed Ag front contact grid and the Al rear contact in one single co-firing 

step is to be seen as critical: The lower the P surface concentration of the FSF, the more crucial 

the firing conditions for the realization of low-ohmic front contacts [224]. Because the alloying 

Tab. 6.1: Electrical parameters of the n-type Si solar cells with an Al-p+ rear emitter described 

in Fig. 6.1. The solar cells were fabricated at Fraunhofer ISE exploiting the results of the 

present work. The parameters were measured under standard testing conditions (AM1.5G, 

100 mW/cm2, 25 °C) on a metal chuck, which contacted the entire rear of the solar cells.  

Solar cell concept Area Voc jsc FF η Reference 

 [cm2] [mV] [mA/cm2] [%] [%]  

(1) Full-area Al-p+ 

 without surface 

 passivation 

143.5 640 37.7 80.0 19.3 * [214] 

(2) Full-area Al-p+ 

 with passivated 

 surface 

143.5 654 38.3 79.7 20.0 * [221] 

(3) Local Al-p+ in  

 passivated Si 

 surface 

143.5 656 37.9 79.1 19.7 * [221] 

* Independently confirmed by Fraunhofer ISE CalLab. 
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of the Al paste on the rear is a significantly less critical process than the formation of the front 

contacts, the conditions for the co-firing of the front and the rear contact are generally adapted to 

the front contact requirements at the expense of the rear contact properties. As a consequence, 

the conditions for the formation of the full-area Al-p+ rear emitter or the local Al-p+ emitters can 

be non-optimal.  

This is illustrated exemplarily at the results of solar cell concept 1 shown above:  

For these solar cells, a conventional Al paste free from B additives was used for the Al-p+ emitter 

formation. Thereby, the co-firing conditions were attuned to the formation of low-ohmic Ag front 

contacts. As the investigations of section 3.3 [p. 106] have shown, it is expected that a higher 

thermal budget (i.e. higher set peak temperatures or higher peak temperature times) of the firing 

process would have improved the recombination characteristics of the Al-p+ rear emitters further. 

Furthermore, the restrictions provided by the co-firing process have prevented an optimal 

application of Al pastes containing boron additives, which feature a higher potential than 

conventional Al pastes (cf. section 4.4 [p. 152]): The optimal firing conditions of the aerosol jet-

printed Ag seed layer differ significantly from the optimal firing conditions of the Al-B paste 

which has been used as standard paste for the rear contact formation at Fraunhofer ISE.37  

Therefore, an important approach to further improve the performance of n+np+ Al rear emitter 

solar cells is the decoupling of the front and the rear metallization. This can be done by replacing 

the printed front contacts by Ni-plated front contacts. Because Ni plating is a low temperature 

metallization technique, the firing of the Al paste and the annealing of the Ni contact, necessary 

for contact adhesion, can be done consecutively. Thus, Ni plating allows for the separate 

formation and optimization of the front and the rear contacts. This will be investigated in detail 

in section 6.4. 

Realization of advanced front surface fields 

It has been shown in the literature that Ni-plated contacts exhibit low contact resistances to even 

very lowly P-doped n+ Si surfaces [228, 229]. Therefore, in addition to the decoupling of the 

front and the rear metallization, Ni-plated front contacts provide the possibility to implement 

                                                 

 
37 As an alternative to this “standard” Al-B paste, an Al-B paste in which the B percentage is adapted to the optimal 

firing conditions of the Ag seed layer would be better suited (cf. subsection 4.4.2 [p. 167]). This is part of future 

work though. 
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lowly doped FSFs in the n-type Si solar cell concepts with an Al-p+ rear emitter. These FSFs 

need to be manufactured in an industrially feasible way, though. For this purpose, in section 6.5, 

the formation of lowly doped P-n+ regions by etching of highly P-doped n+ regions will be 

investigated. 

6.3 Simplifying the fabrication of n-type silicon solar cells with an aluminum-

p+ emitter 

The fabrication of n-type Si solar cells with an Al-alloyed p+ rear emitter can be simplified by 

omitting the rear silicon dioxide mask. Though this simplification procedure has been used in the 

fabrication of conventional p-type Si solar cells with an Al-p+ back surface field (BSF) for a 

rather long time [230-232], its transfer to n-type Si solar cells has to be done with care. Whereas 

interruptions in the Al-p+ BSF of p-type Si solar cells cause an increased rear surface 

recombination, interrupted Al-p+ emitters of n-type Si solar cells can lead to the more serious 

shunting of the solar cells. 

The investigations of the present section therefore concern two main issues: (i) the alloying from 

screen-printed Al pastes on textured surfaces and (ii) the overcompensation of the rear 

P diffusion by Al alloying. 

6.3.1 Aluminum alloying on textured silicon surfaces 

Sample fabrication 

Simple test samples were fabricated to investigate Al alloying on textured surfaces using the 

processing sequence shown in Fig. 6.3. As starting material, saw damage-etched Si wafers were 

used. After texturing with random pyramids, the samples were split into three groups to prepare 

different surface conditions. Whereas the first fraction was retained (denoted as surface 

condition a), the second fraction was exposed to KOH solution for 90 s to round off the vertices 

and edges of the pyramids (surface condition b). The third fraction was grinded mechanically to 

remove the pyramids, thereby inducing a faint grinding damage (surface condition c). Fig. 6.4 

shows scanning electron microscope (SEM) images of the sample surfaces after these 

preparation steps. In addition to textured samples, shiny-etched Si wafers were taken along as 

references (surface condition d). 

After surface preparation, Al paste was screen-printed onto the entire rear surface, thereby using 

amounts of 9.7 ± 0.5 mg/cm² and 20 ± 2 mg/cm². For the formation of the Al-p+ region, the 
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samples were subsequently fired in a conveyor belt furnace at a set peak temperature of 900 °C. 

Two different peak temperature times were applied here, which were adapted to account for the 

latent heat of the Al pastes (cf. subsection 2.3.5 [p. 67]): A short one (4.3 s) for the lower and a 

more extended one (7.0 s) for the higher paste amount. For simplicity, these printing and firing 

conditions are referred to as alloying conditions A and B (see Fig. 6.3).  

To enable a distinct characterization of the Al-p+ emitter homogeneity, the paste residuals and 

the Al-Si eutectic layers were subsequently etched off in HCl. 

 

Homogeneity of the Al-p+ emitter 

The formation of a laterally homogeneous and continuous Al-p+ region is a crucial point for the 

fabrication of n-type Si solar cells with an Al-p+ rear emitter. Therefore, the transfer of Al 

alloying from planar to textured surfaces has to be done carefully. Fig. 6.5 shows SEM pictures 

of a surface formerly textured with random pyramids (surface condition a) after Al alloying 

using alloying conditions A. It is clearly visible that parts of the surface still exhibit sharp-edged 

pyramids. Due to the steep ascent of the Al-p+ doping profile against the Si base, a well-defined 

contrast in cross-sectional SEM images indicates the Al-p+/Si base interface and can therefore be 

used for homogeneity investigations. Applying alloying conditions A, the Al-p+ region did not 

form homogeneously along the surface, which can lead to shunts within the pointed valleys 

between two pyramids. This may be attributed to the size of the Al paste particles, which is too 

 

 

Fig. 6.3 Processing sequences of the test samples including different surface preparation steps 

before Al screen-printing. Published in [205]. 
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large to provide full coverage of the valleys by screen-printing. Therefore, the dissolution of Si 

into the Al-Si melt and the epitaxial Si recrystallization during alloying does not range deep 

enough to affect the pyramid valleys as well. 

The approach for an improved emitter formation investigated in this work is based on adapting 

the printing and firing conditions in order to increase the amount of dissolved and recrystallized 

Si (cf. Fig. 2.13 (b) [p. 64]). Using alloying conditions B leads to a smooth surface, since the 

former pyramidal texture has been flattened totally during the alloying process (see Fig. 6.6). As 

a result, the Al-p+ region has formed very homogeneously without any interruptions. 

For industrial cell fabrication, Al alloying often has to be adjusted to other processes, e.g. the co-

firing of the front side metallization, prohibiting a free choice of the alloying conditions. 

Therefore, other approaches for Al alloying on textured surfaces based on curing the surface 

after texturing [31] were performed:  

(i) broadening the critically pointed valleys between the pyramids by a short chemical etching 

step in KOH solution (surface condition b), 

(ii) flattening the pyramids by mechanical grinding (surface condition c). 

Fig. 6.4 (b) and (c) show the sample surfaces after surface preparation and prior to alloying. 

After alloying using conditions A, the surface possesses an uneven, wavy topology (see Fig. 6.7). 

However, the sharp edged pyramids have vanished and the Al-p+ regions have formed 

continuously. Comparing the topology and emitter homogeneity of these samples to the shiny-

etched reference sample (surface condition d, Fig. 6.7 (d)) indicates that the rough surface is not 

caused by the surface preparation itself but by the alloying conditions (cf. discussion in 

subsection 2.3.4 [p. 65]). This implies that, for shunt prevention, it is not the entire pyramidal 

texture but only the critical spots that have to be removed. 

 

 

Fig. 6.4 SEM top view images of the sample surfaces after preparation. Labels (a) to (c) are 

assigned according to Fig. 6.3. The inset in image (c) shows a close-up image of the grinding 

damage. Published in [205]. 
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Although involving additional process steps, chemical etching and mechanical grinding represent 

explicit process simplifications. Instead of demanding the fabrication of etch masks by means of 

thermal oxidation, PECVD layers or inkjet techniques and a subsequent lift-off etching, these 

approaches only require the deposition of a protective SiNx layer on the front side, which is 

already implemented in the solar cell processing sequence as the front side antireflection coating. 

Alternatively, the wet-chemical etching of the rear could be carried out prior to the SiNx 

deposition in a single-sided etching process [232-234]. 

 

 

Fig. 6.5 SEM top view (left) and cross-sectional image (right) of a surface formerly textured 

with random pyramids (surface condition a) after alloying using conditions A and paste removal. 

Part of the surface still features sharp-edged pyramids (left). The Al-p+ region did not form 

continuously within the pointed valleys between the pyramids due to the insufficient dissolution 

and recrystallization of Si during alloying (right). Published in [205]. 

 

 

Fig. 6.6 SEM top view (left) and cross-sectional image (right) of a surface formerly textured 

with random pyramids (surface condition a) after alloying using conditions B and paste removal. 

The adaption of the printing and firing conditions leads to the complete dissolution of the Si 

pyramids and a homogeneous Al-p+ formation. Published in [205]. 
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6.3.2 Overcompensation of the rear phosphorus-diffused n+ silicon region 

Besides demanding Al alloying on textured surfaces, omitting the rear side SiO2 mask leads to a 

double-sided POCl3 diffusion during the formation of the n+ FSF. Thus, the second part of this 

investigation deals with overcompensating the rear P-diffused n+ region, which is also used for 

the industrial fabrication of conventional p-type Si solar cells [231-233]. 

 

Sample fabrication 

Simple lifetime test samples were fabricated to investigate the overcompensation of the rear P 

diffusion. Shiny-etched FZ Si with a resistivity of 100 Ω cm was used for this purpose. Because 

the Al-p+ region properties do not depend on the kind of bulk doping, p-type Si wafers were 

chosen for evaluation reasons. To characterize the influence of the rear P-n+ region directly, the 

samples were split into two groups, one group receiving a single-sided rear diffusion owing to an 

additional front thermal oxide mask, the other group remaining undiffused. Two different P-n+ 

diffusion profiles were applied here: (i) an industrial-type doping profile with a sheet resistance 

of 60 Ω/sq, a surface doping concentration of 3⋅1020 cm-3 and a junction depth of 400 nm; and 

(ii) a driven-in doping profile with a sheet resistance of 65 Ω/sq, a surface doping concentration 

of 1∙1020 cm-3 and a junction depth of 720 nm. Subsequently, the oxide mask was etched off and 

 

 

Fig. 6.7 SEM top view (top) and cross-sectional image (bottom) of samples after different 

surface preparations and Al alloying using conditions A and paste removal. Labels refer to 

surface conditions. Published in [205]. 
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a PECVD SiNx layer (refractive index 2.1) deposited in order to passivate the front side. For the 

alloying of the screen-printed Al paste, alloying conditions A and B were applied (see previous 

subsection). Finally, the samples were treated to an etching step in HCl so as to remove the paste 

residuals and the Al-Si eutectic layers. 
 

Results and discussion 

Quasi-steady state photoconductance (QSS-PC) measurements were performed to determine the 

Al-p+ emitter saturation current densities j0,Al-p+ for samples with and without preceded rear P 

diffusion (see Fig. 6.8 (a)). It is clearly visible that the additional rear diffusion does not affect the 

electrical properties, as j0,Al-p+ differences are within measurement uncertainties. In particular, 

there is no difference observable for the shallow and the driven-in P doping profiles. This can be 

attributed to the segregation of the P atoms into the rear Al-Si eutectic during alloying [230], the 

latter being removed afterwards by HCl etching. As a consequence, no P-related dip can be detec-

ted in the electrochemical capacitance voltage (ECV) measurements of the Al doping profiles 

which are in good agreement (see Fig. 6.8 (b)). In summary, the implementation of a double-sided 

P diffusion does not result in electrical losses and can thus be considered to be uncritical. 

Please note that this investigation was performed on planar surfaces to allow for the ECV 

measurement of the doping profiles. For solar cell applications, however, the alloying needs to 

be done on textured P-diffused surfaces. This is estimated to be uncritical, too, if the alloying 

conditions are adapted or a chemical or mechanical pretreatment of the textured rear surface is 

performed, as shown in the previous subsection: During alloying, the pyramidal texture is 

flattened completely. Because the thickness of the Al-p+ region amounts to several micrometers, 

Si of at least this thickness thereby dissolves into the melt. Thus, it can be assumed that the rear 

P-n+ region is overcompensated for the textured surface as well. This can also be deducted from 

the solar cell results presented in the following subsection and in sections 6.4 and 6.5. 

6.3.3 Application of the simplified fabrication process to solar cells 

In order to evaluate the simplified fabrication process on solar cell level, n-type Si solar cells 

with a non-passivated full-area Al-alloyed p+ rear emitter and aerosol jet-printed and plated Ag 

front contacts (concept 1) were fabricated [214]. This experiment was planned and organized by 

Christian Schmiga in close collaboration with the author of this thesis, thereby utilizing the 

results of the previous two subsections. 
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Fig. 6.9 shows a schematic of the simplified process sequence. Since the texturing and diffusion 
mask on the rear was omitted, the alkaline texturing and the P diffusion of the FSF were 
performed on both sides of the sample. After passivating the FSF by a stack of thermally grown 
SiO2 and PECVD SiNx, the rear textures were conditioned in KOH solution to round the 
pyramidal structures. Thereby, the front passivation stack acts as etching barriers for the front 
surfaces. The Ag seed layer grids were then aerosol jet-printed onto the front and Al paste was 
screen-printed onto the rear surfaces of the wafers. The front and rear metallization was co-

fired in a conveyor belt furnace. Finally, the seed layers were thickened by light-induced Ag 
plating. 

Notably high solar cell efficiencies of up to 18.5 % were achieved for these solar cells 

(independently confirmed, cell area 143.5 cm2, [214]), which demonstrate that the simplified 

 

200

400

600

800

ni = 9.65 × 109 cm-3

(a)

Diffusion:

 

 

 Industrial

   Rear P diffusion
 without
 with

Sa
tu

ra
tio

n 
cu

rre
nt

 
de

ns
ity

 j 0,
Al

-p
+ [

fA
/c

m
²]

Driven-In

Alloying A Alloying B

Driven-In Industrial
0 2 4 6 8 10 12 14

1016

1017

1018

1019

1020(b)
   Rear P diffusion

 without
 with

 

 

Alloying B,
Driven-In Diffusion

EC
V-

m
ea

su
re

d 
do

pi
ng

 
co

nc
en

tra
tio

n 
[c

m
-3
]

Depth [µm]

Alloying A,
Industrial Diffusion

 

Fig. 6.8 (a) Saturation current density j0,Al-p+ as a function of the Al alloying and the P 

diffusion conditions. Closed symbols refer to samples without additional rear P diffusion and 

open symbols to samples with rear diffusion, respectively. (b) ECV-measured doping profiles of 

Al-p+ regions with (open symbols) and without (closed symbols) additional rear side P diffusion. 

Differences in the doping profiles result from small variations in the printed paste amount. 

Please note that the doping profiles have not been corrected for the roughness of the Al-p+ 

region surfaces so that the measured values do not represent Al doping concentrations. 

Nevertheless, the profiles corresponding to similar alloying conditions can be compared to each 

other and show good agreement. Published in [205]. 
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fabrication process does not lead to losses in solar cell performance.38 Particularly, the high fill 

factor of 79.6 % proves the high junction quality of the Al-p+ rear emitter [214]. This 

demonstrates that the process simplification could be implemented successfully into the 

fabrication of n-type Si solar cells. For a more detailed characterization and analysis of the solar 

cell results, the reader is referred to the doctoral thesis of Christian Schmiga [227]. 

6.4 n-type silicon solar cells with nickel-plated front contacts 

Although the application of Al-alloyed p+ emitters in n-type Si solar cells with printed front 

contacts have led to remarkable results, the co-firing of the front and the rear contacts in one 

single co-firing process have resulted in non-optimal conditions for the alloying of the Al-p+ rear 

emitter. Thus, an alternative front side metallization concept which allows for the separate 

                                                 

 
38 Please note that the short-circuit current densities of up to 36.8 mA/cm2 measured for these solar cells were lower 

than the jsc value of the solar cell with non-passivated Al-p+ rear shown in Tab. 6.1 [p. 203]. Since reference solar 

cells which had been fabricated in this experiment using the conventional solar cell process featuring a rear silicon 

dioxide mask had similarly reduced jsc values, these are not caused by the simplified fabrication process. 

 

 

Fig. 6.9 Simplified process sequence for the manufacturing of n-type Si solar cells with an 

Al-alloyed p+ rear emitter and aerosol jet-printed and plated Ag front contacts (cf. Fig. 6.2 for 

non-simplified process sequence). By omitting the rear mask, the Al paste is alloyed on a 

textured and P-diffused surface. For the description of the pictures, please refer to Fig. 6.1. 
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formation and optimization of the front and the rear contacts has the potential to improve the 

solar cell performance further. 

In addition to improving the performance, a further important goal is the reduction of the 

production costs. Today, Ag pastes for the front side metallization are one of the main cost 

drivers in industrial production [4, 235-237] due to the high Ag price [235]. Thus, much effort is 

invested in reducing the amount of Ag or replacing Ag metallization pastes, with copper being a 

promising substitute [4]. By applying Ni-plated seed layers which are subsequently thickened by 

Cu plating, the Cu front contact grid can be realized in a simple and cost-effective way [238]. 

Moreover, Ni-plated seed layers form low-ohmic contacts to P-n+ regions with low P surface 

concentrations [228, 229]. Thus, advanced P-n+ front surface fields can be applied, which 

enhances the solar cell performance further. 

Therefore, Ni/Cu-plated front contacts combine two advantages: (i) reduced costs for the solar 

cell production and (ii) improved solar cell performance. Several recent publications demonstrate 

the high potential of Ni/Cu-plated contacts in solar cells [236, 239-241]. However, the major 

challenge for implementing Ni seed layers into the fabrication of conventional p-type Si solar 

cells has been to prevent Ni contamination of the space charge region of the P-diffused n+ emitter 

on the front. This contamination can occur during the thermal formation of the nickel silicide 

(NiSix) layer [242-244], which is necessary for an improved contact adhesion [245, 246]. 

In this section, Ni-plated front contacts are applied to n-type Si solar cells with an Al-p+ rear 

emitter. The thickness and homogeneity of the NiSix layers are investigated for different contact 

annealing temperatures and the influence of the NiSix layer properties on the performance of the 

n-type Si solar cells is examined. For comparison, the influence of Ni contact annealing on 

conventional p-type Si solar cells with front n+ emitter and Al-p+ back surface field is examined, 

which are fabricated using the identical fabrication process while only changing the base 

material from n- to p-type Si. 

6.4.1 Solar cell fabrication 

In the course of this work, front emitter p-type and rear emitter n-type Si solar cells were 

fabricated on 1 Ω cm FZ B-doped p-Si and 10 Ω cm FZ P-doped n-Si wafers (wafer size 

12.5 ⋅ 12.5 cm2), respectively. Four solar cells with a size of 5 ⋅ 5 cm2 were processed on each 

wafer, using the processing sequence displayed in Fig. 6.10. Thereby, the simplified sequence 

introduced in the previous section, which comprises a double-sided texturing and P diffusion, 

was applied (Fig. 6.9, process steps (1) to (4)). In order to assess the stability of the P-diffused n+ 
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front against Ni contact annealing, two different homogeneous P doping profiles were applied 

(see Fig. 6.11): (i) a profile with a sheet resistance of 65 Ω/sq, a P surface concentration of 

3⋅1020 cm-3 and a junction depth of 520 nm, which is denoted as profile A, and (ii) a driven-in 

profile exhibiting a sheet resistance of 100 Ω/sq, a P surface concentration of 5⋅1019 cm-3 and a 

junction depth of 630 nm, which is denoted as profile B. 

Then, the Al paste containing B additives standardly used at Fraunhofer ISE (cf. section 4.2 

[p. 133]) was screen-printed onto the entire rear surface of the Si wafers using a paste amount of 

6.6 ± 0.2 mg/cm2 (Fig. 6.10, process step (5)). The Al-B-p+ rear emitter was alloyed during firing 

in a conveyor belt furnace at a set peak temperature of 900 °C for a peak temperature time of 

5.3 s (process step (6)). In a preceding experiment, these conditions have been derived as optimal 

alloying conditions (cf. section 4.2 [p. 133]). 

For the fabrication of the front contacts, an etching mask was applied onto the front silicon 

nitride antireflection layer by inkjet printing (see Fig. 6.12). The SiO2/SiNx passivation stack was 

then selectively etched off in hydrofluoric acid (process step (7)). Contact openings of 71 ± 18 

µm were thereby realized. After stripping the inkjet mask, the samples were dipped in HF to 

remove the native silicon dioxide layer from the contact areas. Subsequently, the samples were 

rinsed in deionized water and, immediately thereafter, Ni was deposited electrochemically by 

 

 

Fig. 6.10 Schematic processing sequence of n-type Si solar cells with an Al-alloyed p+ rear 

emitter and Ni/Ag-plated front contacts. The process steps (1) to (4) which comprise the double-

sided texturing and P diffusion as well as the rear surface preparation were maintained from the 

process sequence of Fig. 6.9. Please note that Cu plating could be applied as a promising 

alternative to Ag plating without loss in solar cell efficiency [236]. For the description of the 

pictures, please refer to the text. 
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means of electroless plating [246, 247]. In order to promote contact adhesion, a NiSix layer was 

formed during a subsequent forming gas anneal, which was carried out at four different 

temperatures TNi in the range of 300 °C to 450 °C for 10 min (process step (8)). Finally, this Ni 

seed layer was thickened by light-induced Ag plating [225] (process step (9)). Please note that 

Cu plating could be applied as a promising alternative without loss in solar cell efficiency [236]. 

After processing, the four solar cells were cut from each wafer using a dicing saw. Thereby, it 

was not cut through metal fingers or busbars. 

This Ni plating sequence has been developed by Andrew Mondon, who also carried out the 

plating processes. 
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Fig. 6.11 ECV-measured phosphorus doping profiles on the front of the solar cells measured. 

Two different profiles were applied: profile A (open symbols) with a thickness of 520 nm and 

profile B (closed symbols) with a thickness of 630 nm. Published in [204]. 

 

 

Fig. 6.12 Optical microscope top view images of the solar cell front side after (a) inkjet printing 

of the etching mask, (b) etching of the SiO2/SiNx passivation layer stack and removal of the 

etching mask, (c) electroless Ni plating and (d) Ag plating. 
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6.4.2 Influence of annealing temperature on the nickel silicide formation 

The temperature TNi of the contact annealing following the electrochemical Ni deposition 

influences the stoichiometry and the thickness of the nickel silicide layer strongly [243, 248]. To 

investigate the local NiSix formation and thickness, cross-sections of the Ni/Ag-plated contacts 

were prepared by ion polishing and investigated by SEM (see Fig. 6.13). Due to the potential 

contrast, the interfaces between the silicon base, the NiSix and the Ni/Ag metal are visible and 

can therefore be used for NiSix thickness measurements and homogeneity investigations. The 

local character of the NiSix layer, though, makes the precise determination of the thickness 

distribution difficult. Therefore, two cross-sections per temperature were examined and the local 

NiSix thicknesses were measured at up to 130 different positions each. 

Almost no NiSix can be detected for TNi = 300 °C. By increasing TNi, the NiSix layer has formed 

thicker, resulting in deeper penetration into the P-diffused Si surface. However, the NiSix has not 

grown homogeneously, but in local spots. This insular NiSix growth is attributed to a thin native 

silicon dioxide layer, which has formed locally on the Si surface before the Ni deposition despite 

HF dipping and has hindered the reaction of Ni with Si [249]. It has been reported in the 

literature that native SiO2 layers grow rapidly during rinsing in deionized water [250]. 

Fig. 6.14 shows the thickness distribution of the NiSix layers for the different annealing 

temperatures TNi. An increase in TNi leads to a shift of the NiSix thickness distribution towards 

higher values. However, the median thicknesses are rather low. For the highest temperature 

TNi = 450 °C, for instance, nearly 90 % of the NiSix thicknesses are below 250 nm, but there are 

 

 

Fig. 6.13 Cross-sectional scanning electron microscope (SEM) images of Ni-plated contacts 
on a Si surface textured with random pyramids after NiSix formation by annealing at different 
temperatures. For a better illustration the interface between the Ni/Ag metal and the NiSix 
layer is marked by a dashed line. Please note that the preparation of the cross sections partly 
led to the peeling of the Ni or Ag metal for samples annealed at 350 °C or 450 °C. Published in 
[204]. 
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also single spikes exceeding the P doping profile thicknesses. The amount and depth of these 

spikes obviously increases with increasing TNi. Please note that not only the annealing 

temperature, but also the duration of the annealing process – which was kept constant in this 

study – affects the NiSix properties [248, 251]. 

6.4.3 Contact resistivities of nickel-plated contacts 

To investigate the influence of the annealing temperature TNi on the contact resistivities of the 

Ni-plated contacts, stripes with a size of 5 ⋅ 0.5 cm2 were diced out of the solar cells. Transfer 
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Fig. 6.14 Distribution of the NiSix layer thicknesses formed by annealing at temperatures TNi in 

the range of 300 °C to 450 °C. The dashed lines indicate the thicknesses of the P doping profiles 

A and B, respectively. Although the majority of the NiSix thicknesses is significantly below the P 

profile thicknesses for TNi ≤ 450 °C, there are individual deep spikes penetrating through the 

P-diffused n+ region. The amount and depth of these spikes obviously increase with rising TNi. 

Published in [204]. 
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length method (TLM) measurements were carried out on these stripes [46, 252].39 Fig. 6.15 (a) 

shows the measured resistances as a function of the contact distance for the front emitter p-type 

and the corresponding rear emitter n-type Si solar cell annealed at TNi = 450 °C. The different 

slopes thereby result from the contribution of the n-Si base to the lateral conductivity of the FSF 

[215].  

For the p-type Si cell, the resistances clearly deviate from the linear trend and bend toward lower 

values for large contact distances. Here, an increasing part of the current flows through the p-Si 

base and the Al rear contact via shunts. This could be verified by first calculations using the two-

diode model. Thus, the contact resistivities cannot be determined accurately, because the 

resistance axis intercepts are overestimated significantly if a large distance range is taken into 
                                                 

 
39 TLM measurements are based on measuring the resistance between the contact fingers as a function of the 

distance between these contacts. Since the resistance depends linearly on the distance, the measured data can be 

fitted by a linear function. The slope of the fitted line gives the lateral conductivity of the semiconductor 

connecting the two contacts and the resistance axis intercept gives the contact resistance of the metal contact to 

the semiconductor. For more details, please see [46].  
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Fig. 6.15 (a) TLM measurements taken on stripes of a front emitter p-type (squares) and a rear 

emitter n-type Si (circles) solar cell with P doping profile B for a Ni annealing temperature TNi 

of 450 °C. For the p-type Si cell, the deviation from the linear trend is caused by an increasing 

current through the p-type Si base and the Al rear contact via shunts. (b) Contact resistivity ρc as 

a function of TNi for rear emitter n-type Si solar cells with P doping profile A and B, respectively. 

The contact resistivities were measured at at least five different positions on the solar cells for 

each temperature and doping profile. Published in [204]. 
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account for the linear fit. In contrast, the TLM measurement of the n-type Si solar cell allows for 

a more precise determination of the contact resistivities. 

Fig. 6.15 (b) shows the contact resistivities ρc as a function of TNi for the n-type Si solar cells 

featuring FSF doping profile A or B. The resistivities are excellently low, exhibiting slightly 

higher values for profile B due to the lower P surface doping concentration of 5⋅1019 cm-3. 

Interestingly, within the temperature range of this study, the contact resistivities can be 

considered as independent of TNi. Thus, the thicknesses of the NiSix layers, which depend 

strongly on TNi, do not affect the contact properties significantly. 

6.4.4 Influence of nickel contact annealing on the solar cell characteristics 

In this subsection, the influence of the annealing process for the NiSix formation on the electrical 

properties of the p- and n-type Si solar cells is investigated. The results of the light IV and 

SunsVoc measurements can be seen in Fig. 6.16 (see appendix 7.1.3 [p. 268] for a description of 

the SunsVoc technique). 

p-type Si solar cells with front emitter doping profile A: 

For the p-type Si solar cells with emitter doping profile A (open squares), the pseudo fill factors 

(pFF) are on a very low level and approximately independent of TNi, even for annealing 

temperatures as low as 300 °C. The cells exhibit open-circuit voltages Voc above 600 mV for 

TNi = 300 °C and show a strong Voc decrease for annealing at higher temperatures. The pFF and 

Voc trends correspond to the increasing penetration of the front n+ emitter by local NiSix spikes, 

leading to (i) low shunt resistances even for TNi = 300 °C and (ii) an increased dark saturation 

current density j02 of the emitter space charge (SC) region due to Ni contamination of the SC 

region for TNi ≥ 350 °C. Therefore, the solar cell conversion efficiencies η decrease strongly with 

increasing TNi to a low level of 4.9 ± 0.4 % for TNi ≥ 350 °C. 

As discussed in subsection 6.4.2, the median thicknesses of the NiSix layers are significantly 

below the thickness of emitter doping profile A; only individual NiSix spikes penetrate through 

the emitter. These spikes, though, obviously determine the performance of the p-type Si solar 

cells. Apparently, they already appear at annealing temperatures as low as 300 °C, but have not 

been detected by the SEM investigations of this work due to their rare occurrence.  

p-type Si solar cells with front emitter doping profile B: 

By applying the emitter profile B with a higher thickness (closed squares), the p-type Si solar 

cells become slightly more stable against the NiSix penetration into the n+ Si surface. For 
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annealing temperatures TNi ≥ 400 °C, though, the electrical solar cell parameters deteriorate 

strongly, dropping to similar values as those of the solar cells with emitter profile A. Hence, the 

solar cell properties get independent of the emitter thickness and are determined by NiSix spiking 

of the front emitter. 

n-type Si solar cells with FSF doping profile A or B: 

The rear emitter n-type Si solar cells (circles), in contrast, are significantly less affected by the 

NiSix formation. Enhanced NiSix penetration does not lead to shunting of the solar cells, but 

results in a deterioration of the minority carrier shielding from the NiSix layer. This has been 

verified by quantum efficiency measurements detecting a decrease of the front surface 

recombination velocity (see Fig. 6.17 and cf. [215]). Thus, for FSF doping profile A, the open-
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Fig. 6.16 Effect of Ni annealing at different 

temperatures TNi on (a) the pseudo fill factor 

pFF, (b) the open-circuit voltage Voc and 

(c) the solar cell efficiency η for the front 

emitter p-type (squares) and rear emitter 

n-type (circles) Si solar cells with Ni/Ag-

plated front contacts (cell area 25 cm2). Open 

symbols correspond to P doping profile A 

and closed symbols to profile B, respectively. 

Each value corresponds to one separately 

annealed solar cell, i.e. the solar cells were 

not annealed successively. Lines are guides 

to the eye. Published in [204]. 
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circuit voltage and the short-circuit current density decrease with increasing annealing 

temperature TNi, resulting in a slight degradation of the solar cell efficiencies. For doping profile 

B, the contacts are shielded more effectively against enhanced NiSix thicknesses, so that the 

electrical parameters of the n-type Si solar cells remain unaffected by the annealing temperature. 

For both FSF profiles, the pFFs are particularly independent of TNi.  

6.4.5 Edge recombination 

Although the pFF values of the rear emitter n-type Si solar cells are not affected by annealing of 

the Ni contact, the absolute pFF values of 80.2 ± 0.5 % are lower than expected. To further 

investigate these low values, dark lock in thermography (DLIT) measurements40 were performed 

to visualize the distribution of the leakage currents [253] (see Fig. 6.18). Because the NiSix layer 

locally shunts the front emitter of the p-type Si solar cell after annealing at 450 °C, the DLIT 

image shows leakage currents throughout the entire cell area. The n-type Si solar cell exhibits a 

much smaller DLIT signal at the non-passivated sawn edges of the solar cell, which resulted 

from cutting the solar cells out of the large wafers after processing.  

                                                 

 
40 Dark lock in thermography (DLIT) measurements are based on detecting the local heating of the solar cells caused 

by shunt currents. For further information on this measurement technique, please refer to [253].  
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Fig. 6.17 Effect of Ni annealing at different temperatures TNi on the internal quantum efficiency 

of rear emitter n-type Si solar cells with FSF doping profile A. When increasing TNi, the NiSix 

layer increasingly penetrates into the FSF, which leads to an increase in the front surface 

recombination velocity. 
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To quantify the edge recombination, which is mainly space charge region recombination [254], 

the solar cells were cut up, thus reducing the ratio r of cell area to cell perimeter, and SunsVoc 

measurements were carried out to determine the pseudo fill factors (see Fig. 6.19). Please note 

that the metal fraction was kept constant. The p- and n-type Si solar cells show a fundamentally 

different behavior: (i) For the p-type cells, the SC region recombination in the actual cell area 

exceeds the edge recombination. Therefore, by reducing r, the pFF stays constant. (ii) For the 

n-type Si solar cells, though, edge recombination dominates, so that by reducing the area-to-

perimeter ratio r, the pFF decreases strongly. Extrapolating the pFF to large r values represents 

the case of large-area solar cells. The extrapolated pFF value in the range of 82 % corresponds to 

a pFF loss of 2.0 %abs for solar cells with a size of 5 ⋅ 5 cm2. 

To investigate the losses due to edge recombination for a larger number of solar cells, SunsVoc 

measurements were carried out on 70 n-type Si solar cells featuring different FSFs41 (i) before 

and (ii) after cutting the solar cells with a size of 5 ⋅ 5 cm2 out of the large wafers after 

processing. The losses in the pseudo fill factors ΔpFF and in the open-circuit voltages ΔVoc 

                                                 

 
41 Different P-n+ front surface fields prepared by (i) diffusion and a subsequent driven-in or by (ii) etching of a 

heavily P-diffused n+ region were applied for the investigation of edge recombination (cf. following section 6.5). 

The FSFs exhibited sheet resistances from 100 Ω/sq to 220 Ω/sq. 

 

 

Fig. 6.18 Dark lock in thermography (DLIT) measurements of a front emitter p-type (left) and a 

rear emitter n-type Si solar cell (right) with front phosphorus doping profile B at a bias voltage 

of 500 mV (cell area 5 ⋅ 5 cm2). The solar cells were annealed at TNi = 450 °C. Please note the 

different current values resulting from different shunt resistances. The p-type cell shows a 

leakage current throughout the entire cell area, the n-type cell exhibits a much lower one at the 

cell edges. Published in [204]. 
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resulting from edge recombination can thus be calculated and are shown in Fig. 6.20 (a). It is 

clearly visible that the losses are approximately constant and rather independent of the FSF 

properties. 

From these values, the relative loss in pseudo efficiency Δpη of the solar cells can be estimated 

by 

Δpη
pη

 = 
ΔVoc

Voc
 + 

ΔpFF
pFF

, (6.1) 

with pη, Voc and pFF representing the values after solar cell cutting. The Δpη values are 

displayed in Fig. 6.20 (b). The average loss in pseudo efficiency due to recombination at the 

non-passivated edges could thus be determined to 3.1 ± 0.4 %rel for rear emitter n-type Si solar 

cells with a size of 5 ⋅ 5 cm2. 

By carrying out two-diode model calculations, it was determined that these pseudo efficiency 

losses are directly equal to real efficiency losses. This can also be seen by measuring the 

efficiency of an n-type Si solar cell with Al-p+ rear emitter as a function of the ratio r of cell area 

to cell perimeter (see Fig. 6.21). Extrapolating η to large r values represents the solar cell 

condition before cutting. The extrapolated value corresponds to an efficiency loss of 0.6 %abs or 

3.3 %rel, which is in very good agreement with the calculations presented above. 
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Fig. 6.19 Measured pseudo fill factor pFF of (a) the front emitter p-type and (b) the rear emitter 

n-type Si solar cell with P doping profile B for different area-to-perimeter ratios r 

(TNi = 450 °C). Please note the different scales. The smaller the ratio r, the larger the cell 

perimeter with respect to the cell area. The metallization fraction was kept constant as 

illustrated by the solar cell inserts. Published in [204]. 
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Please note that a direct determination of the efficiency loss resulting from edge recombination 

by light IV measurements is not possible. This is due to the fact that the light IV parameters 

cannot be determined reliably before cutting the solar cells, which is discussed briefly in the 

following: There are two possible configurations for the light IV measurements before cutting. 

(i) With shadow mask: In the case the non-active cell area is masked during the measurement, 

this area represents a non-illuminated diode operated at the same voltage as the illuminated 

active cell area. This dark diode is connected in parallel to the active solar cell area, so that it 

significantly affects the measured IV characteristics [255]. (ii) Without shadow mask: In the case 

the non-active cell area is not masked, carriers photo-generated in this area are also collected by 

the solar cell. This impacts the measured short-circuit current density as well as the fill factor of 

the solar cell. Thus, both configurations (i) and (ii) would lead to an incorrect measurement of 

the IV characteristics.42 For a more detailed discussion on this issue, please refer to [255]. 

 

Conclusions 

Conversion efficiencies of up to 18.5 % have been realized for n-type Si solar cells with an 

Al-alloyed p+ rear emitter and Ni-plated front contacts (FSF doping profile B, TNi =300 °C, 

measured after cutting the solar cells). By correcting these values for the recombination at the 
                                                 

 
42 In contrast, SunsVoc is a currentless technique (cf. appendix 7.1.3 [p. 268]). For this reason, the measured pFF 

and Voc,impl values are approximately unaffected by the increased jsc values resulting from the measurements 

without mask. 
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Fig. 6.20 (a) Measured loss in pseudo fill factor ΔpFF and in open-circuit voltage ΔVoc due to 

edge recombination. (b) Calculated loss in pseudo efficiency Δpη due to edge recombination. 
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edges of the solar cells, conversion efficiencies in the range of 19.0 % have been achieved. This 

demonstrates that n-type Si solar cells with an Al-p+ rear emitter are well-suited for the 

application of Ni-plated front contacts. Particularly the excellently high open-circuit voltages of 

up to 647 mV demonstrate that the separate formation and optimization of the front and the rear 

contacts has the potential to improve the recombination characteristics of the solar cells 

significantly. 

6.5 Realization of front surface fields by wet-chemical etching 

In the previous section, it has been shown that Ni-plated contacts exhibit excellently low contact 

resistances even for front surface fields with low P surface concentrations of 5⋅1019 cm-3. Due to 

the low barrier height of the NiSix/n-Si Schottky contact [256], Ni plating can even be used to 

contact P-n+ regions with surface concentrations below 1⋅1019 cm-3 [228, 229]. Such lowly doped 

FSFs can for example be realized by POCl3 diffusion followed by a long drive-in step at elevated 

temperatures [39, 257], which is very cost-intensive, though. 

A promising alternative to elongated drive-in steps was introduced by Zerga et al. in 2006 [258]: 

They used a heavy diffusion to create highly P-doped n+ Si regions with low sheet resistances of 

40 Ω/sq. Subsequently, they removed the highly P-doped part of the P-n+ region by wet chemical 

etching and thus lowered the P surface concentration. Since 2006, this approach has been 

developed further by different research groups [259-261] and transferred to solar cell production 
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Fig. 6.21 Measured solar cell efficiency of a rear emitter n-type Si solar cell with P doping 

profile B for different area-to-perimeter ratios r (TNi = 450 °C). The smaller the ratio r, the 

larger the cell perimeter with respect to the cell area. The metallization fraction was kept 

constant. 
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lines [262]. In 2010, Book et al. presented the successful application of etched P-n+ regions as 

FSFs in n-type Si solar cells with an Al-p+ rear emitter and printed front contacts [263]. 

In this section, etched P-n+ regions are used as front surface fields of n-type Si solar cells with an 

Al-alloyed p+ rear emitter as well, but Ni-plated contacts are applied as front contacts which are 

not subject to co-firing restrictions. The influence of (i) the initial P doping profile and (ii) the 

etching conditions on the electrical properties of the n+ FSFs is investigated in detail for this 

purpose.  

6.5.1 Characterization of etching process 

Simple test samples were fabricated to investigate the characteristics of lowly doped front 

surface fields realized by wet-chemical etching of a heavily P-diffused n+ surface (see Fig. 6.22). 

Comparable studies were reported by Book et al. in [215, 264]. 
 

Test sample fabrication and characterization 

Shiny-etched B-doped p-type FZ Si wafers with a resistivity of 10 Ω cm and a size of 5 ⋅ 5 cm2 

were used as base material. The samples were spilt into two groups: whereas the first group was 

retained, the second group was textured with random pyramids on the front and on the rear side. 

Then, after wet-chemical cleaning, the P-n+ regions were prepared on both sides of the samples 

during a POCl3 diffusion in a tube furnace. Two different diffusion processes were applied here, 

which resulted in P-n+ regions with sheet resistances ρn+
initialof 18 Ω/sq and 30 Ω/sq, respectively 

(see Fig. 6.23). Subsequently, the phosphorsilicate glass (PSG) was removed by a short dip in 

hydrofluoric acid. 

To etch back the highly P-doped Si surface, the samples were etched homogeneously in a diluted 

solution of hydrofluoric acid (HF), nitric acid (HNO3) and acetic acid (CH3COOH). Different 

 

 

Fig. 6.22 Schematic structure of the test samples for evaluating the formation of lowly doped 

P-n+ regions by wet-chemical etching of highly P-doped n+ regions. 
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etching times from 0 s to 100 s were applied here. The composition of the solution was 

developed by Anne-Kristin Volk [261], who also prepared the solution for the present 

investigations. The etching of the Si surface is based on the formation of porous Si, which is then 

removed by a short dip in KOH solution. 

For the passivation of the P-n+ regions, a 10 nm thick SiO2 layer was grown thermally on both 

sides of the samples and SiNx was deposited by means of PECVD. In order to resemble the 

process sequence of the solar cells, the samples were fired subsequently in a conveyor belt 

furnace at a set peak temperature of 900 °C for a peak temperature time of 4.3 s.  

QSS-PC measurements were carried out to determine the saturation current densities and the 

sheet-resistances of the P-n+ regions. Finally, the passivation layers were removed from the 

samples with planar surfaces to enable the determination of the P doping profiles by the ECV 

technique. 
 

Characteristics of etching process 

Supersaturated regions form near the surfaces of the P-n+ regions as a result of the prolonged 

POCl3 diffusion processes [35, 138, 265] (see Fig. 6.23). In these regions, which are often 
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Fig. 6.23 ECV-measured P doping profiles for two different P diffusion processes, leading to 

sheet resistances of 18 Ω/sq (closed symbols) and 30 Ω/sq (open symbols), respectively. Both 

doping profiles show characteristic regions with constant P concentrations near their surfaces. 

In these supersaturated regions, P atoms are not only substitutionally incorporated, but are also 

present in form of precipitates or agglomerations [138]. Since the ECV technique detects only 

substitutional doping atoms, though, the measured P concentration is lower than the actual 

concentration of P atoms [139]. Due to their high recombination activity [265], these 

supersaturated regions are often referred to as “dead layers” [35]. 
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referred to as “dead layers” [35], the concentration of P atoms exceeds the solubility of P in Si, 

so that P atoms are also present in form of precipitates or agglomerations [138]. It has been 

shown in the literature that these dead layers exhibit increased recombination rates [265], so that 

it is beneficial to remove them. 

This can be done effectively by wet-chemical etching of the Si surface. Fig. 6.24 (a) shows that 

the etching process allows to remove the dead layers of the P-n+ regions and to further reduce the 

P surface concentration. By comparing the profile forms and depths, the etch rate could be 

determined to 2.8 ± 0.1 nm/s on planar surfaces for ρn+
initial = 18 Ω/sq. Due to this low etching rate, 

the removal of Si can be controlled in an adequate way and good reproducibility can be ensured. 

To investigate the spatial homogeneity of the etching process, the P-n+ regions of two planar 

reference samples with a size of 12.5 ⋅ 12.5 cm2 were etched and the P doping profiles were 

measured at several different positions on the samples. Fig. 6.24 (b) demonstrates that the 

etching process is promisingly homogeneous.  

The measured sheet resistances ρn+ are shown in Fig. 6.25. As expected from the different 

junction depths of the initial doping profiles, the sheet resistances of the P-n+ regions with 
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Fig. 6.24 (a) ECV-measured P doping profiles of P-n+ regions etched for four different times 

between 0 s and 100 s. The initial sheet resistance before etching was 18 Ω/sq. By increasing the 

etching time, the dead layer is removed and the P surface concentration is lowered. (b) P doping 

profiles of two P-n+ regions etched to sheet resistances of 120 ± 17 Ω/sq and 302 ± 25 Ω/sq. The 

doping profiles were measured at different positions on the sample (sample size 12.5 ⋅ 12.5 cm2). 

The etching process exhibits an adequate spatial homogeneity. Please note that the thermal 

formation of the thin SiO2 passivation layers has lowered the P concentrations near the surfaces 

slightly. 
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ρn+
initial = 18 Ω/sq are significantly lower than for P-n+ regions with ρn+

initial = 30 Ω/sq for similar 

etching times. In addition, it is obvious that after etching, the sheet resistances measured on 

textured surfaces are clearly smaller than the ones on planar surfaces. Thus, the etch rate, which 

has been determined to 2.8 ± 0.1 nm/s on planar Si surfaces, is even lower on textured surfaces. 

Similar trends were also shown by Haverkamp et al. in [259].  

The saturation current densities j0,n+ of the non-etched and etched P-n+ regions after surface 

passivation are presented in Fig. 6.26. Before etching, the median j0,n+ values are rather high and 

amount to 601 fA/cm2 and 552 fA/cm2 on textured surfaces for ρn+
initial = 18 Ω/sq and 30 Ω/sq, 

respectively. On planar surfaces, slightly lower saturation current densities are measured due to 

the reduced surface area. 

By etching the highly P-doped n+ Si surfaces, the recombination-active dead layers are removed 

gradually and the P surface concentrations of the P-n+ regions are reduced. Thus, the 

recombination characteristics of the P-n+ regions improve. This can also be seen in Fig. 6.26: 

With increasing sheet resistance ρn+, the j0,n+ values decrease strongly. 

It is interesting to note that for similar sheet resistances after etching, the j0,n+ values of the P-n+ 

regions with ρn+
initial = 18 Ω/sq are lower than those of the P-n+ regions with ρn+

initial = 30 Ω/sq (see, 

e.g., vertical dashed line in Fig. 6.26 (a)). Similar results have been reported by Book et al. in 

[264], who have also explained this finding: The P-n+ region with lower ρn+
initial has a higher initial 

junction depth than the region with higher ρn+
initial. Thus, more of the Si surface has to be removed 
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Fig. 6.25 QSS-PC-measured sheet resistances ρn+ as a function of the etching time for planar 

(triangles) and randomly textured surfaces (squares). The initial sheet resistances before etching 

were 18 Ω/sq (closed) and 30 Ω/sq (open). Lines are guides to the eye. 
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for the P-n+ region with lower ρn+
initial to reach similar sheet resistances. Consequently, these P-n+ 

regions exhibit lower P surface concentrations after etching. Because j0,n+ depends strongly on 

the P surface concentration [264], this leads to lower saturation current densities for the P-n+ 

regions with lower ρn+
initial. 

Promising median saturation current densities of 70 fA/cm2 were realized for P-n+ regions on 

textured surfaces by etching of a n+ region with ρn+
initial = 18 Ω/sq to a sheet resistance of 

100 Ω/sq. This j0,n+ value is below the saturation current density of 100 fA/cm2, which has been 

measured for the P-n+ region with similar sheet resistance standardly used as front surface field 

at Fraunhofer ISE (cf. section 6.2 [p. 197]). This “standard” FSF has been prepared by 

P diffusion and a subsequent thermal drive-in step. This demonstrates the excellent potential of 

etched P-n+ regions for the application in Si solar cells. 

Few years ago, Book et al. reported even lower saturation current densities in the range of 

25 fA/cm2 for etched P-n+ regions with sheet resistances of 100 Ω/sq [264], so that further  
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Fig. 6.26 Saturation current density j0,n+ of P-n+ regions as a function of the sheet resistance 

ρn+ for (a) randomly textured and (b) planar surfaces after surface passivation. The P-n+ regions 

were prepared by wet-chemical etching of highly P-doped n+ regions with initial sheet 

resistances of 18 Ω/sq (closed) and 30 Ω/sq (open), respectively. Please note the logarithmic 

scale of the j0,n+ axes. The vertical dashed line in (a) illustrates that for similar sheet resistances 

after etching, the j0,n+ values are lower for ρn+
initial = 18 Ω/sq than for ρn+

initial = 30 Ω/sq. Lines are 

guides to the eye. 

 



6.5  Realization of front surface fields by wet-chemical etching 231 

 

improvements of the results presented in this subsection can be expected.43 A promising 

approach is to adjust the conditions of the POCl3 diffusion process (e.g. temperature, gas flow 

rates and duration) to the etching process to further improve the form of the P doping profile. 

This, however, is part of future work. 
 

In conclusion, it has been shown that lowly doped P-n+ regions can be fabricated in an 

industrially feasible way by etching of a highly doped n+ region. Saturation current densities 

comparable – or even superior – to driven-in P-n+ regions could be realized. In the following 

subsection, these P-n+ regions are applied as front surface fields in n-type Si solar cells with an 

Al-alloyed p+ rear emitter and Ni-plated front contacts. 

6.5.2 Application of etched front surface fields in n-type silicon solar cells 

In the course of this work, solar cells were fabricated from P-doped n-type FZ Si wafers 

(12.5 ⋅ 12.5 cm2) with a resistivity of 10 Ω cm. Four solar cells with a size of 5 ⋅ 5 cm2 were 

processed on each wafer. 

After saw damage etching, the wafers were textured with random pyramids on both sides. Then, 

three different P-diffused n+ regions were formed on the front and on the rear side (see 

Fig. 6.27): 

(i) P-n+ regions with sheet resistances of 100 Ω/sq were prepared by means of POCl3 diffusion 

and a subsequent thermal drive-in step. These P-n+ regions have been applied as “standard” 

FSF at Fraunhofer ISE (cf. subsection 6.2 [p. 197]). In the following, these P-n+ regions are 

referred to as “driven-in FSFs”. 

(ii) and (iii)   A heavy POCl3 diffusion was carried out to form highly P-doped n+ regions with 

sheet resistances of 19 Ω/sq. By homogeneously etching back the P-n+ regions in 

HF/HNO3/CH3COOH solution for 110 s and 256 s, n+ regions with sheet resistances of 

                                                 

 
43 Since Book et al. have not stated the value of the intrinsic carrier concentration ni used for their evaluation, a 

direct comparison of the saturation current densities of their study with the values of the present work is difficult. 

Nevertheless, the reported j0,n+ values of 25 fA/cm2 are excellently low and show the great potential of etched P-n+ 

regions. 
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100 Ω/sq and 225 Ω/sq were realized, respectively.44 These regions are denoted “shortly 

etched FSF” and “long etched FSF” in the following. 

The front surface fields were passivated by a 10 nm thick thermally grown SiO2 layer and a 

65 nm thick PECVD SiNx layer. To prepare the textured rear surface for the alloying of the Al 

paste, the rear surface was pre-conditioned by etching in KOH solution, as has been 

demonstrated in section 6.3 [p. 205]. The Al-B paste standardly used at Fraunhofer ISE was then 

screen-printed onto the entire rear surfaces, thereby applying a paste amount of 

                                                 

 
44 Please note that the etching times and etch rates slightly differ from the experiments of the previous 

subsection 6.5.1 due to minor adaptions of the HF/HNO3/CH3COOH solution. 
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Fig. 6.27 ECV-measured P doping profiles of the driven-in FSF and calculated P doping 

profiles of the shortly and long etched FSFs. Since the etching rates are significantly higher on 

planar than on textured surfaces (cf. previous subsection), the P doping profiles of the shortly 

and long etched profiles could not be determined directly: If planar reference samples with 

etching times identical to the ones of the short and the long etched FSF had been used for 

measuring the doping profiles, the measured P doping profiles would have underrated the 

P doping profiles of the textured solar cell surfaces. Instead, the latter profiles were calculated: 

Because the doping profiles are expected to be similar on planar and on textured surfaces before 

etching, the profiles of the shortly and etched FSFs were calculated from the initial P doping 

profile measured on a planar reference sample before etching. This was done by “removing” the 

parts of the initial profile near the surface until the sheet resistances calculated from these 

doping profiles agreed with the ones measured on the textured samples. 
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6.9 ± 0.2 mg/cm2. The Al-B-p+ rear emitters were alloyed during subsequent firing in a conveyor 

belt furnace at a set peak temperature of 900 °C for a peak temperature time of 4.5 s. 

For the fabrication of the front contacts, an etching mask was inkjet-printed onto the front side. 

The finger distance was thereby varied in the range of 905 µm to 1825 µm. The SiO2/SiNx 

passivation layers were selectively etched off in HF, realizing contact openings of 57 ± 5 µm. 

After stripping the inkjet mask, Ni was deposited electrochemically by means of electroless 

plating. The nickel silicide layer, which is necessary for contact adhesion, was formed during a 

subsequent forming gas anneal at a temperature of 350 °C for 10 min. Finally, light-induced Ag 

plating was carried out to thicken the Ni seed layers. 

After processing, the four solar cells were cut from each wafer using a dicing saw. Thereby, it 

was not cut through metal fingers or busbars. 
 

Solar cell results 

The results of the light IV measurements corresponding to the respective best-finger distances 

are shown in Tab. 6.2. For the solar cells with the driven-in FSF and the shortly etched FSF, 

which exhibit sheet resistances of 100 Ω/sq, the best finger distance was 1825 µm. For the long 

etched FSF with the higher sheet resistance of 225 Ω/sq, the optimal finger distance was 

1600 µm.  

Because Ni plating allows for the separate formation and optimization of the front and the rear 

contacts, the full potential of the B additives within the Al paste for improving the recombination 

characteristics of the p+ emitters could be exploited: This can be seen clearly by the excellent open-

circuit voltages of up to 648 mV. Although lower P-n+ saturation current densities were determined 

for the etched FSFs than for the driven-in FSF in the previous subsection, this is not reflected in the 

Voc values of the solar cells. This is attributed to the dominating recombination of the full-area p+ 

rear emitter, which superposes and “masks” the recombination properties of the front.  

Nevertheless, the good front surface passivation can also be seen at the short-circuit current 

densities: The jsc values of around 37 mA/cm2 underline that both the driven-in and the etched 

front surface fields exhibit low recombination at the front surface and within the front n+ region, 

so that charge carriers generated at the front of the solar cells are collected effectively by the rear 

p+ emitters. 

It is obvious that the fill factors of the solar cells with the shortly etched FSF are rather low. This 

is caused by contact adhesion issues, which have led to increased series resistances of the solar 

cells. For solar cells with long etched FSFs though, fill factors of more than 78 % were 
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measured. By carrying out additional SunsVoc measurements before and after cutting the solar 

cells (cf. subsection 6.4.5), the loss in FF due to edge recombination was determined to 

2.2 ± 0.2 %abs. Thus, after correcting the electrical parameters for edge recombination, fill factors 

significantly above 80 % could be achieved. This demonstrates that Ni-plated seed layers can be 

used to form low-ohmic contacts to advanced P-n+ regions with P surface concentrations in the 

range of 1⋅1019 cm-3. 

Conversion efficiencies of up to 19.0 % were measured for the driven-in and the long etched 

FSF. The efficiency loss due to edge recombination for these best cells was determined to 

0.6 %abs for the driven-in FSF and 0.7 %abs for the long etched FSF. By taking these values into 

account, solar cell efficiencies exceeding 19.5 % can be expected. This is in the range of the 

highest values reported for this solar cell concept so far [215, 216, 221, 266]. 

Tab. 6.2: Electrical parameters of the n-type Si solar cells with a non-passivated full-area Al-p+ 

rear emitter, measured under standard testing conditions (AM1.5G, 100 mW/cm2, 25 °C). The 

measurements were carried out after cutting the solar cells with a size of 5 ⋅ 5 cm2 from the large 

wafer, so that edge recombination reduces the efficiency of the solar cells. Please note that due 

to the low number of solar cells, the maximal deviation from the respective median value was 

taken as error. 

 Finger 

distance 
Voc jsc FF η 

 [µm] [mV] [mA/cm2] [%] [%] 

Driven-in FSF (100 Ω/sq):     

 Median of 5 cells* 1825 646  -1
+2  37.2  -0.3

+0.2  78.3  -2.1 
+0.4   18.8  -0.5

+0.2  
 Best cell 1825 648 37.4 78.5 19.0 

      
Shortly etched FSF (100 Ω/sq)     

 Median of 4 cells* 1825 645  -7
+1  36.8  -0.8

+0.2  71.7  -1.9 
+6.0   17.1  -1.1

+1.3  
 Best cell 1825 645 36.7 77.6 18.4 

      
Long etched FSF (225 Ω/sq)     

 Median of 3 cells* 1600 644  -0
+2  37.2  -0.2

+0.2  78.3  -0 
+0.5  18.7  -0.1

+0.3  
 Best cell 1600 645 37.4 78.6 19.0 

 * Processed on different wafers. 
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Conclusions 

In conclusion, highly efficient n-type Si solar cells with an Al-alloyed p+ rear emitter have been 

presented in this chapter, fabricated by means of industrially feasible processes. The improved 

solar cell characteristics are based on the advantageous combination of different technologies:  

(i) Etched front surface fields: The front surface fields have been formed by wet-chemical 

etching of a highly P-doped n+ region. This approach has enabled the industrially viable 

preparation of lowly doped P-n+ regions with improved recombination properties. 

(ii) Nickel-plated contacts: Ni-plated seed layers have allowed for the formation of low-ohmic 

contacts to these lowly doped front surface fields. Furthermore, Ni plating has enabled the 

separate formation and optimization of the front and the rear contacts. 

(iii) Aluminum pastes containing boron additives: Owing to the decoupling of the front and the 

rear metallization, optimal firing conditions could be applied for the formation of the p+ rear 

emitter. Thus, the potential of B additives within the Al paste could be used entirely. 

High conversion efficiencies have been presented in this chapter. Nevertheless, to the author’s 

opinion, further improvements in solar cell efficiencies can still be achieved, so that solar cell 

efficiencies exceeding 20 % are expected for n-type Si solar cells with a non-passivated full-area 

Al-alloyed p+ rear emitter in the future. Possible approaches are discussed in the following 

section. 

6.6 Further solar cell development 

There are several possibilities to further improve the efficiency or to further simplify the 

fabrication process of n-type Si solar cells with an Al-alloyed p+ rear emitter. Some promising 

aspects currently under development are introduced in the following: 

Selective front surface fields 

A promising approach to improve the solar cell characteristics is the implementation of a 

selective front surface field [15, 217], which is highly doped under the front metal contacts to 

improve the shielding of electrons from the contact and lowly doped in the regions between the 

contacts. An evident approach to manufacture solar cells with selective FSFs is the selective 

etching of a highly doped P-n+ region. By masking the contact area by, e.g., inkjet printing, the 

contact areas are protected during etching and remain highly doped, whereas the areas between 

the contacts are etched. This approach has originally been introduced by Zerga et al. [258]. 
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Fig. 6.28 shows top view images of (a) the inkjet-printed etch mask and (b) of the Si surface 

after selective etching, mask stripping and thermal formation of a silicon dioxide layer. Thereby, 

to visualize the highly doped area in the contact region after stripping of the mask, it was taken 

advantage of the fact that the thermal growth rate of silicon dioxide layers is higher on highly 

doped Si than on lowly doped Si [81, 267]. Because the “color” (more precisely: the reflectance) 

of the SiO2 layer correlates with its thickness, the contact area can be separated easily from the 

area between the contacts (see Fig. 6.28 (b)). 

Fig. 6.28 shows clearly that the width of the highly doped Si region is equal to the width of the 

inkjet mask, so that no underetching occurred and the highly doped regions can be accurately 

defined. Therefore, selective front surface fields by etching of highly doped P-n+ regions can be 

realized easily in n-type Si solar cells. 

Laser-based contact openings 

A second promising approach to further improve the solar cell characteristics is the reduction of 

the front contact width by decreasing the width of the opening in the SiO2/SiNx passivation 

layers. This can be realized by, for example, laser ablation using nanosecond laser pulses (see 

Fig. 6.29 (a) and [268]) or the combination of pico- and nanosecond laser pulses [269]. 

Moreover, laser chemical processing (LCP) can be used to ablate the SiO2/SiNx layer stack and 

to heavily dope the Si region in the opened area at the same time (see Fig. 6.29 (b) and [244]). 

Opening widths in the range of 20 µm can be achieved easily. 

First n-type Si solar cells with an Al-alloyed p+ rear emitter and laser-opened, Ni-plated front 

contacts have already been fabricated in the course of this work. Very promising conversion 

 

 

Fig. 6.28 (a) Optical microscope top view image of an inkjet-printed mask for the formation of a 

selective front surface field by selective etching. (b) Optical microscope top view image of the Si 

surface after etching, mask stripping and thermal oxidation. Because the silicon dioxide layer 

grows faster on highly doped than on lowly doped Si, the two regions can be distinguished from 

each other. 
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efficiencies of up to 19.4 % have been achieved for nanosecond laser-ablated contacts and 

19.1 % for LCP-opened contacts (measured after cutting the 5 ⋅ 5 cm2 solar cells from the large 

wafers, i.e. with edge recombination). Particularly the excellent short-circuit current densities of 

38.6 mA/cm2 and 38.1 mA/cm2, respectively, show that the shading of the front metal grid can 

be reduced effectively. However, for both ablation techniques, process stability and contact 

adhesion were still a challenge to the time of solar cell fabrication. 

Solar cells with Ni-plated front contacts and local p+ rear emitters in passivated Si surface 

A third approach to improve the conversion efficiency of n-type Si solar cells with an Al-alloyed 

rear emitter is the combination of Ni-plated front contacts with a passivated rear Si surface. The 

decoupling of the front and the rear side metallization thereby would enable the accurate 

optimization of the recombination properties of the locally Al-alloyed p+ rear emitters. 

Since the passivation of the rear Si surface is expected to improve the recombination 

characteristics of the rear considerably, the solar cells would become increasingly sensitive to the 

recombination characteristics of the front surface. Thus, the application of etched or, better still, 

selectively etched front surface fields would be particularly beneficial. 

6.7 Summary 

Alloying from screen-printed aluminum pastes has been applied to form the p+ emitters of n-type 

silicon solar cells. Thereby, the well-established production processes of conventional p-type Si 

solar cells with phosphorus-diffused n+ front and Al-alloyed p+ rear could have been retained, 

while only the base material has been changed from p- to n-type Si. This results in an n+np+ rear 

 

 

Fig. 6.29 Opening in the SiO2/SiNx passivation layer stack prepared by (a) ns laser ablation and 

(b) laser chemical processing (LCP). Opening widths in the range of 20 to 30 µm can be realized 

easily with laser-based opening techniques. Image (a) was taken by optical microscopy, image 

(b) by confocal microscopy. 
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emitter cell structure. In the course of this chapter, the fabrication of n-type Si solar cells with an 

Al-p+ rear emitter has been simplified further and promising ways to enhance the solar cell 

performance by advantageously combining novel technologies have been discussed. 
 

Three different concepts of n-type Si solar cells with Al-p+ rear emitter currently under 

development at Fraunhofer ISE have been presented: Structures including 

(1) a non-passivated full-area Al-p+ rear emitter, 

(2) a surface-passivated full-area Al-p+ rear emitter and local rear contacts, 

(3) local Al-p+ emitters in the passivated rear Si surface. 

It has been discussed how the results of this work have contributed to enhance the performance 

of these n-type Si solar cells: The improved knowledge on the alloying process and on the 

recombination characteristics of Al-p+ emitters with and without surface passivation allowed for 

a significant increase in the open-circuit voltages of the solar cells (concepts (1) and (2)). By 

clarifying the requirements for an effective Al-p+ surface passivation, the efficient realization of 

passivated emitters was enabled (concept (2)). Moreover, the application of Al pastes containing 

Si additives investigated in this work for the local contact formation led to a significant reduction 

of recombination within the local contacts (concepts (2) and (3)). 

Remarkable conversion efficiencies of 19.3 %, 20.0 % and 19.7 % (independently confirmed, 

cell area: 143.5 cm2), respectively, have thus been achieved for the three solar cell concepts at 

Fraunhofer ISE using printed Ag front contacts.  
 

Furthermore, a simplification of the solar cell fabrication has been discussed in the course of this 

chapter, which is based on omitting the texturing and diffusion mask on the rear of the solar 

cells. This results in printing and alloying of the Al paste on the textured and P-diffused Si rear 

surface. Interruptions of the Al-p+ emitter can be prevented, if the alloying conditions are chosen 

accurately or, in the case of preset conditions, the rear surface is prepared by a simple etching 

step. It has been demonstrated that the application of the simplified fabrication process does not 

lead to losses in solar cell performance. 
 

Although remarkable solar cell efficiencies have been realized for n-type Si solar cells with 

Al-p+ rear emitter and printed Ag front contacts, the formation of the Ag front and the Al rear 

contacts in one co-firing step often leads to non-optimal conditions for the alloying of the rear 

emitter. Throughout this chapter, it has been shown that nickel-plated front contacts are a 
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promising alternative to printed contacts. Since Ni plating is a low-temperature technique, it 

allows for the decoupling of the front and the rear side metallization: The firing of the Al paste 

on the rear and the Ni annealing on the front, which is necessary to promote contact adhesion, 

can be done consecutively. Therefore, the front and the rear contacts can be formed and 

optimized separately. 

It has been demonstrated that the contact annealing after the Ni plating leads to the formation of 

a nickel silicide (NiSix) layer beneath the front contacts. The temperature of the contact 

annealing thereby affects the NiSix layer thickness strongly: Increasing the annealing 

temperature from 300 °C to 450 °C results in an increase of the average thickness and augments 

deep NiSix spikes. It has been demonstrated furthermore that this significantly affects the 

performance of conventional p-type Si solar cells with a P-n+ front emitter and an Al-p+ BSF: 

The intensified penetration of the n+ front emitter by the NiSix spikes has led to a strong 

degradation of the p-type Si solar cell performances. In contrast, n-type Si solar cells with an 

Al-p+ rear emitter, which have been manufactured using the similar fabrication process, are 

explicitly more stable. Therefore, by applying n- instead of p-type Si as base material, an 

improved stability against the thermal Ni contact formation is realized easily without changes in 

the solar cell fabrication process.  

Owing to the decoupling of the front and the rear metallization, optimal alloying conditions for 

the formation of the p+ rear emitter were used for the solar cell fabrication. This has particularly 

enabled the effective application of an Al paste containing B additives. Excellently high open-

circuit voltages of up to 647 mV were thus realized for n-type Si solar cells with a non-

passivated full-area Al-B-co-doped p+ rear emitter and Ni-plated contacts. Thus, Ni plating is 

exceptionally well-suited for the front contact formation of rear emitter n-type Si solar cells. 
 

Because Ni-plated contacts can form low contact resistances to even lowly P-doped n+ Si 

surfaces, an industrially feasible approach for the fabrication of advanced n+ front surface fields 

was investigated in this work. This approach is based on the wet-chemical etching of highly 

P-doped n+ Si regions and has been introduced in the literature. Electrical properties similar or 

superior to P-n+ regions formed by P diffusion and a subsequent cost-intensive thermal drive-in 

step were demonstrated in this work. Open-circuit voltages of more than 645 mV and conversion 

efficiencies of up to 19.0 % (cell area 25 cm2) have been achieved for n-type Si solar cells with a 

P-diffused/driven-in FSF as well as for solar cells with an etched FSF, thereby applying a non-

passivated full-area Al-B-p+ rear emitter. By correcting these values for the recombination at the 

edges of the solar cells, which have resulted from cutting the cells with a size of 5 ⋅ 5 cm2 from 
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the larger wafer, conversion efficiencies of more than 19.5 % have been realized for these solar 

cells. This is in the range of the highest values reported for this solar cell concept so far. 
 

In conclusion, it has been demonstrated throughout this chapter that the potential of n-type Si 

solar cells with an Al-p+ rear emitter can be used optimally by the specific and advantageous 

combination of different technologies: (i) etched front surface fields, which provide advanced 

P-n+ regions with excellent recombination characteristics, (ii) Ni-plated front contacts, which 

feature low contact resistivities even on these lowly doped FSFs and allow for the separate 

formation and optimization of the front and the rear contacts, and (iii) p+ rear emitters alloyed 

from Al pastes containing B additives, which exhibit improved recombination characteristics due 

to optimal alloying conditions. 
 

As an outlook, possibilities for improving the performance of n-type Si solar cells with an 

Al-alloyed p+ rear emitter further have been discussed:  

(i) A selective front surface field can be used to further improve the shielding of holes from the 

front contacts. It has been shown that the selective etching of a highly P-doped n+ region 

with the contact areas being protected by an etch mask during etching is an interesting 

approach for its realization. 

(ii) The opening of the front passivation layers by laser ablation is a promising approach to 

significantly reduce the widths of the Ni-plated contacts. Conversion efficiencies of 19.0 % 

and 19.4 % were realized already for n-type Si solar cells with a non-passivated Al-p+ 

emitter and contact openings prepared by laser chemical processing (LCP) and by laser 

ablation using nanosecond pulses, respectively. However, contact adhesion and process 

stability were still important issues. 

(iii) By combining a passivated rear with Ni-plated front contacts, the conditions for the 

formation of the local Al-p+ emitters in the passivated Si surface can be optimized more 

accurately to further improve the recombination characteristics of the local emitters. Thus, 

the performance of rear surface-passivated n-type Si solar cells is expected to be enhanced 

further. 
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Summary and outlook 

Alloying from screen-printed aluminum pastes on silicon is a simple, reliable and cost-effective 

metallization technique, which is standardly applied for the rear contact formation of silicon 

solar cells in today’s production lines. Despite its long history and widespread utilization, 

however, there have still been open questions on the fundamentals of the alloying process, on the 

interaction of paste additives with the Al-Si system during alloying, and on the recombination 

characteristics of Al-alloyed contacts. This work has therefore dealt with investigating and 

quantifying alloying from screen-printed Al pastes on Si for solar cell applications in detail. 
 

The main achievements of this work are summarized in brief in the following: 

(1) Derivation of a comprehensive analytical model for alloying from screen-printed Al pastes 

which allows for the accurate calculation of the Al contact structure and the doping profiles 

of the Al-doped p+ Si (Al-p+) regions for a broad range of printing and firing conditions.  

(see chapter 2, published in [94]) 
 

(2) Detailed theoretical and experimental investigation of the recombination characteristics of 

Al-p+ regions with and without surface passivation. The influence of the printing and firing 

conditions on the recombination characteristics of the Al-p+ regions has been clarified and 

optimal conditions have been determined. Implied open-circuit voltages of up to 651 mV for 

non-passivated and 699 mV for surface-passivated Al-p+ regions have been realized. 

(see chapter 3, published in [123, 128, 129]) 
 

(3) Deduction of a comprehensive analytical model for alloying from screen-printed Al pastes 

containing boron additives. This model enables the precise calculation of the acceptor 

profiles of the Al- and B-co-doped p+ Si (Al-B-p+) regions and the investigation and 

optimization of their recombination characteristics. Excellent implied open-circuit voltages 

of 665 mV have been achieved for full-area Al-B-p+ regions without surface passivation for 

the optimal effective B percentage of 0.03 wt%. 

(see chapter 4, published in [163-165] and to be published in [166] soon) 
 

(4) Investigation of the structural and electrical properties of local contacts formed by full-area 

screen-printing and firing of Al pastes on locally opened dielectric layers. By intentionally 
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adding Si to the Al paste, the recombination characteristics of the local contacts were 

improved, so that the effective rear surface recombination velocity was reduced down to less 

than a third of the value of a conventional Al paste. 

(see chapter 5, published in [181, 182]) 
 

(5) Application of these results to improve the conversion efficiencies of n-type Si solar cells 

with screen-printed full-area or local Al-p+ rear emitters. Nickel plating has been 

demonstrated to be a promising technique for the front contact formation of these solar cells. 

Etching of highly phosphorus-doped n+ Si regions was implemented as an industrially 

feasible approach for the formation of the n+ front surface fields. Conversion efficiencies in 

the range of the highest values so far reported have been achieved. 

(see chapter 6, published in [204, 205]) 

In the following, the results of this work are presented in more detail. 
 

(1) Analytical model for alloying from screen-printed aluminum pastes on silicon 

In this work, a comprehensive analytical model for alloying from screen-printed Al pastes on Si 

for solar cell applications has been derived, which provides a profound understanding of the 

characteristics of the alloying process. The model is based on the binary Al-Si phase diagram 

and quantitatively describes the composition of the Al-Si melt that forms on top of the Si wafer 

during alloying and the recrystallization of Si at the Si wafer surface. It has been shown that two 

characteristic effects have to be taken into account in order to characterize the alloying process 

accurately:  

The latent heat of the Al paste: The latent heat of the Al pastes leads to a significant difference 

between the set peak temperature of the firing furnace and the actual peak temperature of the 

samples during alloying. To account for the latent heat of the Al pastes in the model, an effective 

peak temperature of the alloying process has been introduced which can be considerably lower 

than the set peak temperature of the furnace. 

Parasitic recrystallization of Si within the paste particles: Recrystallization of Si does not only 

occur at the Si wafer surface, but also within the paste particles. Since it is a competing process, 

parasitic Si recrystallization can considerably reduce the growth of the Al-p+ region at the Si 

wafer surface. Two parameters were introduced into the model to account for this effect: (i) an 

effective Si percentage of the solid in the paste particles, which can clearly exceed the eutectic 

concentration, and (ii) an effective paste amount, which quantifies the paste amount utilized for 
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the formation of the Al-p+ region at the Si wafer surface. The latter results from the finding that 

the ratio of Si recrystallization within the paste particles and at the Si wafer surface depends only 

on the printed paste amount and is particularly independent of the firing conditions. 

It has been demonstrated that the thicknesses of the eutectic Al-Si layers and the Al-p+ regions 

can be calculated in very good accordance with measured thicknesses for a large set of 

Al-alloyed contacts comprising a broad range of paste amounts and firing conditions. 
 

The analytical model of this work allows for the very precise calculation of the doping profiles 

of the Al-p+ regions. To accurately reproduce the incorporation of Al atoms into the Si lattice 

during the recrystallization of the Al-p+ regions, an advanced parameterization of the solid 

solubility of Al in Si has been determined, which extends the solubility data to temperatures as 

low as the eutectic temperature of 577 °C. Excellent agreement between measured and calculated 

Al acceptor profiles has been achieved. 
 

Finally, limitations of the analytical model were discussed. Wetting effects which are not 

accounted for in the model can lead to the formation of inhomogeneous Al contacts due to the 

contraction of the Al-Si melt during alloying. The contraction of the melt can be prevented 

effectively by reducing the thermal budget of the alloying process, i.e. by decreasing the set peak 

temperature or the time within the peak temperature zone of the furnace. 
 

(3) Extending the model to alloying from aluminum pastes containing boron additives 

The analytical model for alloying from screen-printed Al pastes has been extended to Al pastes 

containing B additives (denoted as Al-B pastes). Based on the ternary Al-B-Si phase diagram, 

the composition of the Al-B-Si melt and the incorporation of Al and B atoms as acceptors into 

the recrystallizing Si during alloying were described quantitatively. For this purpose, the solid 

solubility data of B in Si has been reparameterized and expanded to temperatures as low as the 

eutectic temperature of the alloying process.  
 

The model for alloying from Al-B pastes was used to calculate the acceptor profiles of Al-B-p+ 

regions with high accuracy. Excellent accordance of calculated and measured Al-B acceptor 

profiles has been achieved for a large set of profiles, which were prepared by alloying from Al 

pastes containing different amounts of elemental B and using different firing conditions. Thus, 

the model presents a powerful tool for the comprehensive investigation of alloying from Al-B 

pastes. 
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It has been shown that the height and form of the measured Al-B acceptor profile curves strongly 

depend on the percentage of B in the paste. By means of the model, this was attributed to the 

high solid solubility of B in Si, which exceeds the solubility of Al in Si by approximately one 

order of magnitude. The concentration of B acceptor atoms in Al-B-p+ regions can thus be 

considerably higher than the concentration of Al acceptor atoms. The model was also used more 

specifically to clarify the formation of characteristic kinks in the Al-B doping profile curves to 

be caused by the maximal dissolution of the B additive during alloying.  

The model calculations have shown furthermore that only a small part of the B additive in the 

paste is actually dissolved into the melt during alloying, even though the solubility limit of B in 

the melt is not reached. Due to this incomplete dissolution of the B additive, the utilized, 

effective B percentage is significantly lower than the actual percentage of B in the paste. The 

utilization of the B additive also depends on (i) the kind of B additive and (ii) the firing 

conditions of the alloying process. For low effective peak temperatures, for example, the 

dissolution of elemental B amounts to less than 2 %. 
 

(2, 3) Recombination characteristics of p+ regions alloyed from aluminum or aluminum-boron 

pastes 

In this work, the recombination characteristics of p+ regions formed by alloying from Al and 

Al-B pastes have been investigated in detail by means of simulations and experiments. The 

recombination characteristics are thereby defined by the acceptor profiles of the p+ regions, 

which induce the shielding of electrons from either the recombination-active rear contacts or 

from the p+ regions themselves. 
 

Since only ionized, electrically active acceptor atoms contribute to the shielding of electrons, the 

ionization of Al and B acceptors in alloyed p+ regions has been investigated in detail. By 

reviewing the physics of incomplete ionization, a parameterization for the percentage of ionized 

Al acceptors was presented which has been verified experimentally by profile and sheet 

resistance measurements. The parameterization has shown that more than 40 % of the Al 

acceptors are electrically inactive. B acceptor atoms, however, can be approximately taken as 

completely ionized, as proposed by literature studies. 
 

Based on the precise calculation of the Al and Al-B doping profiles using the models for alloying 

from Al and Al-B pastes, respectively, the recombination characteristics of Al-p+ and Al-B-p+ 

regions were simulated numerically. Because these characteristics are affected diversely by 
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(i) recombination at the surface of the p+ regions and (ii) recombination at defects as well as (iii) 

Auger recombination within the p+ region bulks, the different recombination paths were analyzed 

separately. Thus, in this work, a differentiated investigation of the recombination characteristics 

of Al-p+ and Al-B-p+ regions has been presented for the first time, which provides improved 

understanding of minority carrier recombination in these regions. In parallel to this numerical 

analysis, the recombination characteristics were also studied experimentally by fabricating and 

investigating a large set of Al- and Al-B-alloyed contacts. 

For p+ regions alloyed from B-free Al pastes, recombination at the p+ region surface is the 

predominant recombination path. Thus, the saturation current densities of the p+ regions, which 

quantify their recombination activity, are reduced effectively by increasing the thicknesses of the 

p+ regions. The simulation results have shown that this can be done by applying paste amounts of 

at least 8 mg/cm2 and high peak temperatures of the alloying process. These results were verified 

experimentally: For a paste amount of 8.07 mg/cm2 and an effective peak temperature of 810 °C, 

a saturation current density of 440 fA/cm2 (using an intrinsic carrier concentration 

ni = 9.65⋅109 cm-3) has been realized, corresponding to an implied open-circuit voltage of 

651 mV. 

For p+ regions alloyed from Al pastes containing B additives, the additional B acceptor atoms 

affect both the shielding of electrons from the recombination-active contact as well as the 

recombination within the p+ region bulks strongly. The numerical simulations have shown that 

an increase in the effective B percentage leads to a significant reduction of the surface 

recombination and of recombination at defects within the p+ region bulks, but also to the 

simultaneous intensification of Auger recombination within the p+ region bulks. The optimal 

effective B percentage, which has been simulated to 0.03 wt%, thus constitutes a compromise 

between these recombination mechanisms. The optimal effective B percentage was confirmed 

experimentally, for which excellently low saturation current densities of less than 260 fA/cm2 

were achieved, corresponding to implied open-circuit voltages of 665 mV. This clearly shows 

the remarkable potential of B additives in Al pastes. 

The simulation results have indicated furthermore that the saturation current densities of Al-B-p+ 

regions alloyed from Al-B paste “containing” this optimal effective B percentage are largely 

independent of the paste amount and the firing conditions. Thus, Al-B pastes of optimal 

composition provide a very high stability and robustness against variations in the printing and 

firing conditions. Although this improved robustness was demonstrated experimentally, the 

experiments have also revealed that the incomplete dissolution of the B additive, which 
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additionally depends on the firing conditions, complicates the realization of the optimal effective 

B percentage. In practice, the paste composition and the firing conditions therefore need to be 

adapted carefully to each other. 
 

It has been shown that the passivation of the p+ region surface is a very promising approach for 

improving the recombination properties further. Before the deposition of the passivation layers, 

though, a careful surface preparation is essential to remove Al-containing pyramidal structures 

from the p+ region surfaces. After surface passivation, recombination within the p+ region bulks 

dominates, so that particularly thin surface-passivated p+ regions feature improved 

recombination characteristics. An excellently low saturation current density of 70 fA/cm2 has 

been achieved for an Al-p+ region with a thickness of 2.6 ± 0.9 µm, which corresponds to an 

implied open-circuit voltage of 699 mV. To the author’s knowledge, this is the lowest saturation 

current density reported for screen-printed Al-p+ regions so far, which demonstrates the high 

potential of passivating the p+ region surface. For surface-passivated Al-B-p+ regions, no 

significant influence of the B additive on the recombination characteristics has been measured. 
 

(4) Aluminum alloying in local contact openings of a dielectric layer 

A comprehensive study on the structural and electrical properties of local contacts formed by 

full-area screen-printing and firing of Al pastes on locally opened dielectric layers has been 

presented in this work.  

The distance between the local contacts has a strong influence on the structural properties of the 

local contacts when conventional Al pastes are applied for their formation: Increasing the contact 

distance leads to (i) the enlargement of the contact areas and (ii) the reduction of the Al-p+ 

thicknesses in the contact points, which both result in the reduced shielding of electrons from the 

contacts. It has been demonstrated that the deterioration of the contact structure can be measured 

directly as an increase in the contact recombination. In this work, a quantitative investigation of 

the inadequate contact formation has been carried out for the first time by calculating the 

concentration of Si that dissolves into the melt through the local openings during alloying. The 

deficient contact properties were thus linked directly to the low Si concentration of the melt 

during alloying. This results in (i) the persistent dissolution of Si through the local openings and 

(ii) the poor recrystallization of Al-doped p+ Si in the contact areas. 
 

It has been demonstrated that by intentionally adding Si powder to the Al paste – an approach 

introduced in the literature –, the contact penetration into the Si bulk is reduced and the 
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thicknesses of the Al-p+ regions in the contact points are increased. This directly impacts the 

recombination properties of the local contacts: If Al pastes with Si percentages close to or above 

the eutectic concentration of 12.6 wt% are used for the local contact formation, the shielding of 

electrons from the metal contact improves significantly. The rear surface recombination velocity 

for a common contact distance could thus be lowered to less than 30 % of the value 

corresponding to a conventional Si-free Al paste. Further investigations on the internal 

reflectance and the specific resistivity of the rear contact have suggested an upper limit for the Si 

content added to the Al paste. 
 

(5) Application of aluminum-alloyed p+ regions in n-type Si solar cells  

In this work, it has been shown that alloying from screen-printed Al and Al-B pastes can be used 

versatilely to fabricate rear emitter n-type Si solar cells. For the fabrication of these solar cells, 

the well-established fabrication process of conventional p-type Si solar cells with a P-diffused n+ 

front emitter and an Al-alloyed p+ back surface field can be applied while only changing the base 

material from p- to n-type Si. Since n-type Si material is less sensitive to common impurity 

atoms and is considerably more stable under illumination than p-type Si, the n-type Si solar cell 

concept with an Al-alloyed rear combines the superior electrical properties of n-type Si and the 

simple and reliable standard fabrication process. The P-diffused n+ front then acts as front 

surface field (FSF) and the Al-alloyed p+ rear as emitter, resulting in an n+np+ solar cell structure. 
 

The results of n-type Si solar cells with an Al-p+ rear emitter currently under research at 

Fraunhofer ISE has been summarized, which comprises three different concepts for the 

realization of the p+ emitters by alloying from screen-printed pastes: (i) full-area p+ emitters 

without surface passivation, (ii) surface-passivated full-area p+ emitters with local contacts, and 

(iii) local p+ emitters in a passivated Si surface. 

It was pointed out how the results of the present work contributed to improving these solar cell 

concepts: The detailed knowledge on the recombination characteristics of alloyed p+ regions and 

on the influence of the printing and firing conditions on these characteristics allowed for 

enhancing the open-circuit voltages of the solar cells (concept (i) and (ii)). In particular, the 

findings on the prerequisites for an effective Al-p+ surface passivation enabled the efficient 

implementation of passivated emitters (concept (ii)). The application of Al pastes containing Si 

additives for the local rear contact formation was one of the key issues for reducing the 

recombination within the contact points (concept (ii) and (iii)). 
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Remarkable conversion efficiencies of 19.3 %, 20.0 % and 19.7 %, respectively, have thus been 

achieved for the three solar cell concepts at Fraunhofer ISE (independently confirmed, cell area 

143.5 cm2) using printed silver front contacts.  
 

Furthermore, a simplification of the solar cell fabrication process standardly used at Fraunhofer 

ISE so far was presented in the course of this work. The simplification is based on omitting the 

texturing and diffusion mask on the rear of the solar cells, so that the Al paste is printed and 

alloyed on a textured and P-diffused Si rear surface. It has been shown that the application of the 

simplified process sequence does not lead to losses in the solar cell performance. 
 

Despite the promising conversion efficiencies of the solar cells with printed Ag front contacts, 

the formation of the Ag front and the Al rear contacts in one single co-firing step often entails 

non-optimal conditions for the alloying of the rear emitters. Ni-plated front contacts present a 

promising alternative to printed contacts: Ni plating allows for the separate formation and 

optimization of the front and the rear contacts, since the firing of the Al paste and the annealing 

of the Ni contact necessary for contact adhesion can be done consecutively. It has been 

demonstrated in this work that n-type Si solar cells with an alloyed p+ rear emitter are 

exceptionally well-suited for the application of Ni-plated contacts: Whereas conventional p-type 

Si solar cells showed a severe degradation during the Ni contact annealing due to the enhanced 

formation of nickel silicide spikes, the n-type Si solar cells with a p+ rear emitter have featured a 

significantly improved stability.  

Excellently high open-circuit voltages of up to 647 mV have been realized for n-type Si solar 

cells with a non-passivated full-area Al-B-p+ rear emitter and Ni-plated contacts. Owing to the 

decoupling of the front and the rear metallization, an Al paste containing B additives together 

with optimal firing conditions were used for the formation of the rear p+ emitters. 
 

Since Ni-plated contacts form low-ohmic contacts to even lowly P-doped n+ regions, an 

industrially feasible approach for the formation of advanced n+ front surface fields has been 

investigated which is based on etching of highly P-doped n+ regions – an approach introduced in 

the literature. Saturation current densities similar or even superior to P-n+ regions formed by P 

diffusion and a subsequent cost-intensive thermal drive-in step have been realized for these 

etched n+ regions. Conversion efficiencies of more than 19.5 % have been achieved for n-type Si 

solar cells with an etched FSF and a non-passivated full-area Al-B-p+ rear emitter (cell area: 
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25 cm2, after correction of edge recombination), which is in the range of the highest values 

reported for this solar cell structure so far. 
 

Outlook 

It has been demonstrated in the course of this work that the experimental realization of the 

optimal B percentage of the Al-B paste is difficult because the dissolution of the B additive is 

incomplete and particularly depends on the firing conditions. Further paste optimization will 

therefore have to deal with investigating B additives that dissolve instantaneously during 

alloying. Silicon-based B additives are expected to be possible candidates. 

The improvement in the recombination characteristics by B additives is particularly distinct for 

p+ regions with low thicknesses. This is promising for enhancing the electrical properties of 

locally alloyed contacts: Since the thicknesses of the p+ regions in the local contact areas are 

typically in the range of a few micrometers, the application of both Si and B additives in the Al 

pastes for the formation of the rear contacts should reduce the contact recombination further. 

The high potential of Ni plating for the fabrication and optimization of n-type Si solar cells with 

an alloyed p+ rear emitter has been presented for full-area emitters without surface passivation in 

this work. Future research will deal with combining Ni-plated contacts with surface-passivated 

emitters. The reduction of the front contact widths will then be a further important issue. This 

could be realized by applying laser-based techniques for the opening of the front passivation 

layers of the solar cells. First solar cells have already been fabricated and have shown 

remarkable conversion efficiencies. However, contact adhesion and process stability are still 

relevant issues. Further improvements of the solar cell performance were expected by 

implementing selective front surface fields, which could be realized easily by the selective 

etching of a highly P-doped n+ region.  

 





 

 

 

Deutsche Zusammenfassung und Ausblick 

Das Legieren siebgedruckter Aluminium-Pasten auf Silicium ist ein einfaches, zuverlässiges und 

kostengünstiges Metallisierungsverfahren, das in den heutigen Produktionslinien standardmäßig 

zur Ausbildung der Rückkontakte von Si-Solarzellen eingesetzt wird. Trotz der langen 

Geschichte und der breiten Nutzung legierter Al-Kontakte, gibt es noch immer offene Fragen zu 

den grundlegenden Zusammenhängen des Legierungsprozesses, zur Wechselwirkung von 

Pasten-Additiven mit dem Al-Si-System während des Legierens und zu den 

Rekombinationseigenschaften der legierten Kontakte. Gegenstand der vorliegenden Arbeit war 

es deshalb, das Legieren siebgedruckter Al-Pasten auf Si für Solarzellenanwendungen zu 

untersuchen und zu quantifizieren. 
 

Die wesentlichen Ergebnisse dieser Arbeit werden im Folgenden kurz zusammengefasst. 

(1) Es wurde ein umfassendes analytisches Modell zur Beschreibung des Legierens sieb-

gedruckter Al-Pasten aufgestellt. Mithilfe dieses Modells konnten die Struktur der 

Al-Kontakte und die Dotierprofile der Al-dotierten p+ Si (Al-p+)-Bereiche für 

unterschiedlichste Druck- und Feuerbedingungen präzise berechnet werden. 

(siehe Kapitel 2, veröffentlicht in [94]) 
 

(2) Die Rekombinationseigenschaften von Al-p+-Bereichen mit und ohne Oberflächen-

passivierung wurden theoretisch und experimentell im Detail untersucht. Der Einfluss der 

Druck- und Feuerbedingungen auf die Rekombinationseigenschaften wurde herausgestellt 

und optimale Bedingungen ermittelt. Es konnten implizite Offenklemmenspannungen von 

651 mV für unpassivierte und von 699 mV für passivierte Al-p+-Bereiche realisiert werden. 

(siehe Kapitel 3, veröffentlicht in [123, 128, 129]) 
 

(3) Ein umfassendes Modell zur analytischen Beschreibung des Legierens siebgedruckter Al-

Pasten mit Bor-haltigen Additiven wurde entwickelt. Dieses Modell ermöglichte die genaue 

Berechnung der Dotierprofile der Al-B-kodotierten p+ Si (Al-B-p+)-Bereiche und die 

eingehende Untersuchung und Optimierung ihrer Rekombinationscharakteristik. Implizite 

Offenklemmenspannungen von 665 mV wurden für Al-B-p+-Bereiche ohne Oberflächen-

passivierung unter Verwendung des optimalen effektiven B-Gehalts von 0.03 Gewichts-

prozent an der Paste erreicht. 

(siehe Kapitel 4, veröffentlicht in [163-165] und kurz vor Veröffentlichung in [166]) 
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(4) Die strukturellen und elektrischen Eigenschaften lokaler Kontakte, die mittels vollflächigen 

Siebdrucks und Feuerns einer Al-Paste auf lokalen Öffnungen einer dielektrischen Schicht 

herstellt wurden, wurden eingehend untersucht. Durch die gezielte Beigabe von Si-Pulver zur 

Al-Paste konnte durch die Verbesserung der Kontaktrekombination die effektive 

Rückseitenrekombinationsgeschwindigkeit auf bis unter 30 % des Werts einer 

herkömmlichen, Si-freien Al-Paste gesenkt werden. 

(siehe Kapitel 5, veröffentlicht in [181, 182]) 
 

(5) Diese Ergebnisse wurden zur Verbesserung des Wirkungsgrades von n-Typ Si-Solarzellen 

mit siebgedrucktem vollflächigen oder lokalen Al-p+ Rückseitenemittern verwandt. Es wurde 

gezeigt, dass Nickel-Galvanik ein vielversprechendes Verfahren zur Herstellung der 

Vorderseitenkontakte dieser Solarzellen ist. Mit dem Ätzen stark Phosphor-dotierter n+-Si-

Bereiche wurde eine einfache und industrienahe Methode zur Bildung des 

n+-Vorderseitenfeldes in den Zellprozess integriert. Es konnten damit Wirkungsgrade im 

Bereich der höchsten je für diese Zellstruktur gemessenen Werte erreicht werden. 

(siehe Kapitel 6, veröffentlicht in [204, 205]) 
 

Im Folgenden werden die Ergebnisse dieser Arbeit ausführlicher beschrieben. 
 

(1) Analytisches Modell des Legierungsprozesses siebgedruckter Aluminium-Paste auf Silicium 

Im Rahmen dieser Arbeit wurde ein umfassendes analytisches Modell für das Legieren 

siebgedruckter Al-Pasten auf Si für Solarzellenanwendungen hergeleitet. Das Modell geht auf 

das binäre Al-Si-Phasendiagramm zurück und beschreibt quantitativ die Zusammensetzung der 

Al-Si-Schmelze, die sich während des Legierens auf der Oberfläche des Si-Wafers bildet, und 

die Rekristallisation von Si an dieser Si-Oberfläche. Es wurde gezeigt, dass zwei 

charakteristische Effekte berücksichtigt werden müssen, um den Legierungsprozess richtig zu 

beschreiben: 

Die latente Wärme der Al-Paste: Die latente Wärme der Al-Pasten führt zu einem deutlichen 

Unterschied zwischen der eingestellten Maximaltemperatur des Feuerofens und der tatsächlichen 

Maximaltemperatur der Proben während des Legierens. Um den Effekt der latenten Wärme im 

Modell zu berücksichtigen, wurde eine effektive Maximaltemperatur des Legierungsprozesses 

eingeführt, die deutlich geringer sein kann als die Maximaltemperatur des Ofens. 

Parasitäre Rekristallisation von Si in den Pastenpartikeln: Si rekristallisiert nicht nur an der Si-

Waferoberfläche, sondern auch innerhalb der Pastenpartikel. Da die Rekristallisation in den 
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Pastenpartikeln einen konkurrierenden Prozess zum Wachstum des Al-p+-Bereichs an der 

Si-Oberfläche darstellt, kann sich hierdurch die Dicke des Al-p+-Bereichs deutlich verringern. 

Zwei Parameter wurden zur Berücksichtigung dieses Effekts in das Modell des 

Legierungsprozesses implementiert: (i) ein effektiver Si-Gehalt des Festkörpers in den 

Pastenpartikeln, der die eutektische Konzentration deutlich übersteigen kann, und (ii) ein 

effektiver Pastenauftrag, der die für die Bildung des Al-p+-Bereichs an der Waferoberfläche 

verwendete Pastenmenge quantifiziert. Die Einführung eines effektiven Pastenauftrags ergibt 

sich hierbei aus dem Ergebnis, dass das Verhältnis der Si-Rekristallisation an der 

Waferoberfläche und in den Pastenpartikeln nur vom Pastenauftrag und insbesondere nicht von 

den Feuerbedingungen abhängt.  

Es wurde gezeigt, dass das Modell für den Legierungsprozess unter Berücksichtigung dieser 

charakteristischen Effekte die Zusammensetzung Al-legierter Kontakte sehr gut beschreibt: 

Sowohl die Dicken der eutektischen Al-Si-Schichten als auch die Dicken der Al-p+-Bereiche 

konnten für eine große Anzahl Kontakte, die unter Verwendung eines großen Bereichs von 

Pastenaufträgen und Feuerbedingungen hergestellt wurden, in sehr guter Übereinstimmung mit 

gemessenen Werten berechnet werden. 
 

Das Modell des Legierungsprozesses kann außerdem dazu verwendet werden, die Dotierprofile 

der Al-p+-Bereiche mit sehr hoher Genauigkeit zu berechnen. Um den Einbau von Al-Atomen in 

das Si-Gitter der Al-p+-Bereiche während des Legierens richtig zu beschreiben, wurde im 

Rahmen dieser Arbeit die Parametrisierung der Festkörperlöslichkeit von Al in Si zu tieferen 

Temperaturen, genauer zur eutektischen Temperatur des Al-Si-Systems von 577 °C, hin 

erweitert. Damit wurde eine hervorragende Übereinstimmung zwischen gemessenen und 

berechneten Al-Dotierprofilen erreicht. 
 

Schließlich wurden Limitierungen des analytischen Modells des Legierungsprozesses behandelt. 

Benetzungseffekte, die im Modell nicht berücksichtigt werden, können zur Bildung inhomogener 

Al-Kontakte durch die Kontraktion der Al-Si-Schmelze während des Legierens führen. Die 

Schmelzkontraktion kann durch die Reduzierung des thermischen Budgets des Feuerprozesses 

effektiv verhindert werden. 
 

(3) Erweiterung des Modells des Legierungsprozesses auf Aluminium-Pasten mit Bor-Additiven 

Das analytische Modell des Legierens siebgedruckter Al-Pasten auf Si-Oberflächen wurde auf 

Al-Pasten mit Bor-haltigen Additiven (im Folgenden als Al-B-Pasten abgekürzt) erweitert. 
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Basierend auf dem ternären Al-B-Si-Phasendiagramm wurden die Zusammensetzung der 

Al-B-Si-Schmelze und der Einbau von Al- und B-Atomen in das rekristallisierende Si quantitativ 

beschrieben. Hierfür wurde insbesondere eine neue Parametrisierung der Festkörperlöslichkeit 

von B in Si bestimmt, die die Löslichkeitsdaten bis hin zur eutektischen Temperatur des ternären 

Systems erweitert. 

Das erweiterte Modell des Legierens von Al-B-Pasten ermöglicht die sehr genaue Berechnung 

der Dotierprofile der Al-B-p+-Bereiche. Es konnte eine hervorragende Übereinstimmung von 

gemessenen und berechneten Al-B-Dotierprofilen für eine große Anzahl von Profilen erreicht 

werden, die durch Legieren von Al-Paste mit unterschiedlichen B-Gehalten und unter Verwen-

dung unterschiedlicher Feuerbedingungen hergestellt wurden. Das Modell stellt somit ein wert-

volles Instrument zur tiefgehenden Untersuchung des Legierungsprozesses von Al-B-Pasten dar. 

Es wurde aufgezeigt, dass die Höhe und die Form der Al-B-Dotierprofile stark vom B-Gehalt der 

Pasten abhängen. Mithilfe des Modells wurde dies auf die hohe Festkörperlöslichkeit von B in Si 

zurückgeführt, die die Löslichkeit von Al in Si um ungefähr eine Größenordnung übersteigt. Die 

Konzentration von B-Dotieratomen in Al-B-p+-Bereichen kann somit deutlich höher sein als die 

Konzentration von Al-Atomen. Das Modell des Legierungsprozesses wurde darüber hinaus dazu 

verwendet, das Auftreten charakteristischer Knicke in den Al-B-Dotierprofilen auf das maximale 

Lösen des B-Additivs während des Legierungsprozesses zurückzuführen.  

Das Modell hat weiterhin gezeigt, dass nur ein sehr geringer Teil des B-Additivs während des 

Legierens tatsächlich in der Schmelze gelöst wird, obwohl die Löslichkeitsgrenze von B in der 

Schmelze nicht erreicht ist. Da sich das B-Additiv nur unvollständig löst, ist der verwendete, 

effektive B-Gehalt signifikant niedriger als der tatsächliche Gehalt des B-Additivs in der Paste. 

Es wurde dargelegt, dass die Verwendung des B-Additivs außerdem von (i) der Art des Additivs 

und (ii) von den Feuerbedingungen des Legierungsprozesses abhängt. Für sehr kleine effektive 

Maximaltemperaturen werden beispielsweise weniger als 2 % elementaren Bors gelöst. 
 

(2, 3) Rekombinationscharakteristik Aluminum- und Aluminium-Bor-dotierter p+-Silicium-

Bereiche 

Die Rekombinationscharakteristik von p+-Bereichen, die durch Legieren von Al- oder Al-B-

Pasten hergestellt werden, wurde mittels Simulation und Experiment im Detail untersucht. Diese 

Charakteristik ist durch die Dotierprofile der p+-Bereiche bestimmt, die zur Abschirmung von 

Elektronen von den rekombinationsaktiven Rückkontakten oder den p+-Bereichen selbst führen. 
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Da nur ionisierte, elektrisch aktive Akzeptoratome zur Abschirmung von Elektronen beitragen, 

wurde die Ionisierung von Al- und B-Akzeptoratomen näher betrachtet. Ausgehend von 

Literaturmodellen zur inkompletten Ionisierung von Dotierstoffen wurde eine Parametrisierung 

des Anteils ionisierter Al-Akzeptoratome abgeleitet. Diese Parametrisierung wurde 

experimentell mithilfe von Dotierprofil- und Leitfähigkeitsmessungen verifiziert. Daraus ergab 

sich, dass mehr als 40 % der Al-Atome elektrisch nicht aktiv sind. B-Akzeptoratome hingegen 

können, wie in der Literatur demonstriert, näherungsweise als vollständig ionisiert angenommen 

werden. 
 

Auf Basis der präzisen Berechnung der Al- und Al-B-Dotierprofile mittels der entsprechenden 

analytischen Modelle, wurden die Rekombinationscharakteristiken von Al-p+- und 

Al-B-p+-Bereichen numerisch simuliert. Da diese Charakteristiken durch (i) Rekombination an 

den Oberflächen der p+-Bereiche und (ii) Rekombination an Defekten sowie (iii) Auger-

Rekombination innerhalb der p+-Bereiche in unterschieldichem Maße bestimmt werden, wurden 

diese Rekombinationspfade getrennt analysiert. Damit wurde im Rahmen dieser Arbeit zum 

ersten Mal eine differenzierte Untersuchung der Rekombinationscharakteristik von Al-p+- und 

Al-B-p+-Bereichen durchgeführt, die ein tiefes Verständnis der Minoritätsladungsträger-

Rekombination in diesen Bereichen vermittelt. Zusätzlich zu den numerischen Untersuchungen 

wurden die Rekombinationscharakteristiken auch experimentell anhand einer großen Anzahl Al- 

und Al-B-legierter Kontakte analysiert. 

Für p+-Bereiche, die durch Legieren Bor-freier Al-Pasten hergestellt werden, stellt die 

Rekombination an der Oberfläche der p+-Bereiche den dominierenden Rekombinationspfad dar. 

Die Sättigungsstromdichten der p+-Bereiche, die ein quantitatives Maß für deren 

Rekombinationsaktivität sind, können folglich durch eine Erhöhung ihrer Dicke effektiv 

reduziert werden. Die numerischen Simulationen haben gezeigt, dass dies durch die Verwendung 

von Pastenaufträgen von mindestens 8 mg/cm2 und hohen Maximaltemperaturen hinreichend 

erfüllt werden kann. Diese Ergebnisse wurden experimentell verifiziert: Für einen Pastenauftrag 

von 8.07 mg/cm2 und eine effektive Maximaltemperatur von 810 °C wurden Sättigungsstrom-

dichten von 440 fA/cm2 erreicht, was impliziten Offenklemmenspannungen von 651 mV 

entspricht (ausgewertet unter Verwendung einer intrinsischen Ladungsträgerkonzentration 

ni = 9.65⋅109 cm-3). 

Bei p+-Bereichen, die durch Legieren von Al-Pasten mit B-Additiven hergestellt werden, 

beeinflussen die zusätzlichen B-Akzeptoratome sowohl die Abschirmung von Elektronen von 

den rekombinationsaktiven Oberflächen als auch die Rekombination innerhalb der p+-Bereiche 
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stark. Die numerischen Simulationen ergaben, dass eine Erhöhung des effektiven B-Gehalts zu 

einer deutlichen Reduzierung der Oberflächenrekombination und der Rekombination an 

Defekten innerhalb der p+-Bereiche führt, gleichzeitig aber auch zu einer Verstärkung der Auger-

Rekombination in den p+-Bereichen. Der optimale effektive B-Gehalt, der zu 

0.03 Gewichtsprozenten berechnet wurde, stellt somit einen Kompromiss zwischen diesen 

Rekombinationspfaden dar. Dieser optimale B-Gehalt wurde experimentell bestätigt. 

Hervorragende Sättigungsstromdichten unter 260 fA/cm2 wurden damit realisiert, was impliziten 

Offenklemmenspannungen von 665 mV entspricht. Dies zeigt deutlich das hohe Potential von 

B-Additiven in Al-Pasten. 

Die Simulationen ergaben, dass die Sättigungsstromdichten der Al-B-p+-Bereiche, die unter 
Verwendung dieser optimalen Al-B-Pastenzusammensetzung hergestellt wurden, weitgehend 
unabhängig vom Pastenauftrag und den Feuerbedingungen sind. Somit bieten Al-B-Pasten 
optimaler Zusammensetzung den großen Vorteil einer hohen Stabilität und Robustheit 
gegenüber Veränderungen der Druck- und Feuerbedingungen. Obwohl diese Stabilität auch 
experimentell nachgewiesen wurde, haben die Experimente gezeigt, dass das unvollständige 
Lösen der B-Additive, das darüber hinaus auch noch von den Feuerbedingungen abhängt, die 
Realisierung des optimalen effektiven B-Gehalts erschwert. Die Pastenzusammensetzung und 
die Feuerbedingungen müssen deshalb in der Praxis mit Bedacht aufeinander abgestimmt 
werden. 
 

Im Rahmen dieser Arbeit wurde gezeigt, dass die Passivierung der Oberflächen der p+-Bereiche 

einen vielversprechenden Ansatz zur weiteren Verbesserung ihrer Rekombinationscharakteristik 

darstellt. Eine sorgfältige Präparation der p+-Oberflächen vor dem Aufbringen der 

Passivierschichten ist hierbei jedoch notwendig, um kleine, pyramidale Rückstände der 

eutektischen Al-Si-Schicht zu entfernen. Da nach der Oberflächenpassivierung die 

Rekombination innerhalb des p+-Bereichs dominiert, weisen insbesondere dünne p+-Bereiche 

verbesserte Rekombinationseigenschaften auf. Sehr niedrige Sättigungsstromdichten von 

70 fA/cm2 wurden für passivierte Al-p+-Bereiche mit einer Dicke von 2.6 ± 0.9 µm erreicht, was 

implizite Offenklemmenspannungen von 699 mV bedeutet. Nach Kenntnisstands des Autors sind 

dies die geringsten Sättigungsstromdichten, die bisher für mittels Siebdruck hergestellte 

Al-p+-Bereiche realisiert wurden. Dies zeigt deutlich das Potential, das die Passivierung der 

p+-Oberflächen zur Verbesserung der Rekombinationseigenschaften bietet. Bei passivierten 

Al-B-p+-Bereichen konnte kein signifikanter Einfluss des B-Gehalts auf die 

Sättigungsstromdichten nachgewiesen werden. 
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(4) Legieren von Aluminium-Pasten in den lokalen Öffnungen einer dielektrischen Schicht 

Im Rahmen dieser Arbeit wurden die strukturellen und elektrischen Eigenschaften lokaler 

Kontakte untersucht, die durch vollflächigen Siebdruck und Feuern von Al-Pasten in den lokalen 

Öffnungen dielektrischer Schichten hergestellt wurden. 

Der Abstand zwischen den lokalen Kontakten hat einen großen Einfluss auf die strukturellen 

Eigenschaften der Kontakte, wenn herkömmliche Al-Pasten zur Kontaktbildung verwendet 

werden: Wird der Kontaktabstand erhöht, führt dies (i) zur Vertiefung der Kontakte und (ii) zur 

Reduzierung der Dicke der Al-p+-Bereiche in diesen Kontakten, was beides die Abschirmung 

von Elektronen von den Kontakten verschlechtert. Es wurde gezeigt, dass die Verschlechterung 

der Kontaktstruktur direkt als Zunahme der Kontaktrekombination gemessen werden kann. Im 

Rahmen dieser Arbeit wurde die defizitäre Kontaktausbildung zum ersten Mal quantitativ 

untersucht, indem die Konzentration von Si berechnet wurde, das sich während des 

Legierungsvorgangs durch die lokalen Öffnungen in der Schmelze in den Pastenpartikeln löst. 

Die schlechte Kontaktausbildung wurde damit direkt mit der niedrigen Si-Konzentration in der 

Schmelze korreliert, die zu (i) dem anhaltenden Nachlösen von Si durch die lokalen Öffnungen 

und (ii) der geringen Rekristallisation des Al-dotierten p+-Si in den Kontaktbereichen führt. 
 

Durch die gezielt Zugabe von Si-Pulver in die Al-Paste, ein Ansatz aus der Literatur, lässt sich 

die Kontaktpenetration in die Si-Basis reduzieren und die Dicken der Al-p+-Bereiche in den 

Kontakten erhöhen. Dies wirkt sich direkt auf die Rekombinationseigenschaften der lokalen 

Kontakte aus: Werden Al-Pasten mit Si-Gehalten im Bereich der eutektischen Konzentration von 

12.6 Gewichtsprozent oder mehr für die Kontaktausbildung verwendet, verbessert sich die 

Abschirmung der Elektronen von den Kontakten erheblich. Die effektive Rückseiten-

rekombinationsgeschwindigkeit, die ein quantitatives Maß für die Rekombinationsaktivität des 

Rückkontakts darstellt, wurde damit für einen gängigen Kontaktabstand auf unter 30 % des 

Werts einer herkömmlichen Si-freien Al-Paste gesenkt. Weitere Untersuchungen der internen 

Rückseitenreflexion und der Leitfähigkeit des Rückkontakts legten eine Obergrenze des 

Si-Gehalts in der Al-Paste nahe. 
 

(5) Anwendung der Aluminium-legierten p+-Silicium-Bereiche in n-Typ Silicium-Solarzellen 

Es wurde in dieser Arbeit gezeigt, dass das Legieren siebgedruckter Al- und Al-B-Pasten auf 

vielfältige Weise zur Herstellung von n-Typ Si-Solarzellen mit Rückseitenemitter eingesetzt 

werden kann. Zur Fertigung dieser Solarzellen wird der bewährte Herstellungsprozess 

konventioneller p-Typ Si-Solarzellen mit P-diffundiertem n+-Si-Vorderseitenemitter und 
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Al-legiertem p+-Si-Rückseitenfeld verwendet, wobei lediglich das Basismaterial von p- auf 

n-Typ Si getauscht wird. Da n-Typ Si-Material weniger sensitiv auf gängige Verunreinigungen 

und deutlich stabiler unter Beleuchtung ist, verbindet das n-Typ Si-Solarzellenkonzept mit 

Al-legierter Rückseite die hervorragenden elektrischen Eigenschaften von n-Typ Si-Material mit 

dem einfachen und etablierten Standard-Fertigungsprozess. Die P-diffundierte n+-Si-Vorderseite 

fungiert dann als Vorderseitenfeld und die Al-legierte p+ Rückseite als Emitter, so dass sich 

daraus eine n+np+-Si-Zellstruktur ergibt. 
 

Die Ergebnisse zu n-Typ Si-Solarzellen mit Al-p+-Rückseitenemitter, die derzeit am Fraunhofer 

ISE untersucht werden, wurden vorgestellt. Dies umfasst drei unterschiedliche Konzepte zur 

Realisierung der p+-Emitter durch Legieren siebgedruckter Pasten: (i) vollflächige p+-Emitter 

ohne Oberflächenpassivierung, (ii) passivierte vollflächige p+-Emitter mit lokalen Kontakten und 

(iii) lokale p+-Emitter in einer passivierten Si-Rückseite. 

Es wurde aufgezeigt, wie die Ergebnisse dieser Arbeit dazu beigetragen haben, diese 

Solarzellenkonzepte zu verbessern. Das tiefgehende Verständnis der Rekombinations-

charakteristik legierter p+-Bereiche und des Einflusses der Druck- und Feuerbedingungen auf 

diese Charakteristik ermöglichten die Steigerung der Offenklemmenspannungen der Solarzellen 

(Konzept (i) und (ii)). Insbesondere die Ergebnisse zur Realisierung einer effektiven 

Al-p+-Emitterpassivierung führten zu einem effizienten Einsatz passivierter Emitter 

(Konzept (ii)). Die Verwendung von Al-Pasten mit Si-Additiven war einer der zentralen Schritte 

zur Reduzierung der Rekombination in den lokal legierten Kontakten (Konzept (ii) und (iii)). 

Beachtliche Wirkungsgrade von 19.3 %, 20.0 % und 19.7 % (Messungen unabhängig bestätigt, 

Solarzellenfläche 143.5 cm2) wurden damit für die jeweiligen Solarzellenkonzepte am 

Fraunhofer ISE unter Verwendung gedruckter Silber-Vorderseitenkontakte erreicht. 
 

Im Rahmen dieser Arbeit wurde weiterhin eine Vereinfachung des Prozesses, der bisher am 

Fraunhofer ISE standardmäßig zur Fertigung der n-Typ-Si-Solarzellen mit Al-p+-Rückseiten-

emitter angewandt wurde, erarbeitet. Die Vereinfachung besteht darin, die Textur- und 

Diffusionsmaske auf der Solarzellenrückseite wegzulassen. Dies führt dazu, dass die Al-Pasten 

auf einer texturierten und P-diffundierten Si-Oberfläche legiert werden. Es wurde gezeigt, dass die 

Verwendung der vereinfachten Prozesssequenz nicht zu Verlusten der Solarzellperformance führt.  
 

Trotz der beachtlichen Wirkungsgrade der Solarzellen mit gedruckten Ag-Vorderseitenkontakten 

führt die Ausbildung des Ag-Vorderseitenkontakts und des Al-Rückkontakts in einem einzigen 
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Kofeuer-Prozess oftmals zu nicht optimalen Legierungsbedingungen für den Rückseitenemitter. 

Nickel-galvanisierte Vorderseitenkontakte stellen hier eine vielversprechende Alternative zu 

gedruckten Kontakten dar: Sie ermöglichen die getrennte Ausbildung und Optimierung des 

Vorder- und Rückkontakts, da das Feuern der Al-Paste und das für die Kontakthaftung 

notwendige Tempern des Ni-Kontakts nacheinander erfolgen können. Es wurde gezeigt, dass 

n-Typ Si-Solarzellen mit legiertem p+-Rückseitenemitter hervorragend zur Verwendung 

Ni-galvanisierter Kontakte geeignet sind. Während konventionelle p-Typ Si-Solarzellen beim 

Tempern der Ni-Kontakte durch die Bildung von Nickelsilicid-Spikes eine massive Degradation 

aufwiesen, waren n-Typ Si-Solarzellen mit p+-Rückseitenemitter hier erheblich stabiler  

Hervorragende Offenklemmenspannungen von bis zu 647 mV wurden für n-Typ Si-Solarzellen 

mit unpassiviertem vollflächigen Al-B-p+-Rückseitenemitter und Ni-galvanisierten Kontakten 

erreicht. Dank der Entkopplung der Vorder- und Rückseitenmetallisierung wurden hierfür 

erstmals eine Bor-haltige Al-Paste und optimale Legierungsbedingungen für die Herstellung des 

p+-Emitters verwendet. 
 

Da Ni-galvanisierte Kontakte selbst zu n+-Si-Vorderseitenfeldern mit geringen P-Konzentra-

tionen niederohmige Kontakte ausbilden, wurde ein industrienahes Verfahren zur Herstellung 

fortschrittlicher n+-Si-Vorderseitenfelder eingehender untersucht. Dieses basiert auf dem 

nasschemischen Rückätzen stark P-dotierter n+-Bereiche, einem Ansatz aus der Literatur. Es 

wurden damit n+-Bereiche hergestellt, die geringere Sättigungsstromdichten als n+-Bereiche 

aufwiesen, die mittels P-Diffusion und kostenintensiven thermischen Eintreibens erzeugt 

wurden. Wirkungsgrade von über 19.5 % wurden für n-Typ Si-Solarzellen mit rückgeätztem 

n+-Si-Vorderseitenfeld, unpassiviertem vollflächigen Al-B-p+ Rückseitenemitter und Ni-galva-

nisierten Kontakten erreicht (Solarzellenfläche 25 cm2, nach Korrektur der Randrekombination). 

Dies liegt im Bereich der höchsten je für diese Zellstruktur realisierten Wirkungsgrade. 
 

Ausblick 

Im Rahmen dieser Arbeit wurde gezeigt, dass die experimentelle Realisierung des optimalen B-

Gehalts in den Pasten schwierig ist, da das Lösungsverhalten der untersuchten B-Additive 

unvollständig war und insbesondere von den Feuerbedingungen abhing. Die weitere Pasten-

entwicklung wird sich deshalb damit beschäftigen müssen, B-haltige Additive zu evaluieren, die 

sich instantan während des Legierens lösen. Nach Ansicht des Autors stellen Silicium-basierte 

B-Komponenten hier vielversprechende Additive dar. 
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Die Verbesserung der Rekombinationscharakteristik der p+-Bereiche durch B-Additive ist 

besonders bei kleinen p+-Dicken effektiv. Dies bietet die vielversprechende Möglichkeit, die 

elektrischen Eigenschaften lokal legierter Kontakte weiter zu verbessern. Da die Dicken der 

p+-Bereiche in den lokalen Kontakten üblicherweise nur wenige Mikrometer betragen, könnte 

die kombinierte Zugabe von Si- und B-Additiven zu den Al-Pasten die Kontaktrekombination 

weiter senken. 

Das große Potential Ni-galvanisierter Vorderseitenkontakte für die Herstellung und Optimierung 

von n-Typ Si-Solarzellen mit p+-Rückseitenemitter wurde im Rahmen der Arbeit bereits für 

vollflächige Emitter ohne Oberflächenpassivierung gezeigt. Zukünftige Arbeiten werden sich mit 

der Verknüpfung Ni-galvanisierter Kontakte und passivierter vollflächiger Emitter oder lokaler 

Emitter in einer passivierten Si-Rückseite beschäftigen. Die Reduktion der Vorderseiten-

kontaktbreiten wird einen weiteren wichtigen Ansatzpunkt zur Effizienzsteigerung darstellen, 

was mittels Laser-Ablation einfach und industrienah realisiert werden könnte. Erste Solarzellen 

konnten hiermit bereits hergestellt werden und zeigten beachtliche Wirkungsgrade. Allerdings 

müssen Kontakthaftung und Prozessstabilität noch ausgebaut werden. Weitere Verbesserungen 

der Solarzelleffizienz wird durch den Einsatz selektiver Vorderseitenfelder erwartet, die durch 

das selektive Rückätzen eines stark P-dotierten n+-Bereichs einfach hergestellt werden können.  

 

 



 

 

7 Appendix 

7.1 Characterization techniques 

In this section, the characterization tools used in this work are presented and their measurement 

principles are discussed. 

7.1.1 Quasi-steady state photoconductance (QSS-PC) measurements 

Effective minority carrier lifetimes are generally determined via photoconductance (PC) 

measurements, which are based on detecting the conductance of a test sample under modulated 

illumination. Since photoconductance measurements are a central characterization technique of 

the present work, the measurement setup and its working principle are discussed in some detail. 
 

Measurement setup and working principle 

For the determination of the photoconductance, the commercially available setup WCT-120 from 

Sinton Consulting has been used in this work, which is schematically shown in Fig. 7.1. In 

principle, the setup comprises a flash lamp, a monitor solar cell and a measuring table with a 

resonant circuit.   

For the measurements, the test sample is placed onto the measuring table and excess charge 

carriers are generated within the sample by a flash of the flash lamp. The flash, whose intensity 

decreases exponentially with a time constant τflash, generates carriers with a rate G(t). The latter 

is detected by the monitor solar cell with known quantum efficiency. The photo-generated excess 

carriers in the sample lead to an increase Δσ in the conductance of the sample. Δσ can be 

measured directly by the resonant circuit, which is inductively coupled to the sample. By using 

the thickness and the doping concentration of the sample as input data, the excess carrier density 

Δn can be determined [130, 270]. For a more comprehensive description of the setup, please see 

[130, 270]. 
 

Determination of the effective minority carrier lifetime 

There are different methods to determine the effective minority carrier lifetime τeff from the 

PC-measured excess carrier densities. In principle, these methods are based on evaluating the 

continuity equation (1.8) [p. 12] for different ratios of τeff to the flash time constant τflash [79, 270, 

271]. A general and widely used approach has been presented by Nagel et al. and is valid 

without restrictions to τeff or τflash. The effective minority carrier lifetime is thus given by [31]: 
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τeff = 
Δn(t)

G(t) - ∂Δn(t)
∂t

, (7.1) 

with the generation rate G(t) detected by the monitor solar cell. This measurement approach, 

which is referred to as quasi-steady state photoconductance (QSS-PC) technique, has been 

standardly used in this work to determine τeff values. 

In a comprehensive recent study, Richter et al. have determined the uncertainty on QSS-PC-

measured effective lifetimes to 20 % by comparing independent lifetime measurement 

techniques at different laboratories [59]. 

7.1.2 Electrochemical capacitance-voltage (ECV) measurements 

To characterize the doping profiles of Al-doped p+ Si and P-doped n+ Si regions, electrochemical 

capacitance-voltage (ECV) measurements were carried out using the setup CVP21 from WEP. 
 

Measurement setup and working principle 

The ECV setup, which is schematically shown in Fig. 7.2, consists of a liquid container, which 

brings a diluted ammonium biflouride (NH4HF2) electrolyte in contact with the Si surface of the 

test sample. A sealing ring thereby ensures a defined contact area. 

The measurement of doping concentrations is based on the principle that a Schottky contact 

forms between the electrolyte and the Si surface, which leads to the formation of a space charge  

 

 

 

Fig. 7.1 Schematic setup for quasi-steady state photoconductance (QSS-PC) measurements 

(taken from Fischer [130]). 
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(SC) region within the Si.45 The capacitance C of this SC region can be modified by applying an 

external voltage V between the electrode to the electrolyte and the contact to the Si sample. The 

relation between C and V can be calculated to [272]: 

C2=
ϵ0ϵSiqNdopAring

2

2V
, (7.2) 

with ϵ0 standing for the vacuum permittivity, ϵSi for the relative permittivity of Si and Ndop for the 

doping concentration at the edge of the space charge region. Aring represents the contact area of 

electrolyte and Si surface. Thus, by measuring C in dependence of V, Ndop can be determined. 

For the determination of the doping profile, the Si surface is etched: Thereby, the NH4HF2 

electrolyte is applied as etching medium: Si atoms are removed from the Si crystal by the 

formation of [SiH6]- complexes.46 Since the etching of the Si surface leads to an etching current, 

the depth of the etch crater can be determined in situ by integrating the etching current 

                                                 

 
45 The electrolyte-semiconductor contact works like a metal-semiconductor contact if the electrolyte exhibits a 

sufficiently high density of free carriers (1020 – 1021 cm-3, [272]). 

46 Please note that for the etching of n-type Si surfaces, the Si sample has to be illuminated to generate holes within 

the Si [272]. 

 

 

Fig. 7.2 Schematic setup for electrochemical capacitance-voltage (ECV) measurements 

(Figure taken and adapted from Breithaupt [272]). The red labels were added by the author of 

this thesis. 
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temporally and applying Faraday’s law [273]. By performing an alternating sequence of etching 

and measuring of Ndop, the doping profile is detected.  

More detailed information on the ECV setup and its working principle can be found in [136, 272, 

273]. 
 

Improving the accuracy of ECV measurements 

The ECV technique provides a very accurate profiling method, if the measurement unit is 

calibrated thoroughly [8, 274]. In the following, important aspects that have to be taken into 

account for a correct profile curve determination are reviewed: (i) The diameter of the sealing 

ring, (ii) the etch crater walls, (iii) the surface roughness and (iv) the contact depth. In Fig. 7.3 

these aspects are shown schematically. 

(i) Sealing ring diameter: ECV is extremely sensitive to the measuring area between 

electrolyte and sample surface, which is defined by the sealing ring. The diameter of the 

sealing ring has thus been remeasured as recommended by Bock et al. [274]. A diameter of 

3.55 ± 0.06 mm has been determined using a surface profiler Dektak 6M and an optical 

microscope, resulting in a small correction of 1.7 %rel on the doping profiles. 

(ii) Etch crater walls: Huster et al. pointed out that the etch crater walls contribute to the 

measuring area, in particular for measured depths of several micrometers [8]. In the course 

of the present work, it was observed that this effect is amplified slightly by underetching of 

the sealing ring during the measurement due to the isotropic etching of the NH4HF2 

electrolyte, leading to sloped crater walls. However, due to the large sealing ring diameter of 

the setup applied in this work, the contribution of the etch crater walls to the measuring area 

is only marginal, leading to an area enlargement of approximately 2 %rel for etching depths 

of 15 µm.  

Please note that the doping concentration gradient along the crater may additionally influence 

the ECV measurement [8]. Since the gradient of Al and Al-B doping profiles formed by 

alloying is small (cf. sections 2.4 [p. 74] and 4.3 [p. 136]), a negligible effect on the 

concentration of maximal 1 %rel has been calculated for Al- and Al-B-p+ regions. For 

P doping profiles formed by diffusion, which exhibit higher gradients in doping 

concentration, slightly higher deviations have been determined despite the lower profile 

depths. Nevertheless, these deviations occur only very close to the Si base, so that the most 

relevant part of the donor profile near the surface can be measured with high accuracy. 
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(iii) Surface roughness: The most critical aspect for precise ECV measurements is the correction 

of the surface roughness [8]. For surfaces exhibiting a distinct roughness, the contact area is 

not defined by the sealing ring area Aring but by the roughness-enlarged surface area Asurf. For 

this reason, the measured doping concentration Ndop,meas overestimates the actual doping 

concentration Ndop [8, 136]: 

Ndop = �
Aring

Asurf
�

2

 ⋅ Ndop,meas. (7.3) 

For p+ regions formed by alloying, a certain roughness is inevitably induced during the Al 

alloying process. The degree of roughness thereby considerably depends on the printing and 

alloying conditions; the less Al paste is applied, the rougher the surface (cf. subsection 2.3.4 

[p. 65]). The correction term depends on the square of the area ratio so that underestimating 

the contact area can lead to a significant overrating of the Al acceptor concentration.  

For the investigation of the doping profiles of alloyed p+ regions in this work, high Al paste 

amounts have therefore been printed and the firing conditions have been adapted in order to 

achieve roughness-induced Al-p+ surface enlargements below approximately 2 %rel 

(determined by confocal microscopy). 

(iv) Crater depth: During ECV measurements, the depth of the etch crater is automatically 

logged by integrating the etching currents. However, this can lead to systematic errors for the 

etch depth, in particular for deep profiles as presented by Bock et al. [274]. Therefore, each 

 

 

Fig. 7.3 Schematic cross-sections of the electrolyte/p+ or n+ Si contact during ECV 

measurements demonstrating the aspects that have to be considered for an accurate 

determination of the doping profile. Published in [129]. 
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profile has been corrected by remeasuring the etch crater depths and applying corrections of 

up to 15 %rel. 

After carrying out these calibration measures, doping profiles are measured very precisely. This 

can, for example, be seen by comparing the ECV- and the SIMS-measured acceptor profiles of 

an Al-alloyed p+ region, which show good accordance (see Fig. 3.2 [p. 100]). 

7.1.3 SunsVoc measurements 

The current density-voltage j(V) characteristic of a solar cell measured under illumination 

precisely describes the performance of the solar cell under operation conditions. However, these 

characteristics can only be measured at finished solar cells. An alternative characterization 

method which can already be applied to unfinished solar cell precursors [275] has been 

introduced by Sinton and Cuevas in 2000 [276] and is called the SunsVoc technique. SunsVoc 

measurements thereby allow for the fast and elegant detection of the jsc(Voc) characteristics. 

The SunsVoc setup, which resembles the QSS-PC setup presented above, comprises a flash 

lamp, a monitor solar cell and a voltmeter. By illuminating the solar cell precursor (or finished 

solar cell) with a flash of the flash lamp exhibiting the intensity I(t), a voltage is generated in the 

precursor, which depends on I(t). The intensity I(t) of the flash is detected by the monitor solar 

cell with known quantum efficiency and the open-circuit voltage Voc(t) of the precursor is 

measured by the voltmeter. Since the setup does not contain an ammeter, however, the jsc(t) 

values are not measured directly. Instead, a linear correlation between jsc(t) and I(t) is assumed. 

In the case, jsc at a defined intensity is known, the jsc values can be determined directly from I(t) 

[275]. This technique provides the advantage that the measurements can be done very fast.  

The jsc(Voc) curve can be described analytically by the two-diode model 

jsc(Voc) = j01 ⋅ �exp �
qVoc

n1kBT
�  - 1�  + j02 ⋅ �exp �

qVoc

n2kBT
�  - 1�  + 

Voc

Rsh
 (7.4) 

by rewriting equation (1.2) [p. 8] using j(Voc) = 0. The parameters of equation (7.4) are thereby 

given in Tab. 1.1 [p. 9]. The SunsVoc-measured jsc(Voc) curve thus resembles a j(V) curve 

measured in the dark without series resistance contributions. It indicates “what the solar-cell IV 

curve would look like in the absence of series resistance[s]” [275]. By shifting the jsc(Voc) curve 

by an estimated jsc at 1 sun, a series resistance-free pseudo current density-voltage curve can be 

determined (see Fig. 7.4).  
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According to the illuminated j(V) curve, a fill factor can be defined for the jsc(Voc) curve, which 

is called the pseudo fill factor pFF. Since pFF is not influenced by series resistance effects, it is 

higher than the fill factor of the illuminated j(V) curve. Nevertheless, pFF can be reduced due to 

recombination within the space charge region of the pn junction or due to shunt currents.  

For a more detailed description of the SunsVoc setup and its measurement principle, please refer 

to [276]. 

7.1.4 Scanning electron microscopy (SEM) measurements 

In principle, scanning electron microscopy (SEM) measurements are based on scanning the 

surface of a test sample with an electron beam and detecting the reflected electrons [277]. 

A heated electrode emits electrons, which are accelerated by a voltage in the range of kilovolt 

and focused on the sample surface by an electron lens. Electrons scattered off the surface and 

secondary electrons ejected from the sample are collected by a detector unit. The detected signal 

of this point on the sample surface is displayed as a pixel on a computer monitor with the 

brightness of the pixel being proportional to the number of detected electrons. A deflection unit 
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Fig. 7.4 Calculated current density-voltage j(V) (black dashed line, left and bottom axis) and 

calculated short-circuit current density-open-circuit voltage jsc(Voc) characteristics (red solid 

line, right and top axis) for the n-type Si solar cell with an Al-alloyed p+ rear emitter shown in 

Fig. 1.2 [p. 10]. Standard testing conditions (AM1.5G, 100 mW/cm2, 25 °C) have been assumed. 

The calculations were carried out using the two-diode model with the parameters given in the 

caption of Fig. 1.2. Please note that the absolute values of the current densities have been 

plotted. 
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is used to generate an electric field, which is superimposed on the primary electron beam, so that 

another point of the sample surface is examined. By means of a Raster generator, the primary 

beam is guided over the sample, so that an entire image of the surface is generated. 

Scanning electron microscopes thereby reach significantly higher resolutions than optical 

microscopes, whose resolution is limited by the wavelength of the visible light used to probe the 

test sample. Due to the wave-particle duality, it is possible to assign wavelengths to the primary 

electrons of the SEM setup as well. Since these electron wavelengths are in the sub angstrom 

range and therefore orders of magnitude below the wavelength of visible light, an improved 

resolution can be realized. 

What makes SEM a very valuable tool for the characterization of Al-alloyed p+ regions is the 

feature that variations in the doping concentration of the Si test sample appear as contrasts in the 

SEM images. These contrasts are caused by the fact that the Si ionization energy (i.e. the energy 

for the generation of secondary electrons) depends on the doping concentration [278-280]. This 

principle is inter alia used to determine the thicknesses of the Al-p+ regions throughout this 

work. 

For a more detailed description of the SEM setup and its measurement principle, the reader is 

reffered to [277]. 

 



 

 

8 Abbreviations, glossary and constants 

8.1 Abbreviations 

Variable Meaning 

4PP Four point probe 

A Symbol of hypothetical element A, see section 1.4 [p. 37] 

Ag Silver 

Al Aluminum 

Al2O3 Aluminum oxide 

AlB2 Aluminum diboride 

AlB12 Aluminum dodecaboride 

ALD Atomic layer deposition 

Al-p+  Highly aluminum-doped p+ silicon 

a-Si Hydrogenated amorphous silicon 

B Boron 

B Symbol of hypothetical element B, see section 1.4 [p. 37] 

B2O3 Boron trioxide 

BSF Back surface field 

CH3COOH Acetic acid 

Cz Czochralski 

DLIT Dark lock in thermography 

ECV Electrochemical capacitance-voltage, see appendix 7.1.2 [p. 264] 

FSF Front surface field 

FZ Float-zone 
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Variable Meaning 

H2O2 Hydrogen peroxide 

HCl Hydrochloric acid 

HNO3 Nitric acid 

IQE Internal quantum efficiency 

KOH Potassium hydroxide 

L Liquid 

LCP Laser chemical processing 

LID Light-induced degradation 

mpp Maximum power point 

NH4HF2 Ammonium biflouride 

Ni Nickel 

NiSix Nickel silicide 

P Phosphorus 

PC Photoconductance 

PC1D Semiconductor simulation program 

PECVD Plasma-enhanced chemical vapor deposition 

PERC Passivated emitter and rear cell 

P-n+  Highly phosphorus-doped n+ silicon 

POCl3 Phosphoryl chloride 

QSS-PC Quasi-steady state photoconductance, see appendix 7.1.1 [p. 263] 

SC Space charge 

SEM Scanning electron microscopy, see appendix 7.1.4 [p. 269] 
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Variable Meaning 

Si Silicon 

SIMS Secondary ion mass spectrometry 

SiNx Hydrogenated amorphous silicon nitride 

SiO2 Silicon dioxide 

TCAD 
Technology computer-aided design, semiconductor simulation 

program 

TLM Transfer length method 

α  Solid solution of elements A and B 

β  Solid solution of elements A and B 

μ-PLS Micro-photoluminescence lifetime spectroscopy 

µ-RS Micro-Raman spectroscopy 

 

8.2 Glossary 

Variable Dimension Meaning 

A cm2 Printed area 

Aring cm2 Sealing ring area of ECV setup 

Asurf cm2 Actual contact area between electrolyte and silicon sample during 

ECV measurements 

C F Capacitance 

cA/B wt% Concentration of hypothetical element A an B, respectively 

Ca
∗  cm0.6 Ambipolar Auger coefficient 

cB wt% Boron concentration 
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Variable Dimension Meaning 

cB,0 wt% Concentration of hypothetical element B 

cB,melt wt% Boron concentration of melt 

ceff wt% 
Effective silicon concentration of aluminum-silicon compound in 

paste particles 

ceut wt% Eutectic concentration 

Cn
∗  cm1.05 Auger coefficient 

Cp
∗  cm1.05 Auger coefficient 

cpeak wt% Maximal percentage of silicon of the melt 

cSi
local  wt% 

Silicon percentage which dissolves into the melt through the local 

contact openings during alloying 

d µm Thickness of highly doped n+ or p+ silicon region 

dAl-p+  µm Thickness of aluminum-p+ region 

dcont μm Depth of local contacts 

deut µm Thickness of eutectic layer 

Dit cm-3 eV-1 Density of defects at the surface 

Dn cm2 s-1 Electron diffusivity 

dp+ µm Thickness of p+ Si region 

dpaste µm Thickness of aluminum paste 

dSi µm 
Thickness of Si region formed by Si recrystallization during 

alloying 

dsp mm Distance between soldering pads 

E V cm-1 Electric field 

EA eV Activation energy of Arrhenius relation 
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Variable Dimension Meaning 

EC eV Energy of the conductance band edge 

Edop,Al eV Aluminum acceptor energy in silicon 

Edop,Al
0    eV Aluminum acceptor ground state energy in silicon 

Edop,B
0   eV Boron acceptor ground state energy in silicon 

EF,n eV Electron quasi-Fermi energy 

EF,p eV Hole quasi-Fermi energy 

Egap eV Band gap energy 

Et eV Energy of the defect state 

EV eV Energy of the valence band edge 

fAl - Fraction of ionized aluminum acceptor atoms 

fB wt% Boron percentage of paste, referring to aluminum amount m�Al,0 

fB,compl wt% 
Boron percentage of paste assuming complete dissolution of the 

boron additive, referring to aluminum amount m�Al,0 

fB,eff wt% 
Effective boron percentage of paste, referring to aluminum 

amount m�Al,0 

fGaussian

dAl-p+, σ
  - 

Probability density function of the Gaussian distribution of the 

aluminum-p+ thickness for a mean thickness dAl-p+ and a thickness 

standard deviation σ 

FF - Fill factor 

fSi wt% Silicon percentage of paste, referring to aluminum amount m�Al,0 

G s-1 Rate of carrier generation  

G0 s-1 Rate of thermal carrier generation  

gA - Acceptor degeneracy factor 
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Variable Dimension Meaning 

I mW cm-2 Light intensity 

j mA cm-2 Current density 

j0 fA cm-2 Saturation current density 

j0
Auger   fA cm-2 Saturation current density of Auger recombination 

j0
defect   fA cm-2 Saturation current density of defect recombination 

j0
surface   fA cm-2 Saturation current density of surface recombination 

j0,1  or  j0,2  fA cm-2 
Saturation current density of region 1 or region 2, see 

subsection 1.2.6 [p. 23] 

j01 fA cm-2  Saturation current density of diode 1 of two-diode model 

j02 nA cm-2 Saturation current density of diode 2 of two-diode model 

j0,Al-p+  fA cm-2 Saturation current density of aluminum-p+ region 

j0,Al-p+
Auger    fA cm-2  

Saturation current density of aluminum-p+ region resulting from 

Auger recombination 

j0,Al-p+
defect    fA cm-2 

Saturation current density of aluminum -p+ region resulting from 

defect recombination 

j0,Al-p+
surface    fA cm-2  

Saturation current density of aluminum -p+ region resulting from 

surface recombination 

j0,n+ fA cm-2  Saturation current density of highly doped n+ silicon region 

j0,p+  fA cm-2 Saturation current density of highly doped p+ silicon region 

j0,p+
Auger   fA cm-2 

Saturation current density of highly doped p+ silicon region 

resulting from Auger recombination 

j0p+
defect   fA cm-2 

Saturation current density of highly doped p+ silicon region 

resulting from defect recombination 

j0,p+
surface   fA cm-2 

Saturation current density of highly doped p+ silicon region 

resulting from surface recombination 
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Variable Dimension Meaning 

jmin mA cm-2  Minority charge carrier current density 

jmpp mA cm-2 Current density at maximum power point 

jn mA cm-2 Electron current density 

jrec mA cm-2 Recombination current density 

jrec
Auger   mA cm-2 Current density of Auger recombination 

jrec
defect   mA cm-2 Current density of defect recombination 

jsc mA cm-2 Short-circuit current density 

kB eV K-1 Boltzmann constant 

L µm Distance between local contacts 

mAl
Lake  mg  

Mass of aluminum in melt within the “lake” of melt forming on 

top of the silicon wafer surface 

mAl
Paste  mg  Mass of aluminum in melt within the paste particles 

mAlSi
Lake  mg  

Mass of aluminum-silicon melt “lake” forming on top of the 

silicon wafer surface 

mAl,0 mg Aluminum mass of printed paste 

m�Al,0  mg cm-2 
Aluminum mass density of printed paste, also referred to as 

aluminum amount 

m�Al,0,eff  mg cm-2 

Effective aluminum mass density, differing from printed 

aluminum mass density due to parasitic recrystallization of silicon 

in paste particles, also referred to as effective aluminum amount 

mAlSi
Paste  mg  Mass of aluminum-silicon melt within the paste particles 

mAlSi
Paste,Lake  mg  

Mass of aluminum-silicon melt within the lake of melt forming 

on top of the silicon wafer surface and within the paste particles 

mB,max mg 
Mass of boron which maximally dissolves into the melt during 

alloying 
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Variable Dimension Meaning 

mPaste mg Paste mass 

m�Paste  mg cm-2 Paste mass density, also referred to as paste amount 

m�Paste,eff  mg cm-2 Effective paste amount, differing from actual paste amount m�Paste 

due to parasitic recrystallization of Si in paste particles 

mSi
Al-p+  mg  

Mass of the aluminum-p+ region, calculated from the 

aluminum-p+ thickness dAl-p+ and the printed area A via 

mSi
Al-p+ = dAl-p+ ⋅ A ⋅ ρSi 

m�Si
Al-p+  mg  

Mass density of the aluminum-p+ region, also referred to as 

amount of the aluminum-doped p+ silicon region  

mSi
Paste  mg  Mass of silicon in melt within the paste particles 

m�Si
Paste,Lake  mg cm-2 

Mass density of silicon within the paste particles and the eutectic 

layer, also referred to as amount of silicon within the paste 

particles and the eutectic layer 

mSi,melt mg Mass of silicon dissolved within the melt during alloying 

mSi,theoret.
Al-p+   mg 

Mass of silicon that is available for the aluminum-p+ region 

growth at the silicon wafer surface 

mSi,theoret.
Paste,Lake  mg 

Mass of silicon that is not rejected from the melt, but forms the 

aluminum-silicon eutectic 

n cm-3 Electron concentration 

n0 cm-3 Electron concentration in thermal equilibrium 

n1 cm-3 SRH density 

n1/2 - Ideality factor of first/second diode of two-diode model 

NA cm-3 Acceptor concentration 

NAl cm-3 Total aluminum concentration (non-ionized and ionized) 
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Variable Dimension Meaning 

NAl,abrupt
𝑑   cm-3 

Aluminum acceptor concentration of the abrupt, non-convoluted 

profile with the local aluminum-p+ region thickness d 

NAl,blurred
𝑑Al-p+, σ

  cm-3 

Aluminum acceptor concentration of the “blurred”, convoluted 

profile with a mean aluminum-p+ region thickness dAl-p+ and a 

thickness standard deviation σ 

NAl,crit cm-3 Aluminum concentration of Mott metal-insulator transition 

NAl,peak cm-3 Peak concentration of ionized aluminum acceptor atoms 

NC cm-3 Effective density of states at the conductance band edge 

Ndop cm-3 Doping concentration 

Ndop,meas cm-3 
ECV-measured doping concentration before correction of surface 

roughness 

ni cm-3 Intrinsic carrier concentration 

ns cm-3 Electron concentration at the surface 

ns,0 cm-3 Electron concentration at the surface in thermal equilibrium 

Nt cm-3 Defect concentration 

NV cm-3 Effective density of states at the valence band edge 

p cm-3 Hole concentration 

p1 cm-3 SRH density 

pFF - Pseudo fill factor 

Plight mW cm-2 Power density of light 

ps cm-3 Hole concentration at the surface 

ps,0 cm-3 Hole concentration at the surface in thermal equilibrium 

pη  - Pseudo energy conversion efficiency 
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Variable Dimension Meaning 

q C Elementary charge 

q - 
Ratio of silicon recrystallized at the Si wafer surface to total 

recrystallized silicon  

R s-1 Rate of carrier recombination 

r - 
Ratio of effective boron percentage fB,eff to liquid boron solubility 

sB,melt of melt 

r - Ratio of solar cell area to solar cell edge perimeter 

R0 s-1 Rate of thermal carrier recombination 

R1200 - Reflectivity at a wavelength of 1200 nm  

RS Ω cm2  Series resistance 

Rsh Ω cm2 Shunt resistance 

RS,paste  Ω cm2  Series resistance resulting from paste resistivity 

S cm s-1 Surface recombination velocity 

S0,1  or  S0,2  cm s-1 Effective surface recombination velocity corresponding to region 

1 or region 2, see subsection 1.2.6 [p. 23] 

sA,L
α   wt% 

Liquid solubility of hypothetical element A in liquid L, which is 

in equilibrium with solid solution α 

sAl,melt wt% Liquid solubility of aluminum in melt 

sAl,Si wt% Solid solubility of aluminum in silicon 

sB,melt wt% Liquid solubility of boron in melt 

sB,L
α   wt% 

Liquid solubility of hypothetical element B in liquid L, which is 

in equilibrium with solid solution α 
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Variable Dimension Meaning 

sB,L
β   wt% 

Liquid solubility of hypothetical element B in liquid L, which is 

in equilibrium with solid solution β  

sB,Si wt% Solid solubility of boron in silicon 

sB,α  wt% Solid solubility of hypothetical element B in solid solution α  

sB,β   wt% Solid solubility of hypothetical element B in solid solution β  

Seff cm s-1 Effective surface recombination velocity 

Srear cm s-1 Effective rear surface recombination velocity 

sSi,melt wt% Liquid solubility of silicon in melt 

T K  or  °C Temperature 

t s Time 

TA,B K   or   °C Melting temperature of hypothetical element A/B 

Tcrit K  or  °C 
Critical temperature at which the boron additive exhausts during 

alloying 

tcrit s 
Critical peak temperature time for the formation of agglomerated 

aluminum-p+ regions 

tetch s Etching time 

Teut K  or  °C Eutectic temperature 

Ti  or  Ti
′  K  or  °C Temperature at point i 

TNi K  or  °C Ni annealing temperature 

Tpeak K  or  °C Peak temperature 

tpeak s 

Peak temperature time, calculated from the length of the peak 

temperature zone and the belt velocity of the conveyor belt 

furnace 

Tpeak,eff K  or  °C Effective peak temperature 
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Variable Dimension Meaning 

Tset K  or  °C Set peak temperature of the furnace 

V mV Voltage 

Vmpp mV Voltage at maximum power point 

Voc mV Open-circuit voltage 

Voc,impl mV Implied open-circuit voltage 

VPaste μm cm2 Volume of aluminum in paste particles 

VSi µm3 Volume of silicon dissolved into the melt per contact point 

VSi
Paste  μm cm2 Volume of silicon in melt within the paste particles 

𝑣th  cm s-1 Thermal velocity 

W µm Thickness of silicon base 

x µm Coordinate 

α0  - Coefficient 

ΔdSi µm 
Infinitesimally small thickness of silicon region formed by 

recrystallization at the silicon wafer surface 

ΔG  s-1 Net generation rate due to illumination 

Δn  cm-3 
Excess electron concentration, excess charge carrier 

concentration 

Δns  cm-3 Excess electron concentration at the surface 

Δp  cm-3 Excess hole concentration 

ΔpFF  - Loss in pseudo fill factor 

Δpη   - Loss in pseudo energy conversion efficiency 

ΔR  s-1 Net recombination rate 

ΔRAuger s-1 Net rate of Auger recombination 
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Variable Dimension Meaning 

ΔRtot  s-1 Total net recombination rate 

ΔRrad  s-1 Net rate of radiative recombination 

ΔRS  s-1 Net rate of surface recombination 

ΔRSRH  s-1 Net rate of defect recombination 

ΔVoc  mV Loss in open-circuit voltage 

Δηedge   - Loss in energy conversion efficiency due to edge recombination 

Δσ   Ω-1 cm-1 Excess conductance due to photo-generated carriers 

ϵ0  A s V-1 m-1 Vacuum permittivity 

ϵSi  - Relative permittivity of silicon 

η  - Energy conversion efficiency 

μn/p   cm2 V-1 s-1 Electron/hole mobility 

ρAlSi mg cm-2 Mass density of aluminum-silicon compound 

ρAlSi
Lake  mg cm-2 Mass density of aluminum-silicon compound in “lake” of melt at 

silicon surface or in eutectic layer 

ρAlSi
Paste  mg cm-2 Mass density of aluminum-silicon compound in paste particles  

ρc  Ω cm2  Contact resistivity 

ρn+  Ω/sq  Sheet resistance of highly doped n+ silicon region 

ρn+
initial  Ω/sq  

Sheet resistance of highly doped n+ silicon region before wet 

chemical etching 

ρPaste  mΩ/sq  Resistivity of aluminum paste matrix 

ρSh,ECV, 

ρSh,4PP 
Ω/sq 

Sheet resistance determined via ECV and 4PP measurements, 

respectively 

ρSi  or  ρAl  mg cm-3 Mass density of silicon or of aluminum 
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Variable Dimension Meaning 

σ µm Standard deviation of p+ region thickness 

σn  cm2 Capture cross-section of electrons 

σp  cm2 Capture cross-section of holes 

τ s Excess charge carrier lifetime 

τAuger  s Excess charge carrier lifetime of Auger recombination 

τb s Excess charge carrier lifetime in the Si base 

τeff  s Effective excess carrier lifetime 

τeff
defect  s 

Effective lifetime of recombination at bulk and surface defects, 

determined by the micro-photoluminescence technique 

τflash  s Time constant of flash 

τn0 s Capture time constant of electrons 

τp0 s Capture time constant of holes 

τrad  s Excess charge carrier lifetime of radiative recombination 

τS  s Excess charge carrier lifetime of surface recombination 

τSRH  s Excess charge carrier lifetime of defect recombination 

τtot  s Total excess carrier lifetime 

Φ V Electrostatic potential 
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8.3 Physical constants and physical properties 

Variable Value Dimension Meaning Reference 

Egap 1.124 eV Band gap energy at T = 300 K  [35] 

kB 8.617⋅10-5 eV K-1 Boltzmann constant [281] 

NC 2.8⋅1019 cm-3 
Effective density of states at the 

conduction band edge at T = 300 K 

[44] 

NV 1.04⋅1019 cm-3 
Effective density of states at the valence 

band edge at T = 300 K 

[44] 

ni 9.65⋅10-9 cm-3 
Intrinsic carrier concentration at 

T = 300 K 

[48] 

q 1.602⋅10-19 C Elementary charge [281] 

𝑣th  2.03⋅107 cm s-1 Thermal velocity of electrons at 

T = 300 K 

[282] 

ϵ0 8.85⋅10-10 
A s V-

1 cm-1 
Vacuum permittivity 

[283] 

ϵSi 11.9 - Relative permittivity of silicon [44] 

ρAl 2.699 g cm-3 Aluminum mass density [284] 

ρSi 2.328 g cm-3  Silicon mass density [44] 

Taz -273.15 °C Temperature of absolute zero [112] 
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