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Abbreviations 

Acronym Description 

Ag silver 
Al aluminium 
Al2O3 aluminium oxide 
ALD Atomic Layer Deposition 
APCVD Atmospheric Pressure Chemical Vapour Deposition 
Ar argon 
ARC Anti-Reflection Coating 
a-Si amorphous silicon 
B boron 
BHF (ammonium fluoride-) Buffered HF  
BSF Back Surface Field 
C carbon 
CH4 methane 
Cl chlorine 
CO2 carbon dioxide 
CP Chemical Polishing 
Cu copper 
CVD Chemical Vapour Deposition 
Cz Czochralski (silicon) 
DARC Double layer Anti-Reflection Coating 
DI-H2O De-Ionized water  
EBIC Electron Beam Induced Current 
EBSD Electron Back Scattering Diffraction 
ECV Electrochemical Capacitance Voltage 
EEB Emitter Etch Back 
EFG Edge-defined Film-fed Growth 
EQE External Quantum Efficiency 
F fluorine 
FBR Fluidized Bed Reactor 
Fe iron 
FF Fill Factor 
FPP Four Point Probe 
FZ Float Zone (silicon) 
H atomic hydrogen 
H2 hydrogen gas 
HEM Heat Exchange Method 
HSiCl3 trichlorosilane 
IE Iodine Ethanol 
IQE Internal Quantum Efficiency 
IV current-voltage (characteristic) 
LBIC Light Beam Induced Current 
LFC Laser Fired Contact 
LPCVD Low Pressure Chemical Vapour Deposition 
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mc multicrystalline 
MG Metallurgical Grade 
MgF2 magnesium difluoride 
MIRHP Microwave Induced Remote Hydrogen Plasma 
µPCD Microwave detected PhotoConductance Decay 
MWS Multi Wire Sawing 
N2 nitrogen 
NAA Neutron Activation Analysis 
NH3 ammonia 
O atomic oxygen 
Oi interstitial oxygen 
P phosphorous 
PA-ALD Plasma Assisted Atomic Layer Deposition 
PC1D one-dimensional simulation tool for solar cells developed at 

the UNSW (University of New South Wales) 
Pd palladium 
PDG Phosphorous Diffusion Gettering 
PECVD Plasma Enhanced Chemical Vapour Deposition 
POCl3 phosphorous oxychloride 
PSG Phosphorous Silicate Glass 
PT Plasma Texture 
PV photovoltaics 
QM Quinhydrone Methanole 
QSSPC Quasi Steady State PhotoConductance 
RF Radio Frequency 
RGS Ribbon Growth on Substrate 
SARC Single layer Anti-Reflection Coating 
SEM Scanning Electron Microscope 
SF6 sulphur hexafluoride 
Si silicon 
SiH4 silane 
SiNx silicon nitride 
SiNx:H silicon nitride with high hydrogen content 
SiO2 silicon dioxide 
SR Spectral Response 
SSD Sunny Side (=front surface) Down  
Ti titanium 

TMA TriMethylAluminium 

UMG Upgraded Metallurgical Grade 
UV Ultra-Violet 
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Introduction 

Although there are many suitable materials for photovoltaic energy conversion [1], silicon 
is the main raw material for the production of solar cells. Silicon can be used as absorber 
material for solar cells in various ways, e.g. applied as amorphous silicon in a thin film or 
in crystallized form as thin slices, so-called wafers, which to date have the biggest market 
share in solar cell production [2]. Silicon wafers can be formed by many different 
methods. They can be divided into two main categories:  
Monocrystalline wafer materials that on the one hand show a very high material quality 
but on the other hand also require cost intensive production methods, and multicrystalline 
wafer materials which can be produced cheaper but at the expense of material quality. 
There are many different ways for the production of multicrystalline silicon wafers, e.g. 
the most common, block casting and slicing of the blocks by wire sawing, or direct wafer 
production from the silicon melt.  

The work presented here aims for the development of a flexible lab-type solar cell process 
that allows the determination of the solar cell efficiency limit for a given multicrystalline 
silicon wafer material. Therefore, it has to be universally applicable to a broad range of 
different multicrystalline silicon materials. 

 

Figure 0-1: Cost share of the different production steps of a photovoltaic module. The silicon wafer (upper 
right oval) accounts for 33% of the overall costs [3]. 

To exclude an efficiency limitation due to the solar cell process itself, a conversion 
efficiency of about 20% on monocrystalline floatzone silicon reference material is aimed 
for.  

All investigated multicrystalline silicon materials in this work have a certain cost 
advantage compared to state of the art multicrystalline silicon wafer materials. This is of 
high interest, as the silicon wafer price still has a share of 33% from the total cost of a 
photovoltaic module (see Figure 0-1, latest data from 2008). The lower price, however, is 
achieved at the expense of purity and/or homogeneity of the crystal structure. This 
necessitates some deviations from commonly applied high efficiency solar cell processing 
schemes. Therefore, the material understanding concerning high temperature processes is 
intensified and several promising processing steps and technologies e.g. concerning 
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surface texture and surface passivation are investigated. The comparison of established 
and newly developed processing schemes also allows an estimate of material potentials 
regarding the further evolution of solar cell processing, e.g. concerning dielectrical rear 
side passivation approaches. 

The work is structured as follows: 

In the first chapter the principles of solar cell operation and the most important 
characterization methods utilized in this work are briefly described. Chapter two 
introduces the crystallisation methods and special properties of the silicon wafer materials 
which are to be considered during the development of the new solar cell process. The 
third chapter shortly describes the process flow of an industrial standard solar cell process 
as well as the already established standard lab-type process and the advanced lab-type 
process which is developed in this work. An overview of similarities and differences of 
the three processes concludes the chapter. 

The subsequent three chapters detail the assessment and optimization of the solar cell 
process going from the illuminated front side and through the solar cell bulk to the rear 
side of the solar cell. 

Chapter four describes the investigations concerning the development of front side 
processes, in particular the optimization of the double layer anti-reflection coating by a 
simple optical model, the application of a plasma texture, the front side oxidation step and 
the combination of front side oxidation and plasma texture.  

The fifth chapter describes investigations concerning defect engineering in the bulk of 
multicrystalline silicon solar cells. They comprise extended defect gettering steps at 
elevated temperatures and investigations concerning the influence of defect passivation 
by hydrogen. Both investigations are also carried out on special model materials. Those 
materials are intentionally contaminated by different amounts of iron and copper, which 
represent two of the most common transition metal impurities in multicrystalline silicon 
materials. The investigation of different complex formation reactions of impurities with 
doping atoms – in particular their influence on solar cells under illumination – is also 
described. 

Chapter six addresses the advanced rear side passivation concepts. Dielectric rear side 
passivation layers based on silicon dioxide and aluminium oxide are assessed concerning 
their applicability on multicrystalline silicon wafers with high and low defect densities. 
The experiments concerning the best way for local contact formation through the 
dielectrics via a laser fired contact process [4] and the dependencies on various processing 
parameters are also addressed.  

The last chapter gives an overview on the most important findings generated in the course 
of process development concerning the different investigated silicon materials. It 
concludes with a comparison of the most important physical solar cell parameters for the 
best solar cells produced from the respective materials. The parameters are obtained from 
detailed solar cell characterisation and comparison to one-dimensional solar cell models.
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1 Solar cell operation principle and characterization 
methods 

 

1.1 The silicon solar cell 

There are many textbooks where the operation principle of solar cells is explained in 
every detail and for many semiconductor materials [5–7]. Thus, in this work only a short 
summary of the most important physical principles of a solar cell based on crystalline 
silicon (Si) is given to motivate the investigations which are presented in the following. 

1.1.1 Optics and excess charge carrier generation 

Figure 1-1 (red curve) shows the spectral composition of the sunlight on earth in the 
range from 300 nm to 2500 nm, which corresponds to photon energies between 4.1 eV 
and 0.5 eV. Reference spectra are provided for example from the American Society for 
Testing and Materials (ASTM) [8]. 
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Figure 1-1: Photon flux calculated from the current ASTM G 173-03 solar spectra. The red curve resembles 
the terrestrial photon flux averaged for the area of 48 contiguous states of the USA. The maximum photon 
wavelength that can be absorbed in a Si solar cell is marked by a dashed blue line. 

Si has a band gap energy Eg of about 1.12 eV [9] at room temperature. So photons with an 
energy above 1.12 eV (corresponding to a wavelength of 1110 nm or below) will generate 
electron hole pairs when they are absorbed in the Si material according to Beer’s law: 

xeIxI  )(
0)(   (1.1)

where I is the light intensity (corresponding to the number of photons), I0 the light 
intensity at the Si wafer surface, x the travelled distance in the Si, and α(λ) the absorption 
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coefficient in Si which depends on the wavelength of the photons. For photons with 
energies of less than 1.12 eV crystalline Si is mostly transparent.  
As Si is an indirect semiconductor, photons with energies below the direct bandgap of 
3.4 eV in Si [9] need an additional phonon to be absorbed and thus show a much higher 
penetration depth xp=1/α(λ) (the depth at which I(xp) = 1/e·I0= 0.368·I0)

1. The absorption 
coefficient α(λ) varies over several orders of magnitude. Instructive graphs are given in 
[5] and [6]. Most of the incident light, however, is absorbed near the illuminated surface 
of the solar cell, leading to high charge carrier densities there. 

Before a photon can be absorbed, however, it has to enter the Si solar cell. This is 
hampered by the metallic contact grid on the front side of a conventional solar cell, which 
shadows a certain solar cell area. Additionally, Si has a very high refractive index, which 
means that, according to the Fresnel equations [10], a lot of the incident light is reflected 
at the Si-air interface (n = 3.5 for example corresponds to a reflection of 31% assuming 
perpendicular incidence). To minimize the reflection, a so-called Anti-Reflection Coating 
(ARC) can be deposited on the Si surface. It features a lower refractive index nARC than Si 
which lowers the interface reflectivity. It does not absorb light in the ideal case. Its 
thickness can be adjusted to yield destructive interference between different reflection 
beam paths for a small part of the spectrum (Figure 1-2, left). The combination of two 
anti-reflection layers to a so-called Double layer Anti-Reflection Coating (DARC) is also 
possible [11]. To further enhance the coupling of light into the solar cell, the surface can 
be roughened so that reflected light is directed partially onto other surface features, where 
it has a second chance to be coupled into the device (Figure 1-2 right).  

 

Figure 1-2: Principle of the anti-reflection coating (left) where the destructively interfering beam paths are 
indicated by dashed arrows ( = nARC·d/4). For better visibility only the first reflected rays are shown and 
the incident ray is slightly tilted. The right side illustrates the light trapping effect of a surface texture. The 
thickness of the arrows indicates the light intensity. The p-n junction in the picture on the right side is 
indicated by the boundary between dark and light grey areas. 

This also leads to lower incident angles of the light into the solar cell, increasing the path 
length the light travels and thus the absorption probability. Furthermore the light is in 

                                                 

1 As a phonon also can contribute a small amount of energy, the absorption edge is shifted to energies 
slightly below EG. 
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average absorbed closer to the p-n junction, which increases the charge carrier collection 
probability (see chapter 4.1). 

1.1.2 Recombination 

When a photon is absorbed, it usually generates one weakly bound electron hole pair 
(exciton) which is instantly dissociated at room temperature leaving a quasi-free hole in 
the valence band and a quasi-free electron in the conduction band to diffuse in the Si 
crystal. This leads to the generation of the excess charge carrier densities n and p. For 
p-type material which we will consider from now on, holes (p) are referred to as majority 
charge carriers and electrons (n) as minority charge carriers. In this material the excess 
minority charge carrier density n is mainly of interest, as the minority charge carriers 
determine the charge transport through the Si crystal. Electrons and holes statistically 
recombine again with a recombination rate R after a certain time – the so-called “lifetime” 
τ – which is defined as: 

R

n
  (1.2)

In general, various recombination channels are present in Si and one may distinguish 
between intrinsic and extrinsic (defect induced) recombination mechanisms [12] which 
are illustrated in Figure 1-3. 

 

 

Figure 1-3: Principles of charge carrier recombination mechanisms from the Conduction Band (CB) to the 
Valence Band (VB): Radiative recombination (1), Auger recombination (2) and SRH recombination over a 
single defect state at Et (3) and over multiple defects, e.g. surface states (4). 
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They are described as follows: 

Radiative recombination 

Radiative recombination is the inverse process of the photon absorption. An electron from 
the valence band recombines with a hole in the conduction band by emitting a photon. 
This type of recombination dominates in direct semiconductors, e.g. GaAs, while indirect 
semiconductors like Si only show minor radiative recombination. This is because energy 
and impulse have to be preserved which requires an additional phonon for the 
recombination process in indirect semiconductors. The lifetime limit from radiative 
recombination is given by:  

)(

1

00 nnpBrad 
  (1.3)

where B is the radiative recombination coefficient, which is very small in indirect 
semiconductors. For example BSi = 4.73·10-15 cm³/s [13] compared to  
BGaAs = 1.7·10-10 cm³/s [14]. p0 and n0 are the equilibrium charge carrier densities (given 
by the doping density) linked by the mass action law p0·n0 = ni²; n the excess minority 
charge carrier density generated by the absorbed light [12]. 

Auger recombination 

An electron in the conduction band recombines with a hole from the valence band by 
transferring its energy to another electron in the conduction band (or hole in the valence 
band) which thereby is further excited and subsequently thermalises back to the band 
edge. As the Auger recombination is a three particle process, it mainly occurs in regions 
with a very high charge carrier density [15]. In a standard Si solar cell this is the highly 
doped front surface region. The Auger limited lifetime is given by: 

)2()2(

1
2

0
2

0
2

0
2

0 nnnnCnnppC np

Auger 
  (1.4)

with Cp and Cn as Auger coefficients for holes and electrons, respectively [12]. 

Shockley Read Hall (SRH) recombination 

This type of recombination first described in 1952 by Shockley, Read and Hall [16], [17] 
is the major recombination mechanism in Si solar cells, especially those made from 
multicrystalline (mc) Si. Here the charge carriers recombine over additional so-called 
defect states in the forbidden band gap which are introduced by impurities or other crystal 
defects. The recombination activity (the number of charge carriers recombining per time 
unit) is determined by the energy level ET of the defect state as well as the capture cross 
section p for holes and n for electrons of the respective defect. Assuming a fixed energy 
level (the capture of a charge carrier alters the charge state and therefore it is not obvious 
that the energy level remains unaffected), the most detrimental defect states are found 
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near the middle of the band gap (ET = Ei), where the energy that the charge carriers have 
to emit is equally low for transition from the conduction band to the defect level, and 
from the defect level to the valence band. This maximizes the transition rate and thus the 
recombination activity. Figure 1-4 depicts the defect levels generated by several common 
contaminants in the Si band gap. Defect levels for more complex recombination sites like 
boron-oxygen (B-O)2 and iron-boron (FeB) are also depicted. 

 
Figure 1-4: Overview on the defect levels in the Si band gap introduced by some common impurities in mc 
Si for solar cell production. Defect levels for the recombination active complexes B-O and FeB are also 
given. Data from [5], [18] (range for the B-O defect level) and [19] (FeB). 

The energy is usually dissipated via phonons into the crystal, but light emission, 
depending on the recombination mechanism is also possible [16]. The dependence of the 
lifetime on the defect density NT and the defect energy level ET is given by: 

nnp

pppnnn np
SRH 




00

1010 )()( 
  (1.5)

where n1, p1 are the concentrations at which the intrinsic Fermi energy Ei coincides with 
ET [20] and τn and τp are defined as: 
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2 Here only a range for the defect level is given in [195]. 
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ni is the intrinsic carrier concentration which is about 1·1010 cm-3 for Si at a temperature 
of 300 K [21], kb the Boltzmann constant, T the temperature and th the thermal velocity 
of the charge carriers [12]. With respect to the low injection level in the bulk of the solar 
cell under normal illumination (according to the spectrum in Figure 1-1), equation (1.5) 
can be simplified. Low level injection conditions are given, when the excess minority 
charge carrier density stays well below the equilibrium majority charge carrier density 
(n « p0), which also implies a small p, as n = p (only valid in the absence of 
trapping centres [12]). Additionally, according to the mass action law, in p-type material 
n0 is « p0. Thus, equation (1.5) can be approximated under low level injection (li) 
conditions to: 

nnnpSRH p

p

p

n
li  

0

1

0

1)(  (1.8)

The last simplification holds for n1 and p1 « p0. For most of the cell volume under normal 
operation conditions, i.e. illumination equivalent to one sun or below, low level injection 
conditions are given. For higher illumination intensities, high level injection (hi) 
conditions, with n » p0 and n0 may occur. Here equation (1.5) simplifies to: 

npSRH hi  )(  (1.9)

Thus, it can be stated that SRH also is injection dependant and that SRH(hi) » SRH(li). 

Recombination over more than one defect state is also possible and occurs for example at 
the wafer surfaces where the crystallographic order is highly disturbed. To describe the 
charge carrier recombination over multiple defect levels, the SRH formalism has to be 
adapted and another variable, the so-called surface recombination velocity S is 
introduced. The lifetime then can be split under certain conditions3 into a contribution 
from the bulk and a contribution from the surface.  

W

S

bulk




211


 (1.10)

W represents the thickness of the wafer, the factor “2” represents the two sides of the 
wafer and S is defined by: 

dE
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(1.11)

                                                 

3 bulk should be sufficiently high so that the charge carriers reach the surfaces and the surface recombination 
velocity should be low enough to prevent transport-limited charge carrier profiles near the surfaces [154]. 
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where Dit as the interface state density, as well as n1, p1 and the capture cross sections 
now are energy dependent [22].  

As the recombination rates of the mechanisms described above are additive, τ can be 
expressed as: 

SRHAugerrad 
1111

  (1.12)

The radiative recombination is very weak in Si (rad ≈ 20 ms for a typical p0 of 1016 cm-3, 
according to (1.3)) and Auger recombination is also only of effect in the highly doped 
(large n0) and relatively high injected front surface region of the (standard) solar cell. 
Thus, the lifetime in the lowly injected bulk of the solar cell (at an illumination level of 
one sun) is clearly limited by SRH recombination in the bulk and at the surfaces. Certain 
measurement methods, however, may also lead to high level injection conditions in the 
wafer or cell which has to be kept in mind when interpreting the measurement results. 
Under high level injection, Auger recombination may also be of importance again. 

During its lifetime τ, a charge carrier diffuses an average distance, the so-called diffusion 
length L in the crystal: 

 DL  (1.13)

The diffusion constant of the charge carrier in Si is denominated as D4.  

The diffusion length of the excess (minority) charge carriers has a strong influence on the 
performance of a solar cell, as – to generate a photocurrent – excess electrons and holes 
have to be collected at different terminals of the device – holes at the anode and electrons 
at the cathode – during their lifetime. To achieve this in a silicon wafer, in most cases a p-
n junction is used. Such a junction is usually established by diffusing a heavily doped n-
emitter layer into the p-doped base substrate (see chapter 5.1). Until excess electrons 
(holes) arrive in the n (p) doped region they are minority charge carriers in the p (n) 
doped region and there is a certain probability that they recombine with a majority charge 
carrier and cannot contribute to the photocurrent. The externally usable amount of energy 
each charge carrier pair transports out of the device is determined by the potential 
difference between anode and cathode which strongly depends on material properties and 
device layout (e.g. doping concentrations, doping profiles and contacting metals). This 
potential difference is typically denoted as the open circuit voltage Voc [mV].  

 

                                                 

4 Diffusion constants for holes and electrons in Si are different due to the different mobilities of the charge 
carriers. They are also influenced by the doping density, the temperature and the crystal structure [5]. 
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Now the charge carriers can be extracted at the contacts. An overview over the most 
important loss mechanisms for the energy of charge carriers is depicted below for a solar 
cell under Voc condition (Figure 1-5). 

 

 

Figure 1-5: Schematic of energy loss mechanisms for the charge carriers after excitation by a photon 
(Voc condition). Thermalization losses (1), losses due to doping induced band gap narrowing Eg Eg* (2) in 
a highly doped region and mismatch between the work function of the n+ doped Si and the work function of 
the contacting metal (3) which defines the quasi-Fermi energy for electrons Ef,n. 

The number of charge carriers which exit the device per area and second is characterized 
by the current density j [mA/cm²]. Its value is determined by many factors. Firstly the 
number of incident photons, which is given by the illumination intensity. Next, there is 
only a fraction of these photons that is coupled into the device depending on the surface 
reflectivity. The Internal Quantum Efficiency (IQE) then determines the fraction of light 
in the cell that generates charge carrier pairs which arrive in the outer circuit. The IQE 
depends on different parameters such as the wavelength of the incident light and the 
minority charge carrier diffusion length L in the material. The thickness and internal rear 
reflectivity of the device both also affect the IQE. The measurement principle and 
parameter dependencies are described in chapter 1.2.4. 

 

1.1.3 The two diode model 

The device that was described up to now can in a simple way be characterized as a Si 
diode, which under illumination generates a current in reverse direction. A typical current-
voltage (IV) characteristic for the illuminated and the not-illuminated case is given in 
Figure 1-6. The illuminated IV curve can be roughly described by three parameters: the 
maximum current density under short circuit conditions jsc [mA/cm²], the maximum 
voltage under open circuit conditions Voc [mV], and the point of maximum power output 
on the IV curve, denoted as the Maximum Power Point (MPP). 
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Figure 1-6: Examples for IV characteristics of a solar cell in dark and under illumination (PC1D simulation 
[181]). The characteristic points of the curve are pointed out. 

The Fill Factor (FF) [%] which is described by: 

ocsc

MPPMPP

Vj

Vj
FF




  (1.14)

is also often used to characterize the shape of the IV curve. The energy conversion 
efficiency  [%] of a solar cell is described by the ratio of maximum provided electrical 
power and incident optical power (irradiation). 

For a more detailed macroscopic description the so-called two-diode model of the solar 
cell can be applied [23], where the solar cell is described by an equivalent circuit 
composed of a small number of “ideal” electronic devices (diodes and resistors) as a one-
dimensional structure (Figure 1-7). 

 

Figure 1-7: Equivalent circuit of a solar cell under illumination after [23]. 
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The equivalent circuitry yields a combined IV characteristic given by: 
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where j represents the current density, V the terminal voltage, kb the Boltzmann constant, 
T the temperature, e the elementary charge and jpg the current density generated by the 
photons. The remaining variables are described as follows: 

 j01: saturation current density of the first diode [A/cm²] which represents the 
recombination in the electrically neutral regions of the solar cell (emitter j0e and 
base j0b and their respective surfaces. j01 = j0e+j0b) 

 n1: ideality factor of the first diode – usually equal to 1 

 j02: saturation current density of the second diode [A/cm²] which represents the 
recombination in the space charge region between emitter and base of the solar 
cell, where the charge carrier densities are equal (n ≈ p) [6] 

 n2: ideality factor of the second diode – usually equal to 2, but deviations are 
observed [24] 

 Rs: series resistance [cm²], inducing ohmic losses which reduce mainly FF and 
current (the latter for very high values of Rs)  

 Rsh: shunt resistance [cm²], represents the leakage current paths which shunt the 
solar cell and thus reduce mainly FF and voltage 

A more detailed overview over the influence of the above mentioned parameters on the 
solar cell characteristics can be found in [25]. The model described above assumes a 
homogeneous material which is not given in practice. Especially for multicrystalline base 
materials spatial inhomogeneities are common. Therefore, only a rough classification of 
mc solar cells by the application of the two diode model is possible. 

 

1.2 Characterization methods 

In the following the most important characterisation methods applied in this work for Si 
wafer material and solar cells are described. 

1.2.1 Minority charge carrier lifetime measurement 

The average minority charge carrier lifetime  is determined by generating excess charge 
carriers n(t) in a Si wafer with a generation rate G(t) and subsequent monitoring of the 
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recombination of the minority charge carriers with the recombination rate R. The 
recombination is described by the continuity equation: 

RtG
dt

tnd
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Together with equation (1.2), the minority charge carrier lifetime  can be derived: 
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The change in n(t) is usually detected by the change in the photoconductance of the 
sample. In the measurement setup used in this work (Sinton WCT 120) [26], excess 
charge carriers are generated by a flash and the photoconductance is measured by an 
induction coil which is situated right under the sample. The change of the measured 
conductivity corresponds to the change of the number of excited charge carriers n(t).  

 

Figure 1-8: Measurement principle of the Sinton WCT 120 tool. 

Together with the simultaneous determination of the excess charge carrier generation rate 
G(t) by a monitor cell,  can be determined according to equation (1.17). To grant a more 
homogeneous charge carrier generation in the sample only long wavelength light 
(> 700 nm) is used for the excitation. Figure 1-8 shows a schematic of the measurement 
setup. 

Depending on the duration of the excitation flash and the lifetime in the sample, two 
distinct measurement modes can be applied. For the Quasi Steady State (QSS) mode 
where the average minority charge carrier lifetime should be very short compared to the 
duration of the excitation flash (maximum ~2 ms), the change in n(t) becomes negligible 
and equation (1.17) simplifies to: 
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As in steady state the recombination rate R equals the generation rate G, this equation 
resembles equation (1.2) which was used before to introduce the lifetime. QSS conditions 
are fulfilled for sample lifetimes  < 0.1·tflash. For higher lifetimes the excitation flash 
duration can be reduced (down to 10-20 µs). After the short light pulse, the generation 
vanishes (G = 0) and the lifetime is determined in the so-called transient mode, where 
equation (1.17) simplifies to: 
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The above described lifetime measurement method also allows the extraction of 
saturation current densities. Especially the determination of the emitter saturation current 
density is of high interest, as this is an easily accessible, direct measure for the emitter 
quality. For the method, proposed by Kane et al. [27] the emitter saturation current 
density j0e can be extracted by separating bulk and surface recombination (for 
symmetrical samples with passivated p-n junction on both surfaces [26]): 
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Ndop describes the background doping, e the elementary charge and W the thickness of the 
sample. To obtain reliable values for the emitter saturation current, several preconditions 
have to be fulfilled: 

1. The measurement has to be carried out under high level injection, which leads 
according to equation (1.9) to a saturation of the SRH dominated bulk and thus to a 
constant factor in equation (1.20). 

2. The quality and resistivity of the base material should be as high as possible to 
minimize recombination outside the emitter region and allow the generated charge 
carriers in the bulk to reach the surfaces [27].  

As recombination cannot be suppressed completely, the obtained j0e value usually only 
gives an upper limit, depending on the substrate properties.   
Insights on the possible limiting factors of j0e (Auger recombination, surface passivation 
issues), however, are not obtained from a single measurement. 

In another measurement setup, the photoconductance decay can also be determined by 
measuring the reflectance of a microwave that is directed on the sample surface 
(microwave-detected PhotoConductance Decay – µPCD). In combination with a small 
spot excitation by a laser pulse, the here used measurement setup (Semilab WT2000) 
allows a spatially resolved mapping of . The drawback of this method, however, is that 
the intensity of the laser excitation is not recorded during the measurement and thus no 
reliable information about the injection level, at which the lifetime values are extracted, is 
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available.  
Assuming an injection independent lifetime of the excess minority charge carriers, a 
single exponential decay5 given by: 

)exp()0()( 
tntn   (1.21)

is expected, where is extracted from the slope of a linear fit to: 
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To obtain information about the minority charge carrier lifetime in the bulk, the surfaces 
of a Si sample have to be passivated before the measurement. Several dielectrics and 
different methods of wet chemical surface passivation are available, all exhibiting 
advantages and drawbacks, which are described e.g. in [28]. The wet chemical 
passivation methods by Iodine Ethanol (IE) [29] or Quinhydrone Methanol (QM) [30], 
[31] are easily applicable without sophisticated preprocessing, and allow decent surface 
passivation for Si wafers with lower lifetime (up to several hundred µs) which is the case 
for most of the mc Si material investigated in this work. For samples exhibiting a higher 
bulk lifetime a dielectrical passivation e.g. by Al2O3 is necessary to obtain reliable bulk 
lifetime data. 

1.2.2 Reflection measurement 

The surface reflectivity of a solar cell can be influenced by anti-reflection coatings 
(chapter 4.1) and a surface texture (chapter 4.2). In any case it strongly depends on the 
wavelength of the incident light. Therefore, the reflectivity is measured typically, with 
respect to the sensitivity of the Si solar cell, between 300 and 1200 nm. By convoluting 
the wavelength dependency of the reflectivity R() with the spectral distribution of the 
sunlight and subsequent integration, the so-called weighted reflectance Rw for a solar cell 
surface in a spectral range between min and max can be calculated: 
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5 According to the SRH theory, the assumption of a perfectly constant lifetime over a range of injection 
levels is only valid for high injection (Δn»p0) or low injection conditions (Δn«p0). In between, the lifetime 
shifts from τn+τp (1.9) to τn (1.8). If the difference is significant, a single exponential decay in that range 
can lead to large deviations from the real lifetime. 



 Solar cell operation principle and characterization methods 

27 

I() describes the wavelength specific intensity of the AM 1.5 spectrum  
(Figure 1-1). 

The measurement device used in this work is a Varian Cary 5 spectrophotometer [32]. 
The measurement principle is based on a broad band light source from which light of a 
defined wavelength is extracted by an optical grating. The monochromatic light then is 
directed onto the sample and the (diffuse) reflected fraction is detected by an integrating 
sphere with two photodiodes. As the spectral range (up to 1200 nm) exceeds the band gap 
of Si, a germanium diode is used in addition to a Si photodiode. 

1.2.3 IV measurement 

The IV characteristic allows to extract a lot of information about a solar cell, as already 
described in chapter 1.1.3. In this work, the IV characteristic is obtained via four point 
probe technique [12] by applying a stepped voltage ramp to the cell, which starts at -0.2 
and ends at 0.7 V and simultaneous measurement of the solar cell current. Different 
boundary conditions of the measurement hereby grant access to different features of the 
solar cell. The most common is the so-called illuminated IV curve. Here the IV 
characteristic of the solar cell is measured under illumination, which resembles the 
AM1.5 spectrum and intensity (Figure 1-1) and a solar cell temperature of 25°C (standard 
test conditions). This yields the most common parameters of the solar cell like jsc, Voc, FF 
and the conversion efficiency .   
Other boundary conditions like e.g. the IV characteristic in dark allow the determination 
of saturation currents and series and parallel resistances by fitting the curve to the above 
described two diode model (chapter 1.1.3). The fitting routine can also be applied to a 
calculated dark IV curve which is obtained by adding the jsc value to the values of the 
illuminated IV curve. Several aspects, however, have to be considered then. The most 
important one is the difficulty for the exact recording of the illuminated IV curve. To 
obtain a smooth curve, the precise determination of the current values at each 
measurement point is crucial. For the solar cells investigated in this work this would 
necessitate a measurement precision in the order of microamperes for values in the range 
of one hundred milliamperes and a totally stable illumination intensity during the 
measurement.  
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Figure 1-9: Comparison of real and calculated dark IV curves for a FZ solar cell (left) and a mc Si solar 
cell (right). Due to the logarithmic scaling the absolute values are depicted.  



Solar cell operation principle and characterization methods 

28 

As a (fast) intensity variation is hardly suppressible during one single IV measurement, 
this usually results in noisy data (green curves in Figure 1-9) indicating an overall system 
noise level of about 40 to 80 µA in the low voltage range for illuminated measurements. 
Additionally, the inhomogeneous material quality of mc Si materials leads to lateral 
compensation currents in the illuminated cell which cannot be accounted for in the two 
diode model.  
Figure 1-9 shows (jsc-corrected) illuminated and dark IV curves obtained from solar cells 
made from a homogeneous material of high quality (FZ Si) and of an inhomogeneous mc 
Si material in a semi-logarithmic scaling. It is apparent, that the jsc-corrected, illuminated 
and the dark IV curve agree much better for the homogeneous material, at least for 
voltages larger than 0.3 V.   
Table 1-1 gives the respective two diode model parameters obtained from a manual fitting 
process with constant n1=1 and n2=2 (program PhyIV by David Kiliani). The discrepancy 
of the fit parameters between dark and the jsc-corrected, illuminated IV curve due to the 
different operation conditions of the devices are in the same range for the mc Si solar cell 
and the FZ solar cell. Fit parameters of the saturation currents and Rsh from the 
illuminated IV curves are higher than for the dark IV curves in both cases. Rs by contrast, 
does not deviate much.  

Table 1-1: Fit parameters of the two diode model for jsc-corrected, illuminated, and dark IV curves of an FZ 
and a mc Si solar cell. 

Parameter FZ dark FZ ill mc dark mc ill 

j01 [A/cm²] 5.0·10-13 5.5·10-13 6.7·10-13 7.1·10-13 

j02 [A/cm²] 1.8·10-8 2.6·10-8 2.7·10-8 3.2·10-8 

Rs [cm²] 0.21 0.19 1.6* 1.7* 

Rsh [cm²] >1·105 8.9·104 7·104 1.6·104 

* high Rs because cell was measured before contact sintering/MIRHP 

 

1.2.4 Spectral Response (SR) 

The spectral response measurement allows to obtain information about the depth 
dependent sensitivity of the solar cell. This is done by illuminating the solar cell with 
monochromatic light between 300 and 1200 nm and measuring the generated current. 
Figure 1-10 depicts the schematic of the measurement setup. The monochromatic light is 
extracted from the broad band spectrum of a halogen lamp via a double grating 
monochromator. The ratio between the number of incident photons in and the number of 
charge carriers extracted from the solar cell (jsc/e) is called the External Quantum 
Efficiency (EQE): 
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in hereby is determined by calibration to the photocurrent of a reference cell with known 
EQE. By convoluting the wavelength resolved EQE of a solar cell with the solar spectrum 
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(Figure 1-1) the short circuit current can be calculated very precisely. Therefore, this 
method is often used in calibration labs.  

Together with a wavelength-resolved reflection measurement R() (chapter 1.2.2) the 
EQE also allows to calculate the ratio between absorbed photons and the number of 
extracted charge carriers, the so-called Internal Quantum Efficiency (IQE): 
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As the illumination intensity of the monochromatic light obtained by the optical gratings 
is very low, especially for wavelengths between 300 and 400 nm, the monochromatic 
light is periodically modulated by a chopper wheel, allowing the application of lock-in 
technology to reduce the signal-to-noise ratio.  

 

 

Figure 1-10: Schematic of the spectral response measurement setup after Fischer [20]. Yellow colour 
indicates white light, red colour monochromatic light. 

This additionally allows to establish common working conditions for the solar cell during 
measurement, by additional illumination from a white bias light source. The best example 
for the necessity of a bias illumination is the injection level dependence of the SiO2/SiNx 
stack rear side passivation (see chapter 6.3). As the modulated light exposure of the solar 
cell only allows the extraction of a differential measurement signal, the bias light intensity 
has to be adapted to grant minimum deviations to an absolute measurement [20].   
As the penetration depth of light in Si is significantly wavelength dependent (see 
chapter 1.1.1), the wavelength resolved IQE grants access to a lot of information about a 
solar cell. While the short wavelength IQE (often denoted as blue response), allows 
conclusions about the quality of the emitter and front surface passivation of a solar cell, 
the long wavelength IQE is mainly influenced by the properties of the Si bulk and the rear 
surface. Several evaluation methods, proposed e.g. by Basore [33] and Brendel [34] were 
used and refined by Fischer to develop an evaluation tool [20] and allow e.g. the 
extraction of the effective minority charge carrier diffusion length Leff and the effective 
rear surface recombination velocity Srear of a solar cell. The latter allows to have one 
surface recombination velocity value for a surface with different recombination behaviour 
(e.g. locally contacted rear side) and also considers effects in close proximity to the rear 
surface, like e.g. the field effect passivation due to the high-low junction of the Al-BSF. 
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As low bulk quality also affects the Srear fitting routine, this method is only applied on 
material where an influence from the bulk can be excluded. 

1.2.5 Light Beam Induced Current (LBIC) 

The Light Beam Induced Current (LBIC) method delivers spatially resolved short circuit 
current maps of a solar cell. The current is generated by monochromatic light from a laser 
diode, which is directed via glass fibre to a micro focus optic. The micro focus optic 
generates a light spot which can be focused to a diameter down to ~10 µm (full width half 
maximum intensity, Gaussian beam profile). During the measurement, the solar cell is 
moved on an x-y-stage beneath the light spot, allowing a spatially resolved mapping of 
the generated current. As the current, which is locally generated by the laser spot, is very 
small, lock-in technique is applied to increase the signal-to-noise ratio. This technique 
additionally allows the parallel use of several laser diodes emitting light at different 
wavelengths, by using different lock-in frequencies.  

 

Figure 1-11: Schematic of the LBIC measurement setup after Pernau [35] with four Laser Diodes (LD) 
operated in parallel at different lock-in frequencies. The introduction of a solar cell that measures 
simultaneously the reflected light (reflection cell) also allows the generation of spatially resolved IQE maps 
of a solar cell.  

The wavelengths available in the used measurement setup (Figure 1-11), constructed by 
T. Pernau [36], are 635, 833, 910 and 980 nm, corresponding to a penetration depth xp of 
about 3, 10, 30 and 100 µm in Si, respectively. To prevent “unintentional” current 
generation, which may overload and thus damage the used current-voltage converter, the 
measurement setup is completely darkened. By calibrating the laser light intensity with a 
reference cell, spatially resolved EQE maps can be generated. The different penetration 
depth of the utilized light allows the extraction of information from different depths of the 
solar cell similar to the spectral response measurement described above. As the 
measurement setup additionally allows the spatially resolved measurement of the 
reflected fraction of incident light, together with another reflection calibration also a 
spatially resolved IQE map can be generated by applying equation (1.25).   
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1.2.6 Other utilized measurement methods 

In the following measurement methods are described that are less excessively applied in 
this work, but also deliver valuable information for the interpretation and evaluation of 
performed experiments. 

Electrochemical Capacitance Voltage (ECV) measurement 

By monitoring the change of the capacitance of the sample, during a slow etching step, 
doping profiles (e.g. of a P-emitter or an Al-BSF) can be determined [37]. The 
measurement principle, however, does not distinguish between doping elements and only 
measures the net density of electrically active doping atoms. The most accurate values for 
the doping concentration are obtained on flat Si surfaces. For textured surfaces a 
correction factor that resembles the texture induced surface enlargement has to be 
considered and thus forms an additional error source. 
 

Electron Beam Induced Current (EBIC) measurement 

The EBIC method works similar to the above described LBIC measurement method. 
Instead of light, however, the accelerated electrons in a Scanning Electron Microscope 
(SEM) are used to generate a current in the solar cell [38]. This allows much higher 
lateral resolution of the mapping. The drawback is the surface damage, that can be 
induced by the high energetic electron beam (several kV acceleration voltage), and the 
very limited penetration depth of the electron beam (few µm – depending on the 
acceleration voltage), which impedes the retrieval of information from deep within the 
bulk of a solar cell. 

Electron Back Scattering Diffraction (EBSD) measurement 

By measuring the diffraction pattern of the electron beam, directed on a flat wafer surface 
in a SEM, the crystal grain orientation in relation to the wafer surface can be derived [39]. 
In mc Si material this allows e.g. the classification of the  value for the boundary 
between two grains. 

PhotoLuminescence (PL) imaging 

This fast imaging method allows the creation of spatially resolved maps of the 
recombination activity in a Si wafer. Therefore, charge carriers are generated in the Si 
wafer by illumination with monochromatic light exhibiting photon energies higher than 
the band gap energy of Si. Afterwards, the luminescence of the band-band recombination 
of the generated charge carriers is monitored by a CCD camera system [40]. Photons with 
energies higher than Eg, including the excitation photons are separated before entering the 
camera system by band pass filters. Photons with energies lower than Eg are not detected, 
because the Charge Coupled Device (CCD) chip of the camera used in this work is Si 
based.   
As introduced in chapter 2.1.2, the minority charge carrier lifetime is dominated by the 
SRH mechanism and thus the excess charge carrier density is determined by the (local) 
defect density. Therefore, the excess charge carrier density is lower in defect-rich areas 
than in areas that are defect free. On the other hand, radiative recombination requires a 
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high excess carrier density and thus, is less pronounced in defect-rich areas. In 
consequence, areas of high PL intensity represent a low defect density while areas 
exhibiting low PL activity represent regions of high defect density. PL images can be 
converted into lifetime maps by calibrating the measured intensity e.g. with a QSSPC 
lifetime measurement [41]. 

Neutron Activation Analysis (NAA) 

With this measurement method, the elementary composition of a sample can be detected. 
The sample therefore is irradiated by (thermal) neutrons, which can be captured by the 
nuclei of the elements contained in the sample, which partly transform into radioactive 
isotopes or at least become excited. The so affected nuclei of the contained elements 
exhibit a characteristic decay behaviour (mainly  and/or - decay), which allows their 
identification. By measuring the intensity and timely behaviour of the radiation emitted 
by the sample, conclusions concerning the elementary composition can be derived. The 
obtained sensitivity hereby depends on the duration of the neutron irradiation and the 
subsequent measurement time. Resolution limits can also vary from element to element 
depending on its decay characteristic. 
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2 Crystalline silicon and wafer materials 

Silicon (Si) is after oxygen the second most common chemical element found in the 
earth’s crust. Silicon can be found in the carbon group of the periodic table and thus has 
four valence electrons. A silicon crystal has a diamond lattice structure with a lattice 
constant of about 0.54 nm [42]. 

2.1 Crystal defects in silicon 

Defects in the Si lattice can either be structural imperfections of the lattice itself or 
foreign atoms which are introduced into the crystal e.g. during crystallisation or other 
high temperature steps. Regardless of their size and shape, all defects influence the 
mechanical, electrical and chemical properties of the Si crystal as the valence electrons 
near the defective region are forced to reconfigure in bonds of “unusual” length and 
orientation. The resulting change of the mechanical properties usually generates stress in 
the crystal and is e.g. detectable by Raman spectroscopy [43]. The stress can even lead to 
the generation of micro-cracks in the crystal. Mechanical stress generally destabilizes the 
crystal and renders it more fragile. The electrical influence of defects is due to band 
bending or introduction of defect levels in the band gap. This alters e.g. the recombination 
behaviour (see chapter 1.1.2) and due to increased scattering at (charged) defect sites also 
the mobility and thus the diffusion constant D of the charge carries. The diffusion 
properties of foreign atoms may also be affected. With the change of bond-length and 
orientation of course also the chemical properties of the Si crystal around a defect are 
altered. This can even prove useful e.g. for the determination of the surface dislocation 
density of a Si wafer via Sirtl, Secco or Dash etch [44] or to introduce an optically rough 
surface to increase the EQE via better light coupling [45]. 

2.1.1 0D defects (vacancies and impurities) 

Zero-dimensional defects are point defects. They can consist of foreign atoms which are 
either situated on a lattice point, replacing a Si atom (substitutional), or interstitially as so-
called interstitials. Si atoms themselves also can “leave” the crystal lattice, forming self-
interstitials. Missing Si atoms in the lattice also form point defects, which are called 
vacancies. Especially the numbers of the last two defect types are temperature driven, as 
they increase the entropy as well as the internal energy of the crystal. Thus, even the most 
perfect Si single crystal exhibits a certain number of point defects at temperatures above 
0 K [46]. 

2.1.2 1D defects (dislocations) 

Dislocations are typical one-dimensional defects. They are characterized by a 
crystallographic plane that is “ending” in the middle of a crystal. This can occur when 
crystal planes are slipped against each other to release stress that is built up e.g. during 
inhomogeneous crystallisation, around included point defects or by a mechanical load. 
When talking about dislocations, a distinction is drawn between screw and edge 
dislocations. At elevated temperatures dislocations are mobile, and move mainly along 
the <111> planes (slipping planes) in the crystal. Mirror-inverse dislocations can thereby 
be annihilated when they coincide, leaving an undisturbed crystal. Dislocations also 
disappear when they are moved to a free surface of the Si crystal [47]. The recombination 
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behaviour of dislocations is mainly determined by their decoration with impurities (see 
chapter 2.1.4). Undecorated dislocations themselves usually do not introduce defect levels 
deep in the Si band gap [48]. 

2.1.3 2D defects (grain boundaries and stacking faults) 

When two areas of different crystal orientations adjoin, the lattice configuration between 
these two areas is disturbed. Some valence electrons of the border atoms have to 
reconfigure, forming bonds of “unusual” length and orientation compared to bonds in the 
undisturbed lattice. This leads to a plane in the crystal where the electrical, chemical and 
mechanical properties of the crystal are different. They are called grain boundaries and 
are mainly observed (as the name already implies) in multicrystalline (mc) Si materials. 
One important parameter for the characterization of grain boundaries is the so-called  
value. It describes how many atoms are shared with undisturbed bonds between two 
adjoining grains [49]. A very common configuration value is 3, meaning that every third 
atom of one grain is shared with the neighbouring grain without disturbance. Higher  
values indicate less common atoms and thus a more disturbed grain boundary region.  

Stacking faults, which are another type of two-dimensional defect, occur, when an 
additional crystal half-plane is generated.   

The largest 2D defect, however, is the free surface of the Si crystal, where a quasi 
continuum of defect states is present, demanding a separate treatment in the SRH 
recombination theory (see equation (1.11)). Similar to the dislocations described before, 
also the recombination behaviour of grain boundaries and stacking faults is determined to 
a large extent by their decoration with impurities (see next chapter). 

2.1.4 3D defects (voids and precipitates) 

The aforementioned defect types are often nucleation points for the development of three-
dimensional defects. They consist of voids (agglomeration of vacancies), foreign atoms or 
silicides, which preferably agglomerate at disturbed areas of the crystal where the 
nucleation barrier is reduced [50]. The number and size of these defects strongly depends 
on type and concentration of the contaminants in the crystal as well as on the crystals 
thermal history. Si crystals are mainly formed by solidifying liquid Si. The three-
dimensional defects hereby are formed by precipitation, as the solubility of most 
impurities in crystalline Si decreases with decreasing temperature. If, during the cooling 
process of the crystallisation, the solubility limit of a certain impurity falls below the 
impurity concentration, the crystal becomes supersaturated. At a certain degree of 
supersaturation, the impurity starts to form precipitates in the crystal. While a rather slow 
cooling process provides enough time for impurities to diffuse long distances through the 
crystal and form a small number of large precipitates, which is energetically favourable, a 
very fast cooling of the crystal (quenching) leads to the formation of many small, finely 
dispersed precipitates throughout the whole crystal [51]. The above described mechanism 
is especially important concerning the defect engineering during high temperature 
processing steps in the solar cell process. For Si ribbon materials it also defines the defect 
distribution in the wafer material during wafer growth (chapter 2.6.2).  

Another aspect for the formation of precipitates is the presence of other impurities. 
Depending on the size and precipitation behaviour of the respective impurity atoms, so 
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called co-precipitation at the same site can be energetically favourable. One example is 
the co-precipitation of oxygen (O) together with carbon (C) in ribbon silicon [52]. 

The number and distribution of impurities in a Si wafer also strongly depends on the 
purity of the feedstock, more specifically on the composition, diffusivity and solubility 
limits of the included impurities. All defects and impurities that induce energy levels in 
the Si band gap can serve as SRH recombination centres which reduce the minority 
charge carrier lifetime. The most common and most detrimental impurities in Si are 
transition metals like iron (Fe) and copper (Cu). Fe can induce highly recombination 
active defect levels near the centre of the Si band gap [53] (see Figure 1-4), which 
severely affect the bulk lifetime even at relatively low concentrations [54]. The 
detrimental effect of Cu is mainly due to its very high diffusivity and solubility in Si, even 
at very low temperatures [55]. A good overview concerning transition metals in Si is 
given by Weber in [55]. 
 
The differing solubility of a specific impurity in molten Si Sil and solid Si Sis can be of 
use when large amounts of molten Si are solidified very slowly, e.g. during a block 
casting process (chapter 2.6.1). The so-called segregation coefficient k0 is defined as: 
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k 0  (2.1)

With this coefficient the distribution of the impurity concentration C over a slowly 
solidified Si crystal can be described according to an equation first proposed by Scheil 
[56]: 
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where fs represents the fraction of the crystal that is already solidified and C0 the initial 
impurity concentration (evenly distributed) in the melt. ks represents the effective 
segregation coefficient, which is almost equal to the equilibrium segregation coefficient 
k0 if a temperature distribution close to the thermal equilibrium is maintained at every 
stage of the solidification i.e. for very low crystallisation velocities. The segregation 
coefficient in Si is < 1 for most impurities (e.g. B, P and especially transition metals) 
resulting in a higher concentration of these impurities in the melt and thus in the part of 
the crystal that is solidified last (Figure 2-1). There are few exceptions, however. For 
oxygen (O) some authors report a segregation coefficient k0 > 1 [57]. 

 

After the solidification of the Si most impurities are still mobile and can diffuse 
depending on temperature and crystal structure more or less quickly through the crystal. 
Compared to the common doping elements like boron and phosphorous, especially 
transition metals like Cu and Fe are very mobile, resulting in significant impurity 
redistribution after the solidification during the cooling of the ingot (Figure 2-3). 
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Figure 2-1: Impurity distribution after very slow directional solidification (ks ≈ k0) for impurities with 
different segregation coefficients k0 according to Scheil’s equation. Dopants B and P as well as oxygen (O) 
with k0 close to one (left) and transition metals Fe and Cu with very small k0 (right; log scale). Segregation 
coefficients are obtained from [42]. 

 
 

2.2 Retrieval of silicon raw material 

After the overview on the Si crystal and its defects, more practical issues are elucidated, 
such as the production and purification of Si, and different methods for crystallisation and 
wafer fabrication. 

Si is produced by the reduction of silicon dioxide (SiO2) with carbon (C). In practice, a 
blend of very pure quartz lumps (which mainly consist of SiO2) together with coal and/or 
wood is heated up in an electric arc furnace to temperatures of up to 2100°C. At this 
temperature SiO2 is reduced to pure Si and C is oxidized (carbothermic reduction of 
silica): 

COSiCSiO 222   (2.3)

Equation (2.3) is a simplified summary of several more complex chemical reactions 
which are described e.g. by Ceccaroli and Lohne in [58]. This process yields the so-called 
Metallurgical Grade (MG) silicon, which is – as the name already proposes – an 
electrically conductive material due to the high level of impurities which are still present 
in the silicon. The purity level which is reached by this process is in the order of 98.5-
99.5%, depending on the raw materials [59]. The major remaining elements are boron, 
phosphorous, aluminium and iron. To obtain Si of decent purity which can be used to 
fabricate solar cells, there are two main ways for further purification which are described 
in the following. 
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2.3 Siemens purification 

Here the MG silicon is milled to a fine powder (particle diameter ≈ 40 µm) which is then 
put into a reaction chamber together with hydrochloric acid (HCl) to form trichlorosilane 
(HSiCl3) and also halides of the remaining impurities. These halides can then be separated 
from the HSiCl3 by fractional distillation. The purified HSiCl3 precursor gas is then led 
into a Chemical Vapour Deposition (CVD) chamber where the HSiCl3 is led over so-
called slim rods made of doped silicon, which are heated to high temperatures by driving 
a current through the slim rods. At the hot surface of the slim rods the HSiCl3 decomposes 
and the Si is deposited on the hereby growing rods [58]. By applying this process, up to 
11N grade silicon (99.999999999% purity) can be achieved [60]. The energy 
consumption for the Siemens process lies between 100 and 250 kWh/kg Si [58], [61–63]. 
In place of SiHCl3, other forms of HxSiCl4-x (x=1-4) can also be used as precursor gases 
where a lower Cl content results in lower decomposition temperatures of the precursor 
gas. This can be beneficial, but also comes along with a higher reactivity of the precursor 
gas and therefore necessitates higher safety requirements. Silane (SiH4), for instance, is 
pyrophorous in air. The purity requirements for solar grade Si are less strict than for 
electronic grade Si. Thus, the distillation and resolidification processes can be adapted in 
a way that less energy is consumed for the production of the slightly less pure Si. 
Especially well-suited for the decomposition of the precursor gas is the concept of the 
more energy efficient Fluidized Bed Reactor (FBR) [64], where small Si granules replace 
the slim rods as seed crystals to enable a continuous operation. 

2.4 Metallurgical purification route 

The purification of MG silicon that does not include the refining of gaseous halides of 
silicon or silane is often summarized as “upgrading” of metallurgical Si, resulting in a 
product called Upgraded Metallurgical Grade (UMG) silicon. This upgrading process can, 
however, include several purification steps which depend on the quality and composition 
of the MG Si material, for example. In many cases already the raw material and the 
conditions for the carbothermic reduction are chosen very carefully and with respect to 
the later applied purification schemes [65]. One very common step which mainly removes 
metal impurities is the hydrometallurgical purification or leeching step. Here a fine-milled 
powder of MG silicon is subjected to an acidic mixture, e.g. H2O, HCl and HF [66].  

Another approach is purification by introducing MG Si into molten Al [67]. When the 
mixture is cooled down, the Si solidifies as flakes while the Al and with it most of the 
impurities remain liquid. After removing the still liquid Al with the incorporated 
impurities, Si flakes with a thin Al coverage remain. The Al coverage then is removed in 
an acidic solution [68]. A very challenging task is the removal of B and P, which are 
found in MG Si in large quantities. Boron can be removed by exposing the liquid Si to 
oxygen together with slag-forming additives like CaO or MgO. The slag forms a sink for 
the oxidized Boron, and the [B] in the liquid Si is thusly reduced. A detailed description 
of the “slagging” process can be found in [69]. The phosphorous content can be very 
effectively reduced by exposing molten Si to a vacuum into which the P easily evaporates 
[70].   
Purification by segregation in a directional solidification process (chapter 2.1.4) is also 
applied. 
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The main advantage of these purification steps is that they consume significantly less 
energy during the Si purification than the Siemens process. Unfortunately, not all 
impurities can be removed from the silicon in this way. So the final Si material contains 
more impurities, especially dopants like B and P. The dopants, however, compensate each 
other mutually regarding the net conductivity of the material. Unfortunately they exhibit 
different segregation coefficients (see chapter 2.1.4) and thus, the conductivity of the 
material varies when solidified in a conventional block casting process and switches from 
p-type to n-type near the top of the ingot. By adapting the crystallisation process or 
adding defined amounts of dopants with a low segregation coefficient (e.g. Ga) at a 
specific point in the casting process, the transition point can be pushed into the very high 
top region of the ingot.   
Concerning other impurities, appropriate cell processing can lead to similar cell 
efficiencies compared to mc Si materials from Siemens purified feedstock, which will be 
shown in this work. 

 

2.5 Monocrystalline wafer materials 

Monocrystalline wafer materials consist of one single crystal that is grown from a 
monocrystalline seed crystal. One distinguishes between two commonly applied growing 
methods: 

2.5.1 Float Zone (FZ) method 

This crucible free crystal growth method was developed in 1952 to address the high 
reactivity of molten Si with all kinds of container materials [71]. Here an entire 
polycrystalline rod originating from a Siemens purification process is molten 
contactlessly by an RF induction coil under argon inert gas atmosphere starting from one 
end. Then a monocrystalline seed crystal is introduced into the Si melt. By adapting the 
crystal structure of the seed crystal, the molten Si resolidifies. The melting zone then is 
moved slowly along the rod towards its end. During the process the rod is slowly 
revolved to ensure homogeneous melting. As the segregation coefficient of most 
impurities is smaller than one (see chapter 2.1.4), the impurities segregate into the melt 
and are agglomerated at the end of the rod. To reach the highest crystal purity, the melting 
zone can be moved several times through the rod, always from “seed end” to “tail end”. 
Afterwards the highly contaminated tail of the rod is removed. Then the ingot is diced 
into wafers by a Multi Wire Sawing (MWS) process [72], which produces several 
hundred wafers in one step, depending on the targeted wafer thickness, kerf loss and ingot 
height. The saw damage is then often removed by chemical or mechanical polishing 
(lapping). Although this technique is rather complicated and very energy intensive, some 
parts of the microelectronics industry heavily rely on this kind of ingot production, as 
highest purity levels (~ 100 times purer than Cz Si [73], see below) and crystal quality are 
obtained. For industrial solar cell production FZ Si wafers are far too expensive. As 
reference material for lab-type processes, however, it is well suited to detect the limits of 
a given process (e.g. to determine surface passivation quality, emitter quality or the limits 
of a particular solar cell process). FZ ingots mostly feature a cylindrical shape of a 
maximum diameter of about 200 mm. In principle the production of square shaped ingots 
is also possible [67]. 
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2.5.2 Czochralski (Cz) method 

This method for the production of monocrystalline ingots is less costly than the above 
described FZ method. Here the monocrystalline seed crystal is introduced into a pot of 
molten Si, and then slowly pulled out of the melt. The molten Si crystallizes at the 
solid/liquid interface, adopting the crystal structure of the seed crystal. The growing ingot 
is rotated slowly to ensure homogeneous crystallisation. By adapting rotation and pulling 
speed, the diameter of the growing ingot can be adjusted. Segregation here helps to keep 
the majority of the impurities in the Si melt, yielding a pure monocrystalline Si ingot. 
Unfortunately not all impurities have a low segregation coefficient. Thus, especially high 
amounts of oxygen are incorporated into the ingot. It originates from the SiO2 based 
crucible the melt is kept in. Cz ingots are always cylindrically shaped with diameters up 
to 300 mm (for PV applications). To produce (semi) squared wafers for solar cell 
production, the ingots have to be sawn to the appropriate format. For the wafering again 
the MWS process [72] is applied. 

 

2.6 Multicrystalline wafer materials 

Multicrystalline (mc) Si wafers have a significant cost advantage over monocrystalline Si 
wafer materials due to the cost effective crystallisation methods. They are produced by 
directional solidification of molten Si. The solidification starts at certain nucleation 
points, from which small crystallites expand in growth direction. The size of the 
crystallites that are formed and the composition and distribution of impurities in the 
wafers depend on the applied crystallisation technology. The methods yielding the wafer 
materials investigated in this work are described below. 

2.6.1 Block cast multicrystalline silicon 

Block casting is the most common technique to fabricate mc Si wafers. Liquid Si, which 
is kept in a (high purity) silicon nitride (SiNx) coated6 quartz crucible is thereby 
directionally solidified by slowly lowering the crucible from the heated casting frame 
(Bridgman method), or by extracting heat from the bottom of the crucible with the Heat 
Exchange Method (HEM) [74], [75]. Both principles are depicted in Figure 2-2. The 
upper zone of the crucible is kept at a temperature above the melting point of Si. Thus, a 
solidification front moves from the bottom towards the top. The main challenges of the 
crystallisation process are the maintenance of a planar solidification front, the control of 
the crystallisation velocity and the avoidance of extensive dislocation formation in the 
crystal [76]. 

                                                 

6 The SiNx coating serves as anti-sticking layer, as the Si expands during solidification. 
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Figure 2-2: Schematic of the Bridgman method (left) and Heat Exchange Method (HEM, right) for the 
directional solidification of large amounts of molten Si (ingot casting). 

 
For an ideal crystallisation setup the impurities of the feedstock material would distribute 
in the ingot during crystallisation according to their segregation coefficient, following 
Scheil’s law (chapter 2.1.4). This would lead to an agglomeration of most impurities in 
the very top of the ingot, which is solidified last. In reality, however, many impurities are 
introduced into the ingot from the crucible. This leads to highly contaminated areas also 
in the bottom and close to the walls of the crucible [51]. Additionally, as the ingot cannot 
be instantly cooled down after solidification, the so-called back-diffusion of impurities 
from the very top of the ingot towards the ingot centre also plays a role – especially for 
fast diffusing specimens like e.g. Cu. Figure 2-3 shows a defect distribution map for a mc 
Si ingot, concerning Fe, Cu and Oi. 
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Figure 2-3: Defect distribution for Fe, Cu and interstitial oxygen (Oi) over the ingot height for an 
intentionally contaminated mc Si ingot (addition of 20 ppma Fe and Cu into the melt). The influence of the 
segregation for all three contaminants as well as the contamination from the crucible bottom (for Fe and Cu) 
and the influence of back diffusion from the top (Cu) can be observed [77]. 
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The depicted ingot was intentionally contaminated with 20 ppma of Fe and Cu, which 
were introduced into the high purity feedstock during melting. The segregation driven 
increase of the [Fe] and [Cu] (ks < 1) as well as the decrease of [Oi] (ks > 1) towards the 
top of the ingot can be observed. The back-diffusion of impurities in the already solidified 
ingot is also clearly visible for the fast diffusing Cu. For Fe and Cu the additional 
contamination from the crucible bottom can also be detected. To reduce the negative 
influence of the crucible walls, larger ingots with a better surface-to-volume ratio can be 
produced. This strategy, however, comes along with the challenge of cooling these large 
amounts of molten Si in a controlled and homogeneous way (e.g. maintaining a planar 
crystallisation front). After cooling down the ingot it is removed from the crucible, which 
is usually cracked, as Si expands when it solidifies. The regions where the ingot was in 
contact with the crucible walls are cut off. Then the ingot is cut into so-called “bricks” 
which resemble the desired wafer size (typically 125x125 mm² or 156x156 mm²). The 
very top and bottom of each brick (several centimetres) are usually also removed due to 
their high impurity content. The bricks are then cut into wafers by a MWS process [72]. 
Vertically neighbouring wafers from one ingot typically feature the same grain structure 
and comparable defect and impurity concentrations, which eases investigations 
concerning process parameter variations. In the experiments described below, “standard 
mc Si” material is often mentioned as a reference material. This refers to block cast mc Si 
material from Siemens purified feedstock originating from a part of an ingot, that does 
not show contamination from crucible walls or back diffusion. For UMG Si, block casting 
is also the solidification method of choice, as the impurity segregation during casting 
leads to an additional purification. The UMG Si material examined in this work therefore 
exhibits the same crystal structure as standard mc Si material.  
 

2.6.2 Ribbon materials 

All ribbon materials share the advantage that crystalline wafers are directly produced 
from the Si melt [78]. This omits the kerf loss of Si which is up to 50% for ingot based 
wafer technologies [79]. The drawback, however, is the higher amount of defects in the 
material, as the wafers are all cooled down very fast after casting and often also in close 
contact to substrates or shaping tools. In literature, ribbon materials are often divided into 
two major groups. For type I ribbon materials, the Si ribbon is grown at a small 
solid/liquid interface, where the ribbon transport direction is in parallel to the 
crystallisation direction. This limits the maximum crystallisation speed to a few cm/min 
[80]. In contrast, type II materials have the material transport direction decoupled from 
the solidification direction of the Si, allowing a large solid/liquid interface and therefore a 
much higher material throughput. In the following two sections, prominent examples of 
these ribbon materials, which were investigated in this work, are introduced. 

2.6.2.1 EFG (Type I ribbon material) 

The Edge-defined Film-fed Growth (EFG) method was developed in 1971 by LaBelle 
[81] who used the method to grow sapphire crystals of different shape. The 
commercialization concerning the growth of Si wafers for solar cell production was done 
by Mobile Solar [82] in the 1980s. The wafers are produced by using capillary forces 
which draw molten Si through a narrow shaping tool. The Si then solidifies at the outlet 
opening and is vertically pulled out of the shaping tool to hollow octagons or dodecagons, 
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depending on the layout of the shaping tool, with a tube height of several meters (Figure 
2-4). The Si tubes are then laser-cut into single wafers (typically 125x125 mm²). 

 

     

Figure 2-4: EFG principle (upper left) and EFG pulling machine (right) which yields the typical EFG 
octagon which is depicted together with a laser-cut wafer and a finished industrial solar cell in the lower left 
(photos from [83]). 

 
The EFG crystal structure is dominated by elongated crystallites which are only few 
millimetres wide but can be extended over several tens of centimetres along the 
crystallisation direction. This limits the number of wafers featuring a comparable grain 
structure for directly comparing experiments. Usually only two small neighbouring 
wafers (5x5 cm²) can be used for the examination of a process parameter variation. If the 
variations are very small, even on directly neighbouring wafers, the crystal quality change 
from one wafer to the next can cloud the effect of the parameter variation.  
Due to the relatively fast pulling speed of 1-2 cm/min [84], the wafers cool very fast, 
which can produce a high amount of residual stress [85] and thus a lot of crystal defects 
in the wafer. Vibrations in the pulling setup during crystallisation additionally can lead to 
buckled wafer surfaces. The intense contact of the molten Si with the carbon based 
melting crucible and shaping tool also yields a very high carbon concentration in EFG 
wafers. The oxygen content by contrast is very low in EFG material [73]. In 2010 
SCHOTT solar, the only company that produced EFG material during the last few years, 
stopped the production of EFG wafers. 

Another prominent example of type I ribbon materials with very similar material 
properties but a slightly differing crystallisation process, is the String Ribbon material 
[86], [87], which is still in production, e.g. by Sovello. 
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2.6.2.2 RGS (Type II ribbon material) 

The RGS (Ribbon Growth on Substrate) approach was introduced in 1990 by Lange and 
Schwirtlich [88]. The process allows the production of wafers directly from the Si melt by 
applying a thin layer of molten Si on a carbon based substrate through a casting frame 
(Figure 2-5).  

 

Figure 2-5: Principle of the RGS wafer casting process. The decoupling of crystallisation direction and 
material transport allows very high wafer production rates (schematic after Hess [89]). 

The decoupling of crystallisation direction and substrate pulling direction allows a very 
fast wafer production speed (~1 wafer per second) [75] and continuous wafer production, 
as molten Si can be replenished continuously into the casting frame. The carbon (C) based 
substrates can also be reused, as due to the different thermal expansion coefficients of C 
and Si, the Si wafers detach by themselves during the cool down. The wafer size and 
format can be adapted by changing the dimensions of the substrates and casting frame. 

The drawback of the process is the extensive contact the molten Si has with the carbon 
based substrate, leading to severe C contamination of the wafer material and the very fast 
wafer cooling time, which leads to a very high dislocation density and very small 
crystallites (diameter < 1 mm) in the wafer [90]. As the Si is cooled from the substrate 
side upwards, the resulting columnar grain orientation is similar to standard mc Si which 
is favourable for charge carrier diffusion from front to back and thus beneficial for solar 
cells. The grain structure, however, varies from one wafer to the next, rendering 
comparative experiments e.g. concerning a parameter variation more complicated than on 
standard mc Si. 
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3 Solar cell processes 

3.1 Standard industrial process 

The standard industrial process is briefly described to point out the differences between 
what is common practice in the industry and what is done on a laboratory scale. Industrial 
solar cell production is mainly carried out on boron doped mc or Cz Si wafers with a 
square measure of 125x125 mm² or 156x156 mm² and thicknesses of about 150 to 
200 µm. 

During the first processing step – the saw damage etching – the wafers are also wet-
chemically textured. In most cases the texture is applied on both sides. After that, a 
phosphorous emitter diffusion is carried out yielding emitter sheet resistances between 40 
and 70 □. Subsequently the edge isolation, i.e. the removal of the emitter from the 
edges and sometimes also from the rear side, takes place. Thereafter the front surface is 
coated with a SiNx anti-reflection and passivation layer. Then the metal contacts are 
defined using a screenprinting technology with metal based thick film pastes. On the SiNx 
on the front side a H-pattern grid is printed with a silver (Ag) containing front contact 
paste while the rear side is typically fully covered by an aluminium (Al) based paste. To 
establish an electrical contact on front and rear side, the wafers then have to undergo the 
so-called co-firing step, where the front contact paste etches through the SiNx layer and 
establishes contact to the emitter. Simultaneously on the rear side the Aluminium Back 
Surface Field (Al-BSF) is formed, which yields a field effect passivation of the rear side. 
Additionally, the hydrogen-rich SiNx layer releases hydrogen during the firing step which 
can passivate defects in the Si crystal (see chapter 5.2).  

The co-firing step is very delicate. If the firing temperature is chosen slightly too high or 
too low, this results in cell shunting or increased contact resistances of the front contacts, 
respectively. The optimum firing temperature depends on different parameters like e.g. 
the cell thickness, the emitter sheet resistance, the surface texture, and the applied metal 
paste. A detailed analysis of the front contact formation can be found in [91]. The Al-BSF 
formation on the rear side, however, grants a rather large process window, as Al already 
melts and alloys with Si at a temperature of 660°C which is always surpassed in a co-
firing process. The amount of Al atoms forming the BSF can be seen as a first order 
quality feature. It is mainly determined by the thickness of the screen printed Al-paste and 
the peak firing temperature, which both affect the depth of the doping profile. The peak 
doping density is determined through the peak firing temperature alone by the solubility 
of Al in Si according to the phase diagram [92]. The Al-BSF itself is formed during the 
cooling of the Al-Si layer [93]. 

The efficiencies obtained with this type of process in industry today are up to 19.2% for 
mono (Cz) Si wafers (including a selective emitter structure) [94]. In average, efficiencies 
above 17% for standard mc Si and above 18% for Cz Si are possible [95]. 
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3.2 Photolithography based cell processes 

The photolithography based process developed here aims to identify the efficiency 
potential of different mc Si materials without moving too far from industrial-type solar 
cell processing. The photolithography based process mainly differs from the industrial-
type process in the way the front contacts are formed. By selectively opening the SiNx 
layer and evaporation of the front contacts, which are then thickened by Ag plating, the 
co-firing step is omitted. This is a great advantage, as co-firing always necessitates a 
firing optimisation with several solar cells of one and the same type. This optimization is 
then only valid for this specific cell type, as described above. As novel mc Si materials 
with comparable characteristics are often only produced in small quantities and 
additionally should be tested concerning different process variations, avoiding the co-
firing optimization is therefore very beneficial. Avoiding the co-firing also yields an 
additional degree of freedom concerning the firing temperature in the belt furnace which 
now can be adapted specifically for an optimized hydrogen passivation (chapter 5.2) or an 
optimized Al-BSF.   
The use of evaporated contacts – a typical combination is titanium (Ti), palladium (Pd) 
and silver (Ag) – also allows the contacting of phosphorous emitters exhibiting very high 
sheet resistances because of the low Schottky barrier between Ti and P-doped Si [96]. 
This allows a more precise determination of the bulk behaviour of the mc Si materials, as 
the negative impact of the high emitter doping on saturation current and short wavelength 
IQE is reduced. The Ag plating step after the evaporation yields the advantage that plated 
fingers show a much higher aspect ratio and specific conductivity than screen printed 
fingers. Thus, the shadowing loss of the front grid and losses due to Rs are reduced 
compared to an industrial process. The influence of the rear side can be minimized by 
switching from an Al-BSF (in this work referred to as baseline process) to a dielectrically 
passivated rear side (in this work referred to as advanced process). As both processes only 
differ concerning the rear side (see Figure 3-1), the first processing steps are the same for 
both processes. 

 

Figure 3-1: Comparison of the baseline (left) and advanced (right) photolithography based solar cell layout 
(cross section). The layer thicknesses are not to scale. 

The processes start by selecting the wafer material for processing and cutting it to 
5x5 cm² wafers by laser. A great deal of attention has to be paid here concerning grain 
orientation, resistivity (especially for the advanced process) and sample allocation if 
processing steps are to be compared on different wafers, which usually is the case. 
Besides the materials under investigation, standard block cast mc and FZ Si wafers are 
always processed in parallel as references. The next step is a Chemical Polishing (CP) 
step in an etching solution consisting of HF (50%), CH3COOH (99%) and HNO3 (65%), 
in the ratio 11:26:163, which removes the defective surface layer of the wafers. 
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Depending on temperature and surface morphology of the wafers, this solution removes 
about 0.65 µm of Si per wafer side per minute. Wafer materials like FZ, EFG or String 
Ribbon are etched only a short time (~10 min), as these materials have little or no surface 
damage. Other materials like standard mc Si or RGS are etched significantly longer to 
remove the saw damage or very defect-rich surface layers. The etching rate is determined 
by weighing the wafers before and after etching.   
The next step is the (optional) texturisation. A texture suitable for all materials is the 
plasma texture (see chapter 4.1). Other texturisation methods are only applied in certain 
cases for reference, as some also necessitate a different preprocessing7.  
Afterwards the wafers are cleaned (with intermediary DI-H2O rinsing steps), at first in 
HCl (3%; 10 min) to remove metallic impurities followed by HF (~1%; 1 min) to remove 
the native oxide on the surface. The hydrophobic surface then is oxidized again, but now 
under more “controlled” conditions, in a so-called PIRANHA solution (H2SO4(96%) and 
H2O2(40%) ratio 4:1 at 80°C; 10-20 min). Another short dip in diluted HF (~1-3%) 
removes this oxide leaving a very pure Si surface.   
After drying the wafers with N2 gas they are introduced into the POCl3 diffusion furnace 
for emitter formation (chapter 5.1). After the diffusion step the Phosphorous Silicate 
Glass (PSG) is removed in diluted HF (~1-3%; 10 min). The emitter sheet resistivity is 
determined via Four Point Probe measurement (FPP) on diffusion dummies which are put 
on the outside slots of the quartz boat during diffusion. Now an optional oxidation step 
can be carried out in a tube furnace (860°C; 1h; O2 ambiance) to improve the emitter 
quality and emitter surface passivation [97]. Before the oxidation the wafers are cleaned 
again in a PIRANHA solution.   
The next step is the deposition of the hydrogen-rich amorphous silicon nitride layer 
(SiNx:H) by Plasma Enhanced Chemical Vapour Deposition (PECVD). Here a direct 
plasma process (Centrotherm E2000 HT, plasma frequency 40 kHz) is applied. A high 
ammonia (NH3) to silane (SiH4) ratio of 5.5:1 yielding a refractive index between 2.1 and 
2.2 has proven very beneficial in combination with a second ARC made from MgF2 [98] 
concerning the light coupling into the solar cell. Together with the better surface 
passivation properties of the high refractive SiNx:H layer, this seems to outweigh the 
negative influence of the higher light absorption in the high refractive index SiNx:H layer 
and its slightly reduced hydrogen content [98]. The optimum thickness, if combined with 
an MgF2 layer is around 63 nm (see chapter 4.1). From here on, the processes branch 
towards the standard Al-BSF (baseline) and the advanced dielectric rear side process, 
which are described in the following sections. 

3.2.1 Baseline process rear side 

The first step for the baseline rear side process is the screenprinting of a standard Al 
containing thick film paste over the full rear side of the wafer. Especially for experimental 
wafer materials with uneven surfaces or wafers already exhibiting a bow, the mechanical 
load during screen printing can cause breakage. After the screen printing of the rear side 
the wafers are dried in a belt drying furnace at temperatures around 350°C to evaporate 

                                                 

7 For acidic texturing of block cast mc-Si e.g. the saw damage must not be removed, as it is needed for the 
development of the texture. 
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solvents from the Al paste. Afterwards the wafers are fired Sunny Side Down8 (SSD) on 
larger dummy wafers in a conventional belt furnace to form the Al-BSF and for bulk 
hydrogenation via the SiNx:H (chapter 5.2). The peak firing temperature as well as the 
temperature profile can here be varied to a certain extent to address optimum H-
passivation, as the Al-BSF forms easily (see chapter 3.1) and differences in the Al-BSF 
quality due to moderate temperature variations are rather small. The Al that is 
incorporated into the rear side due to recrystallisation during the cool down also 
overcompensates the P-emitter on the rear, which was formed during emitter diffusion. 
After the firing step, the residual Al paste is etched off in HCl (~37%, 30 min), as the 
porous paste would be obstructive in the subsequent photolithography steps. After the 
etching step, the Al-Si eutectic and the Al-BSF underneath remain, forming a rather 
smooth surface. 

Now, the photolithography process is carried out (see schematic in Figure 3-3). It starts 
with a temperature step (170°C; 30 min) to dry the wafer surfaces. After that the (hot) 
wafers are introduced into an exsiccator, where the wafer surface is preconditioned in a 
primer-atmosphere (Hexamethyldisilazane, HMDS) for 10 min, to enhance the adhesion 
of the subsequently applied photoresist. The photoresist (Microchemicals AZ 4652) is 
applied on the front surface by spin coating, yielding a resist layer thickness of about 
8 µm. The resist is dried in a so-called soft bake step (70°C; 1 h + temperature ramp to 
105°C in 17 min) to remove solvents from the photoresist. Water also evaporates along 
with the solvents, necessitating a rehydrating step of at least 2 h in normal atmosphere. In 
practice, the wafers are often left to rehydrate over night. The wafers are then introduced 
into a mask aligner setup (Suess MicroTec MJB 3) and exposed to UV light through a 
shadow mask that resembles the grid layout of the desired front contact pattern (example 
in Figure 3-2). 

 

Figure 3-2: Photolithography shadow mask grid layout for a 5x5 cm² wafer with the structures for four 
2x2 cm² cells surrounded by a frame with adjustment windows (left) and a zoom to the grid layout of one of 
the four 2x2 cm² cells with a 25 finger layout (right). 

The UV light then breaks up the long polymer chains in the photoresist. Depending on the 
surface texture, the duration of the light exposure has to be varied. Flat surfaces reflect the 

                                                 

8 The “sunny side” means the SiNx:H covered front side of the solar cell. 
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incident UV light to a certain extent, allowing the light that was not absorbed in the 
photoresist on the way to the wafer surface a second pass through the resist, and thus a 
second chance to break up a polymer bond. 

Textured surfaces by contrast strongly enhance the light coupling into the wafer and also 
scatter the fraction of light that is not coupled into the wafer, necessitating longer 
exposure times. 

 

Figure 3-3: Schematic of the front grid definition by photolithography. First, the SiNx (blue) covered wafer 
(dark gray) front surface is covered by a photoresist (yellow) (1). Then the photoresist is opened by 
photolithography (2) followed by a SiNx opening step in a reactive plasma and BHF (3). Now, the metal 
(light grey) is deposited on the whole front surface (4). After the lift-off of the photoresist, only the metal in 
direct contact to the Si surface remains (5). These contacts then are thickened by Ag plating (6). 

After the exposure, the wafer is introduced into a NaOH-based developer solution 
(Microchemicals AZ 351B, diluted in H2O), where the broken polymer chains in the 
exposed resist regions show a much higher dissolution rate than the long polymer chains 
in the non-exposed areas. In the ideal case, all polymer chains of the photoresist in the 
desired area are broken. If the exposure time is chosen too long, the stray light also breaks 
polymer chains in the vicinity of the desired structure leading to broader features after 
development. Too short exposure time leaves long polymer chains covering the desired 
structures. By prolonging the developing step the structure still can be laid open, as the 
unexposed photoresist also dissolves slowly in the developer solution. The edges of the 
structures in the photoresist, however, are rounded that way and their thickness is 
reduced, which can later lead to problems during the lift-off process. After the developing 
step, the photoresist is baked again for one hour at 100°C in a so-called hard bake step 
which enhances the stability of the resist film by increasing the linking between the 
polymers.   
Then, the SiNx layer is removed in the openings of the photoresist by a short plasma 
etching step. As this step etches the SiNx inhomogeneously, the wafers are afterwards put 
into a buffered HF (BHF) solution (NH4F (40%), HF (50%) and H2O, ratio 1:7:40) for at 
least 20 min to remove SiNx residuals. It is also possible to skip the plasma etching step 
and open the SiNx directly in highly concentrated BHF. The photoresist, however, is not a 
perfect diffusion barrier for fluorine ions, resulting in an increased possibility for 
damaging of the SiNx layer masked by the photoresist with increasing concentration and 
etching time. Additionally, highly concentrated BHF is very toxic and necessitates very 
high safety precautions. Directly after the BHF step, the wafers are rinsed, dried, and 
introduced into a multi-crucible electron beam evaporation setup. The chamber of the 
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setup is pumped to a pressure of ~3·10-5 mbar with a two stage pumping system (a rotary 
vane pump combined with a turbomolecular pump). In the electron beam evaporator, 
electrons are accelerated with 8 kV and directed at the target metal sources by magnetic 
fields, where they deposit their kinetic energy and thus heat up the target metal. The fast 
deceleration of the electrons in the target metal also leads to the emission of X-rays, 
which can damage the wafer bulk and also especially dielectric rear side passivation 
layers. The damage is annealed out later in the process. The front contact metals are 
evaporated in the following order: 

 Titanium (Ti): Together with n-doped Si it forms a Schottky diode with very low 
barrier height (~0.5 to 0.6 eV) [99] allowing very low contact resistivities 
(< 0.3 mcm2). A layer with a thickness of about 50 nm is evaporated. 

 Palladium (Pd): To enhance the mechanical contact between Ti and Ag, a thin Pd 
layer (~50 nm) is evaporated in between. It also partially prevents the oxidation of 
the Ti, which otherwise occurs very fast even at room temperature. 

 Silver (Ag): The Ag serves as seed layer for the subsequent Ag-plating step. Here a 
thicker layer (~150 nm) can be evaporated to further shield the Ti from ambient 
oxygen. If the Ag layer becomes too thick, however, residuals from this seed layer 
might stay on the wafer after the subsequent lift-off process. This can cause 
inhomogeneities of the grid structure which are worsened during Ag-plating. 
 

In the lift-off step, following the e-beam metal deposition, the resist mask, and with it 
most of the evaporated metal, are removed by acetone in an ultrasonic bath. Only in the 
small area where the resist and SiNx were opened before, the metal remains and forms the 
seed layer for the front grid structure. After rinsing and drying the wafers again, the rear 
side Al layer (1-2 µm) is evaporated in the same electron-beam setup.  
Now, the front contacts have to be plated to increase the conductivity. Therefore, each 
wafer has to be mounted to a special plating tool where the initial Ag seed grid structure 
is reinforced by exposing it to a potassium silver cyanide (KAgCN) and potassium 
cyanide (KCN) containing solution (154 g of KCN and 56 g of KAgCN per 1000 ml 
H2O) which is constantly replenished with Ag by a sacrificial anode. The amount of Ag 
that is deposited on the wafer is controlled by the current flow through the electrolyte and 
the cell.  
 

 
Figure 3-4: Ag grid finger: Unplated seed layer; width 5-7 µm (left side) and plated grid finger; width 25-
30 µm (right side). The dark structure underneath is a 100-oriented, SiNx covered Si surface. 
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The current is transported through the electrolyte via positively charged Ag ions which 
then are deposited at the sites of low electrochemical potential – the Ag seed layer on the 
wafer. To split the quasi Fermi levels and ease the current transport through the wafer, the 
cell is illuminated during the plating process. As the Ag ions in the electrolyte are singly 
charged positive ions, the charge of 70 mAmin (4200 mAs = 4.2 C) corresponds to 
2.6·1019 Ag atoms or 4.7 mg of silver that is deposited per wafer to establish good lateral 
conductivity of the finger grid (finger resistivity ~1 /cm).   
The finger width hereby is increased from around initially 6 µm to ~27 µm (Figure 3-4). 
The finger height increases from 0.3 to 10 µm. As the plating solution is very toxic, high 
safety precautions have to be maintained. After the plating, the wafers are rinsed twice in 
DI-H2O and dried. 
Subsequently, typically four 2x2 cm² solar cells are cut out of each wafer with a dicing 
saw. In principle the solar cells are fully functional now. An additional process step, 
applying a Microwave Induced Remote Hydrogen Plasma (MIRHP), for 40 min at 370°C, 
however, reduces the contact resistivities and anneals the X-ray damage which was 
induced during the metal evaporation via electron beam. It also provides a second 
hydrogenation step which can improve the bulk properties of some defect-rich Si 
materials (see chapter 5.2). After this step, all solar cells are characterized via IV 
measurement (chapter 1.2.3). On selected cells, a layer of MgF2 is then evaporated on the 
front side, forming together with the SiNx layer a DARC (see chapter 4.1). The ~100 nm 
thick MgF2 layer is applied by thermal evaporation in a glass recipient at a pressure of 
~5·10-5 mbar. 
 

3.2.2 Advanced process rear side 

For the advanced rear side, the first step is the removal of the rear side emitter. To achieve 
a one-sided etch, the front side with the fired SiNx layer is masked by a hot melt wax 
which is applied in an inkjet system DOD 300 (Schmid Technologies). To ensure that the 
mask is leakproof, at least two wax layers are applied and then tempered at moderate 
temperatures (~63°C) for several seconds.   
The unprotected rear side of the wafers then is etched off in a CP etch (same composition 
as described above). It is important to remove several microns of Si from the rear side to 
ensure a sufficient reduction of the P concentration, although the p-n junction is already 
removed after etching away about 0.5 µm. In the next step the front side mask is removed 
in an ultrasonic bath filled with a mixture of H2O, KOH and BDG 
(Butoxydiethylenglycol), with a ratio of 150:1:15. Afterwards, the wafers are rinsed in 
Di-H2O and HCl (3%; 10 min). A short HF-dip is also applied to remove the native oxide. 
Timing is very crucial here, as the SiNx layer on the front is also thinned in the HF 
solution. To optimally prepare the rear surface for the subsequent deposition of the 
dielectric rear side, a so-called RCA clean (named after the Radio Cooperation of 
America, where this method was developed [100]) is carried out. Here the Si surface is 
cleaned twice, first in a mixture of H2O, H2O2 and ammonia in a ratio of 5:1:1 (in this 
work referred to as RCA 1) at 80°C, which removes organic impurities and oxidizes the 
Si surface. After rinsing, the oxide is then removed in diluted HF. Here also a short 
dipping time has to be maintained to minimize the thinning of the SiNx layer on the front. 
The second cleaning solution is a mixture of H2O, H2O2 and HCl in a ratio of 5:1:1 (in 
this work referred to as RCA 2) at 80°C which removes metallic impurities and again 
oxidizes the Si surface. This oxide is also removed in diluted HF after rinsing.   
Now the dielectric rear side passivation can be applied. Al2O3, which is the primary rear 
side dielectric investigated in this work (chapter 6.2) is deposited using a FlexAl tool 
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from Oxford Instruments. On thin Al2O3 passivation layers (< 10 nm) a capping layer 
consisting of PECVD SiNx is applied afterwards. The rear side passivation from a 
thermally grown SiO2 layer combined with a SiNx capping layer, which is also 
investigated in this work, is applied at the very beginning of the solar cell process (before 
the emitter diffusion) and therefore omits the rear side emitter etching process9. 

The next processing step is the definition of the front grid layout by applying the 
photolithography process described in chapter 3.2.1. One difference, however, is the 
additional masking of the rear side with photoresist before the hard bake step, to protect 
the thin dielectric layer in the subsequent plasma etching step. It also has to be mentioned 
that if pure Al2O3 is used as rear side passivation layer, this layer is thinned in the NaOH 
based developer solution for the photoresist (~ 2.4 nm/min).  
If a capping layer of SiNx is deposited onto the Al2O3, however, no time limitations 
concerning the rear side have to be considered. The subsequent metal evaporation steps 
and the lift-off process correspond to the steps in the baseline process described above. 
Then, the rear side contacts are formed by applying a Laser Fired Contact (LFC) process 
[4]. The LFCs are formed by single laser pulses which are evenly distributed over the rear 
surface of the wafer by the galvanometric scanner optic of the applied Rofin 100 D laser 
(see chapter 6.4). After establishing the rear side contacts, the front contacts are Ag 
plated, the cells are diced to 2x2 cm², and a Microwave Induced Remote Hydrogen 
Plasma (MIRHP) step is applied as already described for the baseline process. 
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Figure 3-5: IQE of comparable FZ solar cells with dielectric rear side passivation (Al2O3/SiNx) before 
(dashed lines) and after the MIRHP step (drawn through). The different amount of X-ray damage can be 
correlated to the position of the wafer in the evaporation setup (right). By trend the further left positions 
exhibit stronger the X-ray damage. After the MIRHP step all X-ray damage is annealed. 

 

                                                 

9 As this process will turn out to be less suitable for the investigated mc Si materials, no further processing 
details are given here. 
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For the dielectric rear side passivation, the MIRHP step is essential to reactivate the rear 
side passivation which greatly suffers from the X-ray exposure during the Al deposition10. 
Figure 3-5 shows the long wavelength IQE of dielectrically passivated FZ solar cells 
before and after the MIRHP step. As this effect is only observed on dielectrically 
passivated solar cells and most pronounced on FZ material, which has a quasi defect free 
bulk, the visible improvement can only be attributed to a reactivation of the dielectric rear 
side passivation. The different amount of damage induced can be correlated to the 
position of the samples in the evaporation setup. The induced damage shows the tendency 
to increase from right to left which corresponds to the incident direction of the accelerated 
electrons and thus with the direction of highest X-ray emission. The final step after a first 
characterization here is also the evaporation of a second ARC consisting of MgF2 on 
selected samples as described in chapter 3.2.1.  
 

3.3 Summary 

While the standard industrial process allows the production of large area solar cells by 
applying only a small number of processing steps in a relatively short time, the variability 
of the process is low and large quantities of comparable material are necessary to generate 
robust conclusions. The photolithography based cell processes applied in this work by 
contrast are much more flexible and allow deeper insight into Si material properties, as 
limiting influences like a highly doped emitter and the delicate co-firing process are 
omitted. Additionally, the advanced photolithography based process allows the 
application of rear side dielectrics, which further reduces “non-bulk” influences. Omitting 
the screen printing of the rear side also reduces breakage losses especially for thin and 
brittle Si materials. The small cell size of 2x2 cm² also has advantages. More comparable 
solar cells from one and the same material can be produced, generating better statistics, 
and if there are lateral inhomogeneities on a wafer – e.g. reduced lifetime due to impurity 
migration from the crucible wall during ingot casting – these effects can also be addressed 
by careful material selection and alignment of the photolithography mask (see 
chapter 5.4). A comparison of the most important processing steps of the three described 
solar cell processes is given in Figure 3-6.  

                                                 

10 The electrons that heat up the Al are accelerated with a voltage of 8 kV and thus the samples are subjected 
to very high energetic X-rays. 
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Figure 3-6: Process flow chart containing the main processing steps of an industrial screen printing, a 
baseline and an advanced lab-type solar cell process. The depicted high efficiency lab-type processes show 
the optimum process flow at the time of writing. 

Table 3-1 gives a short overview of fit parameters of the two diode model to a 
monocrystalline Cz solar cell from industrial production (alkaline pyramid texture). They 
are compared to the parameters of lab-type FZ solar cells from the baseline and the 
advanced process (both plasma textured). The lower j02 and higher Rsh of the 
photolithography process resemble the higher quality of the lab-type emitter and the 
contact formation via evaporated contacts, respectively.  

Table 3-1: Comparison of IV curve fit parameters of a standard industrial cell from alkaline textured Cz 
material (IV data provided by A. Shirazi) and a baseline and advanced lab-type solar cell from FZ material 
(plasma textured). 

Parameter Cz (ind.) FZ (base) FZ (adv.) 

j01 [A/cm²] 6.4·10-13 5.3·10-13 2.9·10-13 

j02 [A/cm²] 2.6·10-8 1.4·10-8 1.9·10-8 

Rs [cm²] 0.3 0.26 0.29 

Rsh [cm²] 2400 1·104 1.3·104 
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The lower j01 value for the photolithography based processes is mainly due to the higher 
material quality of the FZ Si base material compared to Cz Si but partially also due to the 
better emitter quality of the photolithography based process. The rear surface passivation 
via Al-BSF in the baseline lab-type process, however, is not sufficient for the FZ material, 
as the advanced lab-type process yields a significantly lower j01. 

Electrochemical Capacitance Voltage (ECV) measurements for an industrial emitter with 
the typical kink-tail-profile and a lab-type emitter are depicted in Figure 3-7. The most 
prominent difference is the lower peak doping and the much smaller plateau region of the 
lab-type emitter, yielding a reduced Auger recombination and therefore better blue 
response of such cells (for a more detailed description see chapter 5.1). 
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Figure 3-7: Comparison of an industrial and a single diffusion step lab-type emitter profile, measured by 
ECV. The lab-type emitter features a lower process temperature and a prolonged drive-in step. Industrial 
emitter data was provided by A. Shirazi.  
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4 Investigation of alternative front side processes 

To allow a comparison of different mc Si materials on an efficiency level as high as 
possible, different front side cell processes are examined. For improved light coupling the 
application of an additional anti-reflection layer and a plasma texture are investigated. To 
improve the front surface passivation, an oxidation step after the emitter diffusion is 
introduced. Finally, the combination of the processing steps is evaluated. 

4.1 Anti-Reflection Coatings (ARCs) 

The state of the art ARC for solar cells is a SiNx layer deposited in most cases by Plasma 
Enhanced Chemical Vapour Deposition (PECVD). Its refractive index is chosen in a way 
that the combined reflectivity for the transition air-SiNx and SiNx-Si is minimized. This 
condition is fulfilled for: 

2

xSiNSiair nnn   (4.1)

With nair = 1 and nSi ≈ 4, depending on the wavelength [101] this yields a nSiNx ≈ 2. For 
encapsulated solar cells, nair has to be replaced by the refractive index of the encapsulant 
in equation (4.1). The refractive index of the SiNx layer can be adjusted by the amount of 
nitrogen that is incorporated into the layer. For the PECVD process this is done by 
varying the ratio of the precursor gases silane (SiH4) and ammonia (NH3). Additionally, 
the SiNx layer thickness dSiNx is adjusted to generate a /4 layer for the wavelength  with 
the maximum photon flux max of the solar spectrum. 

)4/(max xx SiNSiN nd    (4.2)

To further optimize the light coupling, the SiNx layer can be combined with a second anti-
reflection layer featuring a lower refractive index to a Double layer Anti-Reflection 
Coating (DARC). This introduces another step for a smoother increase of the refractive 
index in the anti-reflection layer. In this work, MgF2 with a refractive index nMgF2

 ≈ 1.38 
is used. The optimization here is more complicated. First, the refractive index of the SiNx 
layer can be raised by reducing the nitrogen content in the layer, pushing the SiNx features 
towards an a-Si behaviour. This yields besides an increase in the refractive index also 
better surface passivation quality, but also increased absorption in the layer and a lower 
hydrogen content. While the better surface passivation quality is desirable, the other 
changes have a negative influence on the solar cell performance.   
Investigations by Käs et al. [98] showed an optimum for the PECVD SiNx applied in this 
work at a refractive index of about 2.2 (exact measurements yield a refractive index of 
2.14 at a wavelength of 600 nm). The optimum layer thicknesses for this SiNx in 
combination with the MgF2 now can be derived by using the formalism described in [11]. 
The applied layers are first characterized by ellipsometry to obtain the refractive index of 
the coating materials as a function of the wavelength. Then, the reflection curves for 
several sets of layer thicknesses can be calculated. The optimum is determined by 
convoluting the calculated reflection curves with the relevant part of the spectrum from 
Figure 1-1. This yields an optimum layer thickness of 100 nm for the MgF2 and 63 nm for 
the SiNx (Figure 4-1). For an optimum Single layer Anti-Reflection Coating (SARC) 
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alone, the SiNx layer thickness is higher, but for the solar cells investigated in this work, 
the SiNx layer is always applied in preparation for an optional MgF2 deposition.  
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Figure 4-1: Influence of the SiNx layer thickness in combination with the MgF2 layer thickness on the 
photon coupling into a Si solar cell with flat surface. 

 
This method, however, does not consider a surface texture, rear side reflectivity or the 
IQE of the cell which of course can vary a lot for the investigated materials. Depending 
on the minority charge carrier diffusion length in the material, it might prove beneficial to 
optimize the DARC concerning the coupling of shorter wavelength light instead of the 
coupling of the whole spectrum, especially for non textured solar cells. Figure 4-2 shows 
the spectrally resolved reflection curve for a SARC (63 nm of SiNx) and DARC (63 nm of 
SiNx plus 100 nm of MgF2) together with the respective share of the AM 1.5 solar 
spectrum that is coupled into a Si solar cell. Texture, shadowing and rear side reflectivity 
are not considered. The SARC shows a relatively high reflection for wavelengths lower 
and higher than the wavelength that meets the condition of equation (4.2).   
The DARC allows a low reflectivity over a broad range of wavelengths. The reflectance 
weighted with the relevant part of the solar spectrum Rw corresponds to 11.1% for the 
SARC and 4.9% for the DARC. By assuming an IQE of 1 for the solar cell over the 
spectrum of 300 to 1110 nm11, the absorption of all photons determines an upper optical 
limit for jsc of 40.4 mA/cm² for the SARC and 43.2 mA/cm² for the DARC. A more 
realistic estimation for the maximum jsc of a solar cell, which also takes recombination 
limits, shadowing losses and absorption properties of Si into account, can be found e.g. in 
[102] or [103]. 

                                                 

11 The shift of the absorption edge towards 1200 nm at room temperature as well as any recombination 
effects and the finite thickness of the absorbing Si are thereby neglected. 
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Figure 4-2: Calculated reflection curves for the above described SARC (63 nm SiNx) and DARC (63 nm of 
SiNx plus 100 nm of MgF2) with the respective fraction of light that is injected by such a layer into a Si 
solar cell. The weighted reflection (neglecting rear side reflectivity and shadowing by the front grid) 
corresponds to 11.1% for the SARC and 4.9% for the DARC. 

In industrial solar cell production only very seldom DARCs are applied, as the 
encapsulating glass of the module and the EVA foil for lamination already exhibit higher 
refractive indices than air. This diminishes the effect of a DARC significantly. 
Nevertheless, there are publications on industrial solar cells featuring multilayer anti-
reflection coatings, e.g. in [104]. 

4.2 Plasma texture 

The benefit of a surface texture was already described in chapter 1.1.1. The different 
(surface) morphology of the materials investigated here, however, demands for different 
texturisation methods as far as wet chemical solutions are concerned. While the FZ Si 
reference material featuring a <100> crystal orientation on the wafer surface shows 
excellent response to alkaline texturing solutions [105], block cast mc Si usually is 
textured by an acidic solution based on HF and HNO3 [45], which utilizes the saw 
damage on the surface as sites to affect the Si. Ribbon materials again require another 
more complex texturisation method to obtain optimum results [106], [107].   
The need for a universally applicable texturisation method, which yields similar reflection 
properties on all investigated materials and therefore allows more accurate comparison, 
can be satisfied by a plasma texture. Figure 4-3 and Figure 4-6 show surface 
morphologies and reflection curves, respectively, obtained on different Si materials. As 
neither surface morphology nor surface reflectivity show significant differences on the 
different materials, the plasma texture is chosen as texturisation method for all 
investigated materials in this work. This ensures a high comparability of the materials, 
although better surface reflection properties might be achieved with the above described 
individually optimised texturisation methods on the respective materials. 
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Figure 4-3: SEM images of remote plasma textured mc Si material (left) and EFG material (right). No 
significant differences in size and shape of the structures are observable [108]. 

One advantage of plasma texturisation is that, in contrast to all wet chemical texturisation 
methods, it can be applied single sided. This proves especially advantageous if a dielectric 
rear side passivation is applied, as flat surfaces exhibit significantly lower recombination 
activity compared to rough surfaces12. Even materials with a very low minority charge 
carrier diffusion length profit from a flat and thus mirror-like rear surface (see chapter 6.1 
and 7.5). 

The most simple way of plasma texturing, which is also applied in this work, is to utilize 
microscopic surface inhomogeneities as starting points, which then are enlarged during 
the plasma process and form the surface texture. The inhomogeneities can e.g. be created 
by subjecting the wafer to an oxidizing ambient before the texturing process. The removal 
of Si during a plasma texturing step can be due to several mechanical and chemical 
processes, depending on the boundary conditions of the plasma process. They include e.g. 
the geometry of the plasma chamber setup, the plasma frequency and plasma power, and 
of course the (partial) pressure of the utilized process gases. The plasma texture process 
applied in this work uses a mixture of sulfur-hexafluoride (SF6), nitrogen and oxygen. 
The removal of Si from the substrate here is mainly due to fluorine radicals (F) which are 
released from the SF6 in the plasma and then diffuse easily into the Si surface because of 
their small size. The Si removal via fluorine is therefore non-selective and thus applicable 
on all Si crystal orientations on the surface13. A good overview on the reaction kinetics of 
F in Si is given by Dekkers in [109]. The nitrogen used in this process is believed to 
enhance the ionization of the SF6 and thus the generation of F in the plasma, similar to 
argon atoms which are usually applied for this purpose [109]. The oxygen provides 
continuous self masking of the surface features by forming SiO2 which is etched 
significantly slower than Si for certain gas ratios [110]. By continuous Si removal and re-
deposition of the reaction products, the surface texture is deepened. An analytical 
description of these processes specially adapted for plasma and reactive ion etching is 
given by Drotar et al. [111]. 

                                                 

12 Wet chemically textured wafers can also be flattened on one side after the texture. This, however, renders 
the process more complicated.  

13 For the here applied plasma texture, the non-selectiveness regarding grain orientation and grain 
boundaries was shown by Grötschel [155] 
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The microstructure of self-masking plasma textured Si surfaces generated with the here 
applied processes can exhibit feature sizes of about 200 nm (see Figure 4-3), which are 
thus well below the wavelength of visible and IR light. This renders numerical simulation 
of the surface optics using conventional ray tracing algorithms impossible. Nevertheless, 
certain attempts of theoretical description assuming a regular sub-micron surface texture 
have been carried out, e.g in [112] and [113]. For modelling the random features of the 
here applied plasma textured surface, the assumption of a light scattering similar to a 
Lambertian surface might be most suited. 

In the following, two principles of plasma texturisation are briefly compared. The first is 
the remote plasma texturisation, carried out in an Asyntis Pioneer 1 plasma etching setup, 
where the plasma burns far away from the Si samples. Therefore, only electrically neutral 
radicals of the precursor gases, which still can be very reactive, are lead over the wafer 
surface and can interact with the Si.   
For the second method, carried out in a SECON prototype machine, the plasma burns 
directly over the wafer surface (Figure 4-4). Although most ions are confined to the 
electric field between the microwave antennas some ions from the plasma also can impact 
on the Si surface yielding higher etching rates and also a slightly different surface 
morphology (Figure 4-5). Therefore, the second method in the following is referred to as 
“indirect plasma”.  
 

 

Figure 4-4: Schematic of the two compared plasma texturisation methods. The remote plasma method (left) 
where only electrically neutral radicals reach the substrate surface and the indirect plasma method (right) 
where the plasma burns in the close vicinity of the substrate and thus also ion impacts on the Si surface are 
possible. 
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Figure 4-5: SEM images to illustrate the different surface morphologies obtained from remote plasma 
texturisation (left) and indirect plasma texturisation (right) [114]. 

Figure 4-6 shows reflection curves for solar cells from FZ and mc Si with SARC and Al-
BSF featuring different front surfaces. The reflectivity reduction for both kinds of plasma 
texture compared to the flat surface is evident. From a specific comparison of the two 
plasma texturisation methods it can be concluded that the indirect plasma texturisation 
method appears to be better suited due to the lower reflection obtained in comparison to 
the remote plasma method. 
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Figure 4-6: Comparison of different surface reflectivities on mc and EFG Si solar cells with SARC and Al-
BSF. Remote and indirect plasma texturisation are carried out on different machines. Indirect plasma texture 
yields the highest reflectivity reduction for both materials over the whole spectral range. Reflectivities on 
FZ Si material (not shown here) are similar. 

On FZ material (data not shown here) the same behaviour is observed. The effect of the 
two texturisation methods on solar cell level, however, leads to different results. Table 4-1 
shows the influence of the different plasma textures on FZ Si material which is most 
sensitive to all kinds of process induced damage. Surface damage from a plasma texture 
in most cases only affects Voc negatively, as defects only penetrate the emitter region and 
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thus lead to increased emitter saturation current j0e
14. During high temperature steps, such 

as a POCl3 diffusion or an oxidation step, however, defects from the surface region can 
also be driven into the bulk of the material [115]. This can lead to higher saturation 
currents in the space charge region (j02) which reduces Voc further. In severe cases even 
the minority charge carrier bulk lifetime is affected which additionally reduces jsc.  

Table 4-1: Comparison of FZ Si solar cells textured with a remote or an indirect plasma and flat references. 
Remote plasma appears to be better suited than indirect plasma for Al-BSF solar cells as well as for 
dielectrically passivated solar cells. Data for the best cells from a set of four (top) and mean values of all 
four cells (textured cells only) (below). All cells feature a SARC.  

RS Plasma FF [%] jsc [mA/cm²] Voc [mV] η [%] 

Best solar cells 

Al-BSF indirect 79.6 35.2 629 17.6 

Al-BSF remote 80.3 35.5 631 18.0 

Al-BSF none 76.8* 34.8 640 17.1 

diel.  indirect 78.0 37.3 643 18.7 

diel.  remote 78.4 37.5 647 19.0 

diel.  none 75.4* 36.2 651 17.7 

Mean values (4 solar cells per process) 

Al-BSF indirect 79.5 ± 0.2 35.2 ± 0.1 629 ± 0.4 17.6 ± 0.1 

Al-BSF remote 80.1 ± 0.5 35.5 ± 0.1 631 ± 0.3 17.9 ± 0.1 

diel.  indirect 78.8 ± 0.5 37.0 ± 0.4 641 ± 2** 18.7 ± 0.2 

diel.  remote 78.8 ± 0.5 37.2 ± 0.4 642 ± 5** 18.8 ± 0.2 

* Reduced FF due to high Rs from slightly inhomogeneous front grid 
** High variation due to differing LFC pitch on the rear side 

The dielectrically passivated solar cells described in Table 4-1 received the dielectric rear 
side passivation (a SiO2/SiNx stack) before the front surface texturisation. Thus, the only 
(long) high temperature step after the plasma texturisation is the emitter diffusion. This 
results in only a moderate reduction of Voc

15. The higher jsc due to the reduced front 
surface reflectivity outweighs the effect of the reduced Voc on the solar cell efficiency by 
far. The data depicted in Table 4-1 shows by trend a better performance of remote plasma 
textured solar cells compared to solar cells textured in the indirect plasma, both for 
dielectric rear side passivation and Al-BSF. This can be attributed to the lower amount of 
damage which is induced into the quasi defect free surface layer of the FZ Si by the 
remote plasma texture. That both texturisation methods induce a certain amount of 

                                                 

14 Of course the increase of the surface area also leads to higher surface recombination velocity S and thus 
increases j0e. For plasma textured surfaces investigated in this work, however, the surface area increase 
is not that high. 

15 Additional long high temperature processing steps can lead to further degradation of Voc (see chapter 4.4) 
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damage and surface enlargement can be seen by the reduced Voc values of plasma 
textured solar cells compared to the Voc values of flat solar cells. For mc Si materials the 
above observed trends are not equally clear. But as the observed differences on FZ Si 
material are already very small, conclusions for mc materials are even more difficult due 
to variations in the wafer quality – in particular for EFG material. Nevertheless, it can be 
stated that in total, the plasma texture has a positive influence on the solar cell 
performance. 

Since the differences between the two texturisation methods are not very pronounced and 
the remote plasma texture is easier applicable than the indirect plasma texture, in the 
following the remote plasma texture is applied and referred to as Plasma Texture (PT).  

Figure 4-7 shows the influence of the PT on IQE and EQE of FZ and EFG solar cells in 
comparison to non textured solar cells. The current gain due to lower reflection 
overcompensates the current loss due to the front surface enlargement and surface 
damage, which can be seen by the crossover at a wavelength of about 460 nm (Figure 4-7, 
right side). As all solar cells shown in Figure 4-7 feature a DARC which is more effective 
on flat surfaces, the positive effect of the PT for cells with only a SARC is even more 
pronounced. 
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Figure 4-7: Comparison of the blue response for flat and plasma textured front surfaces on EFG and FZ 
material. The decreased IQE is observable in a wavelength regime between 350 and 600 nm (left). The EQE 
by contrast is only decreased between 350 and 460 nm (right) as the EQE also includes surface reflectivity 
of the solar cells, which is lower on the textured samples. 

 
Besides the reduction of the short wavelength IQE, during high temperature processing 
steps also a degradation of the bulk quality might occur on plasma textured samples as 
already described above. To reveal the influence of the plasma texture on the wafer bulk, 
sets of five neighbouring mc Si wafers are processed as depicted in Figure 4-8. 
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Lifetime measurements via QSSPC and PL images to reveal spatial differences are 
obtained after the following processing steps: 

1. Directly after CP etching or CP + plasma texture 

2. After CP etching or CP + plasma texture, both followed by a POCl3 diffusion 

3. After CP etching or CP + plasma texture, both followed by a POCl3 diffusion, SiNx:H 
deposition and firing 

To reveal the influence on the wafer bulk, the wafer surfaces are always etched back 
several microns to remove all surface layers before the measurements. All wafers show an 
improvement of the lifetime after POCl3 gettering or POCl3 gettering and hydrogenation 
(firing of the SiNx:H) compared to the unprocessed reference wafers from the middle of 
each set. The magnitude of the improvement, however, shows a strong variation and is 
additionally superimposed by the variation of the as grown lifetime of the mc Si wafers 
which also can vary significantly (green curve in Figure 4-9).  

 

Figure 4-8: Process flow for the investigation of the lifetime evolution during processing of mc Si material. 
Wafers are extracted after the optional texturing, after POCl3 diffusion or after SiNx:H firing. Subsequent to 
the removal of the surface layers, the bulk quality is determined via photo conductance measurement and 
PL. Colours correspond to the data shown in Figure 4-9.  
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Figure 4-9: QSSPC lifetime measurement on six sets of five neighbouring wafers with either flat or plasma 
textured surface, respectively (Process according to the flow chart in Figure 4-8). The middle wafer of each 
set of five wafers was used as reference for the initial (as grown) lifetime and was not further processed 
after the CP etch. QM is used as surface passivation. 
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Thus, by assuming a linear trend for the as grown lifetime in respect to the ingot position 
of the neighbouring samples, no significant influence from the plasma texture is detected. 

Spatially resolved PL maps (calibrated with QSSPC lifetime data), which are taken after 
the QSSPC characterization, reveal the evolution of the minority charge carrier lifetime 
during the solar cell process when compared to a neighbouring as grown reference 
(Figure 4-10).  

 

Figure 4-10: PL images of neighbouring plasma textured (left) and flat (middle) mc Si wafers (format 
5x5 cm²), after POCl3 diffusion, hydrogenation and surface removal compared to the unprocessed 
neighbouring wafer, where only the saw damage was removed (right). While areas of initially high lifetime 
(A and B) show a similar response to the gettering and hydrogenation step, areas of initially low quality (C) 
only show minor improvements. The improvement appears to be slightly more pronounced if the surface is 
not textured. The lifetime calibration is done via QSSPC measurements. QM is used as surface passivation 
method. 

While wafer areas exhibiting a rather good as grown lifetime show a similar improvement 
on flat and plasma textured samples (areas A and B in Figure 4-10) the generally small 
improvement observed for wafer areas of low initial quality (area C Figure 4-10) is 
slightly more pronounced for the flat sample. An investigation of the dislocation density 
of area C on the respective wafers by Secco etching, however, does not show differences 
in the dislocation density that could be attributed to the plasma texture. Thus, it can be 
concluded that the thermal budget of a POCl3 diffusion has no significant negative 
influence on the bulk of plasma textured mc wafers. The same investigation on FZ wafers 
with and without plasma texture leads to the same conclusions for FZ material. 

To classify the plasma texture concerning the maximum obtainable solar cell 
performance, FZ Si solar cells (SARC; 1 cm; dielectric rear side) featuring flat, plasma 
textured and alkaline textured surfaces are compared in Table 4-2. The comparison clearly 
shows the advantage of the plasma texture over flat cells but also shows that an alkaline 
texture (which is only applicable on <100> oriented monocrystalline Si surfaces) clearly 
outperforms both other surfaces in terms of jsc. The Voc values stay in a small range for 
the three different surfaces which can be explained by the emitter diffusion that was 
optimized for textured surfaces and the shift of the IV curve for higher jsc, which also 
increases Voc. This (over-) compensates the Voc drop due to the enlarged front surface and 
texturisation damage.  
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Table 4-2: Comparison of flat, plasma textured and alkaline textured solar cells with dielectric rear side and 
SARC on 1 cm FZ Si material and optimized emitter for textured surfaces. 

Texture FF [%] jsc [mA/cm²] Voc [mV] η [%] 

Best cells 

none 78.3 34.8 654 17.8 

plasma 77.8 37.3 653 18.9 

alkaline 77.8 38.9 657 19.9 

Mean* values from 24 cells (textured) and 12 cells (flat) 

none 76.6 ± 1.5 34.7 ± 0.1 651 ± 4 17.3 ± 0.4 

plasma 74.4 ± 2.8 36.7 ± 0.5 652 ± 3 17.8 ± 0.8 

alkaline 75.9 ± 1.5 38.6 ± 0.4 651 ± 1 19.1 ± 0.6 

* Mean values originate from comparable flat and textured FZ Si solar cells. The large deviation is because 
on different batches containing flat, plasma and alkaline textured wafers, additionally slightly different 
process conditions (emitter diffusion, LFC pitch) were investigated. 

The optical limit of the maximum possible jsc values obtainable with the respective 
surfaces can be estimated by the calculation described in chapter 4.1 (assuming a solar 
cell IQE of 1 in the range between 300 and 1110 nm and convoluting measured reflection 
curves with the corresponding part of the AM1.5 spectrum). The calculated data is given 
in Table 4-3 together with the values for the weighted reflectance Rw of the respective 
front surface layout (Rw includes ~2.3% shadowing from fingers of the front grid). The 
positive influence of the DARC clearly decreases with increasing quality of the surface 
texture. On alkaline textured surfaces even the theoretical optical limit of jsc with DARC 
is only 0.7 mA/cm² higher than for a SARC16. 

Table 4-3: Weighted reflectance Rw for solar cells with different surface textures covered with a SARC or 
DARC and ~2.3% grid shadowing (measurement without busbar). The theoretical optical maximum jsc o of 
the short circuit current density, (assuming an IQE of 1 for a wavelength between 300 and 1110 nm) is also 
given. All solar cells show a comparable thickness (~240 µm) and rear side layout.  

SARC DARC 

Texture Rw [%] jsc o [mA/cm²] Rw [%] jsc o [mA/cm²] 

none 13.5 39.3 8.1 41.7 

plasma 9.5 41.1 6.4 42.5 

alkaline 5.3 43.0 3.7 43.7 

  

                                                 

16 Additionally, it has to be mentioned that the SARC layer thickness and refractive index for all cells 
described here is optimised for the (optional) application of a DARC. For an optimum „stand alone“ 
SARC the SiNx layer thickness would be higher and the refractive index slightly lower. This would 
further diminish the differences. 
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The difference in theoretical jsc o and real jsc is about 4 mA/cm² for FZ solar cells, 
regardless of the type of front surface. These differences are mainly due to the not 
considered recombination losses in the emitter and bulk of the cell and at the surfaces. By 
additionally considering all these recombination mechanisms and also the correct light 
absorption properties in a Si solar cell, Aberle et al. calculated a technically feasible limit 
of 42.5 mA/cm² for the jsc of a Si solar cell [102]. 

4.3 Front side passivation 

An established method to improve the front surface in high efficiency solar cell concepts 
is an oxidation step for the front surface after the emitter diffusion and the removal of the 
Phosphorous Silicate Glass (PSG) [97]. This step reduces the P surface concentration by 
driving the P further into the wafer and thus also reduces the Auger recombination in the 
emitter. It additionally oxidizes the front surface providing better chemical passivation by 
reducing the number of interface states Dit. This yields a lower surface recombination 
velocity S, see equation (1.11). Both effects lower the emitter saturation current j0e, and 
thus increase in particular Voc. For the front surface optics, however, the low refractive 
index of SiO2 (n = 1.46) between the SiNx (n > 2) and the Si (n ≈ 4) is disadvantageous as 
it slightly increases the reflectivity. To minimize the negative influence on the optics, the 
SiO2 layer therefore is kept as thin as possible (~10 nm) which is obtained in a dry 
oxidation under O2 ambiance at a process temperature of 860°C and an oxidation time of 
one hour.  

Table 4-4 shows IV data of untextured FZ and neighbouring standard mc Si solar cells 
with and without an additional thin SiO2 layer under the standard SiNx passivation layer. 
The improvement in Voc obtained by the better surface passivation properties of the thin 
SiO2 layer is clearly detectable on both depicted materials, although less pronounced for 
the mc Si material. 

Table 4-4: IV parameters of untextured FZ Si and neighbouring standard mc Si solar cells featuring a front 
surface passivation by a conventional SiNx or by a SiO2/SiNx stack. Values originate from 4 directly 
neighbouring solar cells with Al-BSF rear side, respectively. All solar cells feature a SARC. 

Material FS pass. FF [%] jsc [mA/cm²] Voc [mV]  [%]

FZ 
SiNx 79.0 ± 0.2 33.4 ± 0.1 638 ± 1 16.8 ± 0.1 

SiO2/SiNx 79.1 ± 0.7 33.5 ± 0.1 648 ± 0 17.2 ± 0.2 

mc 
SiNx 80.2 ±0.4 33.3 ±0.2 632 ± 4 16.9 ± 0.2 

SiO2/SiNx 79.4 ± 0.1 33.7 ± 0.2 638 ± 4 17.1 ± 0.2 

 
For ribbon materials like EFG a direct comparison is more complicated due to the unique 
grain structure. The application of a SiO2/SiNx front surface on an EFG solar cell 
featuring a conventional Al-BSF by Käs et al., however, led to an efficiency of 18.2%, 
which is to date the highest efficiency obtained on this material [116]17. 

                                                 

17 The same efficiency was obtained earlier by Rohatgi et al. applying a different solar cell process [196] 
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4.4 Combination of plasma texture and SiO2/SiNx stack 

As now two methods – one to improve the light harvesting and one to improve the surface 
passivation and the emitter – have proven useful, the next step is the combination of both 
processing steps. For Si solar cells featuring rather large structures (>3 µm) in the front 
surface texture, a significant improvement by an additional oxidation step after the 
emitter diffusion was observed [97]. The jagged plasma textured surface with its very 
small features, however, is found to induce high amounts of crystal defects into the wafer 
bulk during high temperature steps. Table 4-5 depicts the IV data for solar cells from FZ 
material with dielectric rear side passivation featuring different front surface layouts. The 
SiO2/SiNx layer on the flat front surface leads to a significant increase in Voc compared to 
a SiNx-only passivated emitter as expected.  

Table 4-5: IV data for dielectrically passivated FZ cells (8 cells per process) with different front surface 
treatments (all featuring a SARC). While the SiO2/SiNx stack alone improves Voc and the PT alone 
improves jsc (reduces Voc), the combination of both processes results in reduced Voc and jsc compared to the 
plasma textured sample without SiO2.  

Texture FS pass. FF [%] jsc [mA/cm²] Voc [mV] η [%] 

none SiNx 78.3 ± 0.3 35.0 ± 0.2 650 ± 2 17.8± 0.1 

none SiO2/SiNx 77.8 ± 0.3 34.6 ± 0.2* 654 ± 3 17.6 ± 0.2 

Plasma SiNx 78.7 ± 0.3 36.1 ± 0.3 641 ± 1 18.2 ± 0.2 

Plasma SiO2/SiNx 78.7 ± 0.9 34.3 ± 0.7* 628 ± 8 17.0 ± 0.7 

*jsc also slightly reduced due to ARC inhomogeneities on some cells. 

The comparison of the plasma textured SiNx-only passivated solar cells with the flat 
SiNx-only passivated solar cells also shows the typical increase in jsc for the textured cells 
and a small decrease in Voc which was already described in chapter 4.2. The introduction 
of the SiO2/SiNx layer on the plasma textured surface in contrast to the expectations does 
not compensate the Voc losses – they are even aggravated (see Table 4-5, last row).  

Additionally, a very low jsc is observed which has to be attributed to a higher minority 
charge carrier recombination in the bulk. For FZ material the only possible conclusion is 
that during the oxidation step defects from the plasma textured surface are driven into the 
wafer bulk where they serve as additional recombination centres. For mc Si wafers, the 
bulk may be additionally affected by the out-diffusion of impurities from gettering sites 
during the high temperature oxidation step. An example for the detrimental effect of the 
combination of PT and oxidation on the bulk of EFG material is displayed in Figure 4-11. 



 Investigation of alternative front side processes 

71 

400 600 800 1000 1200
0.0

0.2

0.4

0.6

0.8

1.0

 PT
 PT + SiO

X

IQ
E

wavelength [nm]  

Figure 4-11: Influence of an additional SiO2 front side passivation on a plasma textured solar cell from 
EFG material. The compared EFG solar cells originate from neighbouring wafers. Defects from the textured 
front side are most probably introduced into the bulk, reducing the minority charge carrier lifetime bulk. An 
additional reduction of bulk is possible due to the release of gettered impurities into the bulk for mc Si 
materials due to the high temperature during the oxidation.  

 
In conclusion it can be stated that by the combination of a plasma textured front surface 
with a SiO2/SiNx front surface passivation not the advantages, but the disadvantages of 
both processing steps are combined. This leads to a lower efficiency than the most simple 
front surface process without texture and oxidation. 

4.5 Summary 

By introducing a second anti-reflecting layer of 100 nm MgF2 on top of the usually 
applied SiNx layer, and additionally adapting the refractive index and thickness of the 
SiNx layer, a significantly higher fraction of the sunlight can be coupled into the solar 
cell, increasing the maximum cell efficiency. A simple model allows the calculation of the 
number of photons coupled into the solar cell and thus can be used for layer thickness 
optimisation and also for the estimation of the upper optical limit of jsc.  

Further on, two different additional processing steps for the front surface are investigated: 
A plasma texture which lowers the front surface reflectivity shows significant 
improvements of jsc and only minor reduction of Voc on all investigated materials. No 
bulk degradation due to in-diffusion of defects from the very defect-rich plasma textured 
surface is detected during the usual emitter diffusion process. Although there are 
texturisation methods which are better suited for some specific Si materials, the plasma 
texture is applicable for all materials and thus facilitates the comparison of the different 
materials among each other and also the comparison to references.   

The second processing step for the front side which is investigated is a thermal oxidation 
of the emitter after PSG removal. Here, especially for material of very high bulk quality, a 
significant improvement of Voc is observed.   
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The application of the front side oxidation step on plasma textured wafers leads to a 
degradation of the solar cell bulk, as defects from the highly disturbed front surface are 
driven into the bulk during the high temperature oxidation process. In mc Si material of 
lower quality, the high temperature oxidation can lead to additional bulk degradation, as 
impurities can be released from gettering sites and precipitates can be dissolved due to the 
high temperature 
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5 Investigation of defects in the solar cell bulk 

In contrast to monocrystalline Si material, where in many cases the material quality is 
degraded during solar cell processing, for mc Si materials, and in particular such with 
high defect and impurity concentrations, the material quality can be improved during the 
solar cell process. There are two main mechanisms which can lead to an improvement of 
the minority charge carrier lifetime: The redistribution of defects (gettering) and the 
passivation of defects via hydrogen (H). Both occur at elevated temperatures, where 
defects and hydrogen are mobile in crystalline Si. Gettering of impurities during the 
emitter formation process featuring different temperature profiles are evaluated and an 
optimum firing temperature concerning the hydrogenation of standard mc Si via 
hydrogen-rich SiNx (SiNx:H) is determined. The influence of an extended gettering step in 
combination or absence of hydrogenation is evaluated on solar cells from Fe and/or Cu 
contaminated feedstock. The effect of light induced degradation on mc solar cells from 
different materials is also investigated. 

5.1 Gettering during emitter formation 

At present, the emitter formation via in-diffusion of phosphorous (P) is the only inevitable 
long high temperature step during standard industrial and lab-type solar cell production 
from p-type Si material. The most common way hereby is the growth of a P-rich Silicate 
Glass (PSG) on the carefully cleaned Si surface by exposing the wafer to a POCl3 and 
oxygen atmosphere at temperatures above 800°C. The PSG then forms in a two step 
process. First POCl3 and O2 react on the Si surface: 

25223 6234 ClOPOPOCl   (5.1)

Then, the P2O5 reacts with the Si forming SiO2 and releasing P to diffuse into the wafer: 

PSiOSiOP 4552 252   (5.2)

The chlorine hereby can have an additional cleaning effect by removing metallic 
impurities that might have stayed on the wafer surface [117]. 

For the theoretical description of the diffusion of P into the wafer, the diffusion equation 
of Fick for the particle flux is applied: 
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D denotes the diffusion constant and N the number of diffusing atoms. Together with the 
continuity equation: 
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which assumes the conservation of the number of diffusing atoms, this yields the time 
dependence of the P concentration N: 
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For a constant diffusion coefficient, the solution of this equation has a Gaussian shape 
assuming a finite P source at the surface, or the form of a complementary error function 
(erfc) for an infinite P source at the surface. Unfortunately, the P diffusion relies on 
different diffusion mechanisms and does not only depend on the diffusion temperature. It 
also depends on the P surface concentration [118] and the composition and flow rates of 
the process gases which form the PSG [119]. The diffusion coefficient D is therefore not 
constant but (at least) depending on the depth x, as implied by equation (5.5). A very 
popular model to describe the observed diffusion profiles was proposed by Fair and Tsai 
in 1977 [120]. They explain the formation of the typical “kink-tail-profile” by the 
interaction of P with differently charged vacancies in the Si lattice. Other models consider 
a combination of vacancies and interstitial Si atoms or other interstitial defects to 
determine the P diffusion and the typical diffusion profiles that are observed [119].   
In the highly doped plateau region of the emitter (before the “kink”, see e.g. Figure 3-7) 
significant Auger recombination can occur, which reduces the short wavelength IQE (blue 
response) of the solar cell. For conventional solar cell processing, however, the highly 
doped region is necessary for the contact formation via the commonly applied Ag based 
screen printed thick film paste [91]. To minimize the negative influence of the highly 
doped emitter region, so-called selective emitter approaches are available [121–124]. 
They feature reduced P concentration and therefore better blue response between the 
contact fingers, while the P doping under the contact fingers is high enough to establish a 
reliable contact by screen printed thick film pastes.  
In high efficiency solar cell processes, where evaporated titanium is used for the front 
contact formation (see chapter 3.2.1), the high P concentration is not necessary for 
contacting. To reduce Auger recombination in the emitter, one applies lowly doped 
emitters (e.g. 90 /□) which exhibit a less pronounced plateau region (see red data points 
in Figure 3-7). The plateau can even be dissolved by applying a two step diffusion where 
the P source from the surface is removed after the first step by etching off the PSG in HF, 
and in a second so-called “drive-in” step at a higher temperature the P is driven deeper 
into the wafer [97]. To minimize out-diffusion from the front surface, this step is usually 
done under oxidizing ambient. The SiO2 that forms instantly on the front surface serves as 
diffusion barrier. As this two-step diffusion process is rather complicated and time 
consuming, and additionally several drawbacks on plasma textured and defect-rich mc 
materials are observed (see chapter 4.4), for industrial application and also for the work 
presented here, the drive-in step is incorporated directly into the first diffusion process.   
The temperature for this drive-in step is not increased. Although the PSG cannot be 
removed, the P content at the interface can be significantly lowered by switching off the 
POCl3 gas flow after a short deposition time and increasing the O2 flow. This leads to a 
reduction of the P concentration at the interface, as oxygen diffuses through the PSG and 
further oxidizes the Si surface, forming a diffusion barrier for P atoms. The result is a less 
pronounced plateau region in the diffusion profile. The peak P concentration can even 
shift a few nm from the surface into the wafer, as back diffusion from the P-rich layer into 
the depleted PSG is also possible for very long drive-in times (Figure 5-4). Another 
possible explanation for this effect might be a measurement artefact of the ECV 
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measurement method [125].   
During the POCl3 diffusion the first half of the process with its parameters for the first 
plateau temperature and time (see (1) in Figure 5-1), together with the gas composition 
and pressure, determines the emitter sheet resistance and the doping profile. Additionally, 
many impurities and to a certain extent also dislocations [47] are mobile in the Si crystal 
(chapter 2.1) at the temperatures where a typical POCl3 diffusion is carried out. This leads 
to a redistribution of the defects and is exploited, as the P-containing layer growing at the 
wafer surfaces forms an external gettering sink which leads to a reduction of the impurity 
concentration in the wafer bulk during the process. Grain boundaries and other crystal 
defects in the wafer form also gettering sinks during the POCl3 diffusion process (internal 
gettering). For the redistribution of impurities also the way the wafers are cooled down at 
the end of the process (see (2) in Figure 5-1) is very decisive [126], [127]. The influence 
of the cool down on the emitter sheet resistivity is rather small (for the experiments 
carried out here usually within the measurement accuracy of the applied four point probe 
measurement).  
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Figure 5-1: Typical time temperature profile for a single step lab-type emitter diffusion with POCl3 
exposure and drive-in step that forms the emitter and achieves standard Phosphorous Diffusion Gettering 
(PDG), black curve (1). To investigate the defect redistribution and extended PDG, the cooling profiles after 
emitter formation are varied (2). 

In the following, several emitter diffusions are evaluated regarding their gettering 
efficiency, by sticking to the same diffusion recipe and slightly varying the temperatures 
of step one (Figure 5-1, black profile). The comparability of the sheet resistivity is not of 
major interest in this study. Nevertheless, it can be maintained by slightly increasing the 
POCl3 deposition time for diffusions carried out at lower temperatures18. Several 

                                                 

18 Longer POCl3 deposition times lead to higher P concentrations in the PSG which can partially 
compensate the slower diffusion at lower temperatures.  
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materials are characterized concerning their bulk lifetime before and after the POCl3 
diffusion. The different diffusions are always carried out on neighbouring wafers of the 
respective materials. Spatially resolved lifetime maps are measured before and after the 
emitter diffusion. A CP etching step is always carried out to remove the surface layers 
(saw damage and emitter, respectively) before the lifetime measurement. The etched and 
cleaned wafer surfaces are then passivated in an IE solution during the measurement. 
Figure 5-2 and Figure 5-3 give examples of the results.  
 

 

Figure 5-2: Lifetime maps of neighbouring UMG wafers with contamination induced by the crucible walls 
into the lower half and on the left side of each wafer. Measurements show the lifetime before (upper part) 
and after a POCl3 diffusion gettering step at different temperatures (lower part). The medium gettering 
temperature (808°C) yields the most pronounced lifetime increase. The influence of the crucible is 
significantly reduced by all gettering steps. All wafers are wet chemically passivated by IE and measured by 
spatially resolved µPCD.   
 

 

Figure 5-3: Lifetime maps of neighbouring standard mc Si wafers before (upper half) and after a POCl3 
diffusion gettering step at different temperatures (lower half). The highest gettering temperature yields the 
most pronounced lifetime increase (although the slightly higher as grown lifetime of the wafer gettered at 
816°C might also contribute to the very high lifetime that is observed). All wafers are wet chemically 
passivated by IE and measured by spatially resolved µPCD. 
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It is found that the optimum gettering temperature and also the gettering efficiency 
strongly depend on the material, even if the as grown lifetimes are comparable. While 
highly contaminated material, originating from the region near the casting crucible of a 
UMG Si ingot, shows highest bulk lifetimes after a gettering step at 808°C, a batch of 
standard mc Si wafers shows the highest lifetime values at a temperature of 816°C. 
Interpretation here is more complicated, however, as the slightly higher as grown lifetime 
of the wafer subjected to the 816°C diffusion temperature, might also contribute to the 
very high lifetime that is observed compared to the neighbouring wafers. Nevertheless, 
Figure 5-3 shows the tremendous lifetime increase (from < 5 µs to more than 100 µs in 
some regions) that is achievable by POCl3 gettering.  

The different response of the mc Si materials on the gettering step (different ratio of the 
lifetime before and after the gettering), which mainly depends on the concentration and 
composition of impurities and the density of crystal defects that serve as gettering sites, is 
clearly visible. Assuming comparable wafer quality in the two examined batches, 
respectively, the observations can be interpreted as follows: The contamination from the 
crucible wall in the UMG material occurs during the whole block-casting process and the 
thereby built-in impurities are not completely gettered internally as it would be the case 
for impurities inside the ingot during cool down. During the POCl3 diffusion the gettering 
of these impurities can be achieved partially, which is indicated by the extension of the 
area of relatively high lifetime (compare upper and lower part of Figure 5-2). The external 
gettering into the P-rich layer leads to an overall increase of the bulk lifetime in most 
parts of the wafer. Only the region closest to the crucible wall during casting stays at a 
very low lifetime level. This indicates either a very high amount of impurities or at least a 
significant amount of very slowly diffusing impurities which cannot be gettered during 
the POCl3 diffusion process.   
The optimum temperature found for the UMG material depicted in Figure 5-2 can be 
explained by the fact that higher temperatures always lead to increased dissolution of 
precipitates. This proves beneficial for materials featuring low impurity concentrations, as 
during the POCl3 diffusion process the P-rich layer offers an additional sink for dissolved 
impurities.  
If the impurity concentration in a material is high enough to “fill up” the additional P-rich 
impurity sink offered during the POCl3 diffusion at any possible temperature, a further 
increase in temperature only leads to an increased release of impurities from the 
precipitates which spread evenly over the wafer and which to a large extent are not re-
gettered, as the cooling slope of diffusion profile 1 (black profile in Figure 5-1) is rather 
steep. The finely dispersed impurities now reduce the bulk lifetime in the material. 
Material featuring lower impurity concentration by contrast can profit from higher POCl3 
diffusion temperatures as long as the number of impurities released from internal 
gettering sites is smaller than the “capacity” of the P-rich external gettering site on the 
surface19. This appears to be the case for the standard mc Si material depicted in Figure 5-
3. 

                                                 

19 It is assumed that the impurities exhibit a high enough diffusivity to reach the external P-rich gettering 
site during the diffusion process. 
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Since the process developed here should be applicable for a large variety of materials, one 
diffusion process at a fixed temperature, which yields satisfactory results on most of the 
materials is chosen. This emitter then is further optimized regarding the gettering after the 
primary emitter diffusion, i.e. during the cool down before unloading the wafers from the 
diffusion furnace (Figure 5-1, step two). The results of these studies are shown in 
chapter 5.3 after the introduction of the hydrogen passivation which is also addressed in 
that chapter in combination with POCl3 diffusion gettering. 

Another aspect to consider for emitter design is the morphology of the front surface. The 
increased area of a textured surface as well as inhomogeneities in the surface structure 
(which are very prominent for plasma textured wafers) have major impact on the 
distribution of P in the surface region. Figure 5-4 shows ECV profiles on flat and textured 
samples which all underwent the same emitter diffusion. The “sponge-like” plasma 
textured surface (see SEM image in Figure 4-3) and also the pyramid covered surface of 
the alkaline textured sample exhibit higher peak doping concentrations than the flat 
sample. This can lead to higher Auger recombination in the emitter region and therefore 
increased j0e values. 
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Figure 5-4: ECV emitter profiles of the same emitter diffusion on FZ wafers with different front surfaces. 
The plasma textured front surface shows the highest surface concentration (see insert) and a penetration into 
the bulk similar to the flat sample. 

The disturbed surface structure of a plasma textured wafer may also be a source of 
dislocations which can penetrate into the material at the elevated temperatures of the 
diffusion, increasing the emitter saturation current j0e and thus reducing Voc. The reduced 
Voc of plasma textured solar cells compared to flat solar cells was already shown e.g. in 
Table 4-1. To minimize this reduction a further optimization concerning the emitter 
quality is done by varying the gas fluxes as well as the ratios of the process gases 
(POCl3:O2). The quality of the emitter then is evaluated via j0e determination by QSSPC 
measurements (see chapter 1.2.1), as j0e samples compared to solar cells are fabricated 
faster and involve less processing steps which could influence the measurement results 
(see process flow on the right side of Figure 5-5). 
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The left side of Figure 5-5 shows the j0e values for different emitter profiles yielding 
comparable emitter sheet resistances. An adapted industrial-type emitter process, where 
the diffusion temperature is reduced to produce a 90 /□ emitter (ref. comp.), is 
compared to three lab-type emitters targeting for 90 /□, where the gas flux is varied at a 
constant POCl3:O2 ratio. 
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Figure 5-5: Comparison of j0e values for 200 cm FZ material with different surface texture. One set of 
samples underwent a modified industrial diffusion process (ref. comp., left) featuring high diffusion 
temperatures and a short drive-in time. The other depicted values originate from samples that underwent a 
lab-type diffusion with varying gas flux at constant POCl3:O2 ratio featuring lower diffusion temperatures 
and long drive-in time. Target emitter sheet resistance for all diffusions is 90 /□. The process flow for the 
sample preparation is depicted on the right. 

Concerning j0e, the lab-type emitters show better performance than the adapted industrial 
diffusion process. A decrease between 10 and 20 fA/cm² is observed for the optimum flux 
conditions of the lab-type emitter depending on the surface texture of the samples. It has 
to be stated, however, that the lab-type emitter diffusion features a lower diffusion 
temperature and a much longer drive-in time which helps to reduce the P peak 
concentration and thus the Auger recombination in the highly doped surface region of the 
emitter (chapter 1.1.2). This might be the major reason for the observed differences 
between the ref. comp. diffusion and the lab-type emitter diffusions. When comparing the 
j0e values of alkaline textured surfaces (black circles) to the j0e values of plasma textured 
surfaces (red triangles), for the adapted industrial diffusion, lower j0e values are observed 
for the plasma textured samples. This is in accordance to the expectations, as j0e scales 
with the surface and the alkaline textured surface is significantly larger than the plasma 
textured surface (at least for the here applied plasma texture). For the lab-type emitter 
diffusions, however, the trend is reversed. This might be explained by the long drive-in 
step during which crystal defects from the plasma textured front side might be driven 
further into the wafer, introducing defect levels in the emitter region and thereby 
increasing j0e. 

All FZ samples described above are fired in a conventional belt furnace. This step is not 
only necessary for the bulk hydrogenation of mc Si materials (see next chapter) but also 
improves the front surface passivation and emitter quality [117], which can be seen by 
comparing j0e values before and after the firing step. Results for different peak firing 
temperatures, which are varied around the temperature usually used for the firing of 
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industrial mc Si solar cells, and two different temperature profiles20 are depicted in Figure 
5-6.  
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Figure 5-6: Emitter saturation current density on comparable test structures (two plasma textured, 200 cm 
FZ samples per data point) before (open symbols) and after a firing step (closed symbols) in a belt furnace, 
featuring different set peak temperatures Tpeak,set and sample cooling slopes (500°C plateau or ramp). A 
schematic of the two “ideal” time/temperature profiles in the belt furnace is depicted on the right. Measured 
time/temperature profiles are shown in Figure 5-9. 

The lowest emitter saturation current densities are observed for the samples fired at 
885°C and subsequently cooled down fast (ramp). It has to be noted, however, that the 
initial values for these samples (before the firing step) also were significantly lower than 
for the other samples in the batch. The strongest decrease, which therefore might be the 
better parameter for optimisation, is observed for the set peak firing temperature at 860°C 
and fast cooling (ramp). Higher firing temperatures are not investigated because the effect 
of the bulk-hydrogenation during firing decreases for peak temperatures chosen too high 
(see next chapter). The improvement of the j0e values during firing is attributed to a 
densification of the SiNx which might improve the chemical surface passivation. The 
release of hydrogen during the densification additionally leads to hydrogen passivation of 
interface states and defect states in the emitter region. 

 

5.2 Hydrogen passivation 

The defect passivation via atomic hydrogen (H) plays a major role for all mc Si materials 
[128],[129]. H is known to passivate a large variety of crystallographic defects like e.g. 
dangling bonds and disturbed lattice constructions in the Si lattice [130]. It also can shift 
defect levels from within the bad gap towards the band edges by interacting with defect 
atoms. Already at temperatures as low as 200°C a passivation of point defects [131] and a 

                                                 

20 The blue (plateau) profile depicted in Figure 5-6 is the standard profile used for the belt furnace. By 
switching off the last firing zone, a continuous cooling of the wafers (ramp) can be achieved.  
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significant reduction of the recombination activity of deep defect levels (gold) [132] was 
observed. Early studies also detected an improvement of the p-n junction (lowered 
reverse currents) by hydrogenation [133].  

As the H atom is very small, it has a very high diffusion constant in Si. First values for the 
diffusivity of H in monocrystalline Si were obtained by Van Wieringen and Warmolz 
[134]. Later investigations for mc Si materials revealed much lower diffusion constants. 
This was attributed to trapping of H atoms at the large variety of defects in mc Si [128]. 
To describe the distribution of H atoms which diffuse from the surface into the wafer, 
again equation (5.5) can be applied. The H passivation and de-passivation of defects in 
the Si crystal can be described by a potential well model, illustrated in Figure 5-7. The 
energy distribution for the H atoms hereby is temperature dependent and follows a 
Boltzmann distribution. The potential barrier EA represents the amount of energy that is 
needed to break up the disturbed bond configuration of the defect the hydrogen is 
supposed to passivate and thus is a measure of how easy a defect can be passivated. The 
depth of the potential well represents the binding energy EX-H between the defect and the 
H atom and therefore is a measure of the stability of the H passivation at elevated 
temperatures. Four different defect types are possible [135]: 

1. Defect with high EA and high EX-H: Is only passivated at high temperatures as 
otherwise the disturbed bond configuration cannot be broken up. If passivated, 
however, this type of defect is stable, as the hydrogen atom cannot be easily removed. 

2. Defect with high EA and low EX-H: This represents the “worst case”. While a high 
amount of energy is needed to passivate the defect, it is again easily depassivated and 
therefore the passivation is very unstable. 

3. Defect with low EA and high EX-H: This type of defect is passivated already at low 
temperatures and stays stable afterwards. 

4. Defect with low EA and low EX-H: It is passivated already at low temperatures but is 
also easily depassivated.  
 

 

Figure 5-7: Potential well model after Käs et al. [135] for the hydrogenation of defects. Defects having a 
low activation energy EA are easily passivated by hydrogen (lower half). Depassivation of defects, however, 
may also occur, if the binding energy between defect and hydrogen atom EX-H is low (right side). 
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Especially for the defect types two and four, the cooling of the wafer after hydrogenation 
is critical and should – in the ideal case – be carried out in a H saturated atmosphere, as 
otherwise depassivation of hydrogenated defects can easily occur. Pearton et al. propose 
a model for the dehydrogenation of passivated defects at elevated temperatures [136]. A 
first order kinetic is assumed to describe the ratio between the initial concentration of 
passivated defects nX-H (0) and the concentration of passivated defects nX-H (t) after a 
certain time t at a given temperature T: 
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Each defect is characterized by its H binding energy EX-H and a so called trial frequency  
which describes the oscillation of the X-H bond. From equation (5.6) it can be concluded, 
that even rather low temperatures can lead to dehydrogenation, if the chosen time is 
sufficiently long. An overview for different temperatures and EX-H values is given in 
[135]. The above described model can in principle also be utilized to determine the defect 
distribution in a Si wafer. This is done by a spatially resolved monitoring of the evolution 
of the minority charge carrier lifetime of a hydrogenated Si wafer after several defined 
short high temperature steps (each step at a higher temperature than the previous one) 
[137]. The method, however, is limited by the resolution of the lifetime measurement 
setup and the fact that different defects in Si exhibit the same or at least very similar H 
binding energies. A reconfiguration and/or diffusion of defects during the annealing steps 
also reduces the accuracy of the method. 

Hydrogenation by PECVD SiNx:H 

During cell processing there are two sources for hydrogen passivation. The first and most 
important source is the SiNx layer which also serves as ARC and front side passivation. 
There are several methods to deposit an amorphous SiNx layer on the wafer which use H-
rich precursors (SiCl2H2 or SiH4 and NH3) for the SiNx deposition, e.g. the Low Pressure 
Chemical Vapour Deposition (LPCVD) or the Plasma Enhanced Chemical Vapour 
Deposition (PECVD). Hydrogen, however, is only incorporated into the SiNx layer if the 
deposition is carried out at moderate temperatures below 500°C (which is the case for the 
PECVD method). Otherwise a big share of hydrogen diffuses out of the SiNx layer during 
deposition and unloading from the reactor at higher temperatures (which is the case for 
the LPCVD method [138]). H-rich SiNx layers in the following are described as SiNx:H. 
Due to the evaporated front side contacts no co-firing step is necessary in the investigated 
solar cell process, which gives the freedom to adjust the peak firing temperature of the 
SiNx:H firing to meet optimum hydrogenation conditions. A model for the release of H 
from the SiNx:H during the firing step was proposed by Sheoran based on experiments, 
where H was replaced by deuterium21 [139]. According to the model, the H flux decreases 

                                                 

21 Deuterium is much easier detected in the Secondary Ion Mass Spectroscopy (SIMS) analysis, which are 
carried out for characterization, subsequent to the firing step. By considering the lower diffusivity of 
deuterium compared to H, conclusions concerning the H flux can be drawn. 



Investigation of defects in the solar cell bulk 

84 

very fast during the firing step, but for a typical process time of one minute in the belt 
furnace, the SiNx:H layer is not completely depleted. The process flow depicted in Figure 
5-8 exactly resembles the temperature profile of the advanced cell process and thus allows 
very accurate determination of the bulk lifetime level reached in the solar cell process 
itself. To determine the optimum hydrogenation conditions during the firing step, varying 
peak firing temperatures and cooling ramps are investigated (see Figure 5-6 for a 
schematic of the investigated temperature profiles). The data for plasma textured standard 
mc Si material shows the highest lifetime values for a peak firing temperature of about 
835°C. For too low and too high peak firing temperatures the lifetime level even falls 
below the level of 454 µs22 before the firing step. For temperatures chosen too low, the 
dehydrogenation of already during the PECVD process passivated defects outweighs the 
hydrogenation, as probably too little H is released from the SiNx:H layer at these 
temperatures. If the firing temperature is chosen too high, the H flux from the SiNx:H 
layer drops too fast and during the end of the firing process again dehydrogenation 
outweighs the hydrogenation leading to reduced bulk lifetimes. 
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Figure 5-8: Bulk lifetime in neighbouring plasma textured ~170 µm thick standard mc Si wafers for 
different peak firing temperatures (set points) and two different cooling slopes – one steep after a 500°C 
plateau and one shallow (cooling ramp) – in the belt furnace (see schematic in Figure 5-6). Depicted values 
are mean values for two wafers per data point; transient PCD measurement (left)22. The process flow for 
sample preparation is depicted on the right. 

The observed optimum, however, is only valid for plasma textured wafers with a similar 
thickness and defect distribution23. Flat wafers for instance are heated up more slowly, as 
the IR light of the belt furnace lamps is coupled less effectively into the wafer (see Figure 
5-9). Thus, for flat wafers a higher peak firing temperature is necessary to obtain similar 

                                                 

22 The observed lifetime is very high for mc material and represents the enormous progress made in block 
casting in recent time. 

23 In principle every mc Si material demands for a separate optimization concerning the hydrogenation. 
This, however, necessitates a larger number of comparable wafers. 
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results. The different temperature profiles for flat and textured samples during the same 
firing step with Tpeak,set = 800°C and cooling ramp, are depicted in Figure 5-9. Here a 
clear difference between flat and textured surfaces can be detected. While the wafer 
temperature of the alkaline textured sample reaches a maximum of 700°C, the plasma 
textured and the flat sample exhibit significantly lower peak temperatures, which are 
around 650°C for the plasma textured and 625°C for the flat sample. Thus, the difference 
in set temperature and real wafer temperature turns out to be around 150°C for plasma 
textured samples. 
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Figure 5-9: Time/temperature profiles during one firing step with Tpeak,set = 800°C measured on 240 µm 
thick FZ wafers with different surfaces by a Sun KIC oven tracker. The alkaline textured wafer heats up 
much faster than the plasma textured and the flat one and also reaches a significantly higher peak 
temperature. The temperature profile resembles the conditions of the theoretical (red) ramp profile depicted 
in Figure 5-6. 

Together with the data for the optimum Tpeak,set obtained from Figure 5-8, the optimum real 
wafer temperature for hydrogenation can be derived to a temperature slightly below 
700°C. This temperature has to be considered as a lower limit due to the circumstances of 
the measurement of the temperature profiles in Figure 5-9, which are explained in the 
following:  
First, the sample thickness (FZ samples, 240 µm) is higher than the thickness of the above 
used 170 µm mc Si wafers. A rough estimation yields a temperature reduction of 10°C 
due to the higher thickness [140].   
Secondly, the profiles where obtained at a slightly higher furnace belt speed, compared to 
the one used during the optimization of the hydrogenation. This reduces the reached peak 
firing temperature by about 25°C compared to the lower belt speed.    
Third, the employed oven tracker (Sun KIC) introduces a significant additional thermal 
load, as the massive steel parts of the tracker are situated around the wafer during the 
measurement which might also reduce the measured peak firing temperature by 
several °C. Thus, the temperature obtained for standard mc Si appears to be in good 
agreement with the optimum temperature for hydrogenation of String Ribbon material at 
740 to 750°C reported in [139]. Besides the optimum bulk passivation, the firing step in 
the belt furnace also has an influence on the emitter region and the front surface. This can 



Investigation of defects in the solar cell bulk 

86 

be shown by measuring j0e on symmetric FZ samples before and after the firing step (see 
Figure 5-6 in the previous chapter). 

Hydrogenation by MIRHP 

The second source for hydrogenation is the Microwave Induced Remote Hydrogen 
Plasma (MIRHP) [141]. In this hydrogenation process wafers or finished solar cells are 
subjected to a low pressure ambient rich of atomic hydrogen at elevated temperatures. In 
practice the wafers or solar cells are put into a continuously evacuated and heated glass 
tube into which H2 gas is introduced. Before the H2 gas reaches the heated main glass 
tube, it is subjected to a microwave field at the gas inlet which ionizes the H2 molecules 
in a plasma reaction to atomic hydrogen. The temperatures applied here are limited by the 
experimental setup to about 500°C. For industrial application this process has no 
relevance because of the long processing times (minutes to hours). It also turned out that 
in the investigated solar cell process the positive influence of the MIRHP step on the bulk 
quality is very small if it is detectable at all (see chapter 7.5). Nevertheless, the MIRHP 
step has several positive effects on the solar cells. The most important one is the 
(temperature induced) contact improvement between the evaporated front grid and the 
emitter which yields a lower series resistivity Rs of the solar cell. Lower Rs in turn yields 
a higher fill factor. This effect is very pronounced on non textured, flat solar cells (see 
Table 5-1) if the material quality is not too low (which is the case for the RGS cells). 

Table 5-1: Mean FF values for untextured solar cells from different materials before and after the MIRHP 
step. The FF of RGS solar cells is not limited by Rs.  

Material (# cells) mc (22) FZ (8) SR (12) RGS (17) 

FF before MIRHP [%] 62.2 71.5 73.9 51.6 

FF after MIRHP [%] 79.2 79.4 77.7 51.5 

 
Additionally, the high temperatures during the MIRHP step anneal the X-ray damage that 
is induced in the wafer and particularly in the dielectric rear side (see Figure 3-5) during 
the metal evaporation steps. At temperatures chosen too high, however, a MIRHP step can 
also reduce the passivation quality of (thicker) rear surface passivation layers based on 
Al2O3 (see chapter 6.2). In any case the hydrogen atmosphere in the MIRHP reactor can 
lead to hydrogen saturation in the samples which prevents or reduces dehydrogenation of 
passivated defects at the elevated temperatures that are needed for contact sintering and 
X-ray damage annealing.  
 

5.3 Gettering and hydrogenation on intentionally contaminated mc silicon 

As the defect engineering steps described above are usually both carried out in a solar cell 
process, their mutual influence is of great interest. To reveal the effects of gettering and 
hydrogenation on solar cell level, experiments are carried out to elucidate the interaction 
of a standard and an extended POCl3 gettering with and without hydrogenation from the 
firing of a PECVD SiNx:H layer. Additionally, to address different impurities, 
intentionally contaminated ingot material is examined. The model impurities chosen are 
iron (Fe) and copper (Cu) in different concentrations (Table 5-2). To account for different 
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impurity compositions and crystal properties, samples are furthermore taken from 
different ingot positions (low bottom, middle and high top) of the respective ingots. 

Table 5-2: Overview of the six cast ingots with additional Fe/Cu contamination intentionally introduced 
into the melt. Ingot 4 is not investigated in this work.  

Ingot number Additional metallic impurity 

(1) 0 ppma Fe + 0 ppma Cu 

(2) 2 ppma Fe + 0 ppma Cu 

(3) 20 ppma Fe + 0 ppma Cu 

(4) 0 ppma Fe + 20 ppma Cu 

(5) 2 ppma Fe + 20 ppma Cu 

(6) 20 ppma Fe + 20 ppma Cu 

 
From all investigated materials four adjacent wafers are taken from bottom, middle and 
top, respectively. The four wafers then are subjected to the four different processes A, B, 
C, and D depicted in Figure 5-10. Process A resembles the baseline lab-type process 
(chapter 3.2.1) without plasma texture and MIRHP hydrogenation. For process C an 
extended gettering step (1h at 700°C, blue curve Figure 5-1) directly after the POCl3 
diffusion is added (wafers are not removed from the furnace in between). To prevent any 
kind of H passivation, in process B and D the SiNx:H deposition is not carried out.  

     

Figure 5-10: Process flowchart depicting the four different processes A, B, C and D (left). Process A 
resembles the baseline lab-type process without plasma texture and hydrogenation via MIRHP (see 
chapter 3.2.1). The right side depicts a schematic of one of the investigated ingots with initially rectangular 
base area. The respective investigated positions for the processed wafers are marked in grey. The positions 
of the NAA measurement are indicated by orange bars. 

As this leads to different cell layouts (different front grid and front surface with or 
without SiNx antireflection layer), and thus a different blue response (see Figure 5-11), 
the best way to compare the bulk material of solar cells from all four schemes is the long 
wavelength Internal Quantum Efficiency (IQE), as for wavelengths > 600 nm the front 
surface passivation only marginally affects the IQE of the solar cell.  
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Figure 5-11: Difference in the front grid layout between processes A/C and B/D on neighbouring wafers 
(left) which results in different IQEs in the short wavelength regime (right). For wavelengths > 600 nm the 
influence of the front side layout on the IQE becomes negligible.  

 
For the further on considered wavelength regime between 800 and 1200 nm, changes in 
the IQE are determined by changes of the bulk properties as the rear side of all cells again 
is comparable. Thus, changes in the long wavelength IQE on the neighbouring wafers can 
be directly attributed to the effects of the different processes A, B, C, and D on the wafer 
bulk. Additionally to the IQE measurements, also standard IV measurements are carried 
out to verify the reliability of the process (indicated by a high fill factor). LBIC and EBIC 
scans as well as EBSD measurements are carried out on selected samples to reveal the 
local influence of the different processing schemes on grain boundaries. 

5.3.1 NAA and IQE results 

Neutron Activation Analysis (NAA) data as well as IQE results for the four different 
processing schemes on wafers from the bottom, middle and top of the respective ingot are 
depicted in the following subsections.  
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Figure 5-12: Fe and Cu concentrations over the ingot height of the reference ingot (ingot 1). Fe 
concentration is below the detection limit in the middle of the ingot (grey symbols). The dashed line 
indicates the origin of the processed reference wafers. 
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The first graph gives an overview on the Fe and Cu distribution over the ingot height as 
well as the exact positions of the processed wafers, which are later on referred to as 
‘bottom’, ‘middle’ and ‘top’ of the ingot. The Fe and Cu distributions are obtained by 
NAA within the SolarFocus project [142]. The NAA data of the reference ingot is given 
in Figure 5-12. For this ingot, only wafers from the middle of the ingot are processed to 
solar cells to obtain reference values for IV characterization. 

Ingot 2 (additional 2 ppma Fe) 

Figure 5-13 (left) depicts the Fe and Cu distribution over the ingot height of ingot 2. 
Wafers are taken from 18% ingot height (34 mm; ‘bottom’), 50% ingot height (100 mm; 
‘middle’) and 90% ingot height (180 mm; ‘top’), respectively. 
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Figure 5-13: Fe and Cu concentration over the ingot height (ingot 2). Fe concentration is below the 
detection limit in the middle of the ingot (grey symbol). Dashed lines indicate the origin of the processed 
wafers (left). The right side shows the IQE characterization (800-1100 nm, same scaling). Curves show IQE 
measurements of four neighbouring solar cells from bottom, middle and top, respectively, which underwent 
the different processing schemes. 

In addition to the information about the height it should be mentioned that for this ingot 
the processed 5x5 cm² wafers originate from close to the edge of the ingot and are 
therefore possibly more affected by impurities originating from the crucible walls. 

IQE results from the four different processing schemes for wafers from the bottom, 
middle and top of ingot 2 are depicted in Figure 5-13 (right). Cells from all three parts of 
the ingot benefit from the high temperature hydrogenation (processes A and C). Extended 
gettering does not show a uniform behaviour. In most cases it does not seem to influence 
the IQE at all. Only in combination with the hydrogenation (process C) a slight 
improvement is visible for the cells from the middle and the top of the ingot. For the cell 
from the bottom region without hydrogenation (process D) by contrast it seems to have 
even a detrimental influence. 
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Ingot 3 (additional 20 ppma Fe) 

Figure 5-14 (left) depicts the iron and copper distribution over the ingot height of ingot 3. 
Wafers are taken from 4% ingot height (8 mm; ‘bottom’), 50% ingot height (100 mm; 
‘middle’) and 92% ingot height (183 mm; ‘top’), respectively. Thus, the ‘bottom’ region 
of ingot 3 corresponds to a region much closer to the ingot base compared to the ‘bottom’ 
region of ingot 2. 

Although the only intentional contamination consists of Fe, the Cu content of this ingot is 
unusually high compared to the reference block. This might be explained by an 
unintentional contamination during ingot casting, which cannot be ruled out completely. 
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Figure 5-14: Fe and Cu concentration over the ingot height (ingot 3). Dashed lines indicate the origin of the 
processed wafers (left). The right side shows the IQE characterization (800-1100 nm, same scaling). Curves 
show IQE measurements of four neighbouring solar cells from bottom, middle and top, respectively, which 
underwent the different processing schemes. 

For the bottom region a small positive influence of the extended gettering on the long 
wavelength IQE and thus the bulk quality is detectable. Much more pronounced is the 
effect of the hydrogen from the SiNx:H in the bottom region of the ingot. For the middle 
and top of the ingot, extended gettering shows no beneficial influence (the tendency 
appears to be even negative). Hydrogenation, however, has a positive effect also in these 
regions (Figure 5-14, right). 
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Ingot 5 (additional 2 ppma Fe and 20 ppma Cu) 

Figure 5-15 (left) depicts the Fe and Cu distribution over the ingot height of ingot 5. 
Wafers are taken from 18% ingot height (34 mm; ‘bottom’), 50% ingot height (100 mm; 
‘middle’) and 95% ingot height (190 mm; ‘top’), respectively. 

In addition to the information about the height it should be mentioned that for this ingot 
the processed 5x5 cm² wafers originate from the edge of the ingot and are therefore 
possibly more affected by impurities originating from the crucible walls. 

0 50 100 150 200

1E13

1E14

1E15

1E16

1E17

1E18

Fe detection limit

 

 Ingot 5 (2 ppma Fe; 20 ppma Cu)
 Fe [at/cm³]
 Cu [at/cm³]
 investigated ingot positions

co
n

ce
n

tr
at

io
n

 [
at

/c
m

³]

ingot height [mm]
900 1000

0.0

0.2

0.4

0.6

0.8

1.0

900 1000 900 1000

 

bottom middle top

IQ
E

wavelength [nm]

 

 

 A 
 B 
 C 
 D 

 

Ingot 5 (2 ppma Fe + 20 ppma Cu)

 

 

 

Figure 5-15: Fe and Cu concentration over the ingot height (ingot 5). Fe concentration is below the 
detection limit in the middle of the ingot (grey symbols). Dashed lines indicate the origin of the processed 
wafers (left). The right side shows the IQE characterization. Curves show IQE measurements (800-
1100 nm, same scaling) of neighbouring solar cells from bottom, middle and top, respectively, which 
underwent the different processing schemes. The wafer of the bottom region processed according to process 
D broke during processing. 

Figure 5-15 (right) depicts, as already observed before, the beneficial influence of the 
hydrogenation in all regions of the ingot. Extended gettering this time has only a small 
beneficial effect combined with the hydrogenation in the top region (process C) and 
without hydrogenation in the middle of the ingot (process D). In all other cases no 
influence is detectable. Due to wafer breakage process D could not be evaluated in the 
bottom region of this ingot. 
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Ingot 6 (additional 20 ppma Fe and 20 ppma Cu) 

Figure 5-16 (left) depicts the Fe and Cu distribution over the ingot height of ingot 6. 
Wafers were taken from 4% ingot height (8 mm; ‘bottom’), 50% ingot height (100 mm; 
‘middle’) and 91% ingot height (181 mm; ‘top’), respectively. Thus, the ‘bottom’ region 
of ingot 6 corresponds to a region much closer to the ingot base compared to the ‘bottom’ 
region of ingot 5. 
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Figure 5-16: Fe and Cu concentration over the ingot height (ingot 6). Dashed lines indicate the origin of the 
processed wafers (left). The right side shows the IQE characterization. Curves show IQE measurements 
(800-1100 nm, same scaling) of four neighbouring solar cells from bottom, middle and top, respectively, 
which underwent the different processing schemes. 

Figure 5-16 (right) shows the long wavelength IQE data obtained from cells of ingot 6. 
Hydrogenation again shows a very beneficial effect in every region of the ingot. Extended 
gettering has no positive effect. In some cases (process C in the bottom region and 
process D in the middle of the ingot) it even tends to decrease the IQE. 

5.3.2 IV characterisation 

The front grid and surface layout of processes A and C (PECVD SiNx:H ARC layer, 
photolithography defined, plated contacts) differ significantly from that of processes B 
and D (unpassivated front side, evaporated contacts). Thus, from IV measurements only 
conclusions about the prolonged gettering step can be drawn. This is done by comparing 
the parameters of neighbouring solar cells from process A and C from the respective ingot 
positions, as those solar cells only lack the texturisation step of the standard lab-type 
process (chapter 3.2.1).  
Though not the primary focus of the investigations presented here, the initial purpose of 
process A, from which all other processes are derived, is the determination of efficiency 
limits of mc Si materials. Applying that process, for ingot 3 (additional 20 ppma Fe) well 
above 16% efficiency are achieved in the middle of the ingot (Table 5-3) [143]. This even 
slightly exceeds the results obtained on the reference material. The data supports 
observations of Coletti et al. for industrial-type processing, who experienced only minor 
efficiency drawbacks on material which showed an even higher Fe contamination [144]. 
In contrast to the expectations, for process C no significant gain in jsc is observed. This 
matches, however, with the IQE data from above. 
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Table 5-3: IV characteristics of solar cells processed according to process A (black) and neighbouring cells 
processed according to process C (red). Cells originate from the reference ingot 1 as well as from bottom, 
middle and top of ingot 3 (20 ppma Fe).  refers to the difference compared to process A on the reference 
cell. 

Ingot/process FF [%] jsc [mA/cm²] Voc [mV] η [%] ∆η [%rel] 

(1) Ref./A 78.5 32.3* 618 15.7 0 

(1) Ref./C 79.0 33.1 618 16.1 +2.5 

(3) Bottom/A 77.6 26.0 587 11.9 -24.2 

(3) Bottom/C 78.5 26.1 588 12.1 -22.3 

(3) Middle/A 80.3 32.5 628 16.4 +4.5 

(3) Middle/C 79.7 32.2 624 16.0 +1.9 

(3) Top/A 75.5 29.8 606 13.6 -13.4 

(3) Top/C 74.8 29.7 604 13.4 -14.6 

* minor jsc reduction by increased shadowing due to problems during the photolithography process  
 

Table 5-4: IV characteristics of solar cells processed according to process A (black) and neighbouring cells 
processed according to process C (red). Cells originate from the reference ingot 1 as well as from bottom, 
middle and top of ingot 5 (2 ppma Fe and 20 ppma Cu).  refers to the difference compared to process A 
on the reference cell. 

Ingot/process FF [%] jsc [mA/cm²] Voc [mV] η [%] ∆η [%rel] 

(1) Ref./A 78.5 32.3* 618 15.7 0 

(1) Ref./C 79.0 33.1 618 16.1 +2.5 

(5) Bottom/A 76.2 30.0 608 13.9 -11.5** 

(5) Bottom/C 78.8 31.4 607 15.0 -4.5 

(5) Middle/A 78.5 31.2 608 14.9 -5.1 

(5) Middle/C 75.9 31.9 608 14.7 -6.4** 

(5) Top/A 75.5 28.7 600 13.0 -17.2 

(5) Top/C 76.6 29.7 599 13.6 -13.4 

* minor jsc reduction by increased shadowing due to problems during the photolithography process 
** high differences due to unusually low FF from process induced partial front grid detachment  
 

For ingot 5, which features according to the NAA analysis only an elevated amount of Cu 
(the Fe distribution is comparable to the reference ingot), a positive influence of the 
extended gettering step can be observed when looking at the jsc values, which are higher 
for process C compared to process A in all parts of the ingot (Table 5-4). This indicates 
that if Cu is the only performance limiting impurity, its detrimental influence is reduced 
by the extended gettering step. IV data from solar cells originating from ingot 6, which 
features high Fe and Cu concentrations, is given in Table 5-5. An efficiency of 15% is 
exceeded for wafers from the middle of the ingot. Process C, however, does not show a 
significant improvement compared to process A as already shown for ingot 3. 
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Table 5-5: IV characteristics of solar cells processed according to process A (black) and neighbouring cells 
processed according to process C (red). Cells originate from the reference ingot 1 as well as from bottom, 
middle and top of ingot 6 (20 ppma Fe and Cu). refers to the difference compared to process A on the 
reference cell. 

Ingot/process FF [%] jsc [mA/cm²] Voc [mV] η [%] ∆η [%rel] 

(1) Ref./A 78.5 32.3* 618 15.7 0 

(1) Ref./C 79.0 33.1 618 16.1 +2.5 

(6) Bottom/A 78.0 22.8 565 10.1 -35.7 

(6) Bottom/C 78.3 22.0 558 9.6 -38.9 

(6) Middle/A 79.4 31.0 611 15.0 -4.5 

(6) Middle/C 80.1 31.1 610 15.2 -3.2 

(6) Top/A 78.1 29.8 604 14.1 -10.2 

(6) Top/C 79.4 29.9 606 14.4 -8.3 

*minor jsc reduction by increased shadowing due to problems during the photolithography process 

From the IQE and IV24 measurements described above, several conclusions can be drawn. 
The very small difference between standard and extended gettering can be attributed to 
the emitter formation process that was chosen. As it features a much longer drive-in time 
compared to an industrial emitter formation process, most impurities are already gettered, 
and the second step at 700°C therefore has little effect. A tendency, however, is observed. 
Predominantly Cu contaminated material (ingot 5) might still benefit from the extended 
gettering. A possible explanation could be the dissolution of small Cu precipitates in the 
grains and an agglomeration of the dissolved Cu to a smaller number of larger precipitates 
which have less detrimental influence on the solar cell performance. Material exhibiting 
high amounts of Fe (ingot 3 and 6) by contrast is slightly degraded during the 700°C step, 
which indicates that the gettering of mobile (interstitial) Fe was already completed during 
the emitter formation process and the prolonged temperature step might lead to a partial 
dissolution from precipitates and redistribution of Fe in the wafer. The hydrogenation by 
contrast always shows a positive influence on the bulk properties. The effect is most 
pronounced on very defect-rich material. This also indicates that the hydrogen supply 
during the firing of the SiNx:H in the belt furnace is not a limiting factor (at least for 
standard mc Si material).  

5.3.3 Influence on grain boundaries 

To investigate the recombination activity of the grain boundaries regarding the four 
different processing schemes, high resolution LBIC measurements were carried out. 

                                                 

24For correct interpretation of the IV data it should be added that all solar cells are neither textured nor is the 
ARC layer thickness at an optimum for a single anti-reflection coating (minimum of reflectance at 
540 nm). From this point of view it is astonishing how high the efficiency potential even of the highly 
contaminated material is. Especially a Voc of 628 mV (middle of ingot 3) is unusually high even for very 
pure mc silicon material with Al-BSF.  



 Investigation of defects in the solar cell bulk 

95 

Figure 5-17 (left side) shows LBIC maps of the same area on the four different solar cells 
from the bottom of ingot 2, processed according to process A, B, C, and D, respectively. 
While the extended gettering (C and D) does not show deviations compared to the 
standard gettering (A and B), a clear influence of the hydrogenation via the SiNx:H is 
visible. Some grain boundaries which are clearly visible (highly recombination active) on 
the samples from processes B and D are almost completely deactivated in the 
hydrogenated samples (A and C). Interestingly not all grain boundaries behave the same 
way. This leads to the assumption that decoration and/or type of the grain boundary play a 
major role concerning the possibility of passivation during hydrogenation. Similar effects 
were observed e.g. by Zuschlag et al. on pure mc Si material (‘mc FZ’) [145]. 

 

Figure 5-17: LBIC measurement of neighbouring cells from the bottom (left) and top (right) of ingot 2 
which underwent the different processing schemes (mapped area: 17x8 mm² and 8x5 mm² respectively). 
Examples for grain boundaries that are positively affected by the hydrogenation are encircled in red. 

Figure 5-17 (right side) shows LBIC scans from neighbouring solar cells originating from 
the top of ingot 2. The behaviour of the grain boundaries is similar to the observation 
made at the bottom of the ingot, although the grain boundaries are no longer completely 
passivated. The recombination activity of some grain boundaries (encircled in red) is only 
significantly reduced by the hydrogenation. This indicates that there is a certain 
concentration limit for impurities which can be passivated (after a gettering step) via high 
temperature hydrogenation. This limit seems to be exceeded for the examined grain 
boundaries in the top region (90% height) of this ingot due to the high overall impurity 
concentration caused by segregation and back-diffusion during ingot casting which also 
leads to larger precipitates. 

To gain direct insight into the bulk lifetime of a readily processed solar cell, the 
metallization, SiNx, emitter and Al-BSF is removed from the surfaces25. Afterwards the 
sample is wet chemically passivated (IE) and a spatially resolved lifetime map is obtained 
by µPCD measurement. Figure 5-18 shows the correlation of the spatially resolved bulk 
lifetime and the LBIC image taken from the solar cell before the surface removal. The 
area of low bulk lifetime clearly correlates with recombination active grain boundaries 
visible in the LBIC picture. 

                                                 

25 The metallisation is removed by agua regina, the SiNx layer in diluted HF, emitter and Al-BSF in a CP 
etch. 
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Figure 5-18: LBIC map (left) and µPCD lifetime mapping of the bulk Si (right) from one and the same 
2x2 cm2 solar cell. A good correlation, particularly of the areas with the lower material quality is evident. 
The solar cell originates from the bottom of ingot 2. 

To compare the processes A, B, C, and D on bulk lifetime level, the respective 
neighbouring solar cells are stripped as described above and measured together in one 
step to grant highest comparability of the measurements. The result of the investigation is 
depicted in Figure 5-19 where the lifetime differences of neighbouring solar cells 
originating from the bottom region of ingot 2 are shown. 

 

Figure 5-19: Comparison of the four processes on lifetime level after the solar cell process. Hydrogenation 
clearly improves the bulk properties (left), and also a slight improvement is visible from the extended 
gettering (two lower maps). The back etched solar cells originate from the bottom of ingot 2. 

The positive effect of the hydrogenation (process A and C) is clearly detectable. The 
measurement method also shows the positive effect of the extended gettering (process C 
and D). The data clarifies the unexpected IQE data obtained for the bottom region of 
ingot 2 (Figure 5-13), where the expected effects of gettering and hydrogenation are not 
clearly observable. A more detailed insight, especially into highly recombination active 
regions, however, is limited due to the low measurement resolution (> 250 µm). 
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A deeper insight into the aforementioned passivation behavior of certain grain boundaries 
can be obtained by using high resolution Electron Beam Induced Current (EBIC) and, 
after stripping the solar cell front and rear surfaces, by Electron Back Scattering 
Diffraction (EBSD) techniques (chapter 1.2.6). The left side of Figure 5-20 shows EBIC 
scans on a solar cell revealing the same recombination behavior already observed in 
LBIC measurements but in a much higher resolution. This allows the identification of 
single grain boundaries. The right side of Figure 5-20 shows an EBSD mapping of the  
coincidence values for the grain boundaries in the same wafer region. From the depicted 
data it can be concluded, that grain boundaries exhibiting a high coincidence number 
( 27, highlighted in blue) are very recombination active and are not easily passivated by 
hydrogen (compare Figure 5-20 upper left, hydrogenated solar cell and lower left, not 
hydrogenated solar cell). 

 

Figure 5-20: EBIC scan of a hydrogenated solar cell and a neighbouring non hydrogenated solar cell below 
(left side). The right side depicts an EBSD graph illustrating the coincidence number of the grain 
boundaries in the corresponding solar cell area after stripping the surface layers of one solar cell. Different 
 numbers are colour coded. The  27 configurations, highlighted or circled in blue, appear very 
recombination active and are not significantly affected by hydrogenation. Solar cells originate from the 
bottom of ingot 2. 

Grain boundaries that exhibit lower  coincidence numbers ( 3,  9) by contrast show a 
very positive response to hydrogenation in most cases. This might be due to the less 
disturbed boundary area for grain boundaries exhibiting low  values where by trend less 
impurities are agglomerated during gettering steps [146]. These less decorated areas then 
of course are more easily passivated by hydrogen. 

As an extended gettering step at a constant temperature of 700°C did not show significant 
improvements on solar cell level, in further investigations the influence of a slow cooling 
ramp down to 600°C during one hour (Figure 5-1, red curve) after the emitter drive-in is 
investigated. The chosen material originates from a standard mc Si ingot and from ingots 
consisting of block cast Upgraded Metallurgical Grade (UMG) mc Si. 
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Figure 5-21 depicts the influence of the slow cooling ramp on jsc and Voc values of 
neighbouring solar cells from different ingot positions of a standard block cast mc Si 
ingot. Although the differences are small, for all cells an improvement is detected and 
only for the top region the standard deviation is too high to confirm a real improvement.  
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Figure 5-21: Comparison of jsc and Voc values for two to four neighbouring solar cells concerning the 
response to a slower wafer cooling (ramp) after the POCl3 diffusion. Wafers are taken from bottom, middle, 
and top of a standard mc Si ingot, respectively. 

Interestingly, for the examined UMG materials the results are not equally clear. Although 
a similar trend towards higher jsc and Voc values due to the cooling ramp is observed for 
the majority of the ingot positions, it is not always the case. In any case, however, the 
observed differences are within the respective standard deviation. Spectral response 
measurements here also show very little difference between the two processes. 

Conclusions 

The conclusions drawn from the above described experiments on the intentionally 
contaminated and the UMG material for the process development are as follows: 

The gettering efficiency of the long low temperature emitter diffusion process is already 
very high. For further improvements a slow cooling of the wafers after the emitter drive-
in seems to have more positive effect than a post-gettering step at a fixed temperature of 
700°C. Hydrogenation during the firing of the SiNx:H is very important for all mc Si 
materials and might be worth further investigations concerning individual optimization of 
the hydrogenation conditions for mc Si materials featuring different defect compositions 
and concentrations. The finding, that grain boundaries featuring low  values are much 
easier passivated than grain boundaries featuring high  values might trigger efforts to 
avoid grain boundaries with high  values during crystallisation. 
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5.4 Light induced degradation 

Light Induced Degradation (LID) is a well known phenomenon. The most prominent LID 
effect is due to B-O complex formation. It is mainly observed on high quality Czochralski 
(Cz) Si material, where high B and O concentrations lead to the formation of B-O pairs 
under illumination [147] or charge carrier injection [148]. These B-O pairs are highly 
recombination active and can have major impact on the bulk lifetime. Bothe et al. 
developed an empirical formula which allows to calculate the (degraded) bulk lifetime 
limit d

26 for a given concentration of substitutional boron Bs and interstitial oxygen Oi 
[149]: 

µsOB isd
748.1824.045 ][][10675.7   (5.7)

In mc Si material this effect has been detected mainly in highly doped materials [150] or 
in material of very high quality [151]. As mc Si materials usually feature a much lower Oi 
concentration than Cz Si material, d is much higher for mc Si. But as the material quality 
of standard mc Si material is continuously increasing, LID of mc Si might become more 
and more important. In contrast to Cz Si there are many other impurities present in mc Si 
and the question arises if mc Si materials suffer from other degradation effects except 
from the well known B-O correlated degradation. One candidate is degradation due to the 
release of interstitial iron (Fei) from FeB pairs which is also known to decrease the 
minority carrier lifetime and thus the solar cell performance [152]. A similar effect 
involving other transition metals (e.g. Cu) also seems to be possible. To elucidate the 
degradation of state of the art mc material, and also gain insight into other possible 
degradation mechanisms, the degradation behaviour of several of the solar cells presented 
in the previous section is determined and compared to the degradation behaviour of 
reference material. The chosen solar cells exhibit high [Fe] (ingot 3) or high [Fe] and [Cu] 
(ingot 6). Additionally, UMG material with a very high net doping27 is investigated. For 
all materials again solar cells from the bottom, the middle and the top of the ingot are 
analysed. The influence of contaminants from the crucible wall is also investigated. 

The impurity distribution of [Fe] and [Cu] in the investigated ingots is depicted in 
Figure 5-14 (20 ppma Fe) and Figure 5-16 (20 ppma Fe and Cu) in the previous chapter. 
The reference material and the UMG material exhibit similar Fe and Cu concentrations as 
depicted for another reference ingot in Figure 5-12 (also in the previous section). Fourier 
Transformed Infrared Spectroscopy (FTIR) is applied to obtain the interstitial oxygen 
concentration [Oi] (Figure 5-22, left side). The dopant concentration (Figure 5-22, right 
side) is determined via resistivity measurements for the reference and the contaminated 
materials. They are therefore to be considered as upper limits for the boron concentration 
[B] as other dopants could as well decrease the resistivity (possible compensation by 
other contaminants or thermal donors is neglected). The UMG ingot was characterized 

                                                 

26 If the bulk lifetime in a Si material is significantly lower than d, no B-O related degradation is 
observable.  

27 Recent publications indicate that only the net doping concentration is relevant for LID [153], [154]. 
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using a combination of FTIR spectroscopy and Hall measurements [153] which allow to 
determine [P] and [B] in the material. As for LID only the net dopant concentration 
p0 = [B]-[P] seems to be of importance [154], [155], this value is depicted in Figure 5-22 
(right side) for the UMG material. The graph shows a nearly tenfold increased net dopant 
concentration for the UMG material in the bottom and middle of the ingot compared to 
the reference and the contaminated materials. Thus, the resistivity of the investigated 
materials varies between 0.2 and 1 cm. 
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Figure 5-22: Interstitial oxygen (Oi) concentration (left) and (net) dopant concentration (right) over the 
ingot height for the investigated materials. Oi is determined by FTIR spectroscopy, the dopant concentration 
by resistivity measurement or a combination of FTIR and Hall measurement for the UMG material [153]. 
Investigated regions of the respective ingots are marked in grey or shaded blue-green (UMG material). 

The degradation is studied after annealing in darkness at 200°C for 6 min. The annealing 
conditions are a compromise to anneal on the one hand the B-O complex [156] and on the 
other hand to maintain most of the FeB pairs which are already dissolving at this 
temperature, but are expected to repair to a large extent during the (slow) cooling process 
[157]. The illuminated IV parameters are determined using standard test conditions 
directly after the annealing and again after 14 h of illumination at 1 sun and 25°C. Results 
are depicted in Table 5-6 together with the approximate values for the p0 dopant 
concentration and Oi concentration at the respective ingot positions. The degradation of 
the UMG material correlates with the decreasing [Oi] from the bottom towards the 
transition point of the ingot28. Together with the high net doping (about one order of 
magnitude higher in UMG than in the other materials) the long term degradation can 
clearly be attributed to the formation of B-O complexes. A similar trend can be observed 
in the reference and 2 ppma Fe contaminated materials (the latter is not shown here), 
although on much smaller scale as the dopant concentration is much lower in these 
materials.  

                                                 

28 In UMG Si usually both common dopants B and P are present. As they exhibit different segregation 
coefficients (see Figure 2-1, left side), during block casting, a conductivity transition from p-type to n-
type occurs, usually towards the top of the ingot. 
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Table 5-6: Overview of jsc and Voc values for the different investigated mc Si solar cells prior to degradation 
as well as the loss due to degradation from the different ingot positions bottom, middle and top (for the 
UMG material top means before the transition point). Doping level and Oi concentration for the respective 
regions are also shown. 

Material and 
position Initial values Degradation (net) p0 [Oi] 

 jsc [mA/cm²] Voc [mV] jsc [%] Voc [%] [1016 cm-3] [1017 cm-3] 

UMG bottom 28.8 620.5 7.5 1.6 13 7.5 

UMG mid. 31.2 627.2 2.3 0.4 11.6 1.5 

UMG top 32.1 616.3 0.9 0.4 1 1 

Ref. bottom 32.1 610.5 1.3 0.6 1.9 6.6 

Ref. mid. 33.2 626.2 0.6 0.3 2.2 1.9 

Ref. top 28.0 593.1 0.4 0 2.4 3.6 

Fe 20 bottom 25.4 585.0 0.4 0.2 2.4 11 

Fe 20 mid. 32.2 628.6 1.9 0.7 2.6 3.2 

Fe 20 top 29.1 604.8 0.7 0.4 3.5 0.5 

Fe/Cu 20 mid.* 30.8 611.4 2.0 0.7 2.5 3.4 

* No degradation was observed for the samples from the bottom and top of the highly Fe/Cu contaminated 
ingot – probably due to the very low performance of the solar cells from these regions. 

The highly Fe and Fe/Cu contaminated materials (ingot 3 and 6) by contrast show the 
strongest degradation in the middle or the top region of the ingot although [Oi] at the 
bottom is very high in these materials (Figure 5-22, left side), which should greatly 
enhance B-O degradation as the concentration of B-O defects depends approximately 
quadratically on [Oi] [148]. This unexpected result might be due to the significantly 
higher concentration of transition metals in the middle and top region compared to the 
reference and also due to the better performance of solar cells from middle and top region 
which makes them more sensitive to degradation effects. 

To further elucidate this observation, the temporal behaviour of the degradation is 
determined after a second anneal and continuous monitoring of Voc during an illumination 
of about 1 sun in a special measurement setup developed by Herguth [158] (again at 
25°C). Variations in illumination intensity and sample temperature are monitored and 
included in the correction computations. Figure 5-23 depicts the different time scales in 
which the degradation takes place and thus indicates different degradation mechanisms. 
The UMG and reference materials show a relatively slow decrease in Voc which saturates 
after several hours of illumination at 1 sun and a temperature of 25°C. This behaviour can 
clearly be attributed to B-O degradation. 
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Figure 5-23: Time resolved evolution of the Voc degradation of solar cells made from different materials 
under 1 sun illumination at 25°C. The left side shows the decay for the materials during 14 h of illumination 
at 1 sun. The very fast decay for Fe and Fe/Cu contaminated materials (originating from the middle of the 
respective ingot) is depicted on the right side (same data but different scaling). 

The highly Fe and Fe/Cu contaminated samples (both from the middle of the respective 
ingot) by contrast show a significant decrease of Voc during the first minute of 
illumination. While the Fe contaminated sample additionally shows a B-O related 
degradation over several hours, the Fe/Cu contaminated sample only exhibits the short 
term degradation and remains stable afterwards. Probably due to the lower bulk lifetime 
in this sample, recombination due to B-O complexes is not limiting [149] and thus B-O 
related degradation not observable.  

To gain further information on the nature of the observed fast degradation mechanism, the 
annealing conditions are adapted. Degraded samples (after 14h at 1 sun and 25°C) are 
annealed for 10 min at 40°C in the dark.  
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Figure 5-24: Time resolved degradation of Fe/Cu and Fe contaminated material after degradation and 
subsequent annealing at 40 or 200°C. 
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This should reverse a FeB-type degradation but should not affect the degradation due to 
B-O defects. Comparisons to short term degradations of the same solar cells after an 
anneal step at 200°C show the same decay behaviour (Figure 5-24) and thus indicate a 
FeB type defect. The difference between the highly Fe and highly Fe/Cu contaminated 
sample might be explained by: 

i. CuB defect formation [159] and thus CuB induced degradation, as both ingots show 
different [Cu] (compare Figure 5-14 and Figure 5-16 in the previous chapter). 

ii. A locally increased [Fei], which deviates from the NAA values obtained for these 
materials. This might well be possible because of the small sample size.  

iii. The different material quality leading to different injection levels at 1 sun illumination 
and thus a different response of the samples to the Fei related defect [152]. 

Similar short term degradation is observed for samples originating from close to the 
crucible edge of an ingot which was slightly contaminated with 2 ppma Fe (ingot 2). 
Figure 5-25 shows the results of the degradation measurement for two solar cells of which 
one was fabricated from a wafer region that exhibits high contamination from the casting 
crucible. The contamination significantly reduces the as grown lifetime in the lower half 
of the wafer (right side of Figure 5-25).  
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Figure 5-25: Influence of the contamination from the crucible wall on degradation. The origin of the 
investigated test cells is marked in the µPCD lifetime map of the as grown wafer on the right. Colours of 
the marking are analogous to the graph’s colours. 

While there is only a negligible degradation visible on material which originates from a 
position further away from the crucible edge (initial Voc of the solar cell: 620 mV), the 
solar cell which is prepared from edge-affected material (initial Voc of 611 mV) even 
shows a more severe short term degradation than the samples presented in Figure 5-24. 
The comparable temporal behaviour suggests a similar defect type. The curves, however, 
are much smoother because in this case the degradation was current induced 29 and not 

                                                 

29 Light induced measurements show qualitatively the same behaviour. The slightly larger time constants 
compared to Figure 5-24 might be due to the lower current injection for these measurements 
(corresponding to about 0.25-0.5 suns) or a different defect composition, resulting in different 
degradation kinetics. 
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light induced. The applied measurement setup was also developed by Herguth [158].  
In conclusion it can be stated that B-O related LID is visible in state of the art mc Si 
material but only shows significant negative influence if the net dopant concentration is 
relatively high and coincides with high [Oi], as expected [149]. Additionally, high 
contamination with transition metals like Fe and Cu can lead to a second form of 
degradation which takes place within less than a minute after a moderate annealing step 
(or after storage at room temperature ~20°C for several hours in the dark). The edge of an 
ingot exhibits a similar short term degradation behaviour suggesting that the low material 
quality next to the crucible wall is (at least partially) due to transition metals like Fe and 
Cu. 

5.5 Summary 

The gettering effect of the POCl3 diffusion and the hydrogenation of bulk defects during 
the firing of the SiNx:H layer can have a tremendous positive influence on the bulk 
quality of mc Si materials. For the detection of significant differences on solar cell level it 
turns out that the applied lab-type emitter, which is used for the experiments, already 
shows a very high gettering efficiency, even for highly contaminated materials. This is 
attributed to the long drive-in step, which is significantly longer than for industrial emitter 
diffusion processes. Thus, only an additional slow cooling of the wafers after the drive-in 
step, which minimizes the supersaturation of impurities by allowing extended 
precipitation, shows clearly detectable positive effects on solar cell level.  

The positive effect of the high temperature hydrogenation on the bulk of the solar cells is 
verified for all of the different mc Si materials by comparing the bulk quality of solar 
cells from neighbouring mc wafers with and without high temperature hydrogenation. No 
direct conclusion, however, can be drawn concerning which of the two model impurities 
Fe and Cu shows a better response to hydrogenation. Regarding the hydrogenation effect 
in respect to the ingot position it can be stated, that wafers from all regions of the ingot 
profit, but especially those from the very bottom of the ingot. Observations concerning 
the response of grain boundaries featuring different  coincidence numbers to 
hydrogenation show that grain boundaries exhibiting high  coincidence numbers are less 
easily hydrogenated then those exhibiting low  coincidence numbers.  

Solar cells from mc Si material only show significant LID due to B-O complex formation 
if the B content in the material is very high. High concentrations of Fe and Cu can lead to 
another very fast LID. A similar degradation effect is observed, for mc Si material that 
shows contamination from the casting crucible. For quantitatively more reliable results 
the statistical base of the described investigations has to be improved. Nevertheless, clear 
trends are already observable. 
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6 Alternative rear side concepts 

In recent years the Si wafer thickness used for the production of solar cells decreased 
continuously. In the same time the quality of the wafer material increased due to better 
material understanding. Hence, the rear side properties of Si solar cells become more and 
more important [160]. The decreasing wafer thickness as well as the higher minority 
charge carrier diffusion lengths lead to higher minority charge carrier concentrations at 
the rear side of the solar cell. To meet this, in common solar cell layouts the field effect of 
an Al-BSF is applied, which impedes diffusion of minority charge carriers to the rear 
surface and thus reduces the rear surface recombination significantly. Nevertheless, better 
rear side passivation concepts were developed by using thin dielectric layers. They 
combine a field effect passivation with an additional chemical passivation of the surface 
defects at the rear side of the Si wafer. For these concepts, the electrical contacts on the 
rear side are realised by local openings in the passivation layer. The effectiveness of the 
field effect passivation can be gauged by the number of fixed charges Qf that are built into 
the surface layer and repel the minority charge carriers. The effectiveness of the chemical 
passivation depends on the reduction of the number of mid-bandgap interface states Dit on 
the rear surface. Table 6-1 gives a summary of the most relevant parameters for several 
dielectrics that are applied in solar cell production. The built-in fixed charges are either 
positive or negative. This makes a dielectric specially suited to either passivate p-type 
(negative fixed charges) or n-type material (positive fixed charges). The respective other 
conductivity type can also be passivated by the formation of an inversion layer. For the 
application in a solar cell process, the inversion layer passivation is not suitable, as the 
local metallisation shunts the inversion layer and thus neutralizes the field effect 
passivation [161]. 

Table 6-1: Comparison of the key features of different dielectrics concerning their chemical and field effect 
passivation quality as well as deposition temperature and refractive index n (at 600 nm [162]). 

Dielectric Qf [e/cm²] Dit [cm-2eV-1] Tdep [°C] n 

SiO2 +5·1010 to 2·1011* >1·109* 800-1200 1.46 

Al2O3 -6·1012*** 5·1011*** 170-300 1.76 

a-Si -6·1010# 8·1010 to 3·1011## ~200 4.15 

SiNx  +1·1011 to 5·1012** 1·1011 to 5·1012** 350-500 1.8-2.4 

*data from [163], ** from [164] (references therein), *** from [165], # from[166], ## from [167] 

In the following, several approaches for the dielectric rear side passivation are evaluated 
concerning their applicability for the investigated Si materials. It is shown, that even solar 
cells from materials exhibiting very low bulk quality can profit significantly by a 
dielectric rear surface due to the resulting optical changes. 
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6.1 Silicon dioxide 

Silicon dioxide (SiO2) is the classic dielectric surface passivation layer well known from 
the microelectronics industry [46]. Since a long time it is also successfully applied for the 
fabrication of (lab-type) solar cells, e.g. for the passivation of the latest world record solar 
cell fabricated by Zhao et al. in 1999 [168]. A SiO2 passivation layer is usually formed by 
exposing a thoroughly cleaned Si wafer surface to a very pure O2 ambient30 at 
temperatures between 800 and 1200°C in a quartz tube furnace. The SiO2 layer then 
grows by consuming Si from the surface of the wafer.  

22 SiOOSi   (6.1)

The SiO2 growth rate initially shows a linear time dependence, but slows down as the 
oxygen has to diffuse longer distances through the already existing SiO2 layer to the Si 
surface. For longer oxidation times, the growth rate is proportional to t-0.5 [163]. Although 
no other dielectric reaches such a high chemical surface passivation quality, the 
application of a SiO2 layer as rear side passivation is critical for most mc Si materials. 
This is mainly due to the high thermal budget, but additionally, for the investigated p-type 
material, the Qf in SiO2 exhibit the wrong polarity concerning the field effect passivation 
(see Table 6-1). Nevertheless, experiments with a strongly reduced thermal budget are 
carried out. Therefore, only a thin SiO2 layer (~10 nm) which is grown at relatively low 
temperatures (900°C; O2 ambient) is used. To protect the thin SiO2 layer, a conventional 
PECVD SiNx layer is deposited on top, yielding a SiO2/SiNx stack system. While this rear 
side passivation process works very well on FZ material (see e.g. Table 4-1), the results 
on mc Si materials vary, depending on the wafer quality. Figure 6-1 gives an example for 
the IQE of solar cells from two EFG materials of different quality concerning their 
response to the dielectric SiO2/SiNx rear side. For comparison respective neighbouring 
wafers are processed to solar cells with a conventional Al-BSF. In average, the 
comparison of the IQEs shows an improvement by the SiO2/SiNx stack for the high 
quality 3 cm EFG material and a reduced IQE for the 1 cm EFG material, which is of 
lower quality. The LBIC measurements (Figure 6-1, left side) reveal, that the differences 
between grains of high quality (high IQE) and grains of low quality (low IQE) and 
especially the recombination active grain boundaries, are reduced for the dielectrically 
passivated solar cells. This leads to the conclusion, that impurities are dissolved from 
their gettering sites and distributed more evenly over the whole wafer during the 
oxidation process. Depending on the amount of impurities, the subsequent POCl3 
diffusion gettering step31 now can improve the overall material quality. This is the case 
for the 3 cm EFG material. If the impurity concentration is too high or the dissolved 
impurities are not easily gettered, the wafer quality stays low which leads to reduced solar 
cell performance despite the better rear side passivation quality. This is the case for the 
1 cm EFG material. The effect of the different rear side optics (higher reflectivity of the 

                                                 

30 Instead of O2 also water vapour can be used in a so-called wet oxidation. 
31 The cell process slightly deviates from the process described in chapter 3.2, as the dielectric rear side 

passivation by the SiO2/SiNx stack is already applied before the emitter diffusion. 
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dielectrically passivated rear side) is also visible in the long wavelength IQE in Figure 6-1 
(right side). Especially for the 1 cm EFG material the increase in the IQE between 1050 
and 1200 nm is due to the better rear side optics. See Figure 7-6 in the next chapter for a 
more detailed description. 

 

Figure 6-1: Comparison of LBIC scans at 980 nm of flat EFG solar cells with Al-BSF (left) and SiO2/SiNx 
stack (middle) from 3 cm material of high quality (top) and 1 cm material of lower quality (bottom). 
IQE and reflectivity of the respective solar cells are depicted on the right side. 

The influence of the differing bulk quality of the above described EFG material can also 
be seen by comparing jsc and Voc values between the dielectrically passivated solar cells 
and the Al-BSF solar cells processed from neighbouring EFG wafers (Table 6-2). The 
high quality 3 cm EFG material shows an increase of jsc and Voc, similar to the increase 
observed on the FZ material. In contrast, the IV parameters of the low quality 1 cm 
EFG material are decreased by the additional high temperature step of the oxidation. 

Table 6-2: IV parameters of FZ solar cells and neighbouring EFG solar cells featuring Al-BSF or SiO2/SiNx 
stack as rear side passivation. The 3 cm EFG material is of high quality while the 1 cm material exhibits 
a lower wafer quality and thus does not profit from the SiO2/SiNx stack. All solar cells are untextured and 
feature a SARC. 

Material Rear side jsc [mA/cm²] Voc [mV] 

FZ 
 0.8 cm 

SiO2/SiNx 34.6 658 

Al-BSF 33.5 648 

EFG 
 3 cm 

SiO2/SiNx 33.0 620 

Al-BSF 31.9 605 

EFG 
 1 cm 

SiO2/SiNx 31.8 595 

Al-BSF 32.3 608 
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6.2 Aluminium oxide 

Aluminium oxide (Al2O3) as a surface passivation layer attracted high attention in recent 
years. Various deposition methods like sputtering [169], Atmospheric Pressure Chemical 
Vapour Deposition (APCVD) [170], PECVD [171] or Atomic Layer Deposition (ALD) 
[172], [173] have been investigated, leading to layers of differing surface passivation 
qualities. The aluminium oxide layers investigated in this work are deposited in a Plasma 
Assisted Atomic Layer Deposition (PA-ALD) process [164]. This process allows the 
deposition of very homogeneous layers and an excellent control over the layer thickness, 
as per deposition cycle, depending on the deposition temperature, only about 0.12 nm of 
Al2O3 are deposited. Each deposition cycle consists of several steps which include two 
self terminating half reactions of the precursor gases TriMethylAluminium (TMA) and 
oxygen. As each cycle takes several seconds to be carried out, the throughput of the 
deposition device applied in this work of course is very limited. Figure 6-2 gives an 
overview over single steps of a deposition cycle and the chemical reactions in the 
processes.  

   

Figure 6-2: Schematic of the different steps of one ALD cycle (left) and the chemical reactions in the ALD 
process (right) [174]. 

The sequence in Figure 6-2 is described by the following steps [174]: 

1. Flooding of the process chamber with TMA (A). The TMA then reacts with the OH 
terminated surface32 (B) by forming gaseous methane (CH4) until all H atoms are 
replaced by dimethyl aluminium radicals (C). 

2. The chamber is flooded with argon to dilute the TMA and methane residuals. 

3. The process chamber is purged, removing the residual gas mixture. 

                                                 

32 The initial OH terminated surface develops after an HF dip as native oxide, or can be achieved by a 
chemical oxidation after the standard RCA cleaning step. 
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4. A remote plasma is ignited, which splits the O2 molecules that are present throughout 
the whole deposition cycle, into atomic oxygen (D). The atomic oxygen then reacts 
with the methyl residuals on the surface, generating H2O and CO2 (E). The Al atoms 
thereby are interlinked and the surface again is terminated by OH groups (F). 

5. The residual gases are removed by purging the process chamber again. 

 

The described reactions take place at temperatures around 200°C or even below. These 
relatively low temperatures are a tremendous advantage concerning the thermal budget 
compared to the previously described SiO2 passivation. The deposited layer has to be 
annealed, however, to activate the passivation. Common process parameters are 30 min at 
set temperatures of approximately 425°C in N2 ambient [164]. The number of fixed 
negative charges Qf hereby increases from 1.5·1012 to 6·1012 cm-2 and the density of 
surface states Dit decreases from 1·1013 to 5·1011 cm-2eV-1 [165]. For EFG material, these 
annealing conditions are verified on lifetime samples (Figure 6-3) and further on used for 
all investigated mc Si materials. 

 

Figure 6-3: Spatially resolved µPCD lifetime map of adjacent Al2O3 passivated EFG wafers (format 
2.5x5 cm²) before (left) and after (right) an anneal step in N2 ambient at the respective temperatures. 
Annealing temperatures between 400 and 450°C yield similar results. A slight decrease in max is observed 
for 475°C [174]. Deviations of the lifetime values at the wafer edges are measurement artefacts. 

Table 6-1 reveals that Al2O3 is particularly well suited for the passivation of p-type Si 
surfaces due to its high density of negative fixed charges Qf. In combination with the low 
thermal budget of the deposition process, it appears to be an excellent choice for the 
passivation of defect-rich p-type mc Si materials. 

As the Al2O3 layer might inhibit the H diffusion through the rear side during the MIRHP 
process, experiments are carried out to obtain the optimum Al2O3 layer thickness. It 
should not only provide a decent surface passivation quality but also allow H atoms to 
diffuse through the layer into the wafer. As in literature decent surface passivation quality 
is reported on monocrystalline Si material for layer thicknesses as low as 7 nm [175], in 
the following Al2O3 layer thicknesses between 2.5 and 30 nm are investigated. Figure 6-4 
depicts several sets of neighbouring 2.5x5 cm² EFG wafers, where each set is passivated 
by an Al2O3 layer with a thickness between 5 and 30 nm. The adjacent wafers are 
annealed under different conditions. The first, third and fifth wafer of each set is annealed 
under already established conditions in N2 atmosphere (10 mbar, static pressure). The 
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second and fourth wafer in each set is annealed in an atmosphere of atomic hydrogen 
which is generated by a MIRHP (1 mbar, constant hydrogen flow) to determine the 
penetrability of H through the Al2O3 layers. Both annealing steps are carried out for 
30 min at 425°C set temperature in a quartz tube furnace. The optimum layer thickness 
regarding the surface passivation can be determined by comparing the highest lifetimes 
which are obtained on the N2 annealed wafers for different Al2O3 thicknesses. Although a 
direct comparison is not possible here, several tendencies are observable. A layer 
thickness of 5 nm of Al2O3 already allows effective lifetimes of 400 µs and above. A 
2.5 nm Al2O3 layer (not shown here) by contrast yields an insufficient passivation quality.  

 

Figure 6-4: µPCD lifetime maps from adjacent 2.5x5 cm² pregettered EFG wafers exhibiting a variation of 
the Al2O3 layer thickness (increasing from left to right) and differing annealing conditions, altering between 
anneal in N2 ambient and MIRHP anneal at 425°C from top to bottom. 

The other issue, the maximum Al2O3 layer thickness that can be penetrated by hydrogen 
is assessed by comparing the lifetime of N2 annealed wafers in areas of low wafer quality 
with their neighbouring MIRHP annealed wafers. Here especially for the wafers with 
5 nm Al2O3 layer thickness (left side of the 5 nm column) a significant difference on one 
and the same grain structure is detectable. This is a clear indication of bulk hydrogenation 
by the MIRHP anneal. The same bulk passivation effect is detectable on the 7.5 nm 
column although less pronounced and more difficult to identify, as the areas of low wafer 
quality in this column are much smaller. Additionally, another effect is observed for this 
Al2O3 layer thickness: The wafer areas of very high lifetime seem to be degraded by the 
MIRHP step. This effect is even more pronounced for thicker Al2O3 layers (10 and 
30 nm)33. The same degradation behaviour is also observed on MIRHP annealed FZ 
lifetime samples for Al2O3 layer thicknesses of 10 nm or above (Figure 6-5, left). The 
influence of consecutive N2 and MIRHP annealing steps on the surface passivation 
properties of Al2O3 layers with thicknesses between 5 and 30 nm is depicted in Figure 6-
5, right. A MIRHP anneal also shows detrimental influence after an N2 anneal for layer 

                                                 

33 As this effect impedes the detection of hydrogenation, separate experiments were carried out by Ebser 
and showed that even thick Al2O3 layers (> 100 nm) are easily penetrated by hydrogen [197]. 
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thicknesses of 10 and 30 nm. The decreased passivation quality also cannot be recovered 
by a second N2 anneal.  
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Figure 6-5: PCD detected minority charge carrier lifetime on 510 µm thick 2 cm p-type FZ samples for 
different layer thicknesses and different annealing conditions (left). The right side depicts the lifetime 
evolution after alternating annealing steps also for 2 cm p-type FZ samples with different Al2O3 layer 
thickness. All annealing steps are carried out for 30 min at 425°C [174].  

For a 5 nm Al2O3 layer, however, the observations are different. Here – similar to the 
results on EFG wafers – the MIRHP step has a positive influence on the surface 
passivation properties. Successive N2 and MIRHP anneals allow a “switching” between 
the higher (MIRHP anneal) and the lower (N2 anneal) passivation level, although the 
measured lifetimes in general are slightly decreased. This decrease might be attributed to 
handling issues. The switching can be explained by in- and out-diffusion of hydrogen 
from the thin Al2O3 layer during the MIRHP and the N2 annealing step, respectively. The 
degradation of the thicker Al2O3 layers can be explained by the formation of H induced 
blisters at the interface between Si and Al2O3 (Figure 6-6). 

   

Figure 6-6: Optical microscopy picture of a blistering 58 nm Al2O3 layer after a MIRHP anneal (left). The 
right side shows a SEM cross section of one blister in the same sample showing the detached Al2O3 layer 
and the void between layer and Si wafer [174]. 
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The blisters detach the Al2O3 layer from the Si – disrupting the chemical, as well as the 
field effect passivation in this area. They can be observed particularly for thicker Al2O3 
layers by optical or scanning electron microscopy (Figure 6-6). The observations can be 
explained by assuming the absorption of H atoms by the Al2O3 layer at elevated 
temperatures in H-ambient and their fast release during cooling. Thick layers release a 
high amount of H which cannot diffuse fast enough into the Si substrate and thus 
agglomerates at the Al2O3/Si interface leading to a detachment of the Al2O3 layer. This 
would also explain the formation of H-blisters during firing steps. According to Vermang 
et al. [176] the blistering during firing can be omitted by a post deposition anneal at 
600°C, which “gases out” the Al2O3 layer. Together with the observations from above, the 
“gas” that has to be released can be identified as hydrogen, which is released slow enough 
to avoid blistering at a temperature of 600°C. As in the process developed here the firing 
step is carried out before the Al2O3 deposition, the 600°C anneal, which could also lead to 
a depassivation of bulk defects in mc Si material, can be omitted. 

An issue, however, is the MIRHP step which is utilized in the here applied solar cell 
process after dicing of the solar cells (chapter 3.2). In the solar cell process it is carried 
out at a lower temperature, but otherwise similar process conditions to the ones that were 
used for the Al2O3 post deposition annealing. Therefore, an Al2O3 layer of less than 10 nm 
appears to be most suitable for the passivation of p-type (mc) rear sides. As the thin 
passivation layer is easily damaged during the photolithography and metallization steps in 
the solar cell process – the NaOH based developer solution e.g. etches Al2O3 with a rate 
of about 2.4 nm/min [174] – the thin Al2O3 layer requires an additional protective layer. 
For the protection of thin SiO2 layers a PECVD SiNx layer has already proven to be 
useful (see previous chapter). Thus, SiNx is also applied to protect the thin Al2O3 layers. 
The deposition temperature of the PECVD process is reduced from the standard 450°C to 
400°C to prevent the passivation degradation due to the long process time34. As during the 
PECVD process hydrogenation also occurs [177], the temperature reduction also reduces 
the hydrogen diffusivity and thus possible blister formation. Compared to the MIRHP 
hydrogenation, the hydrogenation during the PECVD process has less detrimental effect 
on the passivation quality, as can be seen in Figure 6-7. Similar to the observations made 
for the MIRHP anneal, an improvement of the surface passivation quality is detected for a 
layer thickness of 5 nm. 

Replacing the post deposition anneal of the Al2O3 layer in N2 atmosphere directly by the 
PECVD SiNx:H process is also possible (Figure 6-7, blue data points). The passivation 
quality hereby is slightly reduced compared to the combination of an optimum post 
deposition anneal and a subsequent PECVD SiNx:H process (Figure 6-7, red data points). 
The negative effect of the hydrogenation during the PECVD process is also visible in 
Figure 6-7, especially for the 30 nm thick Al2O3 layer. The observed decrease, however, is 
much less pronounced compared to the previously investigated MIRHP anneal. This is 
attributed to the lower hydrogen exposure time of the wafers, as the deposition time of the 
PECVD process itself is below 10 min. 

                                                 

34 Although the PECVD SiNx:H layer deposition itself takes only few minutes, the whole process including 
loading, cleaning procedures and unloading takes more than 40 min. 
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Figure 6-7: Transient PCD lifetime measurements on 510 µm thick 2 cm p-type FZ Si showing the 
influence of a 75 nm PECVD SiNx:H capping layer (deposited at 400°C) on the surface passivation quality 
of Al2O3 layers with different thicknesses on annealed and not annealed samples in comparison to annealed 
samples without SiNx:H [174]. 

In conclusion, for the solar cell process, a 7.5 nm Al2O3 layer which is annealed at 400°C 
directly after deposition and afterwards protected by a PECVD SiNx layer appears to be 
the best choice for a good and stable rear side passivation layer and is therefore applied in 
the solar cell process. 

To elucidate further on, if the final MIRHP step of the solar cell process can degrade the 
Al2O3 passivation, FZ solar cells featuring the above described rear side stack are MIRHP 
annealed at the standard temperature of 370°C or at 420°C, which resembles the MIRHP 
anneal step investigated for the initial post deposition anneal (Table 6-3). 

Table 6-3: IV parameters of Al2O3/SiNx passivated FZ solar cells before and after a MIRHP step for 30 min 
at 370°C or 420°C, respectively; mean values of four solar cells per temperature. All solar cells are from 
1 cm material with plasma texture and SARC. 

MIRHP step FF [%] jsc [mA/cm²] Voc [mV] [%]

before  79.3 ± 0.2 34.7 ± 0.1 631 ± 0 17.4 ± 0.1 

at 420°C 79.0 ± 0.4 37.3 ± 0.1 651 ± 3 19.2 ± 0.2 

before  79.3 ± 0.3 34.6 ± 0.2 632 ± 1 17.3 ± 0.1 

at 370°C 79.8 ± 0.3 37.1 ± 0.3 657 ± 1 19.4 ± 0.2 

 
Though both annealing steps increase the solar cell efficiency significantly due to the 
annealing of the X-ray damage (chapter 3.2.2), the Voc increase is much more pronounced 
for the MIRHP anneal step at 370°C. This leads to the conclusion that hydrogen can also 
affect the rear surface passivation negatively on solar cell level at temperatures above 
400°C. 



 Alternative rear side concepts 

115 

6.3 Different rear side passivation schemes under low illumination 

The above described rear side passivation schemes are compared in the following 
regarding the passivation quality on FZ Si solar cells under low light injection. Additional 
data is given for comparable solar cells featuring a full area Al-BSF or an a-Si/SiNx rear 
side stack. For the Si/SiO2 interface Aberle et al. showed that the quality of a dielectric 
surface passivation can vary under different injection levels [178]. This injection 
dependence can also affect the performance of solar cells featuring a SiO2 rear side 
passivation under low level illumination, as was shown e.g. by Hofmann through spectral 
response measurements at different bias illumination intensities [179].  
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Figure 6-8: Comparison of the long wavelength IQE for plasma textured FZ solar cells from 0.8 (Al-BSF 
and SiO2) or 1 cm (Al2O3 and a-Si) material featuring different rear side layouts in dependence of the 
illumination intensity (0 to 1 sun). Except for the SiO2/SiNx passivated solar cell no significant dependence 
on the illumination intensity is detectable. 

To elucidate this behaviour for the here applied solar cell process, comparable solar cells 
from FZ material which mainly differ in their rear side layout are characterized 



Alternative rear side concepts 

116 

concerning their IQE at different bias illumination intensities35 (Figure 6-8). Only the 
SiO2/SiNx stack passivated solar cell shows a significant bias dependency of the long 
wavelength IQE. For this effect Hofmann proposes an explanation by charged defect 
states in mid band gap, that are recombination active at very low light intensities and 
deactivated (discharged), when the quasi Fermi levels are split further at higher 
illumination intensities [179]. For the solar cells passivated with Al-BSF, the Al2O3/SiNx 
stack or the a-Si/SiNx stack only a slightly decreased IQE without bias light is detectable. 
This behaviour is attributed to the strong field effect passivation (Table 6-1 shows that 
Al2O3 and a-Si feature the “right” polarity of Qf on p-type material) which significantly 
reduces the number of minority charge carriers at the interface and thus minimizes the 
effect of possible mid band gap interface states. The latter stack systems therefore are 
well suited for application on solar cells under realistic working conditions like the 
already applied Al-BSF. 

6.4 Optimization of Laser Fired Contacts (LFCs) 

Solar cells with dielectric rear side passivation are locally contacted to maintain the 
excellent surface passivation of the dielectrics on an area as large as possible. In this work 
the Laser Fired Contact (LFC) method, developed in 2002 by Schneiderlöchner et al. [4], 
is applied. Hereby, the electrical rear side contacts are established by firing the 
(evaporated) Al on the rear side through the dielectric by single laser pulses. The utilized 
laser system is a Rofin D100 Nd:YAG laser (laser wavelength 1024 nm) with galvo 
scanner optics. 

In contrast to solar cells with a full Al-BSF the charge carriers of locally contacted solar 
cells are extracted only at very specific points on the rear side. The increased path length 
for the charge carriers and the resistivity of the local point contacts therefore yield a 
significant contribution to the overall series resistance Rs. The contribution is minimized 
by minimizing the contact resistivity RLFC of the single LFCs. This is done by adjusting 
the laser parameters like the laser pump current and the pulse repetition rate, which both 
influence the pulse peak power, the pulse duration and the total pulse energy (the latter 
three parameters cannot be altered directly). Figure 6-9 shows a test structure layout and 
the equivalent circuit of the test structure which is used for LFC parameter optimization. 
The symmetric test structure features a dielectric stack on each side and 1-2 µm of 
evaporated Al on both sides of a FZ or Cz wafer with known bulk resistivity. LFCs then 
are applied with the same pitch and laser parameters on both sides.  
The resistivity of the whole structure Rtot is measured via four point probe measurement. 
The contact resistivity for one LFC then is calculated as: 

2

)( bulktot
LFC

RRN
R


  (6.2)

                                                 

35 A bias illumination variation between 0 and 1 sun for integral measurements (i.e. normal solar cell 
operation conditions), resembles for the differential measurement used here a bias illumination variation 
between 0 and ~0.33 suns [20] (see chapter 1.2.4).  
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Figure 6-9: Test structure layout and the equivalent circuit of the test structure which is used for LFC 
parameter optimization. Besides the here depicted Al2O3/SiNx stack of course other dielectrics can be 
applied as well. Layer thicknesses are not to scale. 

Rbulk describes the ohmic resistivity of the substrate and N the number of LFCs on one 
side of the substrate. Additionally to the laser parameters, the thickness of the dielectric 
layer that has to be penetrated has to be considered for minimizing RLFC. Figure 6-10 
gives an overview over LFC contact resistivities obtained for increasing laser pump 
currents and different thicknesses of the dielectric on the above described test structures. 
The investigated samples for a specific thickness of the dielectric originate from one 
larger sample which is cut into the final 1.4x1.4 cm² test structures by laser or a dicing 
saw. Then, on each sample side 784 LFCs are produced which corresponds to an LFC 
pitch of 500 µm. Samples featuring a thinner dielectric (filled symbols in Figure 6-10) 
clearly show a better contactability than samples with a thicker dielectric between Si and 
Al (open symbols in Figure 6-10). 
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Figure 6-10: Dependency of the contact resistivity on the laser pump current and the passivation layer 
thickness. The samples feature a dielectric Al2O3/SiNx stack with thicknesses of either 40 nm (filled 
symbols) or 80 nm (open symbols). The Al2O3 layer thickens in each stack is ~10 nm. The improvement 
due to the MIRHP annealing step (triangle symbols) is also shown (measurement current ~2 mA/cm2). 
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After the application of the LFCs the standard MIRHP annealing step, which is also 
applied in the solar cell process, significantly reduces the contact resistivity (triangle 
symbols in Figure 6-10). The resistivity reduction is attributed to the effect of the 
temperature as similar results are observed when samples are annealed at the same 
temperature without hydrogen plasma. For both investigated layer thicknesses a local 
minimum in RLFC is observed for a pump current of 35 or 36 A. The lowest RLFC values 
are obtained for the highest possible pump current of the laser system at 38 A. As for the 
depicted investigation all other laser parameters are chosen to generate the maximum 
possible single pulse energy (pulse repetition rate of 1 kHz, sample placed in the focus 
plane of the galvo optics), this leads to the conclusion, that by the application of a more 
powerful laser system even lower contact resistivities might be possible. This, however, 
might also induce an increased amount of damage at the wafer rear side, which also has to 
be considered. 

Another reduction of RLFC is obtained by increasing the diameter of the laser mode 
shutter. The higher diameter allows besides the fundamental mode, some higher order 
modes also passing the mode shutter. This yields a more homogeneous energy distribution 
on the sample surface, as the fundamental mode (Gaussian energy distribution) together 
with the higher order modes produces a “Top Hat” energy profile. This leads to the 
increase of the “inner diameter” of the LFC (see Figure 6-11), which was identified to be 
the contact forming structure [180]. 

 

Figure 6-11: Optical microscopy images depicting the change of the LFC shape for different process 
parameters (shape of the laser beam profile and thickness of the dielectric on the solar cell rear side). The 
increased mode shutter diameter slightly increases the LFC inner diameter (middle). The torus around the 
LFC vanishes if only a thin dielectric has to be penetrated (right side). Typical contact resistivities of the 
respective contacts are also given (laser pump current: 36 A, repetition rate: 1 kHz).  

 
Another aspect to consider is the distance of single LFCs, the LFC pitch, on a solar cell 
rear side. While a smaller pitch reduces the distance the charge carriers have to travel to 
the contacts, it also reduces the fraction of the dielectrically passivated rear side. Below 
an LFC only a shallow local Al-BSF is formed which shows a significantly higher surface 
recombination velocity than the dielectrically passivated surface. The two main factors 
for the optimum LFC pitch are the bulk resistivity of the Si material and the grain 
structure. Higher bulk resistivities and smaller grains demand a lower LFC pitch. 

The left side of Figure 6-12 shows the influence of the LFC pitch on the solar cell 
parameters FF and Voc for 0.5 cm FZ solar cells with Al2O3/SiNx rear side passivation. 
Optimum solar cell efficiencies are obtained for an LFC pitch of 0.8 mm. Thus, for mc Si 
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materials with typical resistivities of 1 cm or above, a smaller LFC pitch has to be 
chosen. Good results are obtained for a pitch around 0.5 mm. An optimization delivering 
clear results is very difficult, as besides a more pronounced variation of the resistivity, 
also grain boundaries play a major role for the lateral conductivity at the rear side of mc 
Si solar cells. Therefore, the number of contact points in most cases is not limiting for the 
fill factor. Data from 60 comparable 1 cm EFG solar cells is depicted on the right side 
of Figure 6-12. Instead of the LFC pitch, the number of contact points for the 2x2 cm² 
solar cells is given, as a lot of experiments included a slightly asymmetric pitch (see 
chapter 7.4). As FF and Voc values scatter a lot, not mean values, but maximum values are 
considered (indicated by the dashed lines). Here a similar trend as for the FZ material is 
observed: Increasing number of contact points leads to higher FF but in turn lowers Voc. 
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Figure 6-12: Variation of FF and Voc depending on the LFC pitch on Al2O3 passivated 0.5 cm FZ solar 
cells. Mean values from two to four solar cells (left). The right side depicts Voc and FF obtained from 60 
comparable 2x2 cm² solar cells from 1 cm EFG material. As an asymmetric LFC pitch is applied (see 
chapter 7.4) here the number of contact points instead of the pitch is shown. The dashed lines are a guide to 
the eye, marking the maximum FF and Voc obtained for a certain number of contact points. In both cases 
highest solar cell efficiencies are obtained near the intersection of black and blue line.  

The resistance contribution of all LFCs RsLFC to the series resistance Rs of the solar cell 
can be calculated to: 

LFCLFCsLFC RpR  )²(  (6.3)

with pLFC the LFC pitch (in cm) and RLFC the resistivity of one LFC. For a solar cell with 
a pitch of 500 µm, the reduction of RLFC from 60 to 42  shown in Figure 6-11 results in 
a reduction of the series resistance contribution from 0.15 cm ² to 0.105 cm². The 
beneficial effect of the series resistance reduction can be calculated via the two diode 
model (chapter 1.1.3). For a typical lab-type solar cell this yields a FF increase of about 
0.2%abs. The calculation, however, is only valid, if the LFCs show a perfect ohmic 
behaviour, as RLFC is measured at much lower currents (~2 mA/cm2) than the currents that 
are typically generated by an illuminated solar cell (25-40 mA/cm2).  
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6.5 Summary 

The application of the well known dielectric rear side passivation by thermally grown 
SiO2 on mc Si materials can lead to a better solar cell performance. The high thermal 
budget of the oxidation step, however, in many cases results in a degradation of the mc 
wafer bulk due to dissolution of precipitates and redistribution of defects. This often 
yields a reduced solar cell performance compared to the commonly used full area Al-BSF. 
In comparison to the thermally grown SiO2 dielectric, the ALD-Al2O3 dielectric 
investigated in this work as an alternative, has several advantages. It is deposited at much 
lower temperatures and therefore reduces the thermal budget of the process compared to a 
SiO2 passivation. This allows the application of the Al2O3 rear side passivation also on mc 
materials featuring higher defect concentrations, as the low thermal budget does not 
induce bulk degradation. The high amount of fixed negative charges easily compensates 
for the lower chemical passivation quality of the Al2O3 compared to SiO2 on p-type Si, 
yielding even higher surface passivation quality for p-type solar cells. Additionally, the 
Al2O3 surface passivation shows no injection dependence at illumination levels below one 
sun and thus no reduced surface passivation properties under low illumination which is 
the case for the SiO2 passivation.   
For the local contact formation via the LFC process it turns out, that thinner dielectrics 
are easier penetrated by single laser pulses and thus allow lower contact resistivities. The 
contact resistivity is also reduced if the energy distribution of the laser pulse is changed 
from a Gaussian to a Top Hat profile. The elevated temperature during a standard MIRHP 
annealing step further reduces the contact resistivity of the LFCs.  
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7 Process evolution for the different materials under 
investigation 

A summary of the material specific findings regarding the standard and especially the 
advanced lab-type process are presented in this chapter. They are assessed for the FZ 
reference material described in chapter 2.5 and all the different mc materials with their 
very different material features described in chapter 2.6. For all alternative mc materials 
solar cell efficiencies in the range of the highest efficiencies ever reported on the 
respective materials are obtained. 

7.1 FZ silicon material 

FZ material is used as a reference in every solar cell process presented in this work to 
monitor the process stability. Applying the 90 /□ emitter described in chapter 5.1, a 17 
finger front grid structure with a finger spacing of 1200 µm is possible for flat and plasma 
textured solar cells without drawbacks regarding the FF. Only for alkaline textured solar 
cells a 25 finger grid is needed due to the texture induced surface enhancement. 
Efficiencies between 18.5 and 20% on 240 µm thick 1 cm FZ material with DARC can 
be achieved with the advanced lab-type process (chapter 3.2.2), depending on the surface 
texture.  

Table 7-1 opposes the solar cell parameters as well as rear side properties of comparable 
solar cells with SARC from 1 cm FZ Si material. 

Table 7-1: IV parameters and fit parameters obtained from the IV curves and spectral response 
measurements of Al2O3/SiNx passivated FZ solar cells (1 cm, SARC) featuring different front surfaces. 
All parameters are validated by a PC1D simulation. 

Parameter flat PT 
alkaline 
texture 

FF [%] 77.8 77.4 76.8 

jsc [mA/cm²] 34.8 36.9 39.1 

Voc [mV] 650 652 657 

[%] 17.6 18.6 19.7 

Rsh [cm²] 1.2·105 1·105 1.2·105 

Rs [cm²] 0.4 0.45 0.4 

j01 [A/cm²] 2.2·10-13 2.4·10-13 1.8·10-13 

j02 [A/cm²] 4.0·10-8 3.7·10-8 4.3·10-8 

Leff [µm] 1900 3500 2400 

Srear [cm/s] 140 77 111 

 

The solar cells feature different front side textures to allow a classification of the final 
solar cell process. The data is obtained by fits of two diode model parameters to IV 
measurements and fits for Leff and Srear to SR measurements (chapter 1.2.3 and 1.2.4). The 
obtained data then is fed into a one dimensional PC1D [181] model together with the 
emitter profile and reflection data of the respective solar cell. The output parameters of 
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PC1D then are compared to the IV and SR data where the fits are adapted. The whole 
process is iterated until the highest agreement is obtained. 

The high Rs values compared to solar cells featuring a full area Al-BSF (e.g. Table 1-1) 
are due to the additional series resistance contribution of the rear side (LFCs and lateral 
resistivity losses due to the local contacts). The good adaption of the emitter diffusion to 
the plasma textured surface is illustrated by the relatively high Voc and very low j01 and j02 
values. As the Leff values for all solar cells are several times higher than the wafer 
thickness, they are clearly limited by the rear surface recombination velocity Srear. The 
alkaline textured sample shows a higher Srear compared to the plasma textured sample 
because the rear surface of the alkaline textured sample is larger36. The unexpected low 
Leff and correspondingly high Srear of the flat sample, which is also visible in the slightly 
reduced long wavelength IQE in Figure 7-1 might be explained by a slightly inferior rear 
side passivation of this specific sample. Figure 7-1 also depicts the IQEs of the other solar 
cells described in Table 7-1 and a PC1D simulation of the IQE of the plasma textured 
solar cell to demonstrate the good agreement of the chosen fit parameters to the 
measurement data37. The highest discrepancies between model and measurement data are 
around 4%rel between 1000 and 1050 nm and are attributed to measuring inaccuracy. The 
data shows that the plasma texture in combination with the low temperature Al2O3/SiNx 
dielectric rear side induces no bulk degradation. Also the emitter quality, described by the 
blue response ( = 380 to 500 nm in Figure 7-1), is comparable to the established 
(alkaline) surface texture and only slightly lower than for an untextured front surface. 
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Figure 7-1: IQE curves (drawn through) and reflection curves (dashed) for the FZ solar cells described in 
Table 7-1. For the plasma textured solar cell also a PC1D fit for the IQE, obtained by using the above 
described parameters, is shown. 

                                                 

36 The alkaline texture is always applied double sided and the etching step of the rear emitter (chapter 3.2.2) 
does not completely flatten the rear side. 

37 For the plasma textured solar cell the highest discrepancies between real solar cell and model are 
expected due to the random features on the front surface which are not considered in the model. 
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The bulk resistivity of 1 cm is chosen to resemble the resistivity of most of the 
investigated mc materials as exactly as possible. Higher efficiencies (> 20%) are obtained 
for the advanced lab-type process if FZ reference material with lower base doping, e.g. 
0.5 cm, is used [182]. The lower bulk resistivity yields higher Voc values and also 
allows a larger LFC pitch (see chapter 6.4) which additionally increases Voc, as Srear is 
reduced [180].  

 

7.2 mc silicon material 

A very interesting finding for the standard mc Si material used as reference for the UMG 
mc Si and silicon ribbons under investigation is the very high lateral variation of the bulk 
lifetime on one and the same wafer, although the material originates from the middle of 
an ingot, which excludes direct contamination from crucible walls. See therefore e.g. 
Figure 4-9, where all 5x5 cm² wafers labelled as “reference” originate from one 
156x156 mm² wafer and show as grown lifetime values between 20 and 80 µs. The next 
variation to consider is the variation of neighbouring mc Si wafers, which exhibit 
practically the same grain structure due to the columnar growth of the ingot. Here also 
variations of more than 15%rel are observed for directly neighbouring mc Si wafers 
(Figure 4-9, green data points), which has to be taken into account when data of 
neighbouring wafers is evaluated, e.g. concerning a parameter variation. This renders a 
direct comparison of varied processing steps carried out in different experiments on 
standard mc reference wafers difficult. Additionally, the rather low number of mc 
reference wafers in each solar cell processing run does not yield a substantial statistic. 
Another observation concerns the degradation behaviour of contaminated mc Si 
(chapter 5.4). Here an elevated amount of Fe and/or Cu as well as contamination from the 
casting crucible leads to a fast light- or current-induced degradation within one minute 
after storage in darkness for several hours or an annealing step in darkness for several 
minutes at temperatures above 80°C. The degradation with a magnitude of below 1.5%rel 
in Voc appears to be reversible. B-O related degradation is also observed for samples of 
higher bulk quality. The magnitude again is very small (below 1%rel for Voc). 

 

7.3 UMG mc silicon material 

UMG mc Si material featuring high net doping is investigated concerning its response to 
extended gettering and hydrogenation. Compared to standard mc material no deviations 
are detected. Only a very high net doping concentration in one of the investigated UMG 
ingots together with a high amount of Oi in the bottom region leads to strong B-O related 
degradation (chapter 5.4). Additionally, wafers from different parts of another UMG ingot 
are processed to solar cells to investigate the influence of the changing wafer properties 
on high efficiency solar cells featuring dielectric rear side passivation. The IV data 
obtained for these solar cells is compared to large solar cells (156x156 mm2) which are 
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processed according to a standard industrial process (similar to the process described in 
chapter 3.1) by an industry partner on neighbouring wafers (Figure 7-2). The comparison 
shows that the FF shows no significant deviations38. The different distribution of jsc over 
the ingot height is because an area of less than 5x5 cm2 of each 156x156 mm2 wafer is 
processed to lab type solar cells and thus only a small part of the lateral features of the 
ingot is represented. The Voc values and therefore the solar cell efficiencies are much 
more decreased in the industrial process towards the top of the ingot. For the lab-type 
solar cells from these regions only a larger scattering of the Voc values is observed. Both 
observations are attributed to a higher portion of dislocation-rich areas towards the top of 
the ingot, which usually occur during block casting [183],[184]. While the large industrial 
solar cells are all affected by the higher dislocation density, some of the small lab-type 
solar cells are still fabricated on quasi dislocation free areas of the wafer. 
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Figure 7-2: IV parameters of large UMG solar cells which were industrially processed (black) or small lab-
type UMG solar cells that feature a dielectric rear side from pure ~30 nm Al2O3 (red) or an Al2O3/SiNx stack 
described in chapter 6.4 (green) and a PT front surface with SARC. For the lab-type solar cells, mean values 
with standard deviation are depicted which originate from two to four solar cells per position. Higher wafer 
ID corresponds to a higher position in the ingot. 

                                                 

38 The FF of all solar cells is decreased towards the top of the ingot because of the increasing bulk 
resistivity.  
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The comparison of the pure Al2O3 rear side passivation with the Al2O3/SiNx stack by 
trend shows a slightly better performance of the stack system (see also Table 7-2). This is 
attributed to the better stability of the stack, as pure Al2O3 is very vulnerable to all kinds 
of chemistry used during solar cell processing (chapter 6.2). The high efficiency level that 
is maintained over the whole investigated range demonstrates the excellent applicability 
of the advanced process to UMG material. By the application of an additional DARC on 
the best solar cells of this batch, the to date highest conversion efficiency of 18.9%39 on 
UMG material is achieved. Table 7-2 shows the mean and maximum IV parameters 
obtained for the processed UMG mc Si solar cells compared to standard mc and FZ Si 
solar cells within the same process. It can be seen that good UMG material can compete 
with standard mc Si, and the best UMG mc Si solar cell nearly reaches the efficiency 
level of reference FZ Si material40. 

Table 7-2: Comparison of IV parameters of solar cells from UMG mc, standard mc and FZ wafers with 
different Rear Side (RS) passivation schemes, plasma texture and SARC. The IV parameters of the best 
UMG mc and FZ solar cell featuring a DARC are also shown. 

RS Material FF [%] jsc [mA/cm²] Voc [mV] η [%] 

Mean values from 40 (UMG mc) and 4 (mc and FZ) solar cells per process 

Al2O3/SiNx UMG mc 78.0 ± 2.7 35.0 ± 0.3 626 ± 6 17.1 ± 0.7 

Al2O3/SiNx mc 78.2 ± 0.9 34.2 ± 1.2 621 ± 10 16.6 ± 0.6 

Al2O3/SiNx FZ 79.6 ± 0.4 36.1 ± 0.3 638 ± 1 18.3 ± 0.2 

Al2O3 UMG mc 78.0 ± 0.1 34.7 ± 0.3 624 ± 3 16.9 ± 0.2 

Al2O3 mc 78.6 ± 0.6 34.8 ± 0.7 618 ± 12 16.9 ± 0.6 

Al2O3 FZ 79.6 ± 0.1 35.4 ± 0.3 628 ± 4* 17.7 ± 0.3 

IV parameters of the best UMG mc and FZ solar cell with DARC** 

Al2O3/SiNx UMG mc 79.8 37.1 638 18.9 

Al2O3/SiNx FZ 79.7 37.9 640 19.3 

* The Al2O3 layer was unintentionally etched to a thickness below 7.5 nm during photolithography, 
reducing the rear side passivation quality and thus Voc.  
** IV measurement carried out by the ISE CalLab. 

This leads to the conclusion that concerning solar cell efficiency UMG Si has the 
potential to be an adequate replacement for Si feedstock purified by the Siemens process. 
Though other issues like increased pre-breakdown of UMG Si solar cells under reverse 
bias [185], [186] (not investigated in this work) are yet to be overcome. 

                                                 

39 Measurement independently confirmed by ISE CalLab. 
40 Higher efficiencies are possible if a larger LFC pitch is chosen on the FZ material. For better comparison, 

on the FZ references the same LFC pitch as for the UMG material is applied, which mainly limits Voc on 
the FZ references. 
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7.4 EFG silicon material 

By applying the standard photolithography based process with an additional short front 
side oxidation step, Käs et al. achieved the to date highest solar cell efficiency on EFG 
material [116]. Spatially resolved characterisation via LBIC (Figure 7-3, left side) reveals 
the very homogeneous grain quality, without larger regions of high recombination 
activity. Therefore, the 18.2% efficiency of this solar cell is not necessarily due to 
material limitations but also possibly limited by the applied solar cell process. Hence the 
development of a more advanced solar cell process which is described in the previous 
chapters was necessary. The first adaption is the implementation of a plasma texture on 
the front side, which is unfortunately not compatible with the front side oxidation step 
(see chapter 4.4). Table 7-3 shows the beneficial influence of the plasma texture on EFG 
solar cells without front surface oxidation. Although the Voc of plasma textured EFG solar 
cells is reduced, the increased jsc in total leads to higher efficiencies.  

Table 7-3: Comparison of IV parameters for solar cells from EFG wafers with and without plasma texture. 
Solar cells with Al-BSF and SiO2/SiNx stack on the Rear Side (RS)* are from neighbouring wafers, 
respectively. All solar cells feature a SARC. Al-BSF and SiO2/SiNx passivated solar cells are not 
comparable as they do not originate from neighbouring wafers. 

RS Texture FF [%] jsc [mA/cm²] Voc [mV] η [%] 

Mean values for EFG (3-4 solar cells per process) 

Al-BSF none 78.3 ± 0.3 30.9 ± 1.4 585 ± 6.8 14.1 ± 0.7 

Al-BSF PT 78.1 ± 0.3 32.2 ± 0.4 577 ± 4.3 14.5 ± 0.3 

SiO2/SiNx none 75.5 ± 0.9 33.0 ± 0.1 621 ± 4 15.5 ± 0.3 

SiO2/SiNx PT* 76.8 ± 0.7 35.2 ± 0.3 618 ± 7 16.7 ± 0.3 

* No degradation due to the plasma textured surface occurs, as the rear side oxidation step is carried out 
before the plasma texturing step. 

 
Next, the full are Al-BSF is replaced by a dielectrically passivated, locally contacted rear 
side. This leads to a better surface passivation and improved optical quality of the rear 
side. Thereby, Voc and jsc are improved.  

As dielectric rear side passivation layers a SiO2/SiNx stack and an Al2O3/SiNx stack are 
investigated. Very encouraging results are obtained for the SiO2/SiNx stack on EFG 
material of very high quality (Table 7-3, lower half). Due to the high thermal budget of 
the oxidation, material of lower quality is significantly degraded by the “bleeding” of 
gettering sites and fine (re)dispersion of impurities in the EFG wafer (see chapter 6.1). 
High quality EFG material usually exhibits a bulk resistivity of 2-3 cm, which is 
optimized for the industrial screen printing process. This yields high series resistance 
contributions from the rear side and thus significantly reduces the FF, if a reasonable LFC 



Process evolution for the different materials under investigation 

128 

pitch41 is chosen (see Table 7-3, lower half). 1 cm EFG material would be better suited 
for local contacting, but in most cases the material quality is lower and thus 1 cm EFG 
material can suffer from the high thermal budget of the oxidation step. 

By replacing the SiO2 dielectric by an Al2O3 layer the thermal budget in the advanced 
solar cell process is significantly reduced due to the lower deposition temperature of the 
Al2O3 (see chapter 6.2). This allows 1 cm EFG material to be successfully processed. 
Due to the lower bulk resistivity higher FFs than on the 2-3 cm EFG material passivated 
by the SiO2/SiNx stack are obtained. The mean efficiencies are comparable, which might 
be explained by the large bulk quality variation, indicated by the high variation of Voc. 
The highest efficiencies obtained for the respective materials show larger discrepancies 
mainly due to the higher FFs obtained on the 1 cm EFG material.  

Table 7-4: Comparison of IV parameters for solar cells from EFG wafers with SiO2/SiNx stack or 
Al2O3/SiNx stack as rear side passivation. Mean values are from the batch that includes the best solar cell, 
respectively. All solar cells feature a plasma texture and a SARC.  

RS Rbulk [cm] FF [%] jsc [mA/cm²] Voc [mV] η [%] 

Mean values for 7 (not neighbouring) solar cells with SARC 

SiO2/SiNx 2-3 75.7 ± 1.1 34.7 ± 0.6 608 ± 10 16.0 ± 0.7 

Al2O3/SiNx ~1 77.4 ± 0.6 34.1 ± 1.5 619 ± 14 16.3 ± 1.1 

IV parameters of the best solar cells with SARC 

SiO2/SiNx 2-3 76.8 35.5 623 17.0 

Al2O3/SiNx ~1 78.2 35.7 628 17.5 

 

The right side of Figure 7-3 depicts an LBIC measurement of a 1 cm EFG solar cell 
which was processed according to the advanced process described in chapter 3.2.2. The 
solar cell exhibits a similar efficiency (18.1%) as the Al-BSF solar cell fabricated on EFG 
material with 2-3 cm by Käs et al. [116] on the left side (18.2%).  

Although the overall solar cell efficiencies are comparable, the LBIC scan reveals that the 
1 cm EFG solar cell on the right side of Figure 7-3 shows a significant amount of 
efficiency limiting, defect-rich areas. This leads to the conclusion that significantly higher 
conversion efficiencies should be possible on EFG material exhibiting a similarly 
homogeneous material quality like the EFG solar cell depicted on the left side of Figure 
7-3. 

                                                 

41 The pitch should be significantly higher than the diameter of a single LFC point, as otherwise the areal 
portion of the rather highly recombination active contact area on the rear side becomes too large and the 
average Srear drops below the Srear of a common Al-BSF. 
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Figure 7-3: LBIC scan of the best Al-BSF solar cell on 2-3 cm EFG material (left) and the best 
dielectrically passivated solar cell from 1 cm EFG material (right) [182], both with DARC. Although the 
overall cell performance is comparable, the solar cell on the right shows large areas with low crystal quality 
indicated by a low IQE. The maximum possible efficiency for dielectrically passivated 1 cm EFG material 
therefore lies well above 18% if only areas of high crystal quality are considered. 

To address the special elongated grain structure of EFG wafers, asymmetric LFC patterns 
with higher contact density perpendicular to the grain structure than along the grains are 
investigated. This should reduce series resistance losses, as charge carriers in average 
have to cross a smaller number or even no grain boundaries when travelling to a single 
LFC to be extracted. Figure 7-4 depicts two asymmetric LFC patterns on the elongated 
grain structure of an EFG solar cell rear side. Experiments on neighbouring EFG solar 
cells which only differ in the rear side LFC pattern show, that the material variation over 
2-3 cm of the crystal structure has much more influence on the series resistance than the 
LFC pattern. Therefore, experiments on a large number of neighbouring solar cells are 
necessary to validate the theory described above on a statistical basis. 

 

Figure 7-4: Asymmetric LFC pitch layout for EFG solar cells. The EFG wafer with the vertically oriented, 
elongated grain structure is depicted in light gray; grain boundaries as black lines. The LFCs are depicted as 
darker gray points. The left side shows a pattern that minimizes the current transport through grain 
boundaries. Rotation of 90° yields the pattern on the right side. Some grains are not directly contacted, 
which forces more charge carriers to travel through grain boundaries before extraction. 

The investigation of Light Induced Degradation (LID) on EFG solar cells shows that EFG 
solar cells are not affected by this phenomenon. This is in accordance with the 
expectations, as the oxygen content of EFG wafers is very low [78] compared to block 
cast mc or Cz Si wafers. The fast LID due to a high amount of transition metals (Fe 
and/or Cu) described in chapter 5.4 is also not observed in EFG solar cells. 
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7.5 RGS silicon material 

The relatively low material quality of Ribbon Growth on Substrate (RGS) material 
actually suggests keeping the cell process as simple as possible and stick to established 
processes (e.g. the baseline lab-type process described in chapter 3.2.1). This led to the to 
date highest efficiency of 14.4% for RGS material [187]. A problem that often occurs 
with the full area Al-BSF of the baseline lab-type process on RGS wafers is the shunting 
of the solar cell through local Al-spiking from the rear [188].   
Another shunting path is the locally enhanced P-diffusion along grain boundaries [189] 
which might in some cases also reach the rear contact of the solar cell. The third shunting 
path observed in RGS material is shunting of the emitter or the solar cell through large 
SiCx precipitates [190]. Of course the shunting probability rises with cell area. Therefore, 
small 2x2 cm² lab-type solar cells are not as heavily affected by shunting as larger solar 
cells42. The higher emitter sheet resistance used in the lab-type process also reduces the 
probability of P-induced shunting. Nevertheless, many of the investigated 2x2 cm² lab-
type solar cells show severe shunting. For the small solar cells especially the thickness of 
the RGS wafer shows a high influence on the shunting probability (Figure 7-5). 
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Figure 7-5: Mean and maximum fill factors (left) and Rsh (right) observed on Al-BSF RGS solar cells of 
different thicknesses. While single cells exhibit reasonable FFs even at low wafer thicknesses, the average 
FF and Rsh values are clearly decreased for thinner cells indicating severe shunting. Mean values originate 
from 2 to 24 solar cells per thickness. FF and Rsh values of dielectrically passivated RGS solar cells with 
LFCs (220 µm thickness) are given for comparison. 

Even for thicknesses above 200 µm on most solar cells with Al-BSF shunting is observed. 
The mean Rsh stays well below 300 Ωcm² (black square in Figure 7-5, right side) and thus 
more than 300 Ωcm² below the highest Rsh achieved on comparable RGS material (red 
triangle in Figure 7-5, right side). This results in an average fill factor of only about 70%. 
Reference solar cells from mc and FZ Si which are processed in parallel reach fill factors 

                                                 

42 For large solar cells an H-patterned grid on the rear side was introduced to minimize shunting problems 
[184]. 
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between 79 and 81% corresponding to Rsh values of 3-10 kΩcm². A clear correlation is 
also observable between FF and Voc which confirms the limiting factor of the low shunt 
resistance for the RGS material. This leads to the conclusion that, although the minority 
charge carrier diffusion length in state of the art RGS material does not justify the 
application of a dielectric rear side passivation, there should be a benefit from the local 
contacting scheme of the advanced lab-type process (3.2.2), as it avoids the Al-spike 
shunting. A mean FF value of 72.3% and a maximum FF value of 77.6% and 
correspondingly high Rsh values (Figure 7-5 green and cyan data points) clearly show the 
beneficial influence of the advanced rear side process for RGS material. The comparison 
of the rear side quality of the best Al-BSF RGS solar cell with the best dielectrically 
passivated RGS solar cell via the long wavelength IQE and rear side reflectivity is 
depicted Figure 7-6 [182]43.  

800 1000 1200
0.0

0.2

0.4

0.6

0.8

1.0

 wavelength [nm]

IQ
E

  

 

 RGS Al
2
O

3

 RGS Al-BSF

0.0

0.2

0.4

0.6

0.8

1.0

 

 

re
fl

ec
ti

o
n

   

Figure 7-6: Comparison of the long wavelength IQE and reflectivity of the best Al-BSF RGS solar cell and 
the best dielectrically passivated RGS solar cell (left). Illustration of the different rear side reflection 
properties of a Si wafer with Al-BSF or dielectric rear side with evaporated Al mirror (right). 

Even for these very good RGS solar cells with an efficiency above 14%, the improvement 
of the long wavelength IQE is only due to the different optical properties of the rear side: 
An Al-BSF produces a Lambertian type reflection characteristic on the rear surface. This 
means that the light that reaches the rear surface is scattered according to Lambert’s law 
into all directions. Thus, the light that is reflected under a small angle to the rear surface 
travels a long distance close to the rear surface and thus is also absorbed at some point 
near the rear surface. The generated minority charge carrier then has a very long way to 
travel to the space charge region. It will most probably recombine because of the low 
minority charge carrier diffusion length in RGS material. So this part of the light is “lost”. 
In contrast to this, a dielectric layer covered with evaporated Al serves as a very good 
mirror for long wavelength light. Most of the long wavelength light that reaches the rear 

                                                 

43 The lower reflectivity of the Al2O3 passivated solar cell between 800 and 1000 nm is because it features a 
plasma textured front side. The Al-BSF solar cell has a flat front surface. 
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surface of the solar cell will have an incident angle around 90°, perpendicular to the 
surface44. This implies that most of the long wavelength light reaches the rear surface is 
also reflected nearly perpendicular to the surface by the Al mirror. Together with the small 
diffusion length of the minority charge carriers in RGS material, the benefit from the 
mirror reflection is comprehensible. While the Lambertian Al-BSF per se reflects some of 
the light into solar cell regions where the generated charge carriers are lost, the dielectric 
mirror projects the incident light back under the same angle. This provides for all photons 
the chance to be absorbed on the way back through the cell in a region closer to the space 
charge region. Thus, the chance that the generated charge carriers are extracted before 
recombination is increased. These considerations explain the “hump” in the IQE curve 
and the higher reflection of the dielectrically passivated RGS solar cell which is observed 
between 1000 and 1200 nm in Figure 7-6 and also the observations made e.g. for low 
quality EFG material (Figure 6-1). 

The introduction of a plasma texture on the front side does not show significant 
improvement of the efficiency for RGS solar cells. As the RGS wafer surface is per se 
very rough, the light harvesting is only slightly enhanced on a plasma textured RGS solar 
cell. Additionally, the plasma texturing process might induce surface damage on the front 
surface, reducing the Voc. This can be concluded from the IV data of dielectrically 
passivated RGS solar cells with and without plasma texture in Table 7-5. 

Table 7-5: Comparison of IV data obtained from flat and plasma textured RGS solar cells with dielectric 
rear side passivation (average data from 19 cells respectively). 

Flat RGS cells FF [%] jsc [mA/cm²] Voc [mV] η [%] 

average 72.3 ± 2.5 28.8 ± 0.9 587 ± 3.5 12.2 ± 0.6 

best SARC 77.6 28.5 592 13.1 

best DARC 77.6 30.7 595 14.1 

Textured RGS cells FF [%] jsc [mA/cm²] Voc [mV] η [%] 

average 70.5 ± 5.7 29.4 ± 1.2 579 ± 13 12.0 ± 1.4 

best SARC 77.2 29.8 592 13.6 

best DARC 77.3 31.0 593 14.2 

 
The positive effect of a dielectric rear side in combination with LFCs was also shown for 
larger solar cells with screen printed front contacts [191]. The application of a heavy 
POCl3 emitter diffusion (30 /□) with subsequent Emitter Etch Back (EEB) [121] to 
about 80 /□ has a very positive influence on jsc values, as can be seen in Table 7-6. Even 
a better average FF is obtained. The highest FF for this batch of cells stay well below 
75%, however, which might be due to P-induced shunting from the heavy P-diffusion or 

                                                 

44 Shallow incident angels are also possible due to a front surface texture or “natural surface roughness”, but 
the number of photons decreases with decreasing incident angle. This is because of the longer distance 
the light has to travel from front to back which increases according to Beer’s law (1.1) the probability of 
absorption before the light reaches the rear surface. 
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contact formation problems as the EEB significantly reduces the P surface concentration. 
Plasma texturing is not applied, as the EEB process partially removes the textured front 
surface. 

Table 7-6: IV data obtained from flat RGS solar cells with EEB and dielectric rear side passivation (average 
data from 8 cells). 

Flat RGS cells; EEB FF [%] jsc [mA/cm²] Voc[mV] η [%] 

average 73.0 ± 2.3 30.3 ± 0.2  591 ± 6  13.1 ± 0.6  

best SARC 74.5 30.6 595 13.6 

best DARC 74.4 31.7 596 14.1 

 
To reduce P-induced shunting, a one sided emitter diffusion with EEB or a two sided 
emitter diffusion with reduced initial P-doping concentration (50 /□ instead of 30 /□) 
and EEB could be applied. 

RGS material also turns out to be the only material where the MIRHP passivation shows 
directly measurable positive influence on the wafer bulk. 
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Figure 7-7: IQE measurements of two RGS solar cells from the same wafer and one mc Si reference cell 
with Al-BSF before and after a MIRHP step (left). An LBIC measurement illustrates the cell area on the 
“RGS 1” solar cell where the MIRHP improvement is visible in an area of relatively high recombination 
activity (right). 

Figure 7-7 shows the long wavelength IQE, which is very sensitive to bulk 
hydrogenation, for standard mc Si and defect-rich RGS solar cells with Al-BSF before 
and after the standard MIRHP step (40 min at 370°C)45. In contrast to earlier publications, 
where no SiNx:H was applied and MIRHP was used as the only H source [192] only a 

                                                 

45 Improvements only due to the elevated temperature alone are also possible but unlikely.  
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small increase in the long wavelength IQE is observable for the RGS material. LBIC 
scans reveal that the hydrogenation here positively affects an area of very poor material 
quality (Figure 7-7, right side). The effect on the second RGS solar cell originating from 
the same wafer is even smaller. The IQE of the standard mc Si does not change at all 
within the measurement tolerance. This behaviour can be attributed to increased material 
quality, where the great majority of defects are already passivated during the SiNx:H 
firing step. Novel RGS material for example is produced with significantly lower oxygen 
content compared to the past, as several studies identified high oxygen concentrations to 
significantly inhibit H diffusion through the wafer [193], [194]. 

On RGS solar cells no light induced degradation is observed. The degraded lifetime 
calculated by Bothe’s empirical formula (5.7) yields a degraded stabilized minority charge 
carrier lifetime of about 46 µs for typical B and O concentrations [78] found in RGS 
material. This is far above typical lifetime values obtained on RGS material. Therefore, 
B-O complexes to date are not limiting the bulk lifetime in RGS material. 

 

7.6 Summary 

In conclusion it can be stated, that the advanced solar cell process is applicable on all 
investigated materials. The determination of the efficiency potential for UMG and EFG Si 
material is already limited by the industrial or standard lab-type process featuring an Al-
BSF rear side, respectively. Therefore, the application of the advanced lab-type process 
for a reliable determination of the efficiency potential is necessary. RGS material mainly 
profits from the advanced rear side as the Al-spike shunting during Al-BSF formation in 
the standard process is omitted. This allows the separation of shunting issues from other 
material properties that determine the efficiency potential of RGS material. IV parameters 
of the best solar cells from each material and fits to the two diode model and spectral 
response measurements in combination with a PC1D simulation (see description in 
chapter 7.1) are depicted in Table 7-7. All solar cells feature a plasma texture and DARC 
on the front side, a similar emitter diffusion with a slow cooling ramp before the removal 
from the diffusion furnace and a comparable Al2O3/SiNx stack (7.5 nm of Al2O3 and 
40 nm of SiNx

46) on the rear. The LFC pitch is also comparable (0.45 to 0.5 mm) for all 
solar cells. High inhomogeneities in the crystal structure – especially for EFG and RGS 
material – lead to higher deviation between the applied fitting methods, as they all 
presume a homogeneous material quality.  

The influence of the increasing number of grain boundaries and increasing impurity 
concentration (although the respective materials most probably feature different types of 
impurities) on the solar cell parameters can be seen in Table 7-7 when going from left to 
right. The only parameter that is not really influenced by the decreasing material quality is 
the series resistance.  

                                                 

46 The RGS solar cell features a 70 nm SiNx capping layer. 
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Table 7-7: IV parameters and fit parameters obtained from the IV curve and spectral response measurement 
of Al2O3/SiNx passivated solar cells from the different investigated materials featuring a plasma texture and 
a DARC. Parameters of a comparable FZ solar cell are also given to show the principal process limit. All 
parameters are validated by a PC1D simulation. 

Parameter FZ* UMG* EFG RGS 

Rbulk [cm] ~1 ~1 ~1 >1 

FF [%] 80.2 (79.7) 79.4 (79.8) 78.1 77.3 

jsc [mA/cm²] 37.6 (37.9) 36.9 (37.1) 36.9 31.0 

Voc [mV] 640 (640) 637 (638) 629 593 

[%] 19.3 (19.3) 18.7 (18.9) 18.1 14.2 

Rsh [cm²] 9000 1.9·104 1.2·104 2350 

Rs [cm²] 0.4 0.41 0.4 0.44 

j01 [A/cm²] 4.9·10-13 5.7·10-13 7·10-13 2.4·10-12 

j02 [A/cm²] 1.3·10-8 1.6·10-8 4.2·10-8 7.1·10-8 

Leff [µm] 1140 730 ~400 ~70 

Srear [cm/s]** 300 n.a. n.a. n.a. 

* IV measurement data from ISE CalLab in brackets  
** Srear is only calculated for the FZ solar cell. As the rear sides of the other solar cells are comparable, 
similar Srear values are assumed. Simple fitting, however, is not expedient because of the reduced bulk 
quality of the mc materials. 
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Summary 

The presented work addressed the optical and electrical properties of solar cells fabricated 
from different alternative multicrystalline silicon wafer materials. In particular, an 
advanced lab-type high efficiency solar cell process was developed that allows the 
determination of the efficiency limits up to a higher level (~20%) than the established 
baseline lab-type process (~18.5%) for any type of multicrystalline silicon wafer material. 
Such materials exhibit unique crystal grain structures and defect distributions in the 
wafer. These features had to be considered for the process development and limited the 
choice of processing steps, e.g. considering the surface texture or the front and rear side 
passivation schemes. 

For the improvement of the front side optics, a model calculation was carried out to 
optimize the light coupling for a double anti-reflection layer consisting of a highly 
refractive silicon nitride layer and a magnesium difluoride layer with lower refractive 
index. With the wavelength dependent refractive index of the two anti-reflection materials 
and the silicon base material, the optimum layer thickness for both respective layers in the 
double layer anti-reflection coating could be calculated. Additionally, a plasma texture, 
based on fluorine radicals and oxygen, was introduced to produce an optically rough front 
surface. As the plasma texturisation process is non-selective concerning the crystal grain 
orientation of the silicon wafer, it is universally applicable and yields a comparably 
reduced reflectivity on all silicon wafer materials.  

The jagged surface features generated by the plasma texturisation process are a possible 
source of bulk degradation during high temperature steps due to the injection of crystal 
defects into the wafer bulk. Therefore, the emitter diffusion step as well as the 
combination with the optional oxidation step after the emitter diffusion, which is carried 
out at even higher temperatures and showed a beneficial influence on flat front surfaces, 
were examined on plasma textured samples. It was found that the emitter diffusion with 
peak temperatures around 820°C does not lead to bulk degradation on plasma textured 
samples, as the diffusivity of dislocations at this temperature is apparently still low. The 
optional front surface oxidation step carried out at temperatures of around 860°C by 
contrast led to severe bulk degradation which was easily detected even on solar cell level 
where less pronounced effects are often clouded by small process or material deviations. 
As the oxidation step additionally can lead to bulk degradation due to impurity release 
from gettering sites, especially in materials of lower quality, the oxidation step for front 
side improvement was discarded. 

Concerning the redistribution and gettering of defects during the POCl3 diffusion process, 
different diffusion temperatures and cooling ramps after the phosphorous drive-in step 
were investigated. It turned out that for optimum gettering results the diffusion 
temperature has to be adapted within a small range separately for each material depending 
on its material properties, e.g. the contamination level. The rather long lab-type diffusion 
process emanating from these investigations exhibits an excellent gettering ability, at a 
temperature which is suitable for most of the examined materials. Therefore, only small 
improvements were observed by adding a slow cooling ramp down to 600°C before 
removing the wafers from the diffusion furnace. All experiments were carried out on 
materials with different impurity concentrations. For the transition metals iron and copper 
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special model materials featuring varying concentrations of the respective contaminants 
were examined. Instead of the cooling ramp, for these materials an additional gettering 
plateau at a temperature of 700°C after the POCl3 diffusion was investigated. The changes 
on solar cell level were in most cases below the detection limit of the applied 
measurement methods (IV and SR). Only for the very fast diffusing copper a slightly 
improved gettering due to the temperature plateau was detected at elevated copper 
concentrations in the material. 

In combination with the different POCl3 diffusion gettering steps, the hydrogenation of 
bulk defects by firing of hydrogen-rich silicon nitride layers was investigated. Regardless 
of the contamination level, all samples profited from hydrogenation. The improvement by 
trend was more pronounced for more highly contaminated samples, especially if the 
samples originated from the bottom region of an ingot. Spatially resolved measurements 
on hydrogenated and neighbouring non-hydrogenated samples showed that hydrogen 
selectively passivates certain grain boundaries. A further characterization via electron 
back scattering diffraction revealed that especially grain boundaries exhibiting low  
values and thus a lowly disturbed interface show an excellent response to hydrogenation, 
while grain boundaries featuring high  values in some cases did not show any response 
to hydrogenation. The reduction of the recombination activity via hydrogenation also 
showed a correlation to the contamination level of the sample and thus the contamination 
level of the grain boundaries. While the recombination activity of grain boundaries in 
highly contaminated samples is often only reduced to a small extent, the recombination 
activity of grain boundaries in less contaminated samples can be reduced down to the 
recombination activity of the surrounding grains.  

A second hydrogenation step at lower temperatures by means of a microwave induced 
remote hydrogen plasma step did not show significant improvements on most of the 
investigated materials. Only on RGS material local improvements were detected. This 
leads to the conclusion that the firing of the hydrogen-rich silicon nitride layer in most 
cases (i.e. for material featuring a higher bulk quality) already provides a sufficient 
hydrogenation of the bulk defects. 

The influence of the remaining impurities in the processed solar cells after gettering and 
hydrogenation was assessed by light induced degradation measurements. It was found 
that multicrystalline silicon materials exhibiting high interstitial oxygen (~1018 cm-3) 
together with high (net) boron doping (~1017 cm-3) were affected by boron-oxygen related 
degradation, well known from Czochralski silicon wafers. It resulted in a reduction of the 
short circuit current density (up to ~7.5%rel) and open circuit voltage (up to ~1.5%rel). For 
the lower doping densities typically found in the investigated multicrystalline silicon 
materials the boron-oxygen related degradation – although detectable – was not very 
pronounced. 

In material featuring very high amounts of iron and copper, another very fast degradation 
mechanism was observed. The investigation of the annealing conditions of this effect 
together with the observed time dependence of the degradation and the low efficiency 
level of the highly iron and copper contaminated solar cells indicate a degradation due to 
dissolution of iron-boron and possibly also copper-boron pairs under illumination.  
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To further improve the rear side properties of the lab-type process, the full aluminium 
back surface field on the rear side was replaced by a dielectrical rear side passivation and 
a local rear contact formation via laser fired contacts. The comparison of the two 
dielectrics silicon dioxide and aluminium oxide showed that the aluminium oxide is better 
suited for the rear side passivation of p-type multicrystalline silicon solar cells because 
the comparably high temperature necessary for the silicon dioxide growth can lead to 
bulk degradation due to dissolution of impurities from precipitates and other gettering 
sites. Concerning the passivation quality, very thin layers (< 10 nm) of silicon dioxide or 
aluminium oxide were sufficient on solar cell level. For stability reasons the thin 
dielectric rear side passivation layers were covered by a mechanically and chemically 
more stable silicon nitride layer. The dielectrical stack system generated thereby showed a 
better contactability (lower contact resistivities) for the laser fired contact process due to a 
more homogeneous contact shape, if a thinner silicon nitride capping layer (~30 nm) was 
chosen. Compared to a thicker capping layer (~70 nm), the resistivity of one laser fired 
contact point was reduced by ~22%. 

The developed process is applicable without drawbacks on all investigated materials in 
this work. For EFG and RGS material, efficiencies close to the maximum efficiencies 
reported so far were demonstrated (18.1% for EFG and 14.2% for RGS material). For 
UMG material with 18.9%47 even the highest efficiency reported so far for this type of 
material was achieved. While EFG and UMG material especially profit from the 
improved rear surface passivation, this is not the case for RGS material due to its low 
minority charge carrier diffusion length. RGS material profits from the locally contacted 
rear side which omits the aluminium-spike shunting that occurs in the baseline lab-type 
process featuring a full aluminium back surface field. As the investigated materials 
represent a very broad range of wafer material morphologies and qualities, the process 
should be applicable on nearly any silicon wafer material being investigated at the 
moment. The only drawback might be reduced fill factors due to the locally contacted rear 
side, if the bulk resistivity of the chosen material is too high. Further efficiency 
improvements might be possible if the emitter diffusion process and the hydrogenation 
are specifically adapted for each material. 

 

                                                 

47 Measurement independently confirmed by ISE CalLab. 
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Zusammenfassung 

Die vorliegende Arbeit behandelte die optischen und elektrischen Eigenschaften von 
Solarzellen, die auf Basis unterschiedlicher multikristalliner Siliziummaterialien 
hergestellt wurden. Im Besonderen wurde die Entwicklung eines neuartigen 
Hocheffizienzprozesses für Solarzellen im Labormaßstab beschrieben, der die 
Bestimmung des Wirkungsgradlimits für alle Arten neuartiger multikristalliner 
Siliziummaterialien bis zu einem Wirkungsgrad von etwa 20% erlaubt. Dazu wurde von 
einem bereits etablierten Standard-Laborprozess ausgegangen, der einen maximalen 
Wirkungsgrad von etwa 18% ermöglicht.   
Neuartige multikristalline Siliziummaterialien können sehr unterschiedliche 
Kristallstrukturen sowie unterschiedliche Verunreinigungszusammensetzungen und 
Verunreinigungsverteilungen aufweisen. Diese mussten bei der Prozessentwicklung 
berücksichtigt werden und limitierten die Auswahl geeigneter neuer Prozessschritte, 
beispielsweise hinsichtlich der Vorderseitentextur oder bezüglich dielektrischer Schichten 
zur Oberflächenpassivierung. 

Für die Optimierung der Vorderseitenoptik wurde zunächst anhand einer Modellrechnung 
die Lichteinkopplung einer Doppelantireflexschicht simuliert. Diese besteht aus einer 
hochbrechenden Siliziumnitridschicht und einer darüber liegenden Magnesiumfluorid-
schicht mit geringerem Brechungsindex. Mit Hilfe des wellenlängenabhängigen 
Brechungsindexes der beiden Antireflexmaterialien, sowie dem von Silizium, konnte die 
optimale Schichtdicke der beiden jeweiligen Schichten unter Berücksichtigung des 
Sonnenspektrums ermittelt werden.   
Außerdem wurde ein auf Fluorradikalen und Sauerstoff basierter Plasmatexturprozess 
eingeführt, um eine optisch raue Oberfläche zu generieren. Da der Ätzprozess durch die 
Fluorradikale unabhängig von der Kristallorientierung an der Oberfläche des 
Siliziumwafers ist, kann die Plasmatextur universell angewendet werden. Auf allen 
untersuchten Siliziummaterialien konnten damit Oberflächen mit ähnlichen 
Reflexionseigenschaften erzeugt werden. 

Der Plasmatexturprozess erzeugt eine kristallographisch stark gestörte Oberflächen-
schicht. Hochtemperaturschritte im Solarzellenprozess könnten nun dazu führen, dass 
Kristalldefekte von der Oberfläche tiefer in das Wafervolumen eingetrieben werden und 
dort die Lebensdauer der Minoritätsladungsträger verringern. Hierzu wurde sowohl die 
Emitterdiffusion an sich untersucht, als auch deren Kombination mit einem optionalen 
Oxidationsschritt zur Vorderseitenpassivierung nach der Emitterdiffusion, der bei noch 
höheren Temperaturen durchgeführt wird. Es zeigte sich, dass nach der Emitterdiffusion 
mit Maximaltemperaturen von etwa 820°C auf plasmatexturierten Proben kein negativer 
Einfluss auf die Lebensdauer der Minoritätsladungsträger feststellbar ist. Dies ist auf die 
noch sehr geringe Diffusivität der Defekte an der Oberfläche bei dieser Temperatur 
zurückzuführen. Der optionale Oxidationsschritt, der bei etwa 860°C durchgeführt wird, 
führte im Gegensatz dazu zu einer Eindiffusion der oberflächennahen Defekte und damit 
zu einer starken Beeinträchtigung der Materialqualität. Dies ist sogar sehr gut direkt 
aufgrund der Verringerung der Solarzellenleistung feststellbar, was für die Stärke der 
Beeinträchtigung spricht, da weniger ausgeprägte Effekte auf Solarzellenebene oft von 
kleinen Schwankungen der Materialqualität oder kleinen Prozessunregelmäßigkeiten 
überdeckt werden. Da der Oxidationsschritt außerdem aufgrund der hohen Temperatur 
Verunreinigungen aus Gettersenken herauslösen kann (speziell in Materialien mit 
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höherem Verunreinigungsgrad) und damit zu einer zusätzlichen Materialdegradation 
führen kann, wurde dieser Prozessschritt in den folgenden Untersuchungen nicht weiter 
angewendet.  

Bezüglich der Umverteilung und des Getterns von Defekten während der POCl3-
Diffusion wurden verschiedene Diffusionstemperaturen und unterschiedliche 
Abkühlrampen nach dem Phosphor-Eintreibeschritt untersucht. Es stellte sich heraus, dass 
die Diffusionstemperaturen für eine optimale Getterwirkung in Abhängigkeit der 
Materialparameter für jedes Material innerhalb eines kleinen Bereichs separat angepasst 
werden sollten. Der aus den Untersuchungen hervorgegangene POCl3-Diffusionsprozess 
zeigt bei einer Diffusionstemperatur, die für die meisten der untersuchten Materialien gut 
geeignet ist, exzellente Gettereigenschaften. Darum wurden bei den nachfolgenden 
Untersuchungen nur kleine Verbesserungen durch die Einführung einer langsamen 
Abkühlrampe auf 600°C vor dem Entladen der Wafer aus dem Diffusionsofen erzielt.   
Alle Experimente wurden auf unterschiedlich stark verunreinigten Materialien 
durchgeführt. Für die Übergangsmetalle Eisen und Kupfer wurden außerdem spezielle 
Modellmaterialien mit unterschiedlichen Konzentrationen der jeweiligen 
Verunreinigungen untersucht. Anstelle der Abkühlrampe wurde hier das Gettern nach dem 
POCl3 Diffusionsschritt bei einer konstanten Temperatur von 700°C untersucht. Die 
Materialveränderungen waren auf Solarzellenebene jedoch meist unterhalb des 
Detektionslimits der verwendeten Charakterisierungsmethoden (SR und IV). Nur für hohe 
Konzentrationen des sehr schnell diffundierenden Kupfers konnte eine leicht erhöhte 
Gettereffizienz durch das zusätzliche Temperaturplateau auf Solarzellenebene 
nachgewiesen werden.    
In Kombination mit den unterschiedlichen POCl3 Diffusionsgetterschritten wurde die 
anschließende Wasserstoffpassivierung von Defekten durch das Feuern einer 
wasserstoffreichen Siliziumnitridschicht untersucht. Unabhängig vom Grad der 
Verunreinigung eines Materials konnte eine Materialverbesserung auf Solarzellenebene 
nachgewiesen werden. Tendenziell war die Verbesserung von stärker kontaminiertem 
Material größer, speziell bei Proben aus dem bodennahen Bereich eines Ingots. 
Ortsaufgelöste Messungen an wasserstoffpassivierten und benachbarten nicht 
wasserstoffpassivierten Proben zeigten, dass Wasserstoff selektiv bestimmte Korngrenzen 
passiviert. Weitere Untersuchungen unter Zuhilfenahme von Electron BackScattering 
Diffraction (EBSD) Messungen zeigten, dass besonders Korngrenzen, die eine niedrige -
Koinzidenznummer aufweisen, sehr gut auf die Wasserstoffpassivierung reagieren. Bei 
einigen Korngrenzen mit hohen -Koinzidenznummern wurde im Gegensatz dazu 
überhaupt keine Verbesserung durch die Wasserstoffpassivierung festgestellt. Weiterhin 
konnte festgestellt werden, dass die Reduktion der Rekombinationsaktivität mit dem 
Kontaminationslevel einer Probe, und damit mit dem Kontaminationslevel der 
Korngrenzen zusammenhängt. In stark verunreinigten Proben konnte die 
Rekombinationsaktivität von Korngrenzen durch Wasserstoff oft nur leicht verringert 
werden, während die Rekombinationsaktivität von Korngrenzen in weniger stark 
verunreinigtem Material teilweise auf das Niveau der umgebenden Körner reduziert 
werden konnte.  

Ein zweiter Wasserstoffpassivierungsschritt bei niedrigeren Temperaturen mit Hilfe eines 
Microwave-Induced Remote Hydrogen Plasmas (MIRHP) zeigte bei den meisten der 
untersuchten Materialien keine weiteren Verbesserungen. Nur auf RGS-Material konnte 
bei einigen Solarzellen eine lokale Verbesserung festgestellt werden. Dies führt zu der 
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Erkenntnis, dass das Feuern der wasserstoffreichen Siliziumnitridschicht in den meisten 
Fällen aufgrund der hohen Materialqualität bereits ausreicht, um den Großteil der Defekte 
im Wafervolumen zu passivieren.  

Im Weiteren wurde der Einfluss der nach Gettern und Wasserstoffpassivierung in den 
hergestellten Solarzellen verbliebenen Verunreinigungen bezüglich lichtinduzierter 
Degradation untersucht. Es stellte sich heraus, dass multikristalline Siliziummaterialien, 
die sowohl eine hohe Konzentration an interstitiellem Sauerstoff (~1018 cm-3), als auch 
eine hohe (netto) Bor-Dotierung (~1017 cm-3) aufweisen, eine Bor-Sauersoff induzierte 
Degradation zeigen. Diese ist bereits von monokristallinem Czochralski Wafermaterial 
bekannt und dort sehr ausführlich untersucht.   
Die Degradation zeigte sich sowohl durch einen Rückgang der Kurzschlussstromdichte 
(um bis zu ~7.5%rel), als auch der offenen-Klemmen-Spannung (um bis zu ~1.5%rel). Für 
die wesentlich niedrigeren Dotierstoff-konzentrationen, die in den untersuchten 
Siliziummaterialien typischerweise vorherrschen, ist die Bor-Sauerstoff induzierte 
Degradation zwar nachweisbar, aber nicht besonders stark ausgeprägt. Die sehr stark mit 
Eisen und Kupfer kontaminierten Materialien zeigen eine weitere, sehr schnell ablaufende 
Degradation. Die Untersuchung der Ausheilbedingungen dieser Degradation, sowie die 
beobachteten Zeitkonstanten und das Wirkungsgradniveau der stark mit Eisen und Kupfer 
verunreinigten Solarzellen, lassen auf eine Degradation aufgrund von lichtinduzierter 
Dissoziation von Eisen-Bor Paaren und eventuell auch Kupfer-Bor Paaren schließen. 

Um die Eigenschaften der Solarzellenrückseite weiter zu verbessern, wurde das 
vollflächige Aluminium Back Surface Field (Al-BSF) durch eine dielektrisch passivierte 
Rückseite ersetzt. Die nun lokale Kontaktierung erfolgte mittels eines Laser Fired Contact 
Prozesses. Der Vergleich der beiden untersuchten Rückseitenpassivierungsschichten 
Siliziumoxid und Aluminiumoxid zeigte, dass sich das Aluminiumoxid besser für die 
Rückseitenpassivierung p-dotierter, defektreicher, multikristalliner Siliziummaterialien 
eignet. Der Grund liegt in der vergleichsweise hohen Prozesstemperatur, die für das 
Wachstum der Siliziumoxidschicht notwendig ist. Sie kann zu Materialdegradation 
aufgrund von Präzipitatauflösung und dem Herauslösen von Verunreinigungen aus 
Gettersenken führen. Bezüglich der Passivierungsqualität waren für Solarzellen bereits 
sehr dünne Schichten (< 10 nm) aus Siliziumoxid oder Aluminiumoxid ausreichend.   
Aus Stabilitätsgründen wurden diese dünnen dielektrischen Schichten mit einer 
mechanisch und chemisch stabileren Siliziumnitridschicht geschützt. Der hierbei 
entstandene Schichtstapel zeigte im Laser Fired Contact (LFC) Prozess eine bessere 
Kontaktierbarkeit (geringere Kontaktwiderstände) aufgrund einer homogeneren 
Kontaktausbildung, wenn dünnere Siliziumnitriddeckschichten (~30 nm) verwendet 
wurden. Im Vergleich zu einer dickeren Deckschicht (~70 nm) konnte der ohmsche 
Widerstand eines einzelnen Punktkontaktes um etwa 22% von 54 auf 42  reduziert 
werden. 

Der entwickelte Prozess ist auf alle in dieser Arbeit untersuchten Materialien ohne 
Einschränkungen anwendbar. Für EFG und RGS Material wurden mit diesem Prozess 
Wirkungsgrade nahe der bisher erreichten, maximalen Wirkungsgrade erzielt (18,1% für 
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EFG und 14,2% für RGS Material). Für UMG Material wurde mit 18,9%48 sogar der 
bisher höchste auf diesem Materialtyp gemessene Wirkungsgrad erreicht. Während EFG 
und UMG Material beide von der verbesserten Rückseitenpassivierung profitieren, ist 
dies für RGS Material aufgrund der geringen Diffusionslänge der Minoritätsladungsträger 
nicht der Fall. RGS Material profitiert von der lokal kontaktierten Rückseite, die 
Aluminium-induzierte Kurzschlüsse der Zelle, wie sie oft im Standard-Laborprozess 
vorkommen, verhindert. Da die untersuchten Siliziummaterialien ein sehr breites 
Spektrum bezüglich Materialqualität und Morphologie abbilden, sollte der entwickelte 
Prozess auf nahezu alle derzeit in der Entwicklung stehenden Silizium-Wafermaterialien 
anwendbar sein. Die einzige Einschränkung könnte bezüglich der Dotierung bestehen, da 
aufgrund der lokal kontaktierten Rückseite eine Reduktion des Füllfaktors bei Materialien 
mit sehr niedriger Dotierstoffkonzentration zu erwarten ist. Eine weitere Steigerung des 
maximalen Wirkungsgrades kann durch gezielte Optimierung der Emitterdiffusion und 
der Wasserstoffpassivierung für die jeweiligen Materialien erreicht werden.  

                                                 

48 Der Messwert wurde vom unabhängigen ISE CalLab bestätigt. 
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