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INTRODUCTION

1.1 Abstract

Throughout the last century - the oil era - the normal climate fluctuations
of planet Earth have been strongly affected by anthropogenic carbon dioxide
emissions [1]. Convincing evidence has been given lately by several scientific
studies on climate change by anthropogenic global warming [2,3]. The severe
impact of this phenomenon on wild animals, plants and ecosystems has been
extensively studied [4]. The projected impact on the environment as melting
glaciers, decreasing drinking water supplies, sea-level rising, and extreme tem-
peratures will not only affect nature but us - human beings [5], far less adaptable
than nature. However, it will be the future generations that will have to deal with
the consequences. Changes in the ecosystem may be irreversible, however, it is
well-known that a complete change to renewable energies will strongly reduce the
anthropogenic emission of greenhouse gases [9].

The potential of renewable energies (specially solar energy) to be used as a
clean and powerful source of energy is striking (see for instance references [7,8]),
and already many applications are found today working flawlessly. Renewable
energies, however, still need to convince many governments to be the best and
only alternative to the still most common energy sources as coal, oil, gas, and
nuclear power.

Most of all countries in South America, with high potential for renewable en-
ergies, have not yet started to understand this point. Although it is well-known
that self-sufficient countries avoid conflicts over resources [6], Chile, for example,
depends on other countries to satisfy its need for energy with strong political
problems. Its potential for renewable energy, however, is enormous, as in the
north, the driest place on Earth, the Atacama desert, is found - one of the most
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2 Chapter 1: Introduction

suitable regions on Earth for solar energy [10].

One of the most promising technologies to produce electricity from solar en-
ergy is the use of photovoltaics (PV) for power generation by silicon solar cell
panels. Today many scientist are working on the PV field to improve the efficiency
of state-of-the-art industrial silicon solar cells. Novel solar cell concepts should
fulfil the compromise between high efficiency and low production costs, to make
solar energy a competitive source of clean electricity. Thinner silicon solar cells
with rear passivation will surely help to achieve this goal [11].

This chapter introduces the motivation of the present work based on the next
generation industrial solar cell, with a rear passivation layer and local rear contact
formation. By the end of the chapter, the state-of-the-art rear passivated solar cell
is introduced, ending with an outline of the thesis.

1.2 Motivation: Contact Formation for Rear Passivated Solar
Cells

In advanced solar cell concepts, where the reduction of the silicon material
thickness and the increase of cell efficiency necessitates the improvement of
the rear surface design, the rear side incorporates a passivation layer that is
interrupted by small-area local aluminum contacts. The potential of this cell
structure is discussed in several publications [11–16].

The industry shows strong interest in these solar cell concepts with a passi-
vated, locally contacted rear side, due to their higher efficiency on thinner wafers
as a key requirement for the next generation of solar cells, in order to decrease
the costs per power output. The use of thinner wafers means an important
saving potential for silicon in the industry, since more wafers per ingot can be
produced [17].

The main results presented in this thesis are based on the rear passivated
solar cell concept. New experimental observations on the contact formation at the
rear side of this device will be presented.

For this work, screen-printed aluminum pastes and p-type crystalline silicon
surfaces were tested. The contact between aluminum and silicon is formed locally
through the openings of a rear passivation layer (dielectric). The application of
these physical observations gave rise to high efficiency rear passivated solar cells
in laboratory. Since conventional processes can be used for fabrication, this solar
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cell device presents a high potential for industrial application in the nearby future.
Important contributions to rear surface passivation techniques have come up

recently. They have been motivated by the improvement of solar cell efficiency in
industrial production [18–20]. The dielectrically coated rear surface enables an
improvement of the internal light reflection compared to a fully covered aluminum
area. Another advantage is the minimization of the rear surface recombination
velocity by a reduced Al metallization. As a consequence, the open circuit voltage
increases by reducing the recombination at the rear side. Another aspect is that a
decrease of metallized area reduces the mechanical bow of the wafer due to the
different thermal expansion coefficients of Si and Al-Si alloys [21]. The spectral
response in the long wavelength is strongly enhanced for this type of solar cell
device, resulting in a gain in short circuit current and therefore, in an increase of
solar cell efficiency.

There are still open questions, however, regarding the understanding of the
local Al-Si contact formation and its influence on the local back surface field
formation for industrial screen printed aluminum pastes. The main experimental
work presented in this thesis is based on the local contact formation between
aluminum and silicon (see Chapter 6).

Blakers et al. [12] were the first to present a high efficiency rear side passivated
solar cell. This device, called the passivated emitter and rear cell (PERC) showed
an increase of the rear internal reflection up to 97 %. A SiO2 barrier together with
a locally alloyed Al/Si interface formed the rear structure. Although the result was
not obtained on industrial large area silicon material, the p-type float zone wafer
of 4 cm2 size showed an impressive energy conversion efficiency of 22.8 %. With
high quality bulk material an open circuit voltage of 696 mV was achieved. Due
to the high rear internal reflectivity, the short circuit current was increased up to
40.3 mA/cm2, with a fill factor of 81.4 %.

Figure 1.1 shows a schematic model of the industrial PERC structure (after
reference [14]). This solar cell has a passivated n+-layer (P-diffused emitter) at
the front side and a dielectrically passivated p-type silicon layer with local contact
openings (LCOs) at the rear. The interaction between Al and Si occurs locally, and,
as a result, sharply delimited dark lines in the thick aluminum layer appear. Thus,
the Al-Si alloy and the p+-doped Al layer (also known as back surface field, BSF)
are formed in the LCOs at the back contact area. Contrary to that, state-of-the-art
solar cells present a fully covered Al-BSF layer at the back, which gives the name
of Al-BSF solar cells.

The analysis of several solar cell structures with rear passivation (for industrial
application) is presented in the last chapter of this thesis (Chapter 7). During the



4 Chapter 1: Introduction

Figure 1.1: Solar cell structure of an industrial rear passivated solar cell (PERC structure),
showing the textured and passivated front side emitter, with LCOs at the rear and local
back surface field. The spread of Si inside Al is shown in an optical microscope picture,
which will be discussed in Chapter 6.

processing of the PERC device, crucial questions appeared in the field of local
contact formation between aluminum pastes and silicon surfaces. This thesis was
motivated by the following questions (scientific analysis is presented in Chapter 6):

• What is the influence of the contact geometry of the rear side pattern (contact
spacing, contact size, and contact opening) on the contact formation and
mass transport, and what is the impact on solar cell level?

• What is the explanation for the formation of the observed sharply limited dark
lines within the thick aluminum layer, and what is their relevance concerning
the Al-Si interaction? How is the distribution of Si in the screen-printed Al?

• Is there an influence of the firing orientation of the cells during firing on the
local Al-Si eutectic morphology?

• Why are voids formed after sintering of the contacts instead of Al-Si eutectic
layers? Which effect influences the appearance of voids and how can they
be minimized?
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1.3 Outline of the Thesis

Three main parts and six chapters give this work its structure:

Part I, Basic Principles and Processing of Silicon Solar Cells

This part is divided in three main chapters and gives an introduction to the
processing and physics of silicon solar cells.

• Chapter 2 introduces the processing of an industrial state-of-the-art silicon
solar cell, showing the typical processes and their development. This
classical device is compared with more advanced concepts as the selective
emitter solar cell and the rear passivated solar cell. All this devices will be
processed, characterized and analyzed in this thesis.

• Chapter 3 introduces the basic principles and fundamental physical con-
cepts of solar cell devices, as applied throughout this thesis. Basic defini-
tions are clarified, giving an introduction into the loss mechanisms of solar
cells that diminish the performance, mainly due to recombination centers
and optical and electrical losses within the device.

• Chapter 4 introduces an application of an innovative selective emitter con-
cept, as a starting point into the understanding of solar cell processing.

Part II, Aluminum-Silicon Contact Formation

This part is divided in two main chapters and contains the main work of this
thesis: the understanding and optimization of the local contact formation between
aluminum and silicon.

• Chapter 5 presents a complete overview of the contact formation between
screen printed aluminum pastes and silicon surfaces.

• Chapter 6 presents the main result of this work on the local contact for-
mation between the p-type crystalline silicon and screen printed aluminum
pastes at the rear side, giving answers based on experimental observa-
tions and physical explanations for the questions introduced in the previous
section.
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Part III, Analysis of Industrial Rear Passivated Solar Cell Devices

After the optimization of the contact formation between aluminum and silicon,
high-efficiency solar cells were developed.

• Chapter 7 shows different device concepts for rear passivated solar cells,
analyzing the impact of each processing step. The findings about Al-Si
contact formation as presented in previous chapter will be applied in the rear
passivated devices presented here. Finally, high efficiency achievements
are presented, showing the strong potential of the concepts developed
throughout this thesis for industrial application.

In the end, the highlights of the thesis are summarized and the work is con-
cluded with an outlook on further work.



Part I

Basic Principles and Processing of
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PROCESSING OF AN INDUSTRIAL SOLAR

CELL

Abstract

The process of a solar cell contains wet chemical steps, as cleaning and
texturing, and high temperature steps, as phosphorous diffusion and firing of
contacts. This chapter explores the preparation of surfaces and the fundamental
experimental procedure for creating an industrial silicon solar cell.

2.1 Introduction

In this part the principal processing sequence for the development of a state of
the art industrial silicon solar cell is discussed, as an introduction for the following
work. In table 2.1 three solar cell processes are compared: a state of the art
industrial solar cell (Al-BSF solar cell) as discussed in the present chapter, the
selective emitter solar cell, studied in chapter 4, and the rear passivated solar cell,
main focus of this thesis, which results are presented in chapter 7.

The process sequence of an industrial solar cell starts with the removal of the
saw damage from the surface. Secondly, the surface is textured to increase light
trapping. Next, the surface is cleaned and a phosphorous diffusion is performed to
create the emitter. After removal of the phosphorous silicate glass from the surface
and cleaning, the surface is passivated by an antireflection coating. Afterwards,
the contacts are screen-printed on the front and rear and sintered. In the end, the
edges are isolated and the solar cell is characterized. A few steps differentiate the
industrial solar cell from the other two concepts. The rear passivated solar cell is

9



10 Chapter 2: Processing of an Industrial Solar Cell

Table 2.1: Main process steps of the principal solar cells as processed in this thesis: state
of the art silicon solar cell (Al-BSF) compared to the selective emitter (see chapter 4) and
the rear passivated solar cell (see chapter 7)

Al-BSF solar cell Selective Emitter Rear passivated cell

see chapter 4 see part III

Texture

Polishing

Cleaning

POCl3 diffusion 1

Selective opening

POCl3 diffusion

Chemical edge isolation

PSG removal

FS PECVD-SiNx deposition

Rear dielectric

Ag, Al metallization and sintering

Laser edge isolation

polished and passivated on the back, and the edges are chemically isolated. The
selective emitter requires a two phosphorous diffusion process.

2.2 Preparation of the Surfaces (Cleaning)

Although in table 2.1 the texture is indicated as the first process, the cleaning
is normally performed as the first step to remove the saw damage. A sequence of
cleaning steps is shown in table 2.2 and is typically used on the surfaces before
deposition or before high temperature processes. The sequence of cleaning
typically used in this work to generate clean surfaces is well known and there-
fore we will concentrate in one important issue: within the cleaning process an
important step is the piranha cleaning (also known as IMEC cleaning, after the
institute where it was invented [22]). The piranha etching solution contains a
mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2). It is used before a
high-temperature step (as oxidation) to clean organic residues off silicon surfaces.
This cleaning concept is a short two step oxidation and cleaning process. Firstly,
organic contaminations are removed and a chemical oxide is grown on the surface.
Secondly, the oxide layer is etched off to remove particles and metallic surface
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Table 2.2: Cleaning process for Si surfaces used in this work before thermal step.

N◦ Process Chemicals involved Details

1 Rinse deionized H2O 1.5 MΩ
2 HCl HCl (5 %) 5 min at RT
3 Rinse deionized H2O 1.5 MΩ
4 HF HF (2 %) 2 min at RT
5 Cascade rinse deionized H2O 1.5 MΩ
6 piranha cleaning H2O2:H2SO4 1:4 80 ◦C, 10 min
7 Cascade rinse deionized H2O 1.5 MΩ
8 HF HF (2 %) 2 min at RT
9 Cascade rinse deionized H2O 1.5 MΩ

10 dry oven with N2 flux 110 ◦C, 15 min

contamination.
The oxide grows into the silicon and therefore a thin layer of the semiconductor

is removed. After removing this thin oxide layer in the same piranha process,
the remaining silicon surface is extremely clean. This cleaning step is extremely
important to achieve clean surfaces before surface passivation [22]. Nevertheless,
the cleaning process is much faster without the use of piranha etch. Often a
reduced cleaning process (referred to as HCl-HF cleaning) is used for removing
metal contamination until a hydrophobic surface is achieved (step N◦ 1-5).

2.3 Texturing and Polishing

The first main step in mc-Si solar cell processing is the isotropic acidic etching
of the surface by hydrofluoric and nitric acid based solutions (HF-HNO3, where
HF ∼ 10 %, and HNO3 ∼ 45 %). This process removes simultaneously the saw
damage on the Si surface and creates partial hemispherical structures as surface
texturing [23]. The depth of the etched surface is approx. 4-5 µm on mc-Si
material. Texturing is an efficient method to increase the optical absorption by
randomizing the incident light through light trapping [24]. The reduction of the
reflectivity of incident light increase solar cell efficiency.

Contrary to that, for Cz-Si material, the texturing is anisotropic, performed
in alkaline solutions such as potassium hydroxide (KOH) or sodium hydroxide
(NaOH) [25] mixed with iso-propyl-alcohol (IPA) which have etching rates depend-
ing on the crystallographic orientations. This leads to the formation of pyramidal
structures on the silicon surface, because etching stops at the most dense < 111 >
crystallographic plane [26]. The depth of the etched surface is approx. 8-11 µm
on Cz-Si material.
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Although in the process sequence of a standard industrial silicon solar cell the
rear side is not polished, this approach has many applications for high-efficiency
rear passivated solar cells. Important insights into its impact on the smoothness
of the surface and influence on the bulk lifetime will be given in chapter 7. The
polishing of the surface is isotropic and normally found in two chemical forms: the
acidic polishing for mc-Si material is normally achieved by HF−HNO3 concentrated
etching solutions, and the alkaline polishing for Cz-Si substrates is performed by
high concentrations of KOH or NaOH etching solutions.

2.4 POCl3 Diffusion

The main step in the creation of a solar cell from a p-type silicon substrate is
the diffusion of n-type dopants into the silicon bulk to generate the p-n junction.
In this thesis p-type silicon substrates have been used and the formation of the
n+-type emitter is performed by the diffusion of phosphorous atoms into p-Si in
a tube furnace at temperatures above 800 ◦C. The doping profile of the emitter
can be characterized by secondary ion mass spectroscopy (SIMS). It has been
shown that a standard phosphorous emitter (sheet resistance of 66Ω/�) presents
a doping profile with a peak density of 1.6x1021 cm−3, and a depth of approx.
0.27 µm into the silicon [27].

It is well known that, during the phosphorus oxychloride (POCl3) diffusion,
a phosphorous silicate glass (PSG) growths on the silicon surface and a phos-
phorous diffused emitter forms underneath the glass [28] (for more details about
the phosphorous diffusion processes in the photovoltaic see references [29,30]).
An application of the POCl3 diffusion with in-situ thermal oxidation is given in
chapter 4.

2.5 Antireflection Coating

Silicon is actually opaque within the visible range of the optical spectrum, and
can be considered transparent in the near infrared spectra [31]. Because its
surface is highly reflective, showing a high index of refraction (ni ), antireflection
coatings (ARC) are normally used to overcome this effect, reducing the reflection
(R) of incident light. An ideal ARC for the front and for the rear surface of a solar
cell is achieved when the total reflectivity at the front surface is zero (R = 0) and
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Figure 2.1: Principle of a quarter wavelength antireflection coating: incident light from air,
through the ARC and into the Si interface.

at the rear surface is maximum (R = 1) [24]*. Hence, every incident photon is
absorbed and generates a new electron-hole pair. The absorbance of the device
is increased through dielectrics with index of refraction higher than 1 (ni >1) [24].
The index of refraction is a function of the wavelength [32]. Nevertheless, for a
silicon cell measured under air, the refractive index is normally approximate to
nopt ≈ 3.8 [33] (see Table 2.3). A work on this topic is found in reference [34].
Following the principle of a quarter wavelength ARC [33] (see Figure 2.1), the
minimum for the reflection is found when

n1d1 = λ0

4
(2.1)

and reads (see Figure 2.1):

Rmi n =
(

n2
1 −n0n2

n2
1 +n0n2

)2

(2.2)

This relation means that for one dielectric layer the zero reflectance is achieved,
when the film thickness is equal to one quarter of the wavelength. Total absorption
of light is found at zero reflection, when the square root of the index of silicon is
equal to the index of ARC n1 ≈ 1.95 (which approximates to the index of a silicon
nitride film as shown in Table 2.3, and normally used in PV). It means that for
silicon, the optimal dielectric layer might have an index of refraction of 1.95. Using
equation 2.1 the optimal thickness for the ARC in order to have zero reflection at
600 nm (maximum of the solar spectrum) is:

d1 = λ0

4n1
≈ 76.95nm (2.3)

*Specially on mc-Si surfaces, a darker grain boundary implies a lower reflectivity region [26].
†The refractive index strongly depend on the wavelength. These values are normally determined

by a wavelength of 632 nm, which represents a red laser diode as implemented in Ellipsometry. This
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Table 2.3: Refractive indices of Si, SiNx , SiO2 as used throughout this thesis.

Surface/layer Chemical name Refractive index

n0 Air 1.00
n1 PECVD silicon nitride SiNx 2.05
n1 Thermally grown silicon dioxide SiO2 1.46
n2 Silicon Si 3.80†

2.5.1 Plasma Silicon Nitride Deposition

During the plasma enhanced chemical vapor deposition (PECVD) a reaction
between silane (SiH4) and ammonia (NH3) occurs at high temperatures in a
furnace, allowing the deposition of thin silicon nitride films. This method is regularly
used in PV as an electrical field effect passivation and ARC. The reaction is given
by: 3 SiH4 (g) + 4 NH4 (g) → Si3N4 (s) + 12 H2 (g) [31].

2.6 Thermal Oxidation

Thin silicon dioxide (SiO2) films, thermally grown into silicon surfaces as
dielectric passivation layer, have been in use since the integrated circuits industry
appeared in the early 60’s [35]. It is used in this thesis to study SiO2 /SiNx

stacks for rear surface passivation of solar cells. The thermal formation of SiO2 is
performed in a clean quartz furnace at high temperatures (800 - 1200 ◦C). The
oxide layer is grown in a dry atmosphere by pure oxygen as follows:

Sisol i d +O2 −→ SiO2 (2.4)

The growth of thin SiO2 dielectric layer consumes only a few nanometers of
the silicon surface with a thickness approximated to 45 % of the thickness of the
SiO2 layer grown‡. To achieve a good passivation by dielectric layers a highly
clean surface is required. The growing rate of the oxide depends on the crystal
orientation as shown elsewhere [35].

value is a good approximation in PV, because the minimum reflectivity of an ARC in a solar cell device
is optimized for 600 nm.

‡I.e. in order to achieve 10 nm thermally grown SiO2, 4.5 nm of Si surface will be removed during
the process.
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2.7 Screen-printing Metallization and Sintering of Contacts

The metallization of solar cells in the industry is still mostly performed by
means of a screen-printing technique. On the illuminated side silver pastes are
used to perform the characteristic H-pattern design with three busbars for module
assembly and fine lines. However, the continuous increase in the price of silver
has shown that other materials, as copper paste, and new printing techniques are
required for the future solar cells [36].

The rear surface is fully covered by aluminium pastes, and silver pads are
incorporated for module assembly. The contact is formed during firing the samples
in a lamp heated conveyor belt furnace. On the front, the glass content in liquid
state fires through the ARC to contact the emitter [37]. On the rear, a fully covered
Al-Si alloy is formed and the Si interface is highly-p+-doped by Al atoms, forming
the well known back-surface-field (BSF, see part II). Therefore, state of the art
solar cells are well-known as Al-BSF solar cells.

2.8 Edge Isolation

After the phosphorous diffusion, a n+-doped layer fully covers the Si substrate
(if no back-to-back process is used [38]). During the metallization, the alloying
process between Al and Si overcompensates the shallow P-doped layer on the
back (the emitter is few microns deep compared to the 10 µm deep Al-Si eutectic
layer). At this point, the front and rear form a short circuit through the edges of the
substrate. The electrons in the emitter region can easily move through the emitter
at the edges to the back, shunting the solar cell. Two types of edge isolation are
normally used: laser edge isolation at the front (see for instance reference [39])
where laser lines that are a few microns deep separate the front side emitter from
the rear (laser damage may reduce cell performance); and an inline chemical
edge isolation which etches the back emitter layer completely before metallization
(no damage of the front side is performed).

2.9 Dielectric Ablations

Dielectric layers can be used as barriers against thermal processes, as dif-
fusion or thermal oxidation. Selectivity can be easily achieved by ablation of
dielectrics. The ablation of dielectrics is performed in this work by etching pastes.
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The pastes used are environmentally friendly and provide excellent screen printing
behavior. Some etchants of dielectrics are also addressed in this section.

2.9.1 Etching Paste

The etching of the dielectric is performed using the screen-printable isishape
SolarEtchT M etching pastes from Merck KGaA [40]. Two products are presented:

The BRS Etching Paste: Is a fluoride containing paste, designed to etch SiO2

layers at room temperature. The pink color of the BRS paste makes it easy to
differentiate from BES which is black. The etching rate of a thermal SiO2 layer is
typically 3-4 nm/s at room temperature. For the screen printing process, standard
stainless steel screens of 250-280 mesh count and 20-25 µm wire diameter were
used. The emulsion of the screens has a thickness of about 20-25 µm. The
squeegee speed of the screen printing machine is 15 cm/s. For the best etching
performance of this paste resulting in a continuously etched line through the
dielectric layer, it is necessary to use a continuous process flow. To clean the
screens from the paste they are rinsed in water, leaving a low organic and fluoride
concentration in the volume of water used.

The BES Etching Paste: The BES etching paste is a HF and Chloride free
paste, designed to etch SiNx or SiO2 dielectric layers. It contains phosphoric acid,
a useful etchant of dielectric films [41]. Almost all of the dielectric layers presented
in the publications and throughout this thesis were selectively opened by screen
printing this phosphorus containing etching paste. This paste requires higher
temperatures than BRS. The activation of the etching properties is done by drying
the wafers slowly (4 min.) in a 6 zones infrared conveyor belt furnace at 330 ◦C.
The etching rate of a thermal SiO2 layer is typically 1.5-2 nm/s, and 3-4 nm/s for
PECVD SiNx , during the drying. Immediately after the drying step the wafers
were placed in carriers and put into an ultrasonic bath for cleaning. The cleaning
of the etching paste is completed after a few seconds in an ultrasonic bath with
deionized water and 0.2 % potassium hydroxide (KOH), at 40 ◦C. For textured
wafers the opening of dielectrics may be improved by increasing the KOH content
in the deionized water in the bath. This paste will be used in the present work.

Some authors applied these etching techniques for selective emitter solar cell
concepts, showing differences in the performance between these two commercial
pastes (see reference [42]).
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2.9.2 Some Etchants of Dielectrics

The etching of dielectrics is used in the processing of rear passivated solar
cells, when dielectric layers are deposited as barriers against thermal processes.
During the processing of solar cells in this thesis, three main etching processes
were studied. The etching rate of as-cut Si < 100 > by 22 % NaOH was tested (this
process is normally performed for polishing the surface) and the etching rate of
SiNx by 2 % HF was studied. This is useful when SiNx is used as a barrier against
a following thermal step, as thermal oxidation or diffusion. Al-si alloys were etched
by HCl in order to analyze the shape of the alloy in the silicon material.

KOH, NaOH Solutions: In low concentrations with organic additives these
alkaline solutions are used for anisotropic etching of silicon (texturing). In high
concentrations, the etching process is similar to an isotropic etching (polishing).

Hydrofluoric Acid (HF): This acid is used for etching of dielectrics, such as
SiO2- and SiNx-silicon layers.

Hydrochloric Acid (HCl): This acid is used for etching thick Al layers and Al-Si
eutectics, not removing p+-doped Si surfaces.

The etching rate of both layers, SiNx etched by HF and Si etched by NaOH,
was studied and is shown in Figure 2.2. The etching rate by 2 % HF solution of
both layers, SiNx directly after deposition and SiNx after a thermal process, was
measured [Figure 2.2(a)]. The SiNx treated by a thermal process is more difficult
to remove. The etching rate of SiNx by 2 % HF is approx. 2.4 nm/min, and the
etching rate of thermally treated SiNx (900 ◦C) by 2 % HF is approx. 0.4 nm/min.
Figure 2.2(b) shows the etching rate of bare silicon by 22 % NaOH solution, with
an etching rate of 2 nm/min.

Figure 2.2: (a) Etching rate of SiNx by 2 % HF. (b) Etching rate of Si < 100 > by 22 %
NaOH.
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BASIC PRINCIPLES OF SOLAR CELLS

Abstract

The photovoltaic effect was discovered by A. E. Becquerel in 1839 [43]. G. W.
Pickard invented the crystal detector in 1906 [44,45] with strong radio receiving
properties, using for the first time the semiconductor properties of silicon*.

The first p-n junction silicon light-sensitive electric device was invented by R. S.
Ohl [46]. This was the first time that a photovoltaic effect in elementary material
was found [44]. Ohl found segregation of impurities in a metallurgical silicon ingot.
He found that boron and aluminum created gaps in the crystal structure of silicon,
changing the conductivity of the material to p-type, and phosphorus contributed
with excess of electrons, changing the conductivity of the material to n-type [44].

Today the three impurities found by Ohl are still widely used in the photovoltaics
industry of crystalline silicon (c-Si) solar cells with different approaches: for
creating emitters (phosphorus or boron diffusion, or sintering of screen-printing
aluminum), for doping the bulk material (phosphorus or boron doping during
crystallization), and for creating front surface field (FSF) or back surface fields
(BSF).

This chapter explores the fundamental physical concepts of solar cells. The
principal characteristics and characterization methods of solar cell devices will
be presented and the basic definitions of loss mechanisms in solar cell are
introduced.

*Si is one of the most abundant elements on earth.

19
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3.1 Characterization of Solar Cells

Industrial solar cells require high efficiency at low cost (high reproducibility,
simple processes, good reliability). Nevertheless, there are some fundamental
limits to the maximum power conversion efficiency of the solar cell. In this section,
typical characterization methods are shown.

3.1.1 I -V -Characteristic

Solar Cell Efficiency Limit

The solar cell efficiency (η) is defined as the ratio of maximum output power
(Pmp ) to a load to the incident solar power (Popt ) on the cell (see equation 3.1).
The bandgap of silicon is 1.12 eV, and therefore, only incident light with photon
energy (hν) equal or above the bandgap can be used for photogeneration of
charge carriers within the solar cell (see section 3.3, light absorption of Si).
The excess energy above the bandgap increases the device temperature by
thermalization of the excited electrons. Thus, only the bandgap energy can
be transferred into electrical energy. The solar cell efficiency is measurable
in terrestrial applications at a temperature of 25 ◦C by considering the energy
spectrum, which penetrates the atmosphere, as quantified by the Air Mass, AM1.5.
Based on radiative recombination the detailed balance limit of solar cell efficiency
has been first published by Shockley and Queisser [47] to be 30 %. Nevertheless,
an extended model including Auger recombination, free carrier absorption, and
radiative recombination has shown an efficiency limit of 29.8 % [48] under AM1.5,
for c-Si solar cells.

η≡ Pmp

Pl i g ht
= JSC VOC F F

Pl i g ht
(3.1)

Open-Circuit Voltage Limit

The upper open-circuit voltage (VOC ) limit achievable in a silicon solar cell device
was shown to be 750 mV for an accessible silicon bulk material of 300 µm thick-
ness [49], measured with AM0 (space applications) at 25 ◦C. This value is much
smaller than the band gap of Si (E g = 1.12 V), because in heavily excited silicon
normally quasi-Fermi levels are located within the bandgap, forming fundamental
upper limits for photogenerated carriers which are trapped there until they recom-
bine [49]. The VOC can be obtained from the simplified first diode model by setting
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the current in equation 3.19 to zero (I = 0), obtaining:

VOC = kT

q
ln

(
1+ ISC

I01

)
(3.2)

VOC strongly depends on the dark-saturation current I0, which should be
minimal (i.e. the recombination should be minimal for an optimal VOC of the
device).

Fill Factor Limit

The fill factor (FF) characterizes the quality of the solar cell, giving the maximum
output power point, Pmp , with the coordinates (Vmp , Jmp ) in the fourth quadrant of
the I -V characteristics of a solar cell under illumination. Generally, FF is given by
the following equation:

F F ≡ JmpVmp

JSC VOC
·100 % (3.3)

The FF achieves its maximum (FF = 100 %) when Pmp = JSC ∗VOC . It will be
shown in this thesis that good solar cells can achieve 80 % FF. The higher its
value, the higher the quality of the solar cell device. The FF, however, depends on
many parameters and is therefore only expressed as an approximation in some
defined ranges in terms of other cell parameters [50]. Several publications have
shown empirical approximations for the FF of solar cells, showing for the ideal
case (without losses) that FF is depending only on VOC [50,51]. Generally, the
FF is mainly affected by series resistance and shunt resistance losses in the cell,
and by the second diode (ideality factor 2) of the device.

3.1.2 Spectral Response

The solar spectrum on earth is approximated to the AM1.5 standard. The
spectrum defines different photon wavelengths, with their respective photon
energies, which produce photocurrent in the solar cell device from the absorbed
incident light. The response of the solar cell device to the incident light is defined
by the spectral response (SR). To characterize the spectral response of a solar
cell and in order to determine the generated photocurrent, one measures the
charge carriers collected in the solar cell device per flux of incident photons,
known as the quantum efficiency (QE). Two forms of QE can be defined: for
externally observed response, known as the external quantum efficiency (EQE),
and for internal response, known as the internal quantum efficiency (IQE). In the
ideal case, no recombination mechanisms, no absorption losses, and no reflection
losses limit the device. In this case, QE is unity [52].
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The ratio of generated charge to incident photons as observed externally, is
given by:

EQE(λ) = Iph/q

Popt /Eph
= Iph/q

Φi n(λ)
(3.4)

In equation 3.4, the ratio of the photocurrent Iph to the incident photon power
Popt is known as the spectral response (SR), or responsivity [52] of the device,
where Iph gives the flow of electrons moving from the valence band to the con-
duction band and Popt is the optical power [53]. Thus, Iph should me maximized,
by maximizing the absorption in the bulk†.

Representing the spectral response mathematically, one gets:

SR(λ) = Iph

Popt
= q

hν
EQE(λ) = qλ

hc
EQE(λ) (3.5)

In equation 3.5, q/hν=V −1
g , with Vg defined by Shockley [47] as the voltage at

which each incident photon with energy greater than the bandgap of Si (hν≥ E g ),
will produce one charge (q). The SR is enhanced at specific wavelengths, through
different processing steps in the device. For instance, the blue light response of
the solar cell is enhanced by lowly doped emitters and high surface passivation
qualities (see for instance the selective emitter concept in section 4.1). In the
same way, the infrared response is enhanced by better rear passivation qualities
and light trapping (see for instance the rear passivated solar cell in chapter 7).
At the same time, the ratio of generated charge to incident photons as observed
internally, is given by:

IQE(λ) = Iph/q

Popt /Eph[1−R(λ)]
= EQE(λ)

[1−R(λ)]
(3.6)

Thus, the internal quantum efficiency IQE is the ratio between absorbed
photons and collected electrons [55]. In equation 3.6 the quantum efficiency
considers the total reflectance (R) which is the sum of the front reflectance of
incident light, and the escape reflectance outside the device [56]‡.

The escape reflectance considers the internal reflection at the rear of the
device, which is appreciable in the infrared spectral response of the device.
Normally, the rear surface reflectivity is ignored in approximate modeling of solar
cell devices [57]. Fischer showed that the effective diffusion length, Le f f , can be
related to the internal quantum efficiency, IQE, and the absorption length α−1 in

†It has to be mentioned that the photoelectric sensitivity is a result of the temperature effect on
the distribution of the electrons in different levels [54].

‡The reflection is measured in the UV-Vis-NIR spectrometer.
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the following simplified expression, for moderately absorbed light [55]:

Le f f =α−1
(

1

IQE
−1

)−1

(3.7)

This expression for the effective diffusion length is often used as an important
parameter to determine the short wavelength current collection and the current
injection in the dark [55].

3.1.3 Short-Circuit Current Density

The short-circuit current density (JSC ) depends on the device structure, quality
of the bulk material, and operating conditions. Its value is given by the convolution
of the external quantum efficiency, EQE, and the number of penetrated photons,
Φi n , along the light spectrum:

JSC = q
∫

EQE(λ)Φi n(λ)dλ (3.8)

JSC is strongly limited by optical and recombination losses. It will be shown later
that the reduction of the reflectivity of bare silicon by deposition of an antireflection
coating (ARC) increases the trapping of light in the device and thus enhances JSC .
Also the absorption is enhanced by reducing shadowing losses of metal contacts
at the front of the solar cell, as in the case of the interdigitated back contact solar
cell (IBC) [58].

As shown by the absorption coefficient of intrinsic silicon, long light wave-
lengths need a minimum material thickness or a good light trapping at the rear in
order to be effectively coupled into the cell and to generate charge carriers in the
bulk§. These requirements are fulfilled by the dielectrically coated rear surface of
thin Si solar cells, as studied throughout this thesis.

Electron-hole pairs generated far away from the p-n-junction present high
probability of recombination at bulk defects or at the surfaces, reducing JSC . The
rear surface passivation quality plays an important role in the electric and optical
performance of the solar cell. This thesis shows that the rear dielectric coating
improves JSC due to the higher internal reflectivity of the coating compared to a
fully covered Al back surface field (BSF). Also better passivation qualities than the
Al-BSF are demonstrated by means of the rear dielectric coating to reduce the
surface recombination velocity.

§A light wavelength of 1000 nm has a penetration depth of 100 µm in the bulk material.
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3.1.4 A few Characterization Tools

Scanning Electron Microscopy

In this thesis the Al-Si alloy junction is characterized by scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spectrometry (EDS/EDX). The cross-
sectional analysis is performed after laser cutting of the samples. High-quality
SEM micrographs can be achieved with the respective selection of parameters
and no extra cleaning step. The parameters to be used are as follows: acceler-
ation voltage 10 kV, specimen current 780 pA, scanning speed 5.4 µs/pxl, and
electron beam focused to 660 nm in diameter. Counts at the SiKα line were taken
for 300 s, with a line scan width of 10 µm. Highly doped regions are visible to
the eye (i.e. p+-doped areas by Al), because the emission intensity from doped
structures is logarithmically proportional to the active dopant concentration [59].
The EDS/EDX analysis is hence a strong characterizing technique, which turns
imaging into a quantitative analysis tool [59].

Light Beam Induced Current and Electroluminescence

The light beam induced current (LBIC) is a topographical measurement technique
usually applied to detect losses within the solar cell. This method is also called
mapping technique, due to the point to point scan across the wafer surface. It
combines the high spatial resolution of a probe beam with electrical signals from
the recombination of excess electron-hole pairs [60, 61]. This method gives a
detailed understanding of parameters that may be responsible for the reduction
of the solar cell efficiency. The efficiency of a multicrystalline (mc) silicon solar
cell is well known to be limited by defects where strong recombination places are
sited for minority carriers, normally localized within dislocations. LBIC makes the
areas with low minority carrier lifetime visible. The mapping method is a strong
technique, nevertheless one of the large disadvantages is the rather long time
taken to cover a large surface mapping¶. A laser beam scans along the surface,
reading out the current on each measured point. The different light wavelengths
of the laser allow to analyze different layers within the solar cell. For instance, at
400 nm the emitter surface is dominating the cell performance, at 800 nm the bulk
is characterized; and above 900 nm the rear surface of the device is visible for
analysis.

The measurements presented in this work were performed by a Semilab WT-

¶For example a 156x156 cm2 cell with a LBIC resolution of 125 µm needs up to 16 h to be fully
inspected by 4 laser wavelengths.
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2000 system. The measuring method presents a spot size of 100 µm with four
variable light sources. The LBIC method is performed on sintered solar cells
with contacts. Also the reflection is measurable for each four light wavelengths,
allowing to calculate the IQE response. Bulk and rear recombination properties of
the solar cell are indirectly determined as Le f f , which is obtained from the LBIC
method. The Le f f and IQE results allow to characterize the performance of the
finished solar cell, indicating the quality of the cell process. Through the LBIC
method it is also possible to determine the IQE response from the EQE and R
data.

The Electroluminescence (EL) analysis is based on an optical phenomenon
which makes a semiconductor to emit light by passing a current through the
material rather than by the absorption of photons [62]. Its mechanism is the
opposite of generation, here the injected carriers recombine within the bulk
emitting light. This approach allows to recognize the regions within the solar
cell where losses in recombination and series resistance are present. It is a
strong tool for the analysis of dislocations within mc-Si material which are visible
as dark regions on the EL-picture.

3.2 Loss Mechanisms of Solar Cells

The power conversion efficiency of the solar cell is limited by loss mechanisms,
predominantly by series resistance losses and recombination mechanisms. Both
mechanisms are described in the present section.

3.2.1 Series Resistance Losses

The series resistance losses, RS [Ωcm2] can be dominant for the reduced solar
cell performance by limiting the output power of the solar cell device. The total RS

is given by all parasitic ohmic losses as found throughout the solar device, which
increase the resistance of the current transport, as shown in Figure 3.1 [63]. Its
value is given by:

RS =
6∑

i=1
Ri (3.9)

where Ri represents each component of resistance. R1 is the contact resistance
between the fully covered Al rear layer and the p-Si bulk. Due to the high series
resistance of the bulk material and the large covered area, its value has a non-
measurable influence on the total current-voltage characteristic and is generally
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negligible [64]. R2 is given by the doping of the bulk material. R3, one of the
main contributors to RS , is the sheet resistance of the emitter and depends on the
emitter profile characteristics (i.e. doping concentration, thickness). R4 is given
by the contact resistivity. R5 and R6 represent the resistance of the silver finger
grid contacts and busbars, and their values depend on many factors as the paste
properties (glass and silver composition) and deposition method (firing profile and
geometry).

High series resistance mostly affects the FF of the solar cell. The maximum
is reached when RS → 0 (ideal case), and decreases with increasing series
resistance. JSC is also affected by RS , decreasing its value more than 8 mA/cm2

when RS increases to values up to 20Ωcm2 [65]. RS values of standard industrial
solar cells are in the range of 0.5-1Ωcm2.

Shunt Resistance

The shunt resistance losses are caused by short-circuits in solar cell devices.
The shunt resistance, also called parallel resistance (RP ), is measured in Ωcm2.
The most affected variable is the FF of the solar cell which achieves its maximum
when RP →∞, and decreases with decreasing shunt resistance. The open-circuit
voltage is also affected, reducing its value by more than 300 mV with RP values
as low as 10Ωcm2 [65]. Thus, for good solar cell performance, RP needs to be
maximized (values in the range of 104 Ωcm2 are required).

Bulk Resistivity

The conductivity, σ, of a semiconductor with electrons and holes as charge
carriers, is represented by the sum of the product of the carrier concentrations (n,

Figure 3.1: Different contributions to total series resistance loss in a solar cell device, after
reference [63].
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p) with their mobilities (µn , µp ), and is given by:

σ= q(µnn +µp p) = 1

ρ
(3.10)

Its value increases by several orders of magnitude when the doping concentra-
tion in the bulk material is increased, and under illumination due to the increase
of free net charge carriers [52]. ρ [Ω-cm] is the resistivity of the material. The
mobility of charge carriers is variable and depends on the diffusion coefficient in
presence of a concentration gradient of defects [52,66])||, and can therefore also
affect the material resistivity.

Ohmic Contact

Contact losses are supposed to only faintly disturb the device performance.
Therefore, in order to transport the photocurrent out of the semiconductor with
minimal losses, a negligible metal-semiconductor contact resistance, which shows
ohmic behavior, is required [64, 67]. Ohmic contacts obey the fundamental
requirements of Ohm’s law within a large voltage range [64].

Ohmic contacts are achieved by high doping concentrations of the silicon and,
according to the Schottky theory (see reference [68]), by low barrier heights or
small barrier widths to the metal. In a solar cell device this is an important topic
since two metal-semiconductor junctions are found in direct contact to the cell
structure: at the front, crystalline silver particles contact the emitter, and at the
rear, an aluminum-silicon (Al-Si) eutectic is found. Therefore the most practical
technique in photovoltaics to achieve high performance contacts is to deposit
the metal onto a highly doped semiconductor, as already shown by Cabrera et
al. [69].

Low-resistance ohmic contacts at the rear side of industrial solar cell structures
are a result of the interdiffusion between Al and Si, which takes place at the
local contact interface [70]. However, the interaction between Al and Si (their
interdiffusion), is not homogeneously distributed at the interface over the contact
area [71]. This phenomenon will be discussed in more details in chapter 6.

The total contact resistance, RC , can be obtained by dividing the contact
resistivity value, ρc , by the contact area A. It has the unit Ohm (Ω) and is given by
the following equation [52]:

RC = ρc

A
(3.11)

||The mobility is proportional to the diffusivity, D, divided by the thermal voltage, kT /q (Einstein
relationships).
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Contact Resistivity

As defined by Schroder [72], the specific contact resistance, ρc , is a theoretical
quantity which refers to the metal-semiconductor interface only. It is defined as the
reciprocal of the derivative of current density with respect to voltage (see equation
3.12). It has the unit mΩcm2, and characterizes the contact independent of its
area [63]**.

ρc ≡
(

d J

dV

)−1

V =0
(3.12)

The solution of equation 3.12 is approximated by physical regimes, depending
on doping and temperature, known as: thermionic emission (TE) for lowly doped
bulk material, thermionic field/emission (TFE) for intermediate range, and tun-
neling for higher doping concentrations. Due to these effects this parameter is
actually not measurable [72].

For solar cells, this parameter is approximately determined by the Transmission
Line Model (TLM, see next section). It is important to mention that the TLM method
has been widely used for measuring the contact resistance of Ag lines alloyed on
homogeneously n+-doped emitter layer (sheet resistance of the emitter constant).
Thus, there exists no generalization of the TLM method for measuring Al contact,
where the sheet resistance is not constant due to the presence of the highly
p+-doped layer (local BSF) underneath the Al lines. Nevertheless, results will be
shown for the contact resistivity by TLM approach of aluminum lines on a dielectric
layer and forming an ohmic contact to a p-type Si polished surface, assuming that
the entire contact length contributes to current transfer [63].

For solar cell devices the interpretation of ρc is of strong importance to under-
stand the performance of real contacts. It is very useful when comparing contacts
of different sizes, to give information about the quality of the metal-semiconductor
contact. Berger [73] and later also Schroder and Meier [63] have given useful
definitions and explanations of many methods to determine the contact resistivity.
They have shown significant measurement techniques for contact resistivity of
Al-Si contacts depending on surface doping concentration. Also a spatial variation
of the contact resistivity was presented and explained by taking into account the
inhomogeneity of the contacts. A variation of the contact resistivity was found from
the middle to the edges of the contact area. This is also valid for the investigation
presented in this thesis: it will be shown that the contact resistivity depends on
the homogeneity of the Al-Si alloy formation.

**The contact resistance is normalized by the area.



3.2. Loss Mechanisms of Solar Cells 29

Transmission Line Model

One method to determine the contact resistivity and the sheet resistance of the
semiconductor beneath the contact from the geometry of planar contacts, is called
the Transmission Line Model (TLM). For deep details about the measuring method,
examples and results, see for instance reference [63,73,74].

According to Schroder [63], the current transfer from semiconductor to metal
takes place on the transfer length, LT . It is clear from the equation 3.13 that LT

decreases with increasing sheet resistance (RSH ) of the diffused layer, normally
the phosphorous emitter. The two extremes are: (a) when ρc is too low, the
current transfer will be located near the edge of the metal [63] (LT is small); and
(b) when ρc is high or RSH low (LT is large, but not larger than the contact width).
Nevertheless, it will be shown in this thesis that real contacts present uniformities
on the metal-semiconductor interface, where the effective area may vary from the
actual area [63].

LT =
√(

ρc /RSH
)

(3.13)

Sheet Resistance

Thin layers as the phosphorus-diffused emitter on the top of the solar cell, are
characterized by their sheet resistance RSH [Ω/�]. Its value is normally charac-
terized by the four-point-probe method that has been used since the 50’s [75].
Generally, the sheet resistance can be obtained by integrating the emitter profile
of the phosphorous diffused layer. For a non-uniformly doped layer of thickness
W , its value is given by:

RSH = 1

q
∫ W

x
1

ρ(x) d x
(3.14)

Equation 3.14 shows that the sheet resistance is actually determined by the
resistivity profile of the diffused layer, moving along the x coordinate from the
surface (at x = 0) into the thin layer, and can be characterized by removing
thin layers one by one and measuring the resistivity of the bulk, ρ [72]. This
measuring technique is based on the electrochemical capacitance-voltage (ECV)
measurement, which allows the determination of the doping concentration peak
close to the surface of the thin doped layer. The higher the concentration NA of
phosphorus (P) dopant atoms is, the lower will be the sheet resistance, RSH , of
the P-diffused emitter.
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3.2.2 Recombination in Solar Cells

Generally, the recombination process of charge carriers is defined as the
reverse process of their generation. The thermal-equilibrium condition of a semi-
conductor (in the dark) can be disturbed by illuminating the device, increasing
the charge carrier concentration by generation of electron-hole pairs [35]. Af-
ter generation, the carriers tend to return to their original state of equilibrium
through the event of recombination. Thus, the two mechanisms to disturb the
equilibrium-condition are [52]: the recombination process of the electron-hole
pairs (undesirable) and the thermal generation through photon illumination (re-
quired). Both mechanisms must fulfill the principle of conservation of energy††.

In solar cells the recombination leads to an undesirable reduction of solar
cell efficiency due to the losses of generated carriers. The generation increases
by optimizing the absorption of photons from the incident light on the solar cell
device, increasing η. The event of generation is the most important process in a
solar cell, for converting the incident sunlight into electrical energy.

In semiconductors there are three fundamental recombination possibilities [35,
76], which are the band-to-band radiative recombination, the band-to-band Auger
recombination (non-phononic mechanism) and the recombination through defect
levels or traps (phononic mechanism) (see Figure 3.2).

The last two events dominate in Si solar cells.

Band-to-band Radiative Recombination

The radiative recombination is the reverse of the absorption and occurs when
an electron jump from the conduction band, EC , into the valence band, EV , and
this event is therefore faster in a direct-bandgap (Eg ) semiconductors than in
an indirect one. Direct-bandgap semiconductors (as GaAs) have the minimum
of EC and the maximum of EV at the same wave vector, k [66]. An electron
with the necessary energy to jump from the valence band into the conduction
band becomes free to move in the crystal. By the transition of the electron to
the conduction band, a hole is created, which is as well free to move in the
valence band (generation, see reference [66]). An electron, however, can also
lose energy and fall back into the valence band, recombining with a free hole (see
reference [66]). The energy by this recombination event is released in the form of a
photon. Hence, this is a 3-particle process [35]. Their energy is near to the visible
range and therefore this process is exploited in devices such as light-emitting

††The energy of an electron in transition is conserved by emitting a photon (radiative recombination)
or by transferring the energy to another electron or hole, exciting its state to a higher level instead of
emitting light (Auger recombination) [35,52].
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diodes (LEDs). Due to the indirect bandgap in most group IV-semiconductors (Si,
Ge), the radiative recombination is unlikely to occur and is normally negligible.

Auger Recombination

The Auger recombination is defined as band-to-band recombination. In the band-
to-band Auger process, an electron at EC falls back to the EV by transferring
its original energy to an electron in EC , which is excited to a higher level in the
Brillouin zone. The separation of the wave vector, k, in indirect-semiconductors
assist the occurrence of an Auger event with minimal activation energy. The Auger
mechanism dominates the recombination in heavily doped silicon or when silicon
is in high-injection levels [57]. The Auger recombination is the direct recombination
between an electron and a hole and, in solar cells, occurs when holes are injected
into the heavily doped n+-region (emitter) [52]. η is affected by the minority
carrier lifetime in the heavily doped regions [76]. Good quality bulk materials
are predominantly affected by Auger recombination [33, 76]. Furthermore, the
quantum efficiency and the emitter saturation current of highly doped emitter
layers are affected at low injection conditions [77].

This recombination process is quantified via the Auger coefficients [78].

Recombination Through Defect Levels, Shockley-Read-Hall

Impurities, incorporated in the bulk material during crystal growth, doping, process-
ing, and so forth, can act as recombination centers located within the bandgap [66].
The resulting Shockley-Read-Hall (SRH) [80, 81] recombination process is the
predominant recombination process in Si bulk devices [57]. Electrons within
non-pure materials and in transition between bands are affected by the energy
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Figure 3.2: Recombination in semiconductors as discussed in the present section (after
reference [79]).
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states created within the band gap (impurity in the lattice).

Excess Carrier Lifetime

Lifetime can be understood as the average time between the generation event
of a free carrier and its recombination. It depends on many parameters as the
temperature, carrier concentration, energy gap, and others. It was defined by
Beattie and Landsberg [82] as the ratio of the non-equilibrium number of electron-
hole pairs (N ) to the total recombination rate (R). When neglecting the effect of
defect traps, the lifetime is obtained by:

τ≡ N

R
(3.15)

The total bulk recombination rate is the sum of the individual rates of each
recombination event [35]. Thus, the total bulk carrier lifetime is given by:

1

τb
= 1

τr adi ati ve
+ 1

τAug er
+ 1

τde f ect
(3.16)

As shown by Equation 3.16, the total bulk carrier lifetime is limited via several
recombination processes, which occur in the semiconductor at different doping
concentrations. The lifetime decreases with increasing dopant concentration:
at high doping concentrations (NA > 2x1018 cm−3 or ND > 6x1018 cm−3) lifetime
is Auger-limited and decreases quadratically with increasing dopant concentra-
tion [78]. In moderately and low doped regions, recombination via defect levels
dominates [76], where lifetime is SRH-limited and decreases quadratically with
increasing temperature [78].

Diffusion Length

The mean distance travelled by a charge carrier, immediately after its generation
and until annihilation, is given by the square root of the lifetime τ, as:

L =
p

Dτ (3.17)

In equation 3.17, D is the diffusivity depending on the temperature, doping
concentration, and mobility [83]. Thus, the diffusion length (L) is a function of
temperature and lifetime. Equation 3.17 is normally used to calculate the diffusion
length of charge carriers in the semiconductor bulk. Both the bulk diffusion length
and the bulk lifetime are limited by recombination.

When L << W , the dark saturation current, I0, which summarizes recombi-
nation events in the solar cell, is independent of the rear surface passivation
qualities. In the desirable case, L >>W , the charge carriers come in contact with
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the high-p+-doped layer at the back of the device, being repelled back into the
bulk, reducing the recombination at the rear surface.

Surface Recombination Velocity

The surface recombination velocity characterizes the surface quality of the device.
It depends on the properties of the surface states, on the injection level and on the
doping [35]. Rear surface passivation will enhance the spectral response of the
solar cell at long wavelengths (λ) and increase JSC due to the reduction of the rear
surface recombination velocity (Se f f ). Passivating layers as thermal oxide [35] and
aluminum oxide Al2O3 deposition (created by atomic layer deposition [84]) have
shown low surface recombination rates (70 and 80 cm/s, respectively), compared
to fully covered Al-BSF (450 cm/s) as recently published by Gatz et al. [85].

3.3 Light Absorption of the Silicon Material

The photons with an energy equal or above the band gap (hν > E g ) are
absorbed in the Si bulk and generate electron-hole pairs. This process is the
inverse radiative recombination event. The photons with an energy lower than the
bandgap (hν< E g ) do not electrically affect the Si material, due to its transparency
to their wavelengths.

The absorption coefficient, α [cm−1], measures the distance a wave of light
travels into the material [66]. In the case of ion-implanted particles, the absorption
coefficient measures the distance a wave of light travels into the material before it
is completely absorbed. α and the absorption depth for Si at RT are determined
by λ, as shown in Figure 3.3, and is defined by equation 3.18 (see reference [86]).
α varies with the temperature, therefore here only the equilibrium conditions at RT
are considered. α is related to the extinction coefficient, k, and λ by the following
formula:

α= 4πk

λ
(3.18)

Formula 3.18 represents the strong dependence of α on λ, as also shown in
Figure 3.3. Photons of short λ are captured within a few microns from the surface
of impact. Photons with higher λ are absorbed deeper in the cell. For optical
properties of the rear side surface, long λ should be take into account.

As shown in Figure 3.3, above λ = 1000 nm the absorption depth for incident
photons is approximately 150 µm. Thus, at this wavelength, the characterization
and understanding of the optical properties of the rear side of the solar cell are
possible. The analysis of the spectral response of the rear passivated solar cell
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Figure 3.3: Absorption coefficient of intrinsic Si and penetration depth in Si for incident
photon wavelengths.

throughout this thesis will be done at long λ.

3.4 The Two Diode Model

The two diode model is generally used for characterizing the output current
generated by a solar cell. It accounts for parasitic series (RS) and shunt resistance
(RP ) losses, as well as for recombination losses. It is given by the following
expression:

I = Iph − I01

(
eq

V +I RS
kT −1

)
− I02

(
eq

V +I RS
2kT −1

)
− V + I RS

RP
(3.19)

When the device is illuminated, the incident photons generate the photocurrent
within the device, Iph [52]. I01 is the dark saturation current due to recombination
in the quasi-neutral regions (first ideal diode, ideality factor 1), and I02 is the dark
saturation current due to recombination in the space-charge region (second diode,
ideality factor 2). The dark saturation currents are of paramount importance in the
characterization of losses in solar cells.

The most important losses in solar cells are determined by the first (ideality
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factor 1) and second term (ideality factor 2) in the two diode model. The first term
influences the reduction of VOC and the second term the reduction of both, FF
and VOC . In short, the most important losses are: recombination in the depletion
region, low front surface and rear surface passivation, low quality of the bulk
material, low blue response due to bad emitter qualities, low infrared response
due to bad rear side surface qualities (normally determined by the first diode, thus,
by I01), losses in series resistance, shunts in the p-n junction, and spiking of metal
contacts (normally determined by the second diode, thus, by I02).
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4
SELECTIVE EMITTER SOLAR CELLS

Abstract

The first solar cell device studied in this thesis is the well known selective
emitter concept. Different processes to reduce the front surface recombination
velocity, to minimize the contact resistance, and to improve the blue spectral
response of the solar cell were recently developed and presented in the litera-
ture. For example: single deep diffusion [87,88], double diffusion process with
mask [89], selectively printing of a doping paste, auto doping of the surface or
selective application of diffusion barriers [42].

For selective emitters highly n+-doped regions are required beneath the Ag
fingers at the front side. As the highly phosphorus doped regions deliver a low
cell response in the blue region of the spectrum, these areas must be as small as
possible and should be located below the Ag metallic contact fingers. Between
the fingers a shallow doped emitter is required which can be well passivated
to keep the surface recombination as low as possible and to obtain a high VOC

accordingly. A novel process for the formation of a selective emitter is presented
by introducing a thermally grown SiO2 barrier, immediately grown after the shallow
POCl3 diffusion in the same process tube. The diffusion process leads to the
formation of both a thick PSG and an oxidized emitter underneath. The oxide
is used as a barrier for the second diffusion after selective opening of the finger
contact areas, by screen printing and drying of a SiO2 etching paste.

37
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4.1 The Selective Emitter Concept

An innovative process for the formation of a selective emitter is presented,
by using an advanced phosphorus glass as a barrier layer against a subsequent
second POCl3 diffusion. The advanced barrier glass was achieved by the for-
mation of a standard phosphorus glass treated with additional thermal oxidation
immediately after deposition in the same process tube. The resistant layer is used
as a barrier for the second diffusion after selective opening of the finger contact
areas by screen printing of a SiO2 etching paste. The process was applied for
multicrystalline Elkem solar grade silicon (SoG-Si) wafers (ESS) as well as for
references from standard electronic-grade silicon (EG-Si) feedstock. The achieved
cell parameters were compared with cell results from a homogeneous emitter
process. The efficiency decreases due to the relatively high shadowing loss of
the selective emitter solar cells and material limitations. Nevertheless, the VOC

was increased by up to 9 mV, and the short wavelength spectral response was
increased slightly with this selective emitter. The aim of this work was to combine
the SiO2 barrier with the shallow POCl3 diffusion in one process step and the
optimization of the screen printing process for selective emitter solar cells.

4.2 Experimental Part

The experiments were carried out on solar grade silicon feedstock provided
by Elkem Solar*. Crystallization and wafering of the p-type boron doped mul-
ticrystalline wafers, with an area of 156x156 mm2, a thickness of 200 µm and a
resistivity of about 1Ωcm was done by Q-Cells†.

For the selective emitter the following process sequence was applied (as
shown in the flow diagram in Figure 4.1). First of all, small holes (; 80-100 µm)
were drilled by laser at two different edges of the wafer, to enable the optical
alignment of the screen printing cameras based on these two fiducial marks. This
method uses artificial vision to find the fiducial points on the wafer, without the
need of imprecise alignment on the substrate edges. The laser holes were drilled
before the isotropic texturing to avoid any laser damage on the wafer surface.

Isotropic texturing of the multicrystalline wafers was carried out by HF-HNO3

acid solution‡ to remove the laser damage and saw damage on the surface of the

*http://www.elkem.no
†http://www.q-cells.com/
‡i.e. Rena approach.
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as-cut wafers, and to minimize the reflection of the incident light on the front side
(to enhance light trapping).

The main focus of this work is the formation of a 90-100Ω/ä shallow emitter
by POCl3 diffusion with a successive in situ thermal oxidation, to achieve a barrier
for the following second phosphorus diffusion. The in situ thermal oxidation is
achieved by increasing the oxygen flux during the first diffusion without changing
the temperature profile of the diffusion recipe. Before the second phosphorus
diffusion, the oxide layer was selectively opened with the front grid design by
screen printing the BES etching paste (see section 2.9.1). For this process, fine
etching lines were screen printed to selectively open the glass layer. As the
emitter should only be contacted on the heavily doped area to achieve a good
ohmic contact [90], exact alignment was necessary for each printing step, opening
and metallization. The screen alignment process is the most important step in
successfully making selective emitter solar cells. To achieve a fit with a tolerance
fewer than 10-20 µm, the screen printer needs to be precisely calibrated.

The second phosphorus diffusion resulted in an emitter sheet resistivity of

Figure 4.1: Flow diagram sequence of the selective emitter process, with an in situ SiO2
barrier growth after the first shallow POCl3 diffusion.
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60-65Ω/ä in the openings (below the Ag contact fingers), and still 90-100Ω/ä
between the fingers, below the passivated area§. Thus, the in-situ created oxide
layer acts well as a barrier for the second diffusion. Afterwards, the PSG was
removed by HF-dip to enable the passivation of the solar cell. The passivation is
carried out by the deposition of a PECVD SiNx layer on the front side (this coating
aims to be also an antireflection layer for the incident light).

The metallic contacts were made by a screen printing process adjusted with
the help of laser drilled holes as fiducial marks on the edges of the wafer. On the
front the same grid was used for the etching paste, as for the Ag fingers. On the
rear the contact was formed by a full area of screen printed aluminum to form the
BSF layer. Before the sintering of the contacts the inks were dried. The contacts
were sintered by an infrared furnace. Later on, the front and the rear side were
isolated by laser grooving, obtaining a high shunt resistance. The solar cells were
characterized by I -V measurement.

4.3 Screen Printing Approach: Etching of Dielectric Barriers

4.3.1 Fiducial Alignment

For the optical alignment it was found that fiducial marks (e.g. as a via made
by laser drilling) lead to a more accurate alignment between the screen and the
substrate than the alignment at the edges of the wafer.

These fiducial marks enabled an accurate optical detection by the screen
printer cameras due to the high contrast between the substrate and the back light
coming through the via. For the fiducial alignment two points were required at
the edges of the wafer (illustrated in Figure 4.2). For the Baccini screen printer
used in this experiments point 1 was on the upper center part of the wafer with
coordinates in mm (x, y) = (0,78) and point 2 was on the lower right edge of the
wafer with coordinates in mm (x, y) = (78,−78).

4.3.2 Etching Paste and Alignment Approach

To open the oxide layer a front grid of 150 µm fine lines was screen printed
by using the BES etching paste of Merck. After 1 to 2 min cleaning time some
wafers still showed problems with the removal of the etching paste because of the

§It has been shown elsewhere that a lightly doped passivated emitter ensures good collection
properties and low emitter dark saturation currents [91]
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Figure 4.2: Two points were required to achieve the optical fiducial alignment for the screen
printer. The points were 80 µm in diameter laser drilled via for the optical alignment.

surface texture (as shown in Figure 4.3). To verify this effect, a parallel experiment
was performed on non-textured Cz-Si wafers resulting in an etching time of only
few seconds.

To solve the problem on textured samples mentioned above the cleaning time
was increased and the drying temperature was optimized, until the etching paste
could be completely removed. Figure 4.3 shows two optical microscope pictures
of the local removal of the SiO2 barrier layer achieved on a textured mc-Si surface,
and the precise result of the alignment between the etched regions and the Ag
grids. The measured line width after etching is about 230 µm for the textured
surface. The alignment achieved is precise and reproducible for a screen printing
process of selective emitter solar cells.

Figure 4.3: (a) Optical micrograph showing the precise dielectric opening and alignment,
achieved by optical fiducial alignment of the screen printer. The fine etched line was 50 µm
bigger in width on each side side than the screen (130 µm). (b) Broader etching line as a
test to show the precise fiducial alignment. (c) Partly removed etching paste after several
seconds in the ultrasonic bath. The removal had to be optimized due to the isotropic
textured surface condition.
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Table 4.1: I -V measurement results of the homogeneous and the selective emitter for the
ESS and reference material.

ESS JSC [mA/cm2] VOC [mV] FF [%] η [%]
117 avg. / best avg. / best avg. / best avg. / best

homog. emitter 32.4 / 32.5 614.9 / 616.0 77.6 / 78.7 15.4 / 15.7

selec. emitter 32.5 / 32.5 623.5 / 623.7 77.5 / 77.6 15.7 / 15.7

Reference

homog. emitter 32.9 / 33.0 604.6 / 605.8 77.3 / 77.7 15.4 / 15.5

selec. emitter 33.0 / 33.1 609.1 / 612.2 76.3 / 76.3 15.3 / 15.5

4.4 Solar Cell Results

4.4.1 I -V Characterization

The results of the I -V measurement are shown in Table 4.1. The selective
(selec.) emitter is compared to the homogeneous (homog.) emitter on the Elkem
Solar Silicon (ESS) and to reference wafers.

It has been shown in previous work [92], that the ESS material is stable against
high temperature processing. As shown in the I -V results, the ESS wafers read
efficiencies of η=15,7 % for both processes, the homogeneous and the selective
emitter. The reference efficiencies were lower for both emitters. The VOC is clearly
enhanced (as shown in Figure 4.4(b)) by about 9 mV (615 → 624 mV) for ESS
and about 5 mV (604 → 609 mV) for the reference material due to the selective
emitter. Due to a higher spectral response, the JSC was expected to be higher with
selective emitters than for Al-BSF solar cells. However, expectations were not
matched, due to a higher number of Ag fingers and the respective high shadowing
losses.

4.4.2 Spectral Response Characterization

The external quantum efficiency (EQE) measurements of the selective emitter
solar cells and the homogeneous emitter cells were compared, as shown in
Figure 4.4(a). An improvement of the blue response for both selective emitter
solar cells compared to the reference Al-BSF solar cell was shown. The best
result was achieved on the ESS material.
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Figure 4.4: (a) EQE of the selective and the homogeneous emitter solar cells for the ESS
and reference materials. (b) Improvement in VOC for both solar cell groups and comparison
for both materials.

4.5 Conclusions and Discussion

An innovative selective emitter process was investigated with the use of a
modified phosphorus glass, which acts as a barrier against the second phosphorus
diffusion. It was shown that the shallow POCl3 diffusion combined with the in
situ SiO2 barrier against the subsequent POCl3 diffusion works. The cell process
involves two different phosphorus diffusions, however, there is no need for an
additional process step to create a diffusion barrier layer.

A reliable and reproducible optical alignment process between substrate and
screen was achieved, by using two fiducial points. The selective opening of the
phosphorus glass by etching paste worked perfectly. Previous investigations have
confirmed that Elkem Solar Silicon material is stable against high temperature
processes such as thermal oxidation [92]. Although the efficiency decreases due
to the relatively high shadowing loss, the VOC was increased by 9 mV in average
for the ESS cells on SoG-Si and about 5 mV for the reference cells on EG-Si.

The spectral response is slightly enhanced in the blue wavelength range for
the selective emitter cells as compared to the homogeneous emitter cells. Further
investigations are required, in order to optimize the selectivity of the solar cell
emitter.
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CONTACT FORMATION, STATE OF THE ART

Abstract

The main results presented in this thesis deal with the local contact formation
between Al metal pastes and Si semiconductor materials. This chapter gives an
overview of the contact formation models between Al and Si for standard and rear
passivated Si solar cells. In the end, the important applications of an Al layer in
photovoltaics must be clarified.

5.1 The High-Low Junction as a Back Surface Field

Aluminum layers on the back of Si solar cells have been in use since the early
70’s. The back contact was achieved without the need of the phosphorus back
layer removal and a the incorporation of Al produced thin electric field (high-low
junction), highly increasing the open circuit voltages. This electric field was named
the back surface field (BSF, already introduced in this thesis) by Mandelkorn
et al. [93]. Actually, this electric field effect at the back of solar cells was first
treated by the double layer model of Wolf [94] in his study about the drift fields in
photovoltaics solar energy converter cells. Nevertheless, Wolf’s theory ignored the
influence of the BSF on the increased VOC . The BSF electric properties enhance
the majority carrier density of the p-type Si bulk as shown in Figure 5.1, where on
the top a schematic model explains the influence of the BSF effect on the charge
carriers. In the middle, the schematic energy band diagram of n+-p-p+ (Al-BSF)

47
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junction solar cell is shown (schematic after references [52,95]). At the bottom
the collection probability of the solar cell with and without BSF is presented (see
also the work of del Alamo et al., reference [96]).

As shown at the top of Figure 5.1, the rear side of the Al-BSF cell consists
of a heavily doped surface (p+), between the semiconductor and the rear metal
contact. The BSF (with a thickness WBSF ) injects holes at the end of the p-bulk,
increasing their density at the back, reducing the effective surface recombination
velocity, Se f f . Due to the potential energy qψp , the minority carriers (electrons)
are driven back to the front, increasing their density in the more lightly doped
region: the bulk. This approach gives characteristics of a cell made from lower
resistivity Si [98]. Thus, the effective bulk concentration is enhanced. At the same
time, the field effect present in the n+-p junction injects electrons at the front
junction. Both fields, at the back surface and at the front junction, are barriers
for the carriers, holes coming to the front and electrons moving to the back,
respectively. Therefore, these electric fields reduce the recombination rate at the

Figure 5.1: Top: model of the Al-BSF cell taken from reference [97] which explains the
influence of the BSF effect on the charge carriers. Middle: schematic energy band diagram
of n+-p-p+ (Al-BSF) junction solar cell, first presented by Mandelkorn et al. [93]. S f , Sb
and Se f f represent the front, the rear and the effective surface recombination velocity,
respectively. WBSF and Wb represent the thickness of the BSF and bulk, respectively.
Bottom: collection probability of the solar cell with and without BSF.
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surfaces.
This process has been shown many times to increase the VOC of a p-type

Si solar cell under illumination [99], due to the increase in majority carrier con-
centration at the front of the bulk [97]. The solar cell gains in VOC and also in
JSC due to the improvement of the spectral response at low photon energies, the
minimization of the diode recombination current, and the extra electric field at the
back (BSF).

Mandelkorn [98] also showed a critical thickness for the bulk, Wb . An optimal
distance exists from the front junction to the thin electric field region at the back, in
order to use the wished influence of the BSF on the carrier lifetime. An interesting
concept was also presented, showing that the beneficial properties of the BSF
start to decrease and vanishes the cell qualities (VOC decreases), if the minority
carrier diffusion length, LB , is reduced to values fewer than the 40 % of the cell
thickness, W . It has been experimentally shown, however, that the material
thickness of extremely good BSF solar cells hardly influences the VOC [100] (see
the next section for the demonstration of these results by simulation). Hence,
there is a VOC limit for Al-BSF solar cells, where the fully covered electric field at
the rear no longer improves the efficiency, limited by the thickness of the cell.

5.2 Effect of the BSF on VOC

To further understand the effect of BSF on the solar cell performance, one
dimensional numerical simulations have been performed using the PC1D software
performed by Basore (see reference [101]). In order to understand the effect of
a high-low junction at the rear of the solar cell, the VOC has been calculated for
the Al-BSF solar cell structure (n+-p-p+) and compared to the junction structure
(n+-p) for several bulk impurity concentrations and cell thicknesses.

For the simulations, the front surface recombination velocity, S f , is chosen to
be 1x105 cm/s and the rear surface recombination velocity, Sb , is chosen to be
1x107 cm/s, for both devices n+-p and n+-p-p+ structure, which are typical values
for metal covered c-Si surfaces [95] (see Fig. 5.1). The doping concentration at the
front side (FS) emitter and at the rear side (RS) BSF are usually fitted by the well
known complementary error function (erfc) and Gaussian function, both profiles
are extremely important in diffusion theory [102]. The doping concentration and
junction depth are chosen to be at the FS: ND = 2x1020 cm−3, x j = 0.39 µm and
at the RS: NA = 1x1019 cm−3, x j = 6.8 µm, respectively.

Se f f is strongly influenced by the thickness of the BSF, WBSF , as already shown
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Figure 5.2: PC1D numerical simulations of the BSF effect and thickness influence on VOC ,
for several bulk doping concentrations. For a good BSF solar cell VOC slightly depends on
the wafer thickness. The huge difference in VOC between the n+-p and n+-p-p+ solar cells
present for low doped materials strongly decreases with the wafer thickness.

by Lölgen [95]. For a standard n+-p-p+ structure, WBSF is approximately 5 µm
deep (at standard firing conditions and using industrial Al pastes), reducing the
Se f f to approximately 300 cm/s.

Figure 5.2 summarizes the results of the simulations. The simulation was
performed under AM1.5 illumination and at 25 ◦C. The results for VOC are compa-
rable with the Al-BSF solar cell results found in literature [103–105,107,108]. As
already shown elsewhere [111], the VOC of a good BSF solar cell slightly depends
on the wafer thickness, and decreases with the thickness for lightly doped base
materials. The positive effect of the BSF shows a limit, where the VOC reaches
a maximum for Al-BSF solar cell structures of 640 mV. When the maximum VOC

is achieved the thickness of a solar cell can be ignored [112]. 4VOC (with BSF
minus without BSF) decreases with increasing base thickness. The improvement
of the VOC by the p-p+ junction at the rear of the cell (taken from reference [111])
is given by equation 5.1.

4VOC =VOC (n+pp+)−VOC (n+p) ' kT

q
ln

[
Dn

NAW

∫ W

W −x j b

NA

Dn
d x

]
(5.1)

5.3 Gettering Properties of Al

Alloying the thick Al layer after the phosphorus diffusion has an important
application: the n+-phosphorus doped rear surface gets positively doped due to
the overcompensation of phosphorus by Al during the alloying process. Also the
beneficial effects of the gettering of impurities at the back of the solar cell by firing
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Al has been shown elsewhere [108,109].

5.4 Fundamental Mechanisms of Al-Si Contact Formation

The alloy formation between the Al metal and the Si semiconductor is achieved
by an interdiffusion between Si and Al atoms at the interface (contact area). The
most important issue in the formation of the alloy is the recrystallization from the
Al-Si melt of a highly p+-doped region, growing epitaxially into the Si bulk.

The thermodynamic behavior that occurs at the Al-Si interface at equilibrium,
is described by the phase diagram as illustrated in Figure 5.3. Many authors until
know (see references [21,110]) have explained the contact formation between
screen-printed Al pastes and Si based on the phase diagram which applies only for
conditions close to equilibrium during the alloying process. This state is difficult to
achieve during the fast temperature ramp-up and cooling in industrial processing of
solar cells. As an introduction into this topic, I will suppose that the thermodynamic
conditions of equilibrium are fulfilled during the whole alloying process between
Al and Si, and that it can be described by the simple binary phase diagram, as
shown in Figure 5.3 (after Murray and McAlister, see reference [113]).

The boarders of different states of matter are separated by specific lines. The
triple point where three different phases coexist at equilibrium is called the eutectic
point*. The different lines found in the phase diagram are the liquidus line, showing
the temperature limit above which the Al-Si system is stable in the liquid state,
and the solidus line below which the Al-Si system is stable in its solid state. α and
β represent the solid solubility of Si into Al and Al into Si, respectively [113]. Thus,
the composition of the eutectic formation is described within a range of alloying
temperatures determined by the solid and liquid state of matter. Therefore, an
analysis of the solidification is accessible. Figure 5.3 shows also the enlargement
of important regions within the Al-Si alloying process (after reference [113], see
also references [114, 115]): Si-rich solidus (β-Si, top right), Al-rich solidus and
solvus (α-Al, bottom left), and Al-liquidus (L+α-Al, bottom right).

Two regions are found in the phase diagram. Firstly, Si contents lower than
1.65 %, where the solubility of Si in Al achieves its maximum at the eutectic
temperature (577 ◦C) and decreases with the temperature [114]. In this alloy Si
precipitates in the α-Al solid solution [114]. Secondly, Si contents higher than
1.65 %, where the two-phase alloys solidify at the eutectic temperature, showing
a lamellar structure (eutectic alloy, c(Si) = 12.6 % [114]). For hypereutectic

*From the Greek "to melt well".
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concentrations of Si in the Al-Si melt (c(Si) > 12.6 % [114]), Al presents a solid
solubility in Si decreasing with the temperature. During epitaxial growth of Si,
a p+-doped region is formed, due to the concentration of Al atoms in the Al-Si
melt and the solid solubility of Al in Si during recrystallization. For hypoeutectic
concentrations (c(Si): 1.65-12.60 % [114]) the solubility of Al in Si is negligible,
thus we do not expect to find a p+-doped region or BSF.

Figure 5.4 shows the contact formation models between Al and Si for: (a), a
rear passivated solar cells, where the contact formation takes place in the narrow
dielectric windows, where the Al-Si alloy is formed (the contact area is much
smaller than the area of the Al layer); and (b), a p-type standard solar cell, where
Al is fully covering the Si surface (the contact area is the same than the area of
the Al layer).

In the following paragraphs the rear contact formation for both types of solar
cells is described. The alloying is performed (after drying the paste) by firing
the wafers in a lamp heated conveyor belt furnace. The firing parameters are
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set well above the melting temperature of Al, 660 ◦C [113]. The schematic
presented in Figure 5.4 (from 1 to 5) and the phase diagram presented (assuming
thermodynamic equilibrium) in Figure 5.3, the Al-Si interaction can be understood
as follows:

1. During heating, the solid solubility of Si into Al starts at approx. 300 ◦C and
increases, reaching its maximum at the eutectic temperature (Teut = 577 ◦C).

2. The solid Al particles change to liquid state above the melting point of Al
(Tmel t = 660.3 ◦C) and, due to its high melting point, Si (Tmel t = 1414 ◦C) is
dissolved by Al during the alloying process and an interdiffusion is present at the
interface. Thus, an Al-Si melt at the interface forms which starts to penetrates into
the Si bulk. Two important issues must be mentioned here: due to the oxide layer
forming around Al grains/particulates [Al2O3, see Figure 5.4(c)] the paste matrix
keeps its form during the whole sintering [21, 116], and the Al-Si melt starts to
appear locally in the Si surface (showed by [21,116], and within this thesis).

3. By increasing the heating temperature further, the composition of the melt
can be determined depending on the temperature, following the liquidus line in
the phase diagram. In photovoltaics peak temperatures up to 850 ◦C are used for
sintering the contacts in the device. At this peak temperature and at equilibrium,
the concentration of Si in the Al-Si melt is about 30 % and Al is found in liquid state.

Al O ~2072°C2 3

Al~660°C

Si~1440°C

(c)

(a)
(b)

1

2

3

4

5

dielectric

Al

Si

Figure 5.4: Model of contact formation between Al and Si for: (a) Rear passivated solar
cell, where the interaction between Al and Si is found through dielectric openings and
the contact area is much smaller than the area of the Al layer. (b) Standard fully covered
Al-BSF solar cell, where the contact area is the same than the area of the Al layer; (c)
Schematic of the interaction between Al and Si, through an Al oxide (Al2O3) shell which
covers the Al paste.
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The main difference between the two contact formation models, as presented
in Figure 5.4(a) and (b), is as follows: if the contact area is much smaller than
the area of the Al layer [case (a)], the liquid Al volume near to the interface is
saturated faster by Si than the liquid Al lying on the dielectric layer (away from the
interface). Thus, the diffusion of Si into Al at this temperatures occurs laterally
from the interface into the Al along the wide and unsaturated paste amount.

4. The solidification process between the metal and the semiconductor can be
understood when following the liquidus solidus phase boundary line during cooling.
The concentration of Si in the Al-Si melt decreases as the firing temperature
decreases, following the liquidus line in the phase diagram. This means that
the concentration of Si is rejected from the Al-Si melt to grow epitaxially at the
interface Si(S)/Al-Si(L), where S and L stand for solid and liquid, respectively.
At the same time solid solubility of Al in Si is present, doping the immediately
adjacent solid Si surface, and forming the p+-doped region (BSF). Thus, the BSF
is formed by both, epitaxially recrystallization of Si from the Al-Si melt, which is
highly doped by Al atoms, and by incorporation of Al atoms in the Si lattice. In the
contact formation case (a), the BSF is formed locally underneath the alloy, limited
by the dielectric opening. Another important issue is that Si is able to diffuse from
the Al-Si melt at the interface back into the Si bulk, in contrast to the dissolved Si
in the Al matrix away from the contact area, that is practically unable to diffuse
back the distance to the interface and remains as precipitates in the Al layer [117].
Kircher [70] found a small reduction of the peak concentration of Si in Al near to
the contact area, and he explained this as Si diffusing back from the Al layer and
regrowing on the Si surface. This phenomenon has been also found in this thesis
(see section 6.4).

5. Below the eutectic temperature the whole liquid solidifies and only solid
solubility of the elements is present (see phase diagram). The alloy structure
depends on the temperature and is formed by different layers with their respective
concentrations.

Figure 5.5 shows the SEM analysis of the alloying junction between a fully
covered Al thick layer and the Si bulk, as already presented in Figure 5.4. For
case (a) the contact area between Al and Si is limited by the etched windows
in the dielectric layer. For case (b) the contact area is the same as the area of
the Al layer. The different layers (measured by SEM, EDS/EDX) formed after the
sintering and alloying of Al on p-type Si are: the thick Al layer in porous state,
formed by Al spherical particles, Si, Al oxide (Al2O3), and other lower concentrated
species; the Al-Si alloy formation (formed by an eutectic layer Al-12.6 wt. %Si [114]
and a lamellar structure formed by Al-rich solid); and the BSF (Si-rich solid).
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Al-matrix

eutectic (Al-12.6 % Si) + lamellar structurewt.

(a)

BSF (Si-rich solid)

Figure 5.5: SEM micrographs of the Al-Si alloying junction. The three layers formed after
solidification are the Al matrix, the eutectic alloy and lamellar structures (Al-rich solid) and
the BSF (Si-rich solid). (a) The contact area is limited by etched windows in the dielectric,
as on PERC solar cells. (b) The contact area is the same than the Al paste, as on standard
Al-BSF solar cells.

The fraction of Si as recrystallized can be related to the temperature during
cooling. Due to the small percentage of Al in the solid phase, the formation of the
BSF can be understood from the low solid solubility of Al in Si as presented by
the solidus line (phase boundary line) as shown by the phase diagram.

After recrystallization a SEM analysis of the cross-sectional microstructure
gives information about the alloying process and the thermodynamic process that
occurred at the Al-Si interface†.

For SEM analysis HCl (HCl:H2O 1:1 [118]) was used to remove the Al-matrix
and the Al-Si eutectic layer, due to the fact that HCl only dissolves Al and Al-rich
layers. The etching stops at the Si-rich layer of the BSF.

5.5 Al-Si Lamellas

A lamellar structure is found on the Si surface due to the alloy formation be-
tween Al and Si (see for instance reference [55]). Figure 5.6 shows the surface
below the Al matrix after removing the sintered Al paste on the Si surface me-
chanically. During recrystallization of Al-Si melt characteristic lamellar structures
are formed in the interface. Thus, Figure 5.6 shows that the contact formation
between Al to Si indeed occurred. Below the lamellar structure a high p+-doped
region is found (BSF). Due to a too fast cooling (i.e. not having a thermodynamic
equilibrium step, as presented by the phase diagram), the recrystallization of Al
and Si can be inhomogeneous, because the alloying process starts locally on the
surface [116].

†’The history is written in the microstructure’, Prof. Donald Sadoway, Introduction to Solid State
Chemistry, MIT, USA.
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Figure 5.6: The lamellar structure is found after mechanical removal of the Al matrix. (a)
Removed Al finger alloyed on SiNx layer. (b) Part marked by the rectangle on (a), showing
the Al-Si lamellar structure.

5.6 Screen Printing and Drying of Aluminum Lines

An amount of Al paste of 7 to 8 mg/cm2 is normally deposited fully covering
the rear of standard solar cells. At the beginning of this work, the adhesion of
Al fingers was analyzed for screen printed Al pastes on Si polished surfaces. It
was found that the Al paste printed in form of thin lines is susceptible to peeling
off from the Si surface after normal drying and firing conditions. Therefore, an
optimization of drying and sintering temperatures was performed.

Figure 5.7 shows the adhesion problem of fine Al lines, (a), and the optimal
adhesion after the performed drying parameters optimization, (b). After drying
the sample in a four zones paternoster (vertically stacked) furnace, at a standard
drying profile of 130/150/180/200 ◦C and a delay time of 10 s‡, the Al paste losses
amount to 1.6 mg/cm2. This loss of weight represents the content of solvents
within the paste.

The adhesion after firing was improved by keeping the firing profile of the
conveyor belt furnace constant and drying the wafers at different drying profiles.
This experiment showed that, for the standard Al paste printed as thin fingers,
the drying profile has an essential influence on the remaining amount of solvents
within the Al matrix. It has been shown, that lower drying temperatures and
shorter delay time improved the adhesion of fingers after firing. This is due to the
small amount of Al paste below the heat lamps in the drying furnace. On samples
with small amount of Al mass, as screen printed Al fingers, non-optimal drying

‡The delay time of the drying furnace differs from the complete drying time of the samples inside
the furnace, and corresponds to the time that one pallet stops for the load or unload of wafers until it
moves to the next position. The furnace contents 60 pallets. The minimum delay time is about 7 s for
one pallet to move to the next position. With a drying time of 10 s, the total time that one wafer is dried
in the furnace is represented by 60 ∗ (7 + 10) s = 17 min.
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Figure 5.7: (a) Polished Cz-Si wafer showing peeling off of the Al fingers. (b) Same material
dried under different conditions showing optimal adhesion after firing.

parameters, as drying temperatures too high and delay time too short, will speed
up drying of the paste, leaving a hard coating on the surface of the Al finger, and
therefore keeping the solvents in the paste.

It is the author’s opinion that, during the drying and firing of the Al fingers then
the gases produced due to the evaporation of the solvents trapped below this
hard coating of glass, increases the probability of peeling off during firing.

The observations presented here may be also dependent on the paste amount
and surface roughness. Firing too slowly leads to a phenomenon known as
blistering in the Al matrix. Another phenomenon related to cooling too slow or
to high temperatures is the undesired bowing of thin wafers due to the different
thermal expansion coefficient between Al and Si, and the influence of temperature
on the diffusion of Si in Al-Si melt. This topic will be discussed in the following
chapters.





C
H

A
P

T
E

R

6
ALUMINUM-SILICON CONTACT FORMATION

THROUGH NARROW DIELECTRIC OPENINGS

Abstract

The study of the local contact formation between the p-type Si bulk and screen
printed Al pastes motivated the presented work. Although the contact formation by
screen printing is the most frequently used technique in a solar cell line production
today, there is still room for investigation regarding effective formation of local
contacts between Al and Si. Because the solar cell structure studied in this
thesis presents a laterally structured, electronically passivated rear side, the
interaction between metal and semiconductor occurs locally through openings in
the rear side passivation layer (see chapter 1). In the following chapter, further
insight into the contact formation and alloying between Al and Si is given. It is
found that the geometry of the rear side pattern of rear passivated solar cells
can influence not only series resistance losses within the solar cell, but also the
process of contact formation itself. SEM and EDS/EDX analysis of the Al-Si
alloy geometry is performed, leading to new insight into the understanding of its
influence on contact formation. The impact of the Si diffusion in Al on the contact
formation is investigated, which strongly depends on the firing temperature, but
less on the contact size (the spread of Si in the Al matrix was optically measured).
Inhomogeneous eutectic formations were found for wider contact areas due to
the lateral diffusion of Si in Al. It is found, that an increase in the contact spacing
enhances the formation of voids instead of an Al-Si eutectic layer. An explanation

59
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is given for the void formations found in the Al-Si alloying junctions, based on
the Kirkendall effect, and on the distribution of Si in the Al matrix. In this work,
two types of voids were defined: firstly, voids formed during the heating (without
back-surface-field), and secondly, voids formed during the cooling (with back-
surface-field). The influence of gravity on the microstructure of Al-Si alloy is
studied, showing crucial trends for partially avoid the formation of voids. The
analysis presented in this chapter is applicable to industrial production of rear
passivated solar cells and Al-Si alloying processes.

6.1 Introduction

The optimization of the local contacts between screen printed Al pastes and Si
is crucial for the performance of solar cells and still requires deeper understanding
of the interaction between metal and semiconductor. Indeed, a compromise
between the contact area and contact spacing is an essential issue when reducing
series resistance losses [119–121]. Also an inadequate heat treatment may
cause high series resistance losses, due to inadequate pinhole contacting [122].
Furthermore, the local formation of a high-quality p+-doped layer (local BSF) to
improve the cell performance [123–125], is still a challenge.

A high quality local BSF has to be homogeneously formed in the pre-defined
contact area, with a recrystallized layer depth of usually 4-5 µm, in order to
minimize the surface recombination velocity [95]. Parameters as an optimal
sintering temperature [126], optimal contact geometry, oxidation of the Si surfaces,
homogeneity of the metal layer [85], and Si precipitates in the Al film grain
boundary [116] are responsible for a well formed local BSF.

As shown by Beaucarne et al. [127], the formation of localized contacts from
screen printed Al pastes largely depends on the contact geometry. It has been
demonstrated, that up to 60 µm deep pyramidally shaped spikes of Al-Si alloy
form below point like openings of 30 µm diameter. The dissolution of Si into Al
has been found preferentially along the <100> plane [128]. Recently, interesting
work has been published about local Al point and line contacts on the rear side
passivation of solar cells. The contact formation has been studied for applications
on laser firing of rear contacts [11, 121, 129]. The contact spacing has also an
influence on the increase of the solar cell efficiency [130]. Differences in surface
concentration were found, due to Al inclusions beneath the Si surface of islands
and line networks, remaining at the surface even after removal of the Al layer in
HCl [131].
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This chapter addresses several insights into a deeper understanding of local
contact formation during sintering of screen printed Al pastes with p-type Si
substrates, for solar cell application. It is divided into four sections. Firstly, section
6.3 studies the geometry of the Al-Si alloy formation and analyzes the impact
of both Al amount and contact width on contact formation and series resistance
losses. Secondly, section 6.4 provides a deeper understanding on the contact
formation based on the diffusion of Si in the Al matrix and the formation of voids
is analyzed. Afterwards, section 6.5 shows the influence of the contact pattern on
the local BSF and void formation. Section 6.6 addresses the effect of gravity on
the microstructure of Al-Si alloys. And finally, in section 6.7, two types of voids
are defined and crucial trends are given in order to avoid the formation of voids
instead of an eutectic layer. The structure of the rear passivated solar cell has
been introduced in chapter 1.

6.2 Preparation of the Surfaces

For the analysis of the Al-Si interaction the Si surface is polished before screen
printing and alloying the Al paste with the semiconductor, to diminish the influence
of the textured surface (saw damage and texturing of the surface is removed).
The process continues with the HCl-HF cleaning of the surface, removing the
metal impurities until a hydrophobic surface is achieved. For the study on the
local chemical interaction between Al and Si, the contact area must be controlled.
Since the Al paste used does not fire through a dielectric layer, the samples are
fully covered with a dielectric insulation layer deposited by the PECVD method.

The contact area is limited by the selective openings in this layer. The lo-
cal contact openings (LCOs) are achieved by screen printing the BES etching
paste (more details about the etching process of dielectric layers are found in
section 2.9.1). Hence, the alloying of the Al paste to the Si bulk is prevented by
the presence of the dielectric barrier everywhere except at the LCOs.

Afterwards, the surface is covered with a screen printed Al layer*. The alloy is
formed after drying and sintering the samples following a standard firing furnace
profile, varying in special cases the peak firing temperature.

*Some experiments were performed using thin Al lines and others using fully covered thick Al
layers.
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6.3 Study 1: Local Al-Si Alloy Formation, Contact Resistance
and Mass Transport

Abstract

The microstructure of the rear contact formation for p-type Si industrial rear
passivated solar cells is analyzed. The Al-Si alloy formation under local contacts
and its impact on the contact resistivity is analyzed. It is found that the contact
resistivity of fine screen printed Al lines alloyed on narrow p-type Si areas (lines)
decreases by reducing the contact area, while the contact resistance remains con-
stant. At the solar cell level, the reduction of the contact resistivity decreases the
FF losses. SEM and EDS/EDX analysis of the Al-Si alloy formation is performed,
in order to understand its influence on the contact resistivity.

6.3.1 Experimental Design

The contact of the screen printed Al lines to the substrate is achieved via fine
etching lines through the rear passivation layer (dielectric barrier) covering about
9 % of the rear surface (see Figure 6.1). The width of the contact opening and
Al line are varied independently for contact optimization. The geometry of the
opening lines is limited to less than 200 µm width, otherwise the solar cell will
suffer from too much losses (less dielectric passivated area and more metallized
area). On the other hand, dielectric openings of typically fewer than 50 µm are
hard to realize using commonly used laser or screen printing technology. On
these local contact openings, Al lines with variable widths are screen printed in
order to analyze the impact of the contact geometry on the Al-Si alloy formation

Figure 6.1: Cross sectional model of the alloyed junction structure of screen printed Al
lines on dielectric openings, not to scale. d1: dielectric opening width (width of LCO). d2:
Al line width. Note that d2 >> d1. The layers that define the alloying junction are: A: Al
matrix, B: Al-Si alloy, C: local BSF.
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and the contact resistance. This analysis should lead to the optimal Al line width
(optimal amount of Al) and optimal contact size (dielectric openings) for the best
rear passivated p-type solar cell performance.

Figure 6.1 presents the cross sectional schematic model of the alloyed junction
between Al lines and Si in local contact openings. p-type polished Cz-Si and mc-Si
wafers with a size of 156x156 mm2 and resistivity of 5 and 1.5Ω cm, respectively,
are selected for this study. The fully covering screen printed Al layer, normally
found at the rear of standard solar cell devices, is replaced by screen printed Al
lines, in order to understand the impact of the applied Al paste amount on the
formation of the Al-Si alloy, and therefore on the contact resistivity.

In Figure 6.1, d1 represents the width of the LCO, where Al and Si are in direct
contact, and d2 represents the width of the screen printed Al line. The real values
for the LCO widths, d1, measured by optical microscopy analysis, are 30 to 45 µm
broader due to the spreading of the etching paste during the drying. The Al lines
are deposited exactly centered on the dielectric barrier openings by a screen
printing process based on optical alignment at the edges of the wafer.

For each width of the contact opening, different Al line widths are printed. The
Al lines are wider than the dielectric opening widths (d2 >> d1); thus, the width of
the overlapped Al material on each side of the dielectric openings [(d2 −d1)/2] is
bigger than the thickness of the Al layer itself. After firing the samples are cut by
laser and analyzed in cross-section by SEM, EDS/EDX.

The following experiments aim to find the minimum contact size and screen
printed Al line width, in order to achieve good contact formation (homogeneously
formed Al-Si alloys and therefore homogeneous local BSF) and a reduced abso-
lute contact resistance. For reasons of simplicity, the thickness of the Al matrix and
the sintering time are kept constant. Different sintering temperatures, however,
are tested.

6.3.2 Impact of Al amount on Contact Formation

The Cz-Si material is used in this part. d1 (dielectric opening width) was chosen
to be 100 µm and d2 (Al finger width) was varied from to 900 µm and screen printed
on d1. For d1 = 200 µm the same is performed with screen printed Al line widths
from 300 to 900 µm. Figure 6.2(a) presents the TLM measurement results for
the contact resistance (RC ) and line resistance (LR ). It is important to mention
that the TLM method has been widely used for measuring the contact resistance
of Ag lines alloyed on homogeneously n+-doped emitter layers (constant sheet
resistance of the emitter). Thus, there is no generalization of the TLM method
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Figure 6.2: (a) TLM result of the contact and line resistance for different Al line widths
alloyed on two dielectric openings. Y-axis left: total contact resistance Rc , decreasing for
increased Al line width, d2. Y-axis right: line resistance LR, decreasing for increased Al
line width. X-axis top: dielectric opening, d1. X-axis bottom: Al line widths, d2. (b) SEM
cross sectional micrographs of the contact shape (after HCl etching of the Al matrix and
Al-Si eutectic layer) of six samples measured in Figure 6.2 (a). Three Al line widths, d2,
were analyzed for each contact size, d1.

for measuring Al contacts, where the sheet resistance is not constant due to the
presence of the highly p+-doped layer (local BSF) underneath the Al lines.

Many configurations are shown in order to analyze the impact of the contact
geometry on the contact resistance losses. On the left y-axis, the total contact
resistance RC is plotted, decreasing for increased Al line width, d2. On the right
y-axis, the line resistance LR is shown, decreasing also with d2. On the top x-axis,
the width of the LCOs is shown (d1 = 100 and 200 µm). And finally, on the bottom
x-axis, the Al line widths, d2, are shown for each contact opening width. The same
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experiment is repeated for four different peak firing temperatures, where T2 is the
peak firing temperature recommended by the paste developer (T1<T2<T3<T4).

The results suggest a strong dependence of the contact and line resistance on
the Al line width, as well as a small dependence on the peak firing temperature and
on the opening widths. Similar results were found on mc-Si and will be discussed
later. From the theory we expected that RC should be linearly dependent on the
contact area, d1, but independent on the Al amount, d2 (supposing very low and
constant resistivity of Al [63]). Our measurements, however, are in contradiction to
the expected results. To analyze this difference SEM analysis on cross-sectional
Al-Si micrographs are performed. One optimum can already be found for an Al
line width d2 = 800 µm, where RC reaches its minimum at 6Ω and LR reaches its
minimum at 0.15Ω/cm.

Figure 6.2(b) shows the cross sectional SEM analysis of the Al-Si contact
interface, for a choice of samples from Figure 6.2(a). After etching the Al matrix
and the Al-Si eutectic layer by the HCl etching method, the shape of the contact
interface became visible. Six configurations are shown, from (i) to (vi): For d1

= 100 µm the shape of the alloy is shown for Al lines of (i) 200, (ii) 500, and (iii)
900 µm width. For d1 = 200 µm barrier opening, the shape of the alloy is shown for
Al lines of (iv) 300, (v) 500, and (vi) 900 µm width. From the SEM micrographs is
evident that the penetration of the alloy into the Si material is strongly increased by
providing a larger amount of Al, showing the strong influence of the overlapping of
Al on each side of the opening on the contact formation. Remarkable is the case
(vi) (d1 = 200 µm), where a strong planar surface (plateau) is present between the
contact opening edges. Case (i) and (iv) in Fig. 6.2 (overlap of Al on each side
of the interface: 50 µm) show no alloy formation and no local BSF, but rather a
few local alloy spikes. This shows that the amount of Al, which is found locally
in some points on the Si surface, is extremely important for contact formation.
Actually Kircher [70] suggested that the diffusion of Si into Al starts locally at some
favourable weak spots and diffuses further into the Al, by reducing the driving
force for diffusion to occur at other places.

From the experimental point of view, there is a minimum for the Al line width,
d2, required to obtain a strongly formed Al-Si alloy (and local BSF). As shown
in Figure 6.2(b), on d1 = 100 µm, 500 µm Al line width is required, in order to
have a better contact formation (homogeneously formed alloy and deeper BSF).
Thus, the first conclusion is that the Al amount limits the interdiffusion between Al
and Si. For small Al line widths (d2 < = 500 µm) an appreciable increase of the
contact resistance is visible due to the low amount of Al overlap, and therefore,
non-optimal Al-Si contact formation.
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The measured total contact resistance, RC , is influenced by the contact size
and geometry of the Al-Si alloying junction: RC varies with the Al line width, d2, but
is rather constant for different d1 values. We expect that RC should be constant
when d1 = 100 µm and d2 is larger than 700 µm.

In the following section, the minimal possible contact opening width for contact
formation will be studied.

6.3.3 Impact of Contact Width on Alloy Formation

Similar experiments have been performed in order to determine the impact of
Al contact width on alloy formation. The contact area has been varied for Al line
widths, d2, in the range of 600 to 900 µm, showing similar results for mc-Si material.
For simplicity, we will analyze the contact resistivity and contact formation for d2 =
700 µm (i.e. Al line width is kept constant).

For the analysis on mc-Si material, we concentrate on the absolute contact
resistance (RC ) and contact resistivity (ρc ), due to the important impact of both
factors on the understanding of series resistance losses in the solar cell†.

Figure 6.3 presents the TLM measurement results for the absolute contact
resistance Rc and the calculated contact resistivity ρc of a 700 µm Al line width, d2,
alloyed on four different LCO widths (d1: 80 to 170 µm). Rc is the measured value

Figure 6.3: Y-axis on the left: Contact resistivity ρc [mΩcm2] of a 700 µm Al line width, d2,
alloyed on four different dielectric barrier opening widths, d1. The error bars represent the
variation of ρc for different firing conditions. Y-axis on the right: Total contact resistance Rc
not increasing for broader openings.

†As treated in chapter 3, ρc is a strong evaluator of ohmic contacts.
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in the experiment and ρc is calculated from Rc after the TLM method [63,67,132].
The error bars show the variation of ρc for the different firing conditions. No
variation was measured for the total contact resistance Rc . The results show a
dependence of the contact resistivity on the dielectric barrier openings, but less
on the firing temperature. From the TLM method this would be the case if the
transmission length, LT , is small and the current transfer is only located at the
edges of the contact.

The contact resistivity depends on the doping and temperature [63,67,132].
Thus, our measurements are in contradiction to the expected results. Melczarsky
et al. [133] found a variation in the contact resistance of screen-printed Ag lines,
and discussed the findings as a result of the inefficiency of the TLM method. They
explained this variation by means of SEM analysis on etched samples. They
found that the variation in the contact resistance is due to the fact that the contact
is more strongly applied over the outer boundaries. Finetti et al. [134] as well
as Kircher [70] explained that the diffusion of Si into Al starts locally at some
favourable weak spots at the interface. It means that Si can diffuse and enter into
Al, by reducing the driving force for diffusion to occur at other places [70].

6.3.4 Cross-sectional SEM/EDX Analysis of the Alloy Junction

To gain an understanding of our results and based on the literature mentioned
above, part of the extended SEM analysis performed in cross-sectional micro-
graphs is illustrated in Figure 6.4 (the interdiffusion between Al and Si will be
discussed further in section 6.4). As already presented in the previous chapter,
during the alloying process of Al on Si, the solid Al particles change to liquid
state above the melting point of Al, starting to alloy locally on the Si surface. The
reduction of the dielectric barrier opening width causes a higher flow of Al material
into the Si wafer, as shown in Figure 6.4(a). Since the applied Al-paste does not
fire through the dielectric barrier, the offered Al material overlap alongside the
dielectric opening may be strongly attracted into the Si substrate (similar results
were observed by other authors, see reference [128]).

Consequently, the liquid Al-Si lake penetrates into the openings, increasing the
penetration depth in the c-Si substrate with temperature. This explains why, after
cooling of the material, a strong Al-Si alloy formation is found in the bulk and below
the contacts, compared to a fully covered Al back surface for standard solar cells
processing. This strong Al-Si alloy formation is present below narrow dielectric
opening areas for Al line widths wider than 500 µm, and 25 µm thickness.

Figure 6.3 shows an increase of the contact resistivity of approx. 8 to
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Figure 6.4: Cross-sectional SEM micrographs of Al-Si alloying junction for different contact
areas. The local BSF (up to 10 µm deep) is marked and formed few µm underneath the
dielectric barrier. (a), (b), (c) represent a 700 µm Al line width printed on 80, 170 and
250 µm dielectric barrier openings, respectively. (d) view of (c) after complete removal of
the Al-Si alloy and Al matrix, using HCl.
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16 mΩcm2, after increasing the dielectric barrier opening widths, d1, from 80
to 170 µm, respectively. As a direct consequence of this result, the cross-section
of the alloyed junction structure presented differences in the geometry of the alloy,
as shown in Figure 6.4(a) and (b), respectively. Since the same screen printed Al
mass, the same Si material and firing conditions were used for this experiment,
the reduction of the contact resistivity may be caused by the geometry of the Al-Si
alloy formation. In conclusion, by increasing the ratio of the printed Al line width
to the dielectric barrier opening width, the alloying of Al into the Si material is
increased (penetrates deeper into Si), and the contact resistivity is reduced.

For a narrow dielectric opening, a homogeneous Al-Si alloy and local BSF are
deeply formed in the barrier opening. The local BSF layer is found 5 to 8 µm

deep below the eutectic form, and extends underneath the dielectric layer. For
a wider dielectric opening, with the same firing and Al finger geometry, the alloy
presents an inhomogeneous geometry formed by two strong alloy formations at
the edges and a planar surface in between. By further increasing the dielectric
barrier opening width, the Al-Si alloy starts to separate into two identical forms at
the open edges. After etching away the Al matrix and Al-Si alloy of Figure 6.4(c)
by HCl, the shape of the alloy formation in the Si substrate is found, as shown in
Figure 6.4(d). Two strong Al-Si alloy formations are deeply formed at the edges
of the dielectric barrier opening, and depend on the offered material overlap of
Al-paste alongside the dielectric opening. The width of these two Al-Si alloy
formations remains constant (d1a = d1b ' 50 µm) and does not change for wider
dielectric openings (if the overlap of Al lying on the dielectric remains). Between
these two formations a planar surface appears and its width varies proportional to
the dielectric opening width (d1c ).

This shallow alloyed area (Figure 6.4(c), middle part) is normally found at the
rear of a standard solar cell process after the alloying of a fully covered Al surface
on the Si substrate (eutectic layer, 10 µm deep‡).

As presented by the arrows in Figure 6.4(d), the Al-Si alloy appears after
cooling and recrystallization of the Al-Si in liquid phase. The thickness of the Al
line mass (20 µm for Al lines wider than 500 µm), overlapped on the left and on
the right of the dielectric opening, is responsible for the width (d1a , d1b) of the
homogeneous Al-Si alloy formation.

Therefore, if the dielectric barrier opening formed by etching paste is wider
than the optimum need for a lower contact resistivity (d1 ≥ 100 µm), two deeply

‡For Al-BSF cells, the area of the thick Al layer is equal to the Si area, showing a higher vertical
Al-Si interdiffusion, than a horizontal one. Due to the large Al-Si interface the melt saturates faster
than in the case of LCOs, where only a narrow Si area interacts with the fully covered Al layer. This is
considered in the following studies.
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alloyed regions appear at the edges (d1a + d1b ' 100 µm) of the dielectric open-
ing, separated by the shallow alloyed surface (d1c ) in between. Comparing this
analysis with the contact resistance results, the planar surface is useless in the de-
velopment of solar cells with rear fine Al lines as contacts, because it contributes
to a high contact resistivity. Thus, we can assume an infinite contact resistivity
for the planar surface (ρd1c →∞). If this variable planar surface is removed from
each opening presented in Figure 6.4, the contact resistivity of the screen printed
Al lines on p-type Si areas should be constant. We can assume again that the
contact resistivity of the effective contact area ρc,local = d1a + d1b is constant. It is
assumed that the contact resistivity should remain constant for the same Al mass
alloyed on narrower contact areas than presented in this work. The maximum for
the contact size found here, is not the absolute maximum, and narrower openings
than 50 µm may have also applications in industrial solar cells. However, the Al
spiking may be an issue when high Al amounts are screen-printed.

6.3.5 On the Variation of the Contact Resistivity

A mathematical approach to understand the variation of the contact resistivity
as presented in Fig. 6.3 is as follows. If the contact resistivity depends on the
contact area, ρc is a function of d1, one gets:

ρ−1
c = 1

d1

(
d1a +d1b

ρc,local
+ d1c

∞
)

(6.1)

Thus, ρc increases with increasing d1, as shown in the present work.
As illustrated in Figure 6.5(a) an effective contact surface should be taken

into consideration for the TLM calculations. Figures 6.5(b) and (c) show the
shape of the alloy formation (two alloy indentations separated by a plateau) after
HCl etching. The real contact surface is not two times the radius r of the circle
(interface Al matrix/Al-Si eutectic), but two times l1 (direct contact of Al-Si eutectic
to Si bulk). The two alloy forms found at the edges of broader openings present
similar geometry (Figure 6.5(c), red lines). The direct surface of contact (2l1)
remains constant and does not change for wider dielectric openings. Just the
inhomogeneous and planar surface in between (Figure 6.5(c), black dashed line)
is changing and its width varies proportional to the dielectric opening width. The
two separated Al-Si alloy indentations appear at the edges of dielectric openings
broader than 80-100 µm. From the Figure one sees that

l1 > r (6.2)
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Experimentally we have found that,

l1 ≈ 1.3r (6.3)

During the TLM measurement, the surface 2r should be replaced by 2l1 for the
calculation of the contact resistivity, where 2l1 is the surface of contact for the
Al-Si alloy to the p-type Si bulk. Now the real contact surface for a narrow opening
of 80 µm (r = 40 µm) is:

2l1 = 2(1.3r ) = 104µm (6.4)

Assuming that the entire contact length 2l1 contributes to current transfer [63],
one gets:

ρc,local = Rc Ac = 1.1[Ω ]1[cm ]2l1[µm] = 11.4 mΩcm2 (6.5)

with a sample width of 1 cm. The contact resistivity of a 700 µm Al line contacted
on an 80 µm dielectric barrier opening is hence 11 mΩcm2, where the effective

Figure 6.5: (a) Model to calculate the real contact surface 2l1. (b) For broader openings a
plateau appears between the two deep indentations at the edges. Its width increases with
the dielectric opening width. (c) Direct contact surface (red). Inhomogeneous surface of
contact (black), increasing the contact resistivity.



72 Chapter 6: Aluminum-Silicon Contact Formation

contact surface is 104 µm of width. This value is independent of the contact area
(ρd1c →∞).

Our analysis compared with the contact resistance result leads to the con-
clusion that the planar surface (dotted line in Figure 6.5(c)) does not contribute
to the reduction of the contact resistance. If we just take the effective contact
surface 2l1 into consideration, and remove the variable planar surface from the
calculations, the contact resistivity of screen printed Al lines on p-type Si areas
should be constant. Additionally, we assume that the contact resistivity remains
constant when the same Al amount is printed on even narrower contact openings
than the ones presented in this work.

6.3.6 Experimental Evidence of the Influence of Al Amount on Mass
Transport

Additional experiments were performed, in order to corroborate the fact that the
Al-Si alloy formation depends on the ratio of printed Al line width to the dielectric
barrier opening width. A wide Al line (width d2) was screen printed on a narrow
dielectric opening width d1, with intentional misalignment for the screen printing
process, as shown in Figure 6.6(a). More Al-paste is present overlapping the
right side of the opening than to left. A stronger Al-Si alloy formation is found at
the edge on the right side, where more Al mass has penetrated during the firing
process, proving that the formation of the Al-Si alloy is improved by higher ratios
of printed Al line width to dielectric barrier opening width.

Figure 6.6(b), summarizes the experiments performed. In the top, the optimal
structure for a rear passivated solar cell device with screen-printed Al lines on p-
type Si material is presented (50 to 80 µm dielectric opening width, 700 µm Al line
width). The higher the ratio d2/d1 (Al line width to dielectric barrier opening width),
the deeper the Al-Si alloy formation and the lower the contact resistivity. Middle:
wider opening areas lead to a planar surface between two Al-Si alloy formations,
generating a high contact resistivity, as already shown by the TLM results. Bottom:
the Al-Si alloy formation depends strongly on the Al mass overlapped on the
dielectric.

6.3.7 Conclusions

The following dependencies of the contact resistivity have been shown: First,
by increasing the ratio of the printed Al line width to the contact opening width, the
alloying of Al into the Si material is increased. The contact resistivity is reduced
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by increasing this ratio. Second, identical Al-Si alloy formations with equal width
appear at each of the two edges of the contact opening, if the opening is wider
than 100 µm, and if the Al lines are wider than 500 µm (and their thickness is
about 20 µm). When the opening width is increased further, a planar surface
is formed between these two Al-Si alloy formations (similar to that of standard
solar cells with fully covered Al rear surface), which may increase the contact
resistivity. To obtain a low contact resistivity for the design of the back contacts of
the rear passivated solar cell I conclude that small contact areas are required. As
a consequence, less surface needs to be metallized and the non-contacted area
with low recombination under the passivation layer is maximized.

Figure 6.6: (a) Cross-sectional SEM micrographs after HCl etching of the Al matrix and
Al-Si alloy for a sample printed without alignment. (b) Schematic cross-section of the
experiments done for this article, not to scale (d2 >> d1): Top: Al-Si alloy homogeneous
formed for narrow dielectric barrier openings; Middle: two alloys formed at the opening
edges for wider contact areas and the same Al mass; Bottom: the Al-Si alloy depends on
the ratio: Al-line width to dielectric barrier opening width.
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6.4 Study 2: Diffusion of Silicon into Screen-Printed Alu-
minum Paste

Abstract

In this section, the lateral spread of Si in the screen-printed Al layer applied in
this study is found to increase by (1.50 ± 0.06) µm/◦C when increasing the peak
firing temperature within an industrially applicable range, and an explanation is
given. Therefore, the total spread limit of diffused Si in Al becomes predictable
and independent of the contact area size. However, it is found to be dependent
on the firing temperature (it was determined by SEM and optical microscopy
analysis). The geometry of the rear side pattern can influence not only series
resistance losses within the solar cell, but the process of contact formation itself.
Based on the interdiffusion of both elements, an explanation for the formation of
cavities (voids) instead of eutectic layers is confirmed. Cooling too fast also leads
to void formation instead of an eutectic layer.

6.4.1 Experimental Design

In the previous section, it has been shown that a wide overlap of Al on each
side of the local contact opening is essential for a well-formed local BSF and the
minimization of the contact resistivity. Thereby, the design of the rear side pattern
can influence the series resistance and the process of contact formation. In this
section the interaction during the alloy between Si and Al, based on the diffusion
process of Si in the Al matrix is studied.

Figure 6.7(a) shows a cross-sectional schematic model of the rear passivated
solar cell with a fully covered Al rear side, as already presented in chapter 4.

dS

Figure 6.7: (a) Rear passivated solar cell in cross section (front side simplified). d1: width
of LCO. dS : spread limit of Si in Al. dp : contact spacing. A: local BSF. B: eutectic layer. C:
Al layer. (b) Section of the rear side of a solar cell, where dark-gray lines are visible (not to
scale).



6.4. Study 2: Diffusion of Silicon into Aluminum 75

Three variables describe the rear side structure: the width of the LCOs, d1; the
maximum spread limit of diffused Si in Al layer, dS ; and the contact spacing, dp .
Hence, (dS −d1)/2 represents the spread of Si in Al on each side of the LCO
(away from the contact area). As presented by the cross-sectional model of
Figure 6.7(a), the contact area between Si and Al is restricted to the LCO, d1. An
Al layer fully covers the rear surface. The local BSF forms in the LCOs at the
rear of the device structure due to local Al-Si interaction. The microscope image
of Figure 6.7(b) shows a section of the rear side of a processed solar cell with
the same rear structure as shown in Figure 6.7(a). The dark-gray regions (within
dS), which are visible after firing in the Al layer, do not represent the local BSF
formation because they are wider than the LCOs (dS > d1). The understanding of
this phenomenon motivated the development of the present study. These regions
show different contrast due to the difference of composition within the Al matrix.

Polished p-type Cz-Si wafers with 1.5 ± 0.5Ωcm resistivity were used for this
study. A broad range of d1 was chosen between 100-500 µm in steps of 50 µm
(the real values are ≈ 20 µm broader due to the spreading of the etching paste).
A state-of-the-art 20-30 µm thick Al contact was screen-printed, fully covering
the rear passivation layer and the opening lines. The alloy was formed after
sintering the samples using a standard firing furnace profile. Three peak firing
temperatures were applied: 750, 850, and 950 ◦C. The widths of the sharply
limited visible dark-gray regions (dS) were measured by optical microscopy.

6.4.2 On the Spread of Si in Al and the Formation of Voids

The three layers forming the alloy junction (A, local BSF; B, eutectic; C, Al
matrix. See Figure 6.7(a)) were characterized by SEM and EDS/EDX. For rear
passivated solar cells, we redefine the Al layer in two regions, depending on the
distribution and concentration of Si in Al: (1) the visible dark-gray region (within
dS ) and (2) the rest of the Al layer formed by solid particles of the Al paste.

The regions of interest in the Al matrix were analyzed by optical microscopy.
Figure 6.8 shows on the y-axis the width of the dark-gray regions (spread limit of
Si in Al, dS), vs. the peak firing temperature, for different LCO widths, d1. For a
LCO of 500 µm, the error bars show the small standard deviation of the optical
microscopy analysis. For three d1 values, a linear fit is illustrated as a guide for the
eye. The same linear dependency on the peak firing temperature is remarkable
for all data. The slope of the line is (3 ± 0.12) µm/◦C which means, that on each
side of the LCO the spread of Si increases by (1.50 ± 0.06) µm/◦C. Additionally,
the lateral spread limit of Si from the edge of the LCO, [dS −d1]/2, is determined
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as follows: (75 ± 9) µm at 750 ◦C, (225 ± 30) µm at 850 ◦C, and (375 ± 90) µm at
950 ◦C. These results show that for a certain firing temperature the spread limit of
Si in the Al layer is constant and independent of the width of the LCO. Therefore,
the maximum spread limit of diffused Si in Al is predictable.

To gain an understanding of the distribution of Si in the Al layer a further
analysis is required. A line scan was performed by EDX in the Al-Si alloying
structure for two samples fired at the high temperature of 950 ◦C. The SEM
cross-sectional micrographs and the EDS/EDX results are shown in Figure 6.9
for two samples fired at the same peak temperature and using the same amount
of Al paste. The difference lies in the LCO of (a) 80 and (c) 125 µm, respectively.
Although the formation of voids was randomly present for all device structures, for
the purpose of discussion a sample with alloy formation at the Al-Si interface was
chosen for d1 = 80 µm [Fig. 6.9(a)] and a sample with a void was chosen for d1 =
125 µm [Fig. 6.9(b)].

The Si content was measured from the center of the LCO, 200 µm to the
left and right. Although the results of this method are influenced by structural
inhomogeneities of the Al layer [135], we see that the Si concentration in the
Al decreases with increasing distance from the center of the interface (center
of LCO), as already published elsewhere [136, 137] [see Figure 6.9(b)]. The

S

Figure 6.8: Temperature linear dependency of the spread limit of Si in the screen-printed
Al layer. Error bars shown for d1 = 500 µm.
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exponential decrease with the length for the concentration of Si in Al is evident
due to the Fick’s law of diffusion [102]

Figure 6.9(a) shows an eutectic layer formed below the Al layer for d1 ≈ 80 µm.
Its Si concentration, as presented in Figure 6.9(b), follows a Gaussian fit [137]
centered at the LCO, decreasing to the left and right to the measured spread limit
of 375 µm. From the Gaussian fit, the maximum concentration is represented by
27 counts, and the concentration at the respective spread limit dS is represented
by 3 counts approximately. For a high peak firing temperature of 950 ◦C a Si
concentration of C [(dS −d1)/2]/C0 ≈ 11 % (hypoeutectic [114]) is still present in
the Al layer at the spread limit of Si, 375 µm from the LCO. The local BSF forms
homogeneously below the contacts, up to 8 µm deep. Thus, the concentration of
Si in the Al layer is inhomogeneously distributed for this type of structures at the
rear of solar cells.

Figure 6.9(c) shows no eutectic layer formed below the contacts, but instead
shows a void. For this sample, the Al was deposited on a broader contact opening
(d1 ≈ 125 µm) and fired at the same high peak firing temperature of 950 ◦C (fast
cooling). In contrast to other authors [138], a homogeneous local BSF forms below
the void. The Si composition in the Al layer, for the sample with a void, is shown
in Fig. 6.9(d). It is described as an irregular form with a higher concentration at

Figure 6.9: SEM/EDX analysis. (a) 80 µm LCO, eutectic and local BSF formed. (b) EDX
analysis of (a) and Gaussian fit, following the Si concentration to the spread limit at 375 µm.
(c) 125 µm LCO, void and BSF formed. (d) EDX analysis of (c). The dotted lines in (a), (c)
delimit the BSF; in (b), (d) the region presented by the SEM figures.
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the center of the opening and two maxima located more than 150 µm away from
the center of the opening, to the left and right.

6.4.3 Discussion

Similar conclusions as presented in this chapter were drawn by Kircher [70],
and by McCaldin and Sankur [137] for the diffusion of Si on evaporated Al thin
layer (20 times thinner than a screen-printed layer). They also found a reduction of
the Si concentration in the thin Al layer adjacent to the dielectric opening (similar
to the two maxima for the concentration of Si as shown in Fig. 6.9(d)). They
explained this phenomenon to be related to the Si diffusing back during cooling
and regrowing epitaxially on the Si surface, during a relatively slow cooling.

The liquid Al wets the Si surface in the dielectric openings, and then Si dis-
solves in the Al layer. It is well known that the depth of penetration of Al-Si melt
into the Si wafer is a function of the temperature and of the spherical diameter of
the Al particles [139]. However, the penetration of the liquid Al-Si also depends
on the diffusion of Si in Al. Thus, for a large initial concentration of Si in Al, the
penetration of the melt will be reduced [140].

In our case for a peak firing temperature of 950 ◦C, the depth of penetration
is 20 µm, as illustrated in Figure 6.9(a), (c). Due to the higher solubility of Si in
Al than that of Al in Si [137,141], a higher volume of Si atoms diffuse into the Al
than Al atoms into the Si. If the peak firing temperature is high, the diffusion is
enhanced and Si spreads faster into the Al layer. At the interface, the Al in direct
contact with the Si bulk saturates first, as the Si diffusion proceeds from the edges
of the interface in both lateral directions into the liquid Al (not yet saturated by Si).
After a few seconds, a large amount of Si atoms is found in the Al layer, more
than 370 µm from the contact area. In the case of a standard solar cell where the
effective contact area of Si is equal to the area of the deposited Al contact, the
interdiffusion achieves an equilibrium at the peak temperature where no more Si
diffusion into Al is present (saturation). Thus, following the Al-Si phase diagram,
the concentration of Si in the melt is constant at the peak temperature. By cooling
the sample, the composition of Si in the liquid-phase has to decrease following
the liquid curve of the binary system [113] (segregation).

However, this may not be the case in our experiment, were a large Al contact
lying on dielectric barrier is forming contact only with a narrow Si surface. In
this case, if no saturation of Al by Si is present, then Si keeps diffusing into Al
for a few seconds at the peak temperature. As shown by some authors, a high
elastic stress field may occur in the melt during the alloying [142] between two
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elements with different diffusivities (this is the case between Al and Si: Si has
higher diffusivity in Al, than Al in Si [141]). The high generation of vacancies
during interdiffusion of two elements with different diffusivities may coalesce in the
melt, causing the nucleation and formation of Kirkendall [143] voids [142] (cavities
between two elements in direct contact).

As shown in Figure 6.9(c), a local BSF is formed below the void which repre-
sents the epitaxial growth of Si on the bulk surface during cooling. Thus, this result
explains that the void forms during the cooling of a hypereutectic melt, during the
epitaxially recrystallization of Si at the interface.

Immediately after the formation of the void (during cooling), only the edges
of the LCO are still in direct contact with the Al layer. Thus, at this point there is
almost no contact surface between Al and Si for the segregation of the diffused Si.
By reaching the eutectic temperature, the whole remaining liquid solidifies and
the Si is trapped in the Al matrix, thus, a high concentration of Si is present in Al,
away from the surface of contact [shown by the two maxima of Figure 6.9(d)].

If the interaction between Al and Si takes place only within dS , where a visible
dark-gray region is sharply delimited, the spread of Si in the Al layer is diffusion-
limited. Thereby, an exponential decrease with the distance from the center of the
interface is evident due to the Fick’s law of diffusion [102].

Since the diffusion of Si in the liquid Al proceeds laterally within the Al layer, a
determined amount of Al (d2 > 500 µm, see section 6.3) should overlap each side
of the dielectric opening to achieve an optimal metal-semiconductor interaction.
This overlap of Al on narrow dielectric openings is evident due to the reduction
of the contact resistivity and the homogeneous formation of the local BSF. We
suggest that the maximum spread limit of diffused Si, dS , should be considered
during the optimization of the Al metallization in order to achieve an optimal
contact and full local BSF formation. Thus, the effective Al mass interaction with
Si during the alloying is determined by dS . However it has been shown here
that an amount too large of unsaturated Al may enhance the formation of voids
instead of Al-Si alloy layers. Thus, another parameter to analyze the local contact
formation between Al and Si is the contact spacing, dp , which may be related to dS .
Another application of the Al overlap may be found on interdigitated back contact
n-type Si solar cells to obtain high-quality screen-printed Al-alloyed emitters.

6.4.4 Model of Local Contact Formation

Figure 6.10 aims to explain the contact formation when the contact area is
reduced (variation of dielectric opening width). A Si wafer [Si(S)] is coated by a
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Figure 6.10: Schematic model in cross-section of the alloying process between Al and Si,
when the contact area is reduced. During this reduction, the spread of Si in Al remains
constant and its value depends on the firing temperature (diffusivity of Si into Al during
firing). The volume of liquid Al with dissolved Si atoms from the interface is represented
by a dark gray color. This color represents the characteristic zebra pattern found at the
rear side of PERC solar cells. The reduction of the contact area influences the depth of
penetration of the melt into the Si bulk. Contact areas which are too narrow may induce Al
spiking.

dielectric layer (blue), which is fully covered by an Al paste (gray). Two contact
areas are obtained in the dielectric barrier by a wide and a narrow laser line. The
contact areas are well separated from each other. The figure shows the alloying
process for both isolated systems. The dissolution of Si in liquid Al [Al(L)] is limited
by the temperature and the spread in the Al matrix, determined by (dS −d1)/2, is
known from the present work to remain constant for the same firing profile, not
varying with the contact area. When assuming the same firing parameters and
cooling rate, the mass transfer and interdiffusion between Al and Si must remain
the same for both systems (for the same temperature, the same volume of Si
atoms are dissolved into the Al). Therefore, it can be assumed that a decrease of
the contact area must vary the depth of penetration of the melt into the Si bulk.
In other words, the Al volume is responsible for dissolution of Si atoms during
alloying and both, the contact area and firing temperature, are responsible for the
depth of penetration of the melt in the bulk material. Our model may thus explain
the formation of Al spiking at the interface.

6.4.5 Summary and Conclusions

In conclusion, further understanding of the local contact formation between
screen-printed Al paste and narrow Si contact areas has been provided. The
spread of Si in a screen printed Al layer increases by (1.5 ± 0.06) µm/◦C when
increasing the peak firing temperature in a range of 750-950 ◦C. This lateral
spread limit of Si, on each side of the dielectric opening, does not dependent on
the contact area size but on the firing temperature, and is measured as 75, 225,
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and 375 µm for 750, 850, and 950 ◦C, respectively. Thus, the optimum width of the
Al contact may be determined by the maximum spread limit of diffused Si in an Al
layer. The impact of this result on the contact spacing will be analyzed in the next
section. It is not clear yet whether the contact spacing should be smaller or larger
than the maximum spread limit of diffused Si in Al. Additionally, an explanation is
given for the voids formed instead of Al-Si eutectic layers, based on the difference
of diffusivities between Al and Si, and it has been mentioned that the voids may
be formed during cooling.
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6.5 Study 3: Distribution of Silicon in Aluminum and the In-
fluence of Contact Pattern on Contact Formation

Abstract

In this section the influence of the geometry of the rear pattern (contact size
and contact spacing) on the Al-Si interaction in the local contact openings is
studied. In the previous section, it has been demonstrated that Si diffuses into the
Al through narrow dielectric barrier openings and spreads laterally to a determined
limit given by the firing temperature. The purpose of this section is to show that
the contact spacing can affect the tendency of formation of voids below the Al-Si
contacts instead of an eutectic layer. When decreasing the contact spacing and
therefore the overlap of Al on each side of the local opening, the melt saturates
faster and the formation of a high-quality local BSF is increased, also minimizing
the presence of voids. This physical observation can enhance the design of the
rear pattern for rear passivated solar cells and give further understanding of the
Al-Si interaction during the firing process. The minimum contact spacing allowed
for an optimal rear side pattern may be based on the interdiffusion between liquid
Al and Si, during the sintering process.

6.5.1 Experimental Design

The local contact formation between Al and Si is strongly influenced by the
distribution of Si in the Al matrix. It has been shown in literature, that rear
passivated solar cells fired with non-optimal parameters suffer from large losses
in FF compared to reference Al-BSF solar cells, using industrial screen-printing
Al pastes [18, 85]. The formation of voids during the sintering between screen-
printing Al pastes and Si may be the answer for those FF losses.

The influence of the contact spacing on the formation of eutectic layer and
local BSF was analyzed. Contact spacings, dp , were chosen from 0.1 to 2 mm,
keeping the opening size, d1, constant at 70 µm [following the model presented
in Figure 6.7(a)]. The variation of dp is achieved by laser ablating lines in the
dielectric layer. The samples are fully covered by Al in order to analyze the
diffusion of Si in the Al matrix. Different peak firing temperatures are used for
contact sintering. Both, the thickness of the Al matrix and the alloying time are
kept constant. Their influence on the contact formation is not studied here, but it
may be interesting for further work and understanding.
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6.5.2 Influence of Contact Pattern on Contact Formation

SEM analysis was performed to measure the geometry of the formed eutectic,
the depth of the local BSF and the presence of voids. The analysis is shown
in Figure 6.11 and summarized in Table 6.1. The contact formation is strongly
influenced by the contact spacing. As presented in the example, for a contact
spacing of 0.1 mm (dp < dS), a thin eutectic layer is found, mainly due to the limited
vertical Si diffusion in the Al matrix, and the BSF is deeply formed [Figure 6.11(a),
(d), Figure 6.12(b)]. For small contact spacing a homogeneous Si distribution
in hypereutectic composition is found in the Al matrix as normally presented in
fully covered Al-BSF [Figure 6.11(d)]. For contact spacing larger than the spread
of Si in Al (dp > dS), the dark-gray regions separate, and the presence of voids
increases, enhancing their penetration depth in the Si. Above a contact spacing
of 700 µm the presence of voids is strongly increased (no local BSF formed).

It has been suggested already in the previous study, that the explanation for
void formations in locally contacted rear passivated solar cells, may be found in
the Si diffusion in Al, which is increased by larger contact spacing and high peak
firing temperatures. It has been also mentioned that the void formation may be
related to the Kirkendall effect [143]. This effect occurs during the interaction of
two materials with different diffusion rates within each other which are in contact

dp = 100 µm

dp = 250 µm

dp = 700 µm

Figure 6.11: (a)-(c) SEM micrographs of samples with different contact spacings dp ,
100 µm, 250 µm, and 700 µm respectively. (d)-(f) Real pictures of the Al matrix after firing
for (a)-(c), respectively, showing the dark-gray regions in Al, dS , formed by the spread limit
of Si in Al.
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across an interface, such as solid Si and liquid Al during contact sintering.
Figure 6.12(b) shows a SEM micrograph of the Al-Si alloyed junction for a LCO

of approximately 70 µm. The well-known three layers formed due to the interaction
of Al and Si are presented (Al-matrix, eutectic layer, local BSF). Generally, the
Al-matrix has a thickness of about 20 µm, the eutectic is found to be 15 µm deep
in the Si bulk and approximately (70 ± 5) µm wide, depending on the dielectric
ablation, and the thickness of the local BSF is up to 7 µm for standard to high
temperature firing conditions. The depth of the voids for large contact spacings
is approximately a factor of two larger than the depth of the eutectic layer [see
Figure 6.12]. This leads us to another conclusion, that voids appear instead of
eutectic layers due to the high overlap of melted Al during the sintering process.
By increased contact spacing there is no limiting factor for the diffusion of Si in the
Al matrix, except the sintering temperature. This phenomenon will be discussed
in section 6.7.

Another important conclusion is that the thickness of the local BSF decreases
when increasing the contact spacing and that no local BSF was found below the

dp = 700 µm dp = 100 µm

15 µm

Figure 6.12: SEM analysis for the same Wafer, i.e. for the same firing temperature. (a)
Void formed by dp ≥ 700 µm; (b) local BSF up to 7 µm for dp = 100 µm.

LCO

1 2 3

Figure 6.13: EDX line analysis of the Si content in the Al matrix for the samples presented
in Fig. 6.12 (the dotted lines delimit the region presented by the SEM figures). (a) EDX
scan for dp ≥ 700 µm [Figure 4(a)] where a void is formed; (b) EDX scan for dp = 100 µm
[Figure 4(b)] extending over 3 LCO with eutectic layer homogeneously formed.
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Table 6.1: Analysis of the eutectic geometry, presence of voids and local BSF depth (all
results ± 0.5 µm).

dp [mm] Eutectic or void local BSF [µm] Voids [%] Figuredepth/length [µm]

0.10 13.60 /67.7 5.7 - 7.0 8 6.11(a), 6.12(b)
0.25 23.15 /70.0 4.5 - 4.7 25 6.11(b)
0.50 23.30 /69.3 2.8 - 3.5 50 -
0.70 23.40 /80.2 4.1 - 4.5 87 6.11(c), 6.12(a)
1.00 27.70 /72.3 - 100 -
2.00 25.40 /75.7 - 100 -

voids for increased contact spacing. Two types of voids were found: voids with
and without local BSF (see section 6.7 for the analysis). This may be due to the
reduced Si concentration in Al for large spacings. As illustrated in Figure 6.13, an
EDS/EDX analysis was performed along the Al matrix (same procedure as shown
in the last study), in order to follow the distribution of Si within the Al matrix. A
line scan width of 10 µm was used. From the center of the LCO the analysis is
performed to the left and right, counting for 300 s. The Si composition decreases
exponentially with the length as described by the Fick’s law of diffusion [137,141].

The presence of Si on each side of the LCOs in the Al matrix is demonstrated
by the EDS/EDX analysis of Figure 6.13. For small contact spacing (dp ) the
uncovered Si surfaces are close to each other, and therefore the low overlap
of Al mass on each side of the LCOs saturates faster (low distances for the
diffusion of Si in Al). This is shown by the almost constant Si concentration in
Figure 6.13(b), which shows the result of an EDX line scan extending over 3
LCOs. Thus, the Si concentration in the Al matrix is constant and the eutectic
layers are homogeneously formed. For a large contact spacing the growth of
voids is increased. For this sample the Si concentration presents two maxima on
each side of the opening [Figure 6.13(a)]. Due to the presence of the void during
cooling, the contact area is located at the edges of the LCO, where a thin and
narrow alloy is found with a respective small BSF formation.

The concentration of Si in the Al matrix is inhomogeneously distributed and
much lower than for shorter contact spacings. If the distance of the LCOs is too
large, no saturation of melted Al by Si occurs. For large contact spacing, the
concentration of Si in the Al matrix may be too low to form an eutectic layer. A
deeper explanation is found in the last section of this chapter.
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6.5.3 Distribution of Si in Al Paste

The atomic concentration in the alloy junction for both samples with and without
void formation was measured in two regions: a large volume (large V) covering
the overlap of Al and a small volume (small V) directly above the interface, as
shown in Figure 6.14. More Si content in volume was found above the void than
above the eutectic layer in both regions. For the sample with eutectic layer formed
lower Si is found in the matrix due to the Si which recrystallized from the melt to
form the BSF and the Si content within the eutectic (approx. 16 at. %). In the
case of the void formation, Si must solidify in the Al matrix, and during cooling it is
rejected from the Al (diffuses back [70,137]) and solidifies directly above the void
underneath the Al matrix (therefore the content of Si is approx. 18 at. %). Thus,
an important conclusion can be drawn here: the volume of Al-Si melt present in
the void during the alloying is distributed in the Al matrix, due to mass transport
of the melt into the liquid Al, and therefore this Al-Si volume does not contribute
to eutectic formation. This process of mass transport may occur before cooling
starts.

6.5.4 Phenomenon of Lateral Solidification

The cross-sectional sample presented in Figure 6.15 shows two void forma-
tions for a sample with large contact spacings. The distribution of Si in Al is also
shown. As shown before, the concentration of Si decreases with the length and
we can assume that in the center of the Al matrix only Al is present (red box:
content of Si = 0 at. %, neglecting impurities).

At the peak temperature the Al mass is found in liquid state and the diffusion of

Large VLarge V

AlAl -- 69%69%

SiSi -- 12%12%

OO -- 19%19%

Small VSmall V

AlAl -- 62%62%

SiSi -- 18%18%

OO -- 20%20%

Large VLarge V

AlAl -- 72%72%

SiSi -- 10%10%

OO -- 18%18%

Small VSmall V

AlAl -- 65%65%

SiSi -- 12%12%

OO -- 23%23%

AlAl -- 84%84%

SiSi -- 16%16%

Figure 6.14: EDX volume analysis of the cross-section of the Si distribution in the Al matrix
for a sample with a void formation and an eutectic layer. The volume of the Al-Si melt
contained in the void during the alloying is distributed in the Al matrix.
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dp = 700 µm

Si Si

Al

AlAl-12%Si Al-12%Si

solidification

L S, 660°C®L S, 577°C® L S 577°C®

Figure 6.15: Hypothesis of lateral solidification within the Al matrix for large contact
spacings.

Si into Al is limited by the contact spacing (contact spacing too large: no saturation
is found at this point). When cooling, Si concentration decreases as following the
liquidus curve in the phase diagram to solidify the Al matrix in liquid state [116].
The interesting thing here is that Al solidifies at 660 ◦C, but a mixture of Al and Si
will solidify at the eutectic temperature, 577 ◦C. Thus, the region presented by the
red box in the middle part of the Al matrix starts to solidify first and its solidification
will continue laterally from the middle in both directions - left and right - to the
interface layer. Between 660 and 577 ◦C lateral solidification within the Al matrix
is present to the left and to the right in direction of the contact area.

VAl (sol i d) <VAl (l i qui d) (6.6)

ρAl (sol i d) > ρAl (l i qui d)(∆ρr el ≈ 12 %) (6.7)

It is well-known that the volume of a solid is smaller than that of a liquid and a
contraction may occur within the Al matrix. The density of Al in solid state is 12 %
relatively higher than the density of liquid Al. Thus, the liquid Al content must
be attracted to the red box in order to solidify and Si must be rejected to diffuse
back to the interface. At the same time, Si from the Al-Si melt at the interface
must diffuse back into the bulk forming the BSF. If this phenomenon is happening
during cooling, it is still not clear if this hypothesis may also explain the formation
of voids at the interface. Nevertheless, lateral solidification may have an impact
on the conductivity within the Al matrix due to the contraction of the layer during
cooling.
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6.5.5 Summary and Conclusions

In conclusion, we have shown that the geometry of the rear pattern for rear
passivated, locally contacted solar cells influences not only series resistance
losses, but also the process of local contact formation between Al and Si. The
formation of a high quality BSF is extremely dependent on the Si diffusion in
Al and on the overlap of Al on each side of the dielectric opening. The early
saturation of the Al-Si melt for small contact spacings may allow the formation of
a deep p+-doped layer. A unlimited diffusion of Si atoms in Al may explain void
formation instead of eutectic layers. The Si diffusion in Al is limited not only by the
firing temperature, but also by the contact spacing, determined by the amount of
Al mass overlap on each side of the dielectric openings. The Al-Si volume in liquid
state present in void during the alloying was found distributed in the Al matrix.
This Al-Si volume transported from void to the Al matrix does not contribute to
eutectic formation, explaining the process of mass transport and void formation.
Furthermore, we believe that the enhanced Si diffusion in the Al matrix could be
reduced by introducing Si in the Al paste before the sintering.



6.6. Study 4: Effect of Gravity on the Microstructure of Al-Si Alloy 89

6.6 Study 4: Effect of Gravity on the Microstructure of Al-Si
Alloy

Abstract

The following section presents a study on the influence of the gravity field
orientation on the microstructure of Al-Si forming alloy. Due to the fundamental
differences between Al and Si (i.e. diffusivity), void formations are often found at
the back of rear-passivated solar cells instead of an eutectic layer. It is shown that
the voids may partially be avoided by sintering the samples with the solid/liquid
interface oriented opposite to the direction of the gravity field. A local BSF is found
underneath the voids using this approach. This phenomenon strongly applies to
rear-passivated solar cells, which exhibited strong fill factor losses.

6.6.1 Experimental Design

Recently, several studies have been focused on the formation of voids in
alloys [144,145]. A strong impact of voids on the electrical and thermal conductivity

Figure 6.16: Model of the local Al-Si interaction through a dielectric window at different
firing temperatures, showing the influence of the orientation of g (gravity field orientation)
and n (direction of solidification), on the formation of voids. (a) Case A, n and g present
opposite direction. The voids are partially filled and the BSF is formed. (b) Case B, n and g
show the same parallel orientation. Too thin BSF is found.
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has been shown. It has been mentioned, that the void formation is a result of a
system of variables and that each paste is different in its voiding behavior [146].

In this section the microstructure during the transformation from liquid to solid
phase is analyzed for both cases, gravity field oriented opposite and parallel to
the solid/liquid (S/L) interface (Figure 6.16) and their effect on the formation of
voids is analyzed. As in a standard solar cell process, the samples are alkaline
textured in order to achieve a pyramidal structure on the surface. An optimized
rear side passivation by PECVD technique can be used on the pyramidal structure
for high-efficiency solar cell processes (see section 7.10).

Figure 6.16 illustrates the model of the local interaction between Al and Si for
three temperatures during sintering. At room temperature (20 ◦C) the system is
at equilibrium. When Al is liquid (above its melting temperature), the interaction
starts (Al diffusion into Si, Si diffusion into Al) and a spot of liquid Al-Si is found.
In the same place but after cooling (to below the eutectic temperature), the Al-Si
eutectic is formed by recrystallization. A parallel orientation is assumed for both,
the gravity field, g, and the normal direction of the S/L interface (direction of
solidification), n. In case A, n and g are antiparallel and in case B, n and g are
parallel. The diffusion of Si into Al is represented by the white arrows: firstly, Si
diffusion from the Al-Si melt into the Al matrix and secondly, lateral diffusion of
Si into Al along the matrix, as marked by the dark-gray region within the Al layer.
This region has been defined as the spread limit of Si in the screen-printing Al
after cooling (see section 6.4). The epitaxial recrystallization of the melt during
cooling is represented by the black arrows (with the normal n, as the direction of
solidification).

6.6.2 Cross-sectional SEM Analysis

Figure 6.17 shows the SEM cross-sectional analysis. The eutectic layer and
void formations were found in more than 20 samples, fired at different peak firing
temperatures, for the two cases of firing presented in the model of Figure 6.16.

In case A, the normal direction of the solid/liquid interface, n, is in opposite
direction to the gravity field orientation, g (n and g are antiparallel). The microstruc-
ture of the Al-Si eutectic is shown in Figure 6.17(a), (c). In the opposite case
B, n and g are parallel. The microstructure of the Al-Si eutectic is presented in
Figure 6.17(b), (d). In the Al-Si interface, Si-rich structures along the < 111 >
planes are still found after cooling, due to the phenomenon of extrusion which
may diminish open-circuit voltage at the solar cell level [107].

Voids were found in every sample, which leads to the conclusion that the void
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formation may be dependent on the Kirkendall effect, and less on the optimization
of firing parameters. Nevertheless, firing the wafers, as in the case of A minimized
the number of voids due to a partial fill of the cavity through the Al paste (the
gravity may affect the crystalline morphology of some alloys [147]). It has been
explained - based on the Kirkendall effect - that during fast sintering processes
(fast cooling), the diffusion of Si leads to vacancies or interstitials formation across
the dielectric window, which coalesce and nucleate, forming voids [142] instead
of an eutectic layer.

Firing the samples with the front side down on the belt furnace should not
present any risk of degradation of the emitter qualities.

As shown in Figure 6.17(a) and (c), a triangular profile with an angle of 65◦ is
formed and marked (this angle repeats regularly in all samples analyzed). The
eutectic in this case has only formed at the edges of the tilt angle. Inside the angle
only Al paste in hypereutectic composition could be found. Thus, the softened
Al paste (saturated by Si) drops facing downwards in case A. In same cases no
eutectic was found and only the Al paste was filling the cavity. Hence, the voids
may have been formed during the alloying process at peak temperature (see
section 6.7).

The spherical liquid Al particles recrystallize within the tilt angle where less

Figure 6.17: Cross section SEM micrographs showing the influence of the gravity on the
solidification and microstructure of the Al-Si alloy. The local BSF is marked. On the left, n
and g are antiparallel (case A): (a) completely filled Al-Si layer below the Al matrix, showing
Al paste within the angle marked and eutectic composition on the rest; (c) partially filled
void, presenting the same tilt angle than in (a), marked by the dotted line. On the right, n
and g are parallel (case B): (b) completely formed eutectic layer below the Al matrix; (d)
Void formed.
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contact to the Si bulk is found than at the edges. The void formation process may
be the same in both cases (A and B), however no paste fills the void in case B. In
our case, melting and cooling could not be observed in real time and therefore it
is extremely difficult to completely understand the process of void formation.

An important benefit of this phenomenon is that the Al paste can partially fill
the voids, reducing their effect, improving the Al-Si contact, and increasing the
formation of a BSF beneath the LCO. Because the solid Al spheres are visible
within the void it can be concluded that the softened Al paste fills part of the void
during cooling due to the impact of gravity.

6.6.3 Summary and Conclusions

It could be shown that the gravity field orientation has an important effect on
the local Al-Si alloy morphology during sintering. The formation of voids can be
completely or partially prevented when the gravity field orientation is antiparallel
to the normal solidification direction of the solid/liquid phase. The formation of the
local BSF is improved underneath the void. This approach may reduce series
resistance losses normally found in these device structures. This discovery offers
applications to the formation of local contacts for rear-passivated Si solar cells by
local alloying of full-area, screen-printed Al pastes.
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6.7 Understanding and Avoiding the Formation of Voids §

Abstract

So far, several conclusions have been drawn within this study: the Al mass
is responsible for mass transport during alloying; the diffusion of Si in Al within
the Al matrix is limited by the contact spacing; two types of voids have been
observed: voids with and without p+-doped Si region (BSF) formation underneath.
So far, it has been mentioned that the void formation may depend on the fast
diffusion of Si in Al, the Kirkendall effect, the fast cooling, the contact spacing,
lateral solidification within the Al. In the first part of the following section, the two
types of voids formations are analyzed and a schematic model is presented to
describe their formation. In the second part several issues to avoid void formation
-as the presented in this work and in the literature- are reviewed.

6.7.1 Formation of Voids with and without Back Surface Field

So far, the formation of voids has been explained by the following effects:

a. Due to the higher diffusivity of Si in Al than the diffusivity of Al in Si in Al-Si
alloys, a high current of vacancies or interstitials across the dielectric window
may occur (as explained by the Kirkendall effect). When increasing the firing
temperature, the diffusivity of Si in Al increases and the process is accelerated.

b. The concentration of Si in the Al matrix can be too low and the diffusion of Si
back through the interface is not enough to form the eutectic and the BSF. This is
mainly due to the spread of Si in Al due to large contact spacings.

c. The volume of Al is too high and responsible for strong mass transport of the
Al-Si melt during the alloying.

d. The cooling process does not occur at equilibrium, as stated by the Al-Si
phase diagram.

Figure 6.18 shows a simple scheme to explain the formation of voids with and
without BSF, during the contact formation in narrow dielectric openings between
screen-printed Al pastes to Si.

1. Reaching the peak temperature the Al-Si melt has deeply penetrated the
interface in both cases. At this point no void formation is assumed.

§The main results of this section have been presented at the 3r d Workshop on Metallization for
Crystalline Silicon Solar Cells, Charleroi (Belgium), 26.10.2011.
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1
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case (a) case (b)
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dielectric

local BSF

Al-Si melt

Figure 6.18: Simple scheme of void formation in the interface, underneath the Al layer.
(1) The Al-Si melt increases in the Si bulk until the peak temperature is reached and Al
saturated. (2) For case (a) the formation of a void appears before cooling, and therefore,
no Al-Si melt is present during cooling and no epitaxially recrystallization of Si from the
melt can occur, thus no BSF can be found. For case (b) the void is formed during cooling
and a BSF is formed.

2. Case (a): Immediately afterwards, the void formation appears due to mass
transport or Kirkendall effect, or both. During cooling no Al-Si melt is present
and thus, no BSF can be formed. The remaining Si content in Al solidifies at the
interface, above the void and underneath the Al layer, as shown in Figure 6.19(a).

2. Case (b): at this point the void has not yet formed. Thus, the recrystallization
of Si from the Al-Si melt starts and a BSF is progressively formed (orange region
in Figure 6.18).

3. Case (b): The voids appear during cooling too fast (faster than the solidifi-
cation process: Si contained in Al does not reach the Al-Si interface to form the
alloy). In this case the Kirkendall effect may also be present. The remaining Si
content in Al solidifies at the interface, above the void and underneath the Al layer,
as shown in Figure 6.19(b).

6.7.2 How to Reduce the Void Formation for Rear Passivated Solar
Cells

The void formation in Al-Si alloys for rear passivated solar cells may be reduced
by controlling the diffusion of Si into Al, by the following parameters:
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AlAl -- 87%87%

SiSi -- 13%13%
LL--BSFBSF

(a) (b)

Figure 6.19: (a) In the case of a complete void formation, an alloy is found directly below
the Al matrix. It means the void was formed before cooling started, and therefore Si
solidified in the Al matrix. (b) In the second case, the local BSF started to grow and the
Al-Si melt recrystallized. Probably due to cooling too fast the alloy was not completely
formed. Afterwards the rest of Si solidified below the Al matrix where an hypereutectic
concentration was found.

1. Due to the high diffusivity of Si in Al-Si alloys, an interesting approach is to
add Si to Al paste before alloying. This has been mentioned recently by some
authors [128,140]. Another approach is to reduce the contact spacing as already
shown within this chapter, where a thinner eutectic layer was found below the Al
matrix and a well formed and deep local BSF was achieved, due to the reduced
mass transport during heating. As shown in the literature a well formed local BSF
is responsible for reduction of contact recombination [148].

2. Another approach is the development of new pastes to optimize Si-Al mass
transfer, as already shown in the literature [149].

3. A well optimization of firing parameters together with new pastes may also
help to achieve better results [150].

4. A novel approach is to sinter the solar cells with Al on top, in order to fill the
voids with paste during the alloy.

6.7.3 Summary and Conclusions

Si diffusion into Al must be controlled in order to achieve best contact perfor-
mance. Voids formation depends on many parameters such as diffusion of Si
into Al, temperature, Kirkendall effect, concentration and distribution of Si in the
Al layer, amount of Al and contact spacing. To avoid the phenomenon of void
formation, many factors must be taken into account: reduction of the diffusivity of
Si into Al by adding Si in the paste or by reduced contact spacings, and finally a
tailored paste development is required to optimize Si-Al mass transfer.
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PROCESSING OF REAR PASSIVATED SOLAR

CELLS: ANALYSIS OF DEVICE STRUCTURES

AND RESULTS

Abstract

After the introduction of the rear passivated solar cell device (chapter 1) and
the analysis of the local Al-Si contact formation (chapter 6), the goal of this chapter
is to present the development of an industrially applicable process sequences for
rear passivated solar cells on multicrystalline silicon substrates. The optimizations
done in the previous chapter on the rear side contact formation between Al and
Si will be applied in all the devices presented in this chapter. The improvement
of the solar cell concepts and efficiency over the time spam of this thesis is
presented. Several passivation layers for the rear side are deposited and tested.
Different reference structures were made in order to analyze the impact of several
thermal budgets on the solar cell performance and their potential for increasing
the efficiency of each device concept. The main difference between the batches
is the preparation of the rear side before dielectric passivation. The single side
polishing process was studied, in order to select the optimal etching procedure.
Also, a chemical edge isolation approach is analyzed. A masking approach for
protecting the front side emitter from the single side polishing is also presented.
By the end of the chapter, the developed high efficiency solar cells on high quality
mc-Si and Cz-Si material are presented.
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7.1 Introduction

Many concepts for rear passivated solar cells have been developed throughout
this thesis. In this chapter the main results, which may have the highest impact on
the industrial production are summarized, and discussed. The main topic of rear
passivated p-Si solar cell structures is the fabrication of a single side emitter*.

Thus, the succession of rear side polishing and edge isolation is a critical
step within the process. In order to further understand this topic, two studies are
presented (on mc-Si), which are of paramount importance for the high efficiency
solar cell presented here. Cz-Si material is incorporated in the batch, by the end
of the chapter, in order to further analyze the impact of the approaches on high
quality material.

The first study concentrates on the influence of an extra rear single side
polishing step before phosphorus diffusion. The roughness of the rear side is
shown to be related to the effective carrier lifetime of the bulk material. The
influence of the roughness on the increase of the internal rear reflection and JSC

of the device will be shown in the spectral response of the solar cell. A chemical
edge isolation step, however, is performed to achieve the single side emitter
structure.

Therefore, a second process sequence is introduced which contains a masking
of the front side phosphorus diffused emitter during the rear side polishing step,
acting, at the same time, as a chemical edge isolation. Hence, the process
sequence of the first study is simplified. Although the process cost are also
reduced, this extra masking step might incorporate a new challenge for industrial
application, which is the removal of the masking and of the phosphorous silicate
glass (PSG), after single side polishing. After optimizing the process, the best
concept is tested also on Cz-Si material, resulting in an innovative high efficiency
solar cell concept.

7.2 Material

The different processing steps were carried out firstly on mc-Si feedstock with
the properties shown in Table 7.1. Thin p-type boron doped large area mc-Si
wafers were used. Special selection of the substrates from the middle part of
silicon ingots delivered sister wafers for the process presented in this chapter.

*The rear surface phosphorus doping should be removed before the deposition of a rear passiva-
tion layer, otherwise the p-type solar cell will be shunted.
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Table 7.1: Substrates used for the studies as presented in this chapter.

Crystallinity Type,
dopant

Resistivity
[Ωcm]

Thickness
[µm] Size [cm2] Quantity

mc-Si p /Bor (2 ± 1) (180 ± 10) 243.36 200
Cz-Si p /Bor (2 ± 1) (180 ± 10) 238.95 200

For mc-Si material a previous homogenization of the wafers is important due to
the difference of quality within a mc-Si ingot. Thus, different process sequences
are more comparable on homogenized material. By the end, high quality Cz-Si
material is incorporated into the batch, in order to achieve high efficiency solar
cells.

In this chapter three mc-Si material will be used.

7.3 Inline Phosphorous Gettering on As-Cut mc-Si

The potential of mc-Si material can be improved by removing metal impurities
within the bulk from as-cut wafers by applying gettering techniques. The gettering
qualities of a phosphorous inline diffusion are well known to improve the silicon
bulk qualities [151]. The minority carrier diffusion length is increased by minimizing
the number of recombination sites [105]. This is due to the accumulation of the
contaminants in the highly doped regions, which are afterwards removed by
chemical etching. The enhanced solar cells performance is mainly due to the
strong increase of VOC . In this work it is shown that up to 10 mV improvement
is achieved with this approach, compared to mc-Si reference solar cells (see
Figure 7.6).

The incorporation of an extra as-cut pregettering step in the production of
mc-Si solar cells is not requested by the industry, because of its slow processing
in the inline machine. It was used in this work, however, to maximize the available
material quality.

A cleaning step is needed before the inline process, performed by low con-
centrated KOH at room temperature for 3 min. The saw damage remains on
the surface after the short and cold cleaning. The metal residuals are removed
by HCl/HF cleaning until a hydrophobic surface is achieved. The phosphorous
pregettering takes place in a Tecnofimes inline furnace at 890 ◦C for 20 minutes.
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7.4 Surface Roughness of Polished mc-Si Surfaces†

The improvement of polishing techniques for increasing surface quality is still
a goal in the industry. It has been shown that the surface roughness highly influ-
ences the device qualities [152]. Lower costs in the industry line require more
efficient processes which imply the use of thinner materials and rear side passi-
vation techniques [11]. Furthermore, special requirements on surface treatment
are also necessary, in order to further increase the light trapping [153,154]. For
this propose the surface is normally textured on the front side, randomizing the
internal light reflection and increasing the internal front reflection [57]. By chemi-
cally polishing the rear side the surface qualities for dielectric layer deposition is
enhanced, by minimizing surface recombination velocity [155], and increasing the
internal rear reflection. The main results of the work conducted by the experts at
the ISC-Konstanz on chemical etching of silicon surfaces are presented in this
section. The aim of this work is to compare (on mc-Si) the alkaline with the acid
polishing using roughness characterization.

This work has been performed on neighboring mc-Si wafers, which where split
into two groups. The first group receives an isotropic texture (HF-HNO3) on both
sides, and the second group material is left as-cut (saw damage remains on the
surface). After HCl-HF cleaning, both groups receive a phosphorus inline gettering
step. Each group is split again into two subgroups: one receives alkaline polishing
(KOH, anisotropic etching) and the other acidic polishing (HF-HNO3, isotropic
etching). The differences are shown by laser scanning microscopy analysis
presented in Figure 7.1(a). The results in terms of reflectivity are presented in the
next section. The influence of the etching depth, d , is analyzed on three grains
of the mc-Si material, varying the etching time in order to achieve a depth range
from d to 3d . The lifetime of the samples is also characterized. For this purpose,
the surfaces are specially cleaned and both sides passivated.

The lifetime is measured (after firing the samples under standard tempera-
ture profiles) by the quasi-steady-state photoconductance (QSSPC) technique
introduced by Sinton (see reference [156]). This is a well-known technique to
characterize surface passivation, by determining the bulk minority carrier lifetime
in semiconductors, and also allows to predict the open-circuit voltage of solar cell
before metallization (an important parameter for characterizing solar cells).

†Results reprinted with authorization of Dr. E. Wefringhaus, ISC-Konstanz e.V., and Dr. G.
Schubert, Sunways AG.
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Characterization and Discussion of the Results

A strong parameter to characterize the roughness of a polished surface is
the surfaces area ratio Sdr , also known as SDR roughness parameter, which
expresses the increment of the interfacial surface area relative to the area of the
projected (flat) x y-plane [157].

This parameter reflects slope gradients and its calculation is based on local
z-slopes. The increase of Sdr means an increase of the roughness of the treated
surface. Thus, a perfect polished surface (totally flat) has a surface area ratio, Sdr

= 0, where the surface area and x y-plane are the same.
One might expect that the surface roughness should decrease with the chemi-

cal etching depth. However, the etching process strongly depends on the surface

Figure 7.1: Study on the roughness of polished mc-Si substrates after two chemical
approaches on as-cut and isotropic textured surfaces, for two etching depths. (a) Laser
Scanning microscopy pictures of three crystal grains are chosen for each case. The etching
time is varied, in order to achieve an etching depth range from d to 3d . (b) The roughness
analysis through the parameter Sdr shows the best results for acidic polishing. (c) The
lifetime results show improvement after acidic polishing. Due to the removal of impurities
by isotropic texturing, these samples represent the highest lifetime.
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crystal orientation. As shown in Figure 7.1(b), the surface roughness steadily
decreases with the etching depth for those samples treated with chemical acidic
polishing, as this process is independent on the preceding state of the mc-Si
surface (as-cut or isotropic textured). In a few minutes time, the acidic polishing
easily achieves the minimum roughness Sdr = 0, where all gradients in z-axis are
equal [the surface is perfectly smooth as shown in Figure 7.1(a)].

For alkaline polishing the result is peculiar on mc-Si surfaces, where a further
increase of etching depth shows no influence on the smoothness of the surface,
resulting in a constant value for the roughness (Sdr = 3 %). This is due to the
unwanted steps and crevasses caused by alkaline solutions between the grains
of mc-Si surfaces [25]. Therefore, acidic etching solutions are to be used when
polishing mc-Si surfaces, in order to achieve a near perfect smooth surface.
This conclusion is corroborated by the carrier lifetime, which rapidly increases
when using isotropic textured surfaces after an acidic etching step, as shown in
Figure 7.1(c). The alkaline solutions diminish the lifetime of mc-Si surfaces, which
decreases further with increasing etching depth. As-cut samples are normally
treated with alkaline solutions for removing saw damage, and Figure 7.1(c) shows
an optimal etching depth for this purpose, after which the lifetime is not further
increased.

7.5 Reflectivity of Studied Si Surfaces

The reflectivity was measured on different surfaces as shown in Figure 7.2 (all
measurements under air). Cz-Si material was used for this purpose, generalizing
the reflectivity for one crystal orientation. The reflectivity of intrinsic Si is presented
first: the experimental data (polished Si) goes in line with the data of intrinsic
Si. The total reflectivity of intrinsic Si shows its minimum at 0.33 at 960 nm. The
theoretical data for the intrinsic Si obviously assumes a transparent ingot for large
wavelengths (λ> 1000 nm), where the improvement of the rear internal reflection
is ignored, which is contrary to the experimental measurement. The improvement
by texturing the surface is paramount: the reflection is decreased by 22 % from a
reflectivity of 0.33 for intrinsic Si to a reflectivity of 0.10 for textured samples, at
960 nm. As shown in the same Figure, when polishing the rear side of a textured
sample, the specular internal rear reflection for long wavelengths is increased
(compare red circle with black square in Figure 7.2)‡.

‡Remember that the absorption of Si shows that, above 1000 nm, the rear side of a 150 µm device
can be characterized.
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Figure 7.2: The reflectivity of incident light is measured as a function of wavelength
measured on different surfaces, as studied throughout this thesis. The percentage of light
reflected from bare Si is 40 % (as shown by experimental, total reflection of polished Si,
and theoretical data of intrinsic Si). By texturing the surface the reflection is reduced down
to 10 %. By polishing the rear surface of a textured sample, the specular rear internal
reflection is increased for long wavelengths (red circle). The standard PECVD ARC shows
a refractive index of 2 and a thickness of 75 nm to produce minimum reflection at 600 nm.
All measurements performed under air. The theoretical data does not consider the internal
reflection at the rear of the substrate above 1000 nm.

Table 7.2: The results on the total reflectivity of several surfaces, as shown in Fig 7.2, are
compared to the internal reflectivity of a PERC solar cell and a Al-BSF reference solar cell.

Surface Total front reflectivity Rear internal reflectivity

Polished surface (planar) 0.33 at 946 nm -
Textured surface 0.10 at 946 nm -

Polished surfaces + optimized ARC 0.00 at 600 nm
Al-BSF solar cell 0.00 at 600 nm 0.64

Rear passivated solar cell 0.00 at 600 nm 0.91

The internal reflectivity is further improved when the fully covered Al-BSF rear
surface of a standard solar cell is replaced by a polished and passivated surface
(see Table 7.2). A thin PECVD ARC with a refractive index of 2 and a thickness of
75 nm produce a reflectivity minimum at 600 nm for intrinsic Si (see section 2.5). In
theory, the optimal light trapping in the solar cell device is achieved by a both sides
textured and passivated Si material. In practice, however, better rear passivation
qualities are achieved with polished Si surfaces than with textured.
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7.6 Homogeneity of the Phosphorus Emitter Layer

The homogeneity of the phosphorus diffused layer was analyzed. This ex-
periment is performed to gain knowledge of the emitter qualities which strongly
influences the Ag-Si contact formation. For this propose the emitter sheet re-
sistance (RSH ) along the diffusion boat is tested on every 10 mc-Si wafers. The
sheet resistance is measured on the upper part, middle part and lower part of
each sample. The phosphorus diffusion is performed in a Centrotherm furnace
using POCl3. A standard recipe for a 65Ω/ä phosphorus emitter is used for
approximate 70 mc-Si wafers. The four point probe measurement of the emitter
sheet resistance through the PSG is approximately ± 5 Ω/ä lower than the real
value of the diffused layer.

Figure 7.3(a) shows the four point probe results of RSH measured on the
upper part (top), middle part (middle), and lower part (bottom) of each wafer
(Figure 7.3(b)), from different positions of the diffusion boat (Figure 7.3(c)). An
average of 64Ω/ä for the sheet resistance is found without PSG removal. A large
difference between the measurements performed on the upper part and on the
lower part on the same wafer is found. This difference decreases from the first

Figure 7.3: The influence of the boat position on the homogeneity of the phosphorous
diffused emitter layer. (a) Sheet resistance measured by four point probe method through
the boat of diffusion. The homogeneity of the emitter deposition strongly depends on the
boat position, and varies within the wafer surface. (b) Schema of one wafer as located
on the diffusion boat, showing the upper part (top), middle part (middle) and lower part
(bottom) of the wafer, as used in the four point probe measurement. (c) Schematic of the
wafer positions within the diffusion boat, showing the start position as the entrance into the
diffusion oven, wafer 1, and the end position, wafer 67.¶

¶Result of 13 cells processed in the same batch.
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wafer to the last one in almost 25 %.
The inhomogeneity of the sheet resistance is also remarkable along the boat.

Absolut values vary from (64.79 ± 1.52) Ω/ä on the lower part, (62.31 ± 1.51) Ω/ä
in the middle part, and (59.95 ± 1.06) Ω/ä on the upper part. A stronger diffusion
is found on the upper part of the wafers than on the lower part, because the boat
affects the flow of gas.

In conclusion, the sheet resistance of the deposited emitter used in this study
might vary with a difference of ± 5 Ω/ä from the lower part to the upper part of the
wafer. This difference needs to be taken into account when the contact formation
of Ag pastes on the front side emitter is studied. It also influences the quality of
the front side passivation, bulk gettering, and lifetime.

In order to overcome such inhomogeneities, another boat could be used or the
wafers could be positioned more separately on the boat, allowing the gasses to
reach the middle and lower part. This inhomogeneity could also be overcome by
selective emitter concepts, using a second diffusion through oxide barriers with
orientation dependent growth [158] Nevertheless, a variation of ± 5Ω/ä through
the front surface of the wafer can be tolerated (within the tolerance of the device
used).

7.7 Silver Pad Metallization for Module Assembly

In order to facilitate module assembly in industrial applications, solder pads
have to be incorporated on the Al rear contact, parallel to the busbars on the front
(see for instance references [159,160]). For rear passivated solar cells, the pads
should be screen printed directly on the passivation layer, and incorporated in the
metallization process before the printing of the thick Al layer. The Al layer fully
covers the entire rear surface except the Ag pads. The Ag pads should not fire
through the dielectric layer, and therefore, the Ag paste should be low aggressive
against the dielectric.

The goal of this section is to study the impact of the Ag pads on the rear surface
passivation. An Ag paste is used which shows small tendency to fire through the
rear PECVD stack. Three tests are performed: (a) the peel off test, (b) the impact
of the Ag pads on the lifetime, and (c) the analysis of the penetration of the Ag
pads into the dielectric. Due to the high density of the paste [Figure 7.4(left)] and
maybe due to the homogeneous distribution of the glass content, the Ag pads
remain on the dielectric layer, after sintering.
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a. An important analysis for module assembly pads is the ribbon peel off test,
where the sintered connection of the ribbon to the Ag pads are tested by pulling
the ribbon in order to analyze its adhesion to the surface. The results of the peel
off test are shown in Figure 7.4(right), for an Al-BSF reference cell (Ag pads on
naked Si) and for a PERC cell (Ag pads on dielectric). The graph shows the
bonding force of the Ag pads along the rear side of the wafer vs. the distance in
cm. It is well-known from industrial application (see for instance reference [161]),
that the accepted bonding force of solder pads should be higher than 1 N/mm.
Thus, the bonding force of the Ag paste used here is more than acceptable for
both solar cells, all along the length of the busbars. The following images in
Figure 7.5(a) and (b) show the mechanical removal of the Ag pads as a result of
the peel off test. The adhesion of the Ag ribbons is strong enough, so that the Ag
pads cannot be peeled off from the Si surface during the test without destroying
the wafer.

b. Figure 7.5(c) shows the carrier lifetime analysis of a both-sided passivated
mc-Si wafer. On top of the dielectric three Ag busbar pads are screen printed
and sintered (as shown by the white boxes). The average of the carrier lifetime
over the complete wafer with Ag pads is approx. 80 µs. Although the Ag pads are
not clearly visible in the map shown in Figure 7.5(c), the average of the effective
carrier lifetime measured directly where the Ag pads were located was about
30-40 µs, and the result between the busbars for the average bulk lifetime was
about 100 µs. The incorporation of soldering pads on the rear side is investigated

Figure 7.4: Left: Cross sectional SEM micrograph of an Ag finger printed and fired on a
dielectric barrier. The Ag paste is more viscous than a standard silver paste, probably
therefore its adhesion to the printed surface is strong enough without firing through. Right:
Ribbon peel off test in [N] for a reference and a PERC cell.
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in study 7.9.

c. Another test was the analysis of the penetration of the Ag pads into the
dielectric. It is well-known that Ag does not react with dielectric layers. To make
contact to the Si bulk possible, glass is incorporated in the Ag paste to open
the dielectric during firing [37]. However, in the case of solder pads for rear
passivated solar cells, the Ag paste must not be too aggressive against dielectrics.
Therefore, further analysis of the alloy junction between the Ag paste and the
sample surface was performed. To test how aggressive the Ag paste is, the
elemental composition of the bulk alloy and on the surface was measured by
EDS/EDX analysis after 8 min HF etching, as shown in Table 7.3. From literature it
is well-known that glasses and oxides are easily removed by wet chemical etching
with HF [118,162]). HF does not react with Ag but etches the glass composition
within the paste. Therefore, the Ag fingers will be easily separated from the
surface||.

After an etching process with 5 % HF the Ag fingers were immediately sepa-
rated from the dielectric layer (few seconds were needed). The glass contained
in the Ag paste was etched off from the top of the dielectric (below the fingers)
cutting the adhesive element of the Ag lines. After removing the Ag fingers, the
dielectric was still under the Ag pads even after sintering.

The original atomic composition of the dielectric layer is shown in Table 7.3.
Most of the dielectric is formed by Si and N. O is also found in the stack, due to a
previous wet thermal oxidation. After HF etching a part of the N content of the

Figure 7.5: (a), (b) Ag pads after the peel off test performed to monitor the bonding force.
(c) Effective carrier lifetime measurement on one both sides passivated mc-Si wafer, with 2
Ag pads busbars.

||To etch Ag, mixed acids or aqua regia types HF:HNO3 are needed.
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Table 7.3: EDS/EDX analysis of an screen printed Ag finger on a thick dielectric layer, after
different HF etching times.

Surface and HF etching Element Atomic %

SiO2/SiNx without etching.
N 28.90
O 4.25
Si 66.85

Ag paste on bare Si after a few seconds HF etching. Si 89.85
Ag 10.15

Ag paste on SiO2/SiNx after 8 min HF etching.

N 11.18
O 0.95
Si 87.27
Ag 0.60

dielectric layer has been removed. Thus, the SiNx layer in the stack thins down.
A reference sample was obtained by printing and sintering Ag fingers directly

on bare Si. The EDS/EDX analysis shows that the content of Ag in Si is 10.15 %.
The other sample was produced by sintering Ag on SiO2/SiNx and removing the
finger by 8 min HF etching. Only a 0.6 % Ag content is found below the fingers
compared to 10.15 % content on bare Si.

Concluding, this work showed that the used Ag paste is suitable for the
application on thick dielectric layers (100 nm) for the base pads of the PERC
structure.
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7.8 Study 1: Single Side Polishing before POCl3 Diffusion

7.8.1 Introduction

The first study concentrates on single side polishing before POCl3 diffusion
and on an extra chemical edge isolation to remove the rear side phosphorus
emitter**.

First of all, the preparation of the samples is introduced and a table with the
reference cells (Al-BSF solar cells) and the device structures (referring to PERC
cells) is presented. The processes are evaluated by means of I -V measurement of
the solar cells. A light beam induced current analysis is performed to discriminate
the influence of the processing steps from the dislocations typically found in mc-Si.
By the end, the main conclusions of the impact of the different steps on bulk
performance and the influence of an extra thermal oxidation step are given.

7.8.2 Preparation of the Samples

The process steps of rear passivated solar cells from mc-Si for study 1 are
found in table 7.4. Three device structures incorporating rear passivation and local
rear contacts are shown, as well as their respective reference structures. Each
device plays an important role in understanding the strengths and weaknesses
of each extra processing step. They are compared with the reference, in terms
of possible industrial implementation. All devices are rear side polished before
the diffusion step and afterwards, a chemical edge isolation is performed. The
description of each solar cell structure is presented as follows:

• Reference 1 presents the standard process of a solar cell with chemical
edge isolation instead of laser edge isolation as presented in chapter 2. It is
tested on material 1 (Ref. 1-1), on material 1 with an extra as-cut gettering
step (Ref. 1-2), and on material 2 (Ref. 1-3).

• Device 1 shows a rear passivated solar cell with an extra thermal oxidation
step on both sides. The impact of the thermal oxidation on the emitter will
be analyzed. Both, the front and rear passivation may be improved with this
technique. This device is tested on material 1 (Dev. 1).

• Device 2 shows a rear passivated solar cell with a thick PECVD layer as
a barrier for the thermal oxidation (protecting the front side emitter). This

**The wafers are not processed back to back in the diffusion.
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Table 7.4: Processing steps for study 1 (single side polishing before POCl3 diffusion).
Reference and rear passivated solar cells structures are studied on p-type mc-Si. For
some solar cell structures different c-Si materials were used: material 1 (M1), and material
2 (M2).

Reference 1 Device 1 Device 2 Device 3 Reference 2

Ref. 1-1, M1 Dev. 1, M2 Dev. 2, M1 Dev. 3-1, M1 Ref. 2, M1
Ref. 1-2, M1 Dev. 3-2, M2
Ref. 1-3, M2

Isotropic texturing

Rear side acidic polishing

HCl, HF cleaning

POCl3 diffusion

Chemical edge isolation

PSG removal

FS PECVD FS PECVD deposition 1

IMEC cleaning

Thermal oxidation

FS PECVD deposition FS PECVD deposition 2

RS PECVD deposition

RS dielectric ablation Oxide removal

Ag, Al metallization and sintering

technique was called SiNTO process by Wolf et al. [163], who recently
published an analysis of the impact of the thermal oxidation on the nitride
layer. Due to the front side barrier, the growth of the thin oxide layer occurs
only at the rear side. This device is tested on material 1 (Dev. 2).

• Device 3 presents a process similar to Device 2. In this case, two PECVD
ARC coatings are deposited. A first layer is deposited before thermal
oxidation as a thin barrier for the emitter. The cleaning step needed for
the oxidation, which contains HF, etches down the dielectric layer a few
nanometer as already studied in section 2.9.2. Immediately after the thermal
oxidation (without cleaning) a second ARC layer is deposited on top of the
first one, which may improve the hydrogen passivation qualities of the stack.
The potential of two types of materials is analyzed in this device: material 1
(Dev. 3-1) and material 2 (Dev. 3-2).

• Reference 2 presents a standard process which participates in the thermal
oxidation process. It is tested with material 1 (Ref. 2). The oxide barrier at
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Table 7.5: I -V results of structures from study 1: the average and the best cell of each
group are shown. See Figure 7.6

Structure Material η [%] VOC [mV] JSC [mA/cm2] FF [%]
avg. /best avg. /best avg. /best avg. /best

Ref. 1-1 M1 15.5 /15.6 598 /600.6 34.4 /34.6 75.1 /75.4

Ref. 1-2 M1 15.8 /16.0 614.4 /616.1 33.0 /33.3 77.9 /78.2

Ref. 1-3 M2 16.6 /16.8 625.4 /632.6 34.2 /34.5 77.9 /78.0

Dev. 1 M2 16.0 /17.1 625.9 /633.5 34.6 /35.1 71.8 /76.8

Dev. 2 M1 15.5 /15.9 614.9 /618.1 33.5 /33.8 75.3 /76.7

Dev. 3-1 M1 15.8 /16.0 616.9 /619.7 33.4 /33.7 76.9 /77.2

Dev. 3-2 M2 16.3 /16.7 623.2 /629.5 34.2 /34.7 73.5 /77.0

Ref. 2 M1 15.6 /15.6 611.1 /612.3 32.8 /32.9 77.6 /77.6

the rear side is etched off before the deposition of Al.

7.8.3 I -V Results and Discussions

The best results and average of the I -V measurement are summarized in
Table 7.5 and shown in a schematic form in Figure 7.6, for better understanding††.

Reference Solar Cells

The results of Al-BSF reference cells are separated from those of the rear pas-
sivated ones by a dotted line. The main results of the reference solar cells
processed on material 1 (Ref. 1-1, Ref. 1-2, Ref. 2) and on material 2 (Ref. 1-3),
are discussed as follows:

• The bulk quality of M1 was significantly enhanced after an as-cut gettering
step, as shown by the VOC gain of Ref. 1-2 up to 17 mV in average.

• The solar cell efficiency is increased up to 0.9 % absolute from Ref. 1-1 to
Ref. 1-3. This is due to the better bulk properties of M2 compared to M1, as
suggested by the increase in VOC up to 28 mV on average.

• The thermal oxidation may be a critical issue on this type of materials. Ref. 2
(M1) participated in the thermal oxidation and shows no efficiency gain but
a VOC gain up to 12 mV compared to Ref. 1-1 (M1). In the case of Ref. 2,
an important topic is the poor removal of the rear side oxidation layer by an

††The box plot is useful for descriptive statistics, showing the numerical data with the minimum,
lower quartile, median, upper quartile, and maximum.
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etching step, restricting the optical properties of the fully covered rear side
Al-BSF (shown by the losses in JSC ).

• Fill factors up to 78 % are achieved for reference cells due to the improve-
ment of Ag pastes and the screen printing procedure.

Concluding, the potential of increasing the solar cell efficiency was strongly
enhanced by the use of material with higher bulk qualities, more than that by
improving the process sequence.

Rear Passivated Devices

The main results of the rear passivated solar cells processed on material 1 (Dev. 2,
Dev. 3-1) and on material 2 (Dev. 1, Dev. 3-2), are discussed as follows:

• Material 1, Dev. 2 vs Dev. 3-1. The bulk material M1 shows an efficiency
limit of 15.8 % for both concepts. This is the same limit for the Al-BSF
reference cells (Ref. 1-2) on the same material. The quality of the material is
of paramount importance for further enhancement of the solar cell efficiency.

Figure 7.6: I -V results of study 1. On the left-hand side and on the right-hand side the
I -V parameters are shown. On the bottom, each structure name is listed. The reference
structures are separated by dotted lines. The different materials used are also shown. The
structures are described in Table 7.5.
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It seems that the properties of the SiNx layer are diminished by a thermal
budget, and that a second deposition after the oxidation may improve its
qualities. This difference, however, is not clear with M1.

• Material 2, Dev. 1 vs Dev. 3-2. Although the incorporation of a PECVD bar-
rier on the front side to protect the emitter from the thermal oxidation means
an extra processing step, nevertheless, a more homogeneous process is
achieved, as shown by Dev. 3-2 compared to Dev. 1. Both structures, Dev. 1
and Dev. 3-2, show the highest JSC and VOC results, with promising high FF.
The properties of M2 are beyond the potential limit of M1. Nevertheless, no
large improvement is found compared to the reference Ref. 1-3 on the same
material.

• Record cell of Dev. 1. Although a remarkable inhomogeneity in terms of
the efficiency is found within the process of Dev. 1, a high efficiency up
to 17.1 % on rear passivated p-type mc-Si solar cell was achieved with
this process, using standard screen printing metallization pastes and bulk
material M2. This result presents the record of the whole batch of study
1, mainly due to the high JSC up to 35.1 mA/cm2 and VOC up to 633.5 mV.
Nevertheless, a large variation in the FF result is remarkable, due to the
difference within the metallization process and bulk material of the mc-Si
ingot used (this difference is fully studied in section 7.9.4).

• The main result when comparing the references and the rear passivated
devices is the improvement of JSC up to 0.4 mA/cm2 for Dev. 1 compared
with Ref. 1-3, mainly due to the thermal oxidation on both sides.

• The losses in FF for the rear passivated cells compared to the references
are remarkable. This can be explained by the series resistance losses from
the local contact at the rear side.

To draw a conclusion it has to be stated, that the best cell concept for rear
passivated solar cells within this study is achieved by both processes: firstly, by a
thermal oxidation on both sides of the material (directly on the front side emitter
and on the polished rear surface); and secondly, by a deposition only on the
rear side, protecting the emitter with a PECVD barrier and adding an extra front
PECVD layer after thermal oxidation.
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7.8.4 Analysis of Dislocations in mc-Si

It has been shown within this thesis, that the solar cell efficiency can be im-
proved by processes which increase the quality of the bulk material. Nevertheless,
it is well known that defects within the material diminish the performance of the so-
lar cell device. Dislocations are crystallographic defects within the crystal structure
such as grain boundaries.

This part concentrates on the analysis of dislocation within the mc-Si material
used in study 1.

The mc-Si material used in study 1 is characterized by EL-Analysis and LBIC
(see section 3.1.4). Figure 7.7 shows two pictures taken by EL-analysis, in high
(a) and low current regime (b). The dislocations within the bulk material are
electrically active when passing high current through the material, as shown by
the dark lines visible.

In order to understand shunts resistance losses and to find the non-uniformities
of the structure, LBIC mapping analysis is performed, obtaining the effective
diffusion length for further analysis of rear side properties and contact formation.
The light wavelengths used for carrier excitation are 405, 878, 948 and 980 nm.
The LBIC mapping allows also to differentiate between those regions passivated
by PECVD deposited layers and those regions passivated by alloyed Al-BSF.

Figure 7.8 shows our record cell from Dev. 1. The diffusion length (L) is approx.
L 618 µm on average. Higher values (L > 1000 µm) are found near the lines with
local p+-doped Al. This result proves the good passivation qualities of the rear
oxide nitride stack. On the LBIC map the many red and orange regions found in
the mc-Si substrates represent areas of high dislocation density [125].

The inhomogeneity of the LBIC maps is remarkable on mc-Si material due
to the difference in roughness and reflection on each crystal orientation. As

(a) (b)

Figure 7.7: EL-analysis of dislocations in a mc-Si rear passivated solar cell, material 2. (a)
high current. (b) low current.
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shown in Figure 7.8 the streaks are caused by dislocation clusters [164], which
are electrically active and clearly visible. The diffusion length, L, describes
the recombination of minority carriers, which decreases exponentially with the
distance. Many dislocation centres which represent recombination centers in the
material are visible.

Some lines, however, might be associated with marks of saw damage removal,
which remains after chemical polishing or texturing [60]. Also some recombination
active grain boundaries (GB) are made visible with the LBIC approach [165]. The
physics of GB have been further studied in the literature [166], showing that the
transport properties are usually dominated by the formation of potential barriers
at the GB, affecting the density of interface states, their trapping cross section
and the relaxation time. Although the positive effect of the hydrogen passivation
is completed after a thermal treatment of the samples, nevertheless, a few GB in
the mc-Si material may still have a negative effect on the solar cell efficiency [61].

Dev. 1
Diff. length: 618.44 µm

150 µm

1000 µm

Figure 7.8: LBIC map at 980 nm of one solar cell of Dev. 1.
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7.8.5 Summary and Conclusions

A promising average efficiency up to 16.8 % was achieved with Al-BSF solar
cells on mc-Si material 2. The phosphorous gettering increases the bulk qualities
of the mc-Si material. The record cell 17.1 % was achieved with oxide on both
sides, emitter and rear, and obtained with mc-Si material 2. The rear was single
side polished. Nevertheless, high inhomogeneities are found within this process,
maybe due to the impact of the thermal oxidation on the mc-Si material qualities.
The achievement of high efficiency on mc-Si material is not obvious and the PERC
concepts still have a large potential and they need further optimization.
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7.9 Study 2: Front Side Emitter Masking Approach

7.9.1 Introduction

Another process sequence for solar cells with polished and passivated rear
side is presented and discussed. The front side phosphorus diffused layer (still
with PSG) is masked by a special screen printable paste, in order to protect it
from chemical etching.

This approach allows two processes at the same time: the polishing of the
surface and the isolation of the rear side emitter. It has been shown in this thesis,
that an acidic polishing of isotropic textured surface provides the highest effective
carrier lifetime for mc-Si material (etching depth 3d , see section 7.4). Thus, the
smoothness of the surface is an important factor for the deposition of the dielectric
layer. When etching the unprotected rear the phosphorous layer is removed,
saving the chemical edge isolation as presented in section 7.8.

In the following section also a thermal oxidation is used. Although no mod-
ules were made, the impact of Ag pads for module assembly within the rear
metallization layer on the cell efficiency is studied.

7.9.2 Preparation of the Samples

The processing of rear passivated solar cells from mc-Si for the study 2 is
summarized in table 7.6. Two device structures with rear passivation and local
rear contacts are shown, as well as their respective Al-BSF reference cells.

• Reference 3 presents a reference for Device 4. It receives the same base
treatment, with the exception of a fully covered Al rear side. The front side
emitter is protected from a single side polishing by a masking approach.
The rear side is fully covered by an Al rear side. Its performance is tested
on two base materials: Ref. 3-1 (on material 2), and Ref. 3-2 (on material 3).

• Device 4 presents a rear passivated solar cell with a thermal oxide nitride
stack on both sides for passivation. Its performance is tested on two base
materials: Dev. 4-1 on material 3, and Dev. 4-2 on material 2. Dev. 4-1
was also tested on thinner material with a single side polishing depth of 3d .
However, due to the un-optimized firing parameters for thinner materials the
performance was low, and, therefore, the results are not shown here (see
the FF analysis in 7.9.4). For Dev. 4-1 Ag pads were incorporated on the
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Table 7.6: Processing steps for study 2 (front side emitter masking approach). Reference
and rear passivated solar cells structures are studied on p-type mc-Si. For some solar cell
structures different c-Si materials were used: material 2 (M2), and material 3 (M3).

Reference 3 Device 4 Reference 4

Ref. 3-1, M2 Dev. 4-1, M3 Ref. 4, M2
Ref. 3-2, M3 Dev. 4-2, M2

Texture ∼ 10 µm

HCl, HF cleaning

POCl3 diffusion

FS mask deposition

Rear side polishing ∼ 10 µm

FS mask removal

PSG removal

FS PECVD deposition

IMEC cleaning

Thermal oxidation

FS PECVD deposition

RS PECVD deposition

RS dielectric ablation

Ag, Al metallization and sintering

Table 7.7: I -V results of structures from study 2. See Figure 7.9

Structure Material JSC [mA/cm2] VOC [mV] FF [%] η [%]
avg. /best avg. /best avg. /best avg. /best

Ref. 3-1 M2 33.6 /33.8 619.3 /619.9 78.0 /78.6 16.3 /16.5

Ref. 3-2 M3 34.5 /34.6 624.8 /626.4 77.7 /78.3 16.7 /17.0

Dev. 4-1 M3 33.5 /34.2 612.0 /619.5 77.4 /77.8 15.9 /16.5

Dev. 4-2 M2 33.7 /34.6 620.5 /627.7 78.1 /78.9 16.3 /17.0

Ref. 4 M2 34.5 /34.5 622.1 /625.0 76.8 /78.7 16.5 /17.0

rear for module assembly. As discussed in study 1, the Ag paste used for
pads has no diminishing effect on the performance of the solar cell device.

• Reference 4. All structures are front side masked except Reference 4 which
presents actually an industrial standard process for mc-Si.
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7.9.3 I -V Measurements and Discussions

Averages and best results of the I -V measurement are summarized in Table 7.7
and shown in a schematic form in Figure 7.9, for better understanding.

The main results of the solar cells are discussed as follows:

Reference Solar Cells

The results of the Al-BSF reference cells are separated from those of the rear
passivated ones by a dotted line. The main results of the reference solar cells
processed on material 2 (Ref. 3-1, Ref. 4) and on material 3 (Ref. 3-2), are
discussed as follows:

• The quality of material 3 and the higher potential for achieving high efficiency
in Al-BSF structures is remarkable compared to material 2. This is clearly
shown by the VOC gain up to 5.5 mV on average for Ref. 3-2 compared to
Ref. 3-1.

• A small difference is visible between the industrial reference cells (Ref. 4)
and the reference cells with an extra masking and polishing step (Ref. 3-1)

Figure 7.9: I -V results of the reference and rear passivated solar cell devices on p-type
mc-Si. The reference structures are separated by dotted lines. Two materials were used.
The structures are described in Table 7.7.
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on material 2, mainly, due to a gain in JSC and VOC . Thus, the extra masking
and polishing step does improve the Al-BSF solar cell concept of this study.

Rear Passivated Devices

The main results of the rear passivated solar cells processed on material 2
(Dev. 4-2) and on material 3 (Dev. 4-1), are discussed as follows:

• In this study, a record efficiency up to 17.0 % was achieved by both, the
Al-BSF solar cells of Ref. 3-2 and Ref. 4, and by the rear passivated solar
cell of Dev. 4-2. Hence, no improvement of the solar cell performance by
the rear passivated solar cell concept can be detected.

• The rear passivated solar cells do not show an increase in efficiency, when
tested on material 3. On the contrary, better results are achieved with
material 2, as shown by Dev. 4-2 compared to Dev. 4-1. Most likely the
thermal oxidation had a strong impact on material 3, diminishing its material
quality.

• Generally, in Device 4 a larger inhomogeneity of JSC is visible, compared
to Al-BSF structures. This may be due to the non-optimized rear surface
passivation as a possible source of shunt at the rear side. Therefore, a
study on the bias dependence for Dev. 4-1 will be performed in the following
section, for a deeper understanding of the loss properties by shunt on the
rear side passivation.

• A promising result is shown by Dev. 4-2 where Ag pads were incorporated on
the rear. High efficiency and FF were achieved what shows that the impact
of Ag pads on the rear dielectric surface does not diminish the performance
of the solar cell structure.

• An extremely high variation in FF is found for Dev. 4-1, Dev. 4-2 and Ref. 4,
however. The lowest FF results are found for Dev. 4-1, with an average
of 77.4 %, compared to 78.1 % for Dev. 4-2. In the following section, a
closer look at the FF variation for Dev. 4-1 will be taken, comparing it to the
reference Ref. 3-2 which was processed in the same batch. It is extremely
important to understand the losses in FF in this type of solar cells, where
the potential to achieve high efficiency is not yet visible in study 2.

In conclusion, all devices produced on material 3 were limited by material
quality. The Ag pads did not diminish the performance of the rear passivated
solar cell. Masking the front side emitter before the rear side polishing is an
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interesting approach to save the chemical edge isolation, but it did not show a
gain in efficiency.

7.9.4 Characterization of Solar Cells through FF, Printing Sequence,
and Ag Paste Amount

In order to further understand the variation of FF as presented in study 2, a
deeper analysis of the screen print sequence and paste amount is needed. For
this analysis the Al-BSF structure Ref. 3-2 is compared with the PERC structure
presented by Dev. 4-1, both processed in the same batch.

The single side polishing is tested on Dev. 4-1 for two etching depths, d and
3d (see analysis presented in section 7.4). As shown in Figure 7.10, the group
Dev. 4-1, polishing d , is thicker than the material used for Dev. 4-1, polishing 3d

(cells down to 160 µm).
In Figure 7.10 the FF of the reference and PERC cells (left y-axis) and the

amount of printed Ag (right y-axis) are plotted against the cleaning sequence.
The plotted data shows the cells from Ref. 3-2, from Dev. 4-1 with a single

side polishing depth of d , and from Dev. 4-1 with a single side polishing depth

Figure 7.10: FF analysis of Ref. 3-2 vs. Dev. 4-1 (with two different polishing steps)
depending on the Ag paste amount and screen printing sequence.
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of 3d . As mentioned in the last section, the I -V characteristic of Dev. 4-1 with a
polishing depth of 3d were not shown in Figure 7.9.

The Ag paste is applied on a grid area of approx. 15.8 cm2‡‡ formed by
fine lines and three busbars. The amount of Ag paste printed on the wafer was
measured during the process sequence, immediately after printing and before
drying. The FF is measured after sintering the contacts in the firing furnace.
The paste amount of printed Ag decreases with the printing sequence due to
the non-optimal printing conditions, its variation along the printing is approx.
1.5 mg/cm2

The constant decrease of the FF value along the printing sequence is remark-
able. The contact resistivity, ρc ∼ 3 mΩcm2, is acceptable and its value remains
constant along the printing sequence, as expected. The emitter is well contacted
and no shunt is found in the thin phosphorous layer. The screen printed Al amount
remains constant and close to 10 mg/cm2.

The reduction of the volume of printed Ag by more than 11 % is high enough to
influence the line resistance and to strongly decrease the FF of the device. Even
higher FF losses are found on much thinner materials, as shown by Dev. 4-1, with
an etching depth 3d , mainly due to the non-optimized sintering parameters. Two
issues reduce the performance of the device: first, the volume of Ag decreases
due to non-optimal screen-printing, and second, the firing temperature are non-
optimal for the thin material that is used.

In conclusion, to understand FF losses it is extremely necessary to analyze
losses in line and contact resistance. Therefore, it is necessary to follow the
screen-printing sequence to understand variations within the same batch during
process. Furthermore it was shown that thinner material needs optimization of
firing conditions.

7.9.5 Spectral Response Characterization

The spectral response of three cells is compared in the following section. All
structures present similar front side emitter and passivation, and therefore, the
spectral response is only shown for the infrared spectrum.

The record PERC solar cell from Dev. 1 (η = 17.1 %, JSC = 35.1 mA/cm2, study
1, material 2, with polishing before diffusion) is compared with the best PERC
solar cell from Dev. 4-1 (η = 16.5 %, JSC = 34.2 mA/cm2, study 2, material 3, with
polishing after diffusion), and with the best reference solar cell from Ref. 3-2 (η =
17.0 %, JSC = 34.6 mA/cm2, study 2, material 3, with polishing after diffusion).

‡‡Front side screen.
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Both PERC devices have the same thermal budget and passivation; a stack of
thermal oxide and silicon nitride on both sides. The reference cell has also been
single side polished (isolation of rear side emitter). Figure 7.11 shows the IQE
response and reflection (R) in infrared spectra from 800 to 1200 nm, for the three
structures analyzed under zero and 0.1 sun §§.

A small difference between the IQE response of both devices (Dev. 1 and
Dev. 4-1) is due to a narrow difference in the rear internal reflection (difference on
the optic of the dielectric layer). However, a JSC gain up to 0.9 mA/cm2 absolute
is found ( for Dev. 1 compared to Dev. 4-1), explained by the higher internal rear
reflection.

Both rear passivated devices (Dev. 1 and Dev. 4-1), show a gain in the IQE
response at large wavelengths compared to the reference Al-BSF solar cell

Figure 7.11: Spectral response (internal quantum efficiency, IQE, and reflection, R) analysis
of an Al-BSF solar cell (Reference 3-2) vs. rear passivated devices (Device 1, Device 4-1).
Top right corner: Bias dependence of the IQE at 1000 nm.

§§The data was measured by a Spectral quantum efficiency and reflectance measurement device
from PV-tools GmbH. This measurement is performed at 1000 nm, where EQE is sensitive to changes
in diffusion length [55]. The measurement corresponds to the corrected (differential) EQE which is
equal to the absolute EQE at 0.3 sun. In this case the results are shown for 0.1 suns for the corrected
EQE.
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(Ref. 3-2)¶¶.
The top right corner shows the IQE response at 1000 nm for the three struc-

tures plotted against the bias light***. For the reference Al-BSF cell of Ref. 3-2
and for the PERC cell of Dev. 1 the EQE at 1000 nm is observed to be stable at
the low bias light regime applied. Nevertheless, the PERC cell of Dev. 4-1 shows
instability all over the bias light regime.

It is well known from literature [167] that SiNx applied directly on p-type
surfaces causes shunting of the cell due to the inversion layer induced at the
rear surface [167]. In the same paper it has been mentioned that the shunting is
visible when the EQE decreases in the long-wavelength regime under low bias
illumination.

The PERC cell of Dev. 4-1 may be strongly affected by parasitic shunting at
the rear (maybe due to the presence of a too thin oxide layer below the nitride).

The IQE response for both PERC cells at long wavelengths strongly depends
on the bias light variation as compared to the Al-BSF. Accordingly, our devices
show the behavior of inverse layer shunting. In other words, the rear side stack
SiO2/SiNx still needs further improvement (optic and passivation).

The maximum IQE at 1000 nm reaches approx. 83 % for the record cell of
Dev. 1. This value is not achieved with Dev. 4-1. This could be also due to the low
quality of the rear surface passivation.

7.9.6 Summary and Conclusions

It is shown, that the rear surface coating improves the internal reflectivity
of the rear side, compared to a standard fully covered Al area, increasing the
density of charge carriers in the cell, resulting in a gain on JSC . The acidic
polishing is of paramount importance before the deposition of a dielectric layer for
optimal smoothness of the surface and maximal lifetime achievements. Different
structures have been studied. An extra thermal oxidation is highly applicable on
thermally stable mc-Si material, with the result of an improved passivation of the
front side emitter and rear surface. Furthermore, a front side masking approach
shows an innovative approach for industrial implementation.

¶¶The internal reflection with a dielectric layer is approximately 91 % compared to 64 % with an
Al-BSF layer [15]. Thus, the absorption by the Al-layer should be considered here.

***At 1000 nm the absorption depth of light in the Si material bulk is deeper than 150 µm.
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7.10 High Efficiency Industrial Solar Cell with PECVD-Based
Rear Surface Passivation

7.10.1 Introduction

If a state-of-the art front side silicon nitride layer is applied to the rear side,
an inversion layer is found to diminish the rear side performance due to a highly
positive fixed charge, increasing shunting on the rear [167, 168]. The most
common solution to avoid the parasitic charge is the incorporation of a thin
thermal oxide layer below the silicon nitride (in the last section this approach did
not work optimally and need further improvement).

In the present section an all PECVD-based rear surface passivation is incor-
porated on the rear of mc-Si and Cz-Si material, in order to further analyze its
impact on solar cell level. This innovative and industrially applicable Si-based
passivation layer deposited by PECVD was developed by ISC-Konstanz, and was
used within this thesis with the goal of reaching higher efficiencies without the
need of a thermal oxide layer.

The applied PECVD layer enables high passivation qualities for the undoped p-
type rear surface of PERC solar cells. Efficiencies up to 19.0 % on Cz-Si substrate
with an efficiency gain of up to 0.9 % absolute compared to the reference (full Al-
BSF) has been achieved and will be discussed here. Parallel to that, efficiencies
up to 17.2 % on mc-Si material are shown (comparable to the SiO2/SiNx stack
as presented in the last section), with an efficiency gain up to 0.2 % absolute
compared to the Al-BSF cell. Avoiding an extra thermal oxidation step with its
afore mentioned drawbacks, the PERC process presented in this section might
be completely feasible for industrial applications.

7.10.2 Preparation of the Samples

P-type mc-Si and Cz-Si wafers with base resistivities of 2 and 1Ωcm, respec-
tively, were used in this investigation. Figure 7.12(a) shows the flowchart of the
solar cell process. Passivation on both sides is achieved using an industrial
PECVD reactor. The contacts are screen printed on the front and rear, with local
BSF formation. As shown by the flow chart, the process is similar to that of
Device 4 except for the thermal oxidation step. Both sides are passivated using
an industrially accessible standard PECVD device. The rear side passivation
layer has been optimized for undoped and polished p-Si surfaces and presents
high applicability and reproducibility for PERC solar cell structures. The rear side
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pattern (geometry and spacing), has been optimized throughout this thesis for
best solar cell performance, minimizing series resistance and alloyed Al-Si area
(see chapter 6).

The process requires just a few steps more than a state-of-the art standard
solar cell, of which all are industrially applicable. No extra and special equipment
is needed (no thermal silicon dioxide or aluminum oxide were used).

7.10.3 Results and Discussions

Table 7.8 summarizes the I -V results (average and best). The processing of
the wafers is developed at a standard industrial level and no special equipment
or processing was required for achieving these efficiencies. For our best mc-Si
cell, an efficiency of 17.2 % was obtained on large area 156x156 mm2, with an
efficiency gain of 0.2 % compared to the reference with fully Al-BSF covered rear
side. The best cell on Cz-Si material exhibits efficiency as high as 19.0 %, an
efficiency gain up to 0.9 % compared to the reference with fully Al-BSF covered
rear side. On mc-Si material an average gain of 0.6 mA/cm2 in JSC , 2.3 mV in VOC ,
and 0.2 % in η is achieved for the PERC cells, compared to the Al-BSF cell. On
Cz-Si material, an average gain of 1.9 mA/cm2 in JSC , 5.7 mV in the open circuit
voltage, and 0.9 % in η is achieved for the PERC cells. Due to the possible series
resistance losses by different rear side structure, a gain in FF cannot be detected.

Using the QSSPC method on unmetallized substrate the implied open circuit

Figure 7.12: (a) Flowchart of the main solar cell process steps, using only industrially
available equipment. (b) Spectral response and reflection response along the wavelength
for the best Cz-Si PERC solar cell developed through this thesis vs. the Al-BSF reference.
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Table 7.8: Comparison of the average and best solar cell parameters on 243.36 cm2 c-Si
substrate.

Rear surface Substrate JSC [mA/cm2] VOC [mV] FF [%] η [%]
passivation avg./best avg./best avg./best avg./best

PECVD Cz-Si 37.7 /37.8 637.0 /637.5 79.0 /79.1 18.9 /19.0
mc-Si 35.0 /35.2 625.9 /626.7 78.1 /78.3 17.1 /17.2

Al-BSF Cz-Si 35.8 /36.0 631.3 /631.9 79.7 /79.9 18.0 /18.5
mc-Si 34.4 /34.6 623.6 /625.1 78.9 /79.3 16.9 /17.2

voltages was determined to be 655 mV for mc-Si cells and 695 mV for Cz-Si cells,
showing the high potential of the rear side passivation.

Figure 7.12(b) shows the spectral response of the best 19.0 % PERC solar
cell with the novel PECVD rear side passivation vs. the standard fully covered
Al-BSF. The better passivation quality of the rear side compared to the reference
is clearly visible in the long wavelength regime (infrared response). Also, the
reflection is low over a wide wavelength range which shows the high quality of
the front side texturing. Nevertheless, the efficiency can be further improved
by increasing the blue spectral response, with a better front side passivation
and more shallow emitter, since the problem of contacting shallow emitters has
recently been overcome by new silver pastes.

The rear side reflectivity for rear passivated cells is typically 90 %, compared
to the effective rear surface reflectivity of a Al-BSF solar cell, determined to be
approximately 70 %. The improved optical properties increase the JSC values
accordingly.

7.10.4 Electroluminescence Analysis

EL-analysis was performed to compare the reference Al-BSF solar cell with
the high efficiency rear passivated solar cell. Figure 7.13 shows the El-analysis for
both cells. Although the results of FF and efficiency are promising, dark regions
within the PERC structure are found. Many regions within both solar cells are
quite bright, and for the PERC cell some regions are even more brighter than the
reference cell, due to the rear surface passivation and smaller contacted area.
Some dark regions are remarkable within the El-images, as shown by the black
arrows in Figure 7.13. After cross-sectional analysis by SEM micrographs of
these regions we found that most of the dark regions are represented by void
formations without BSF instead of an eutectic alloy with BSF, as already discussed
in last chapter. In fact, the Al-BSF has been widely demonstrated to reduce the
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Al-BSF 18.5%

FF 79.9%

h~

~

PERC 19.0%

FF 79.1%

h~

~

Figure 7.13: El-analysis of an Al-BSF and a PERC solar cells. The black arrow shows some
of the dark regions presented during El-analysis. These regions are mostly presented by
voids instead of eutectic and BSF formation.

recombination at the rear of the solar cell. This result corroborates the hypothesis,
that void formations are source of both, series resistance losses and centers of
bad passivation (see chapter 6).

7.10.5 Summary and Conclusions

A simple low cost industrial process has been proposed for the fabrication
of PERC solar cells for industrial application leading to high efficiency gains.
PECVD deposition has been used as an alternative to thermal oxidation, saving
processing costs and minimizing the thermal budget for the substrate (critical for
mc-Si). The use of industrial PECVD equipment and standard screen printing
shows the high potential of the concept to be incorporated into existing industrial
cell lines. Moreover, as shown by the implied VOC and spectral response, a further
optimization of the front side emitter and metallization reducing emitter recombina-
tion and improving the diffusion length in mc-Si wafers may significantly increase
the blue response of the solar cell device, where an efficiency up to 19.5 % can
be expected. The present results also corroborate the good performance of the
local Al-Si contact formation on the rear of the device, as analyzed in chapter 6.
This is a significant step for industrial production of p-type advanced mc-Si, or
Cz-Si rear passivated solar cells. The high potential of the PERC structure to
be incorporated in the industry should ideally be based on industrially available
processes.
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The research presented in this thesis addresses several insights into a deeper un-
derstanding of local contact formation during sintering of screen printed aluminum
pastes with p-type silicon substrates. The physical observations showed that
the contact resistivity of thin aluminum fingers depends on the dielectric opening
areas where the Al-Si alloy is formed. Contrary to our expectations, the shallowest
dielectric barrier opening resulted in the lowest contact resistivity of 8 mΩcm2.
On solar cell level a reduction of the contact area for screen printed Al fingers
led to a reduction of the series resistance losses. At the same time, narrow Al-Si
alloy formations minimized the impact of the openings on the optical properties of
the rear side, increasing the dielectric passivated area below the contacts, and
reducing the short circuit current and open circuit voltage losses.

The study presented in this thesis contributed to the understanding of diffusion
of silicon through dielectric openings into the aluminum thick layer. For the first
time, the spread limit of silicon in a screen printed aluminum layer was determined,
and it was found that its value on each side of the dielectric opening does not
depend on the contact area size but rather on the firing temperature. The spread
limit of silicon in the screen printed thick aluminum layer is thus predicted to
75, 225, and 375 µm for temperatures of 750, 850, and 950 ◦C, respectively.
Additionally, the formation of voids instead of an Al-Si eutectic layer was explained
by the Kirkendall effect (diffusivity of Si is higher than diffusivity of Al in Al-Si alloys),
and also depends on the contact spacing, aluminum paste amount, temperature
and cooling rate, factors that limit the diffusion of silicon during the sintering in
this type of alloys.

It was also shown that gravity may strongly affect the local Al-Si eutectic
morphology. The presence of voids was partially avoided by changing the gravity
field orientation parallel to the normal solidification direction of the solid/liquid
phase (i.e. by sintering the solar cells front side down). Several suggestions to
minimize the presence of voids in the alloy were presented which should lead
to a better formation of the local back surface field (extremely important for the
solar cell performance). The results presented may be applied to the sintering of
screen-printed pastes on solar cells in order to reduce series resistance losses
due to a better local back surface field formation. Thus, the understanding and
avoiding of the well known problem of voids was thoroughly analyzed.

Furthermore, simple low cost industrial processes with optimized rear local
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contacts for the fabrication of PERC solar cells for industrial application were
presented, leading to high efficiency gains. By the end of the thesis, an all PECVD-
based rear surface passivation was used as an alternative to thermal oxidation,
saving processing costs and minimizing the thermal budget for the multicrystalline
substrate.

The use of industrial accessible equipment and processing, such as screen
printing for metallization and PECVD deposition for antireflection coatings, showed
the high potential of those concepts to be incorporated into existing industrial cell
lines.

The results presented in the field of contact formation are supported by the
high efficiency results that were achieved. This thesis presents advancement in
applying the rear passivated solar cell concept in industrial production.

Outlook: The incorporation of a selective emitter concept, as presented in the
beginning of this thesis, to improve the blue response of the front side of the solar
cell together with the rear passivation and local contacts as deeply studied in
the last chapters, results in an interesting device to study. It may show higher
efficiency than state-of-the-art solar cell and a high potential to incorporate this
concept into the industry.



ZUSAMMENFASSUNG (GERMAN SUMMARY)
Die hier dargestellte Forschung gibt einen Einblick in die lokale Kontaktbildun-
gen, die während des Sinterns von siebgedruckten Aluminium Pasten mit p-Typ-
Silizium-Substraten entsteht, und dient zum besseren Verständnis derselbigen.

Auf der Ebene der Solarzelle ist festzustellen, dass Füllfaktor-Verluste durch
eine Reduzierung der Kontaktfläche der siebgedruckten Aluminium-Finger mit
dem darunter liegenden Silizium verringert werden können (Kontaktfläche <
metallisierte Fläche). Hinsichtlich der optischen Eigenschaften der Rückseite
der Solarzelle ist festzustellen, dass die schmalen Al-Si-Legierungsbildungen
zu einer Vergrößerung des dielektrisch passivierten Bereichs unterhalb der Kon-
takte und damit zu einer Verringerung der Verluste bei Kurzschlussstrom und
Leerlaufspannung beitrugen.

Diese Dissertation leistet einen Beitrag zum Verständnis der Diffusion von
Silizium aus lokalen Kontaktöffnungen in die Aluminiumkontaktschicht. Es wurde
zum ersten Mal die begrenzte Verbreitung von Silizium in einer siebgedruckten
Aluminiumschicht gemessen. Darüber hinaus wurde festgestellt, dass die Silizium-
konzentration auf beiden Seiten der Kontaktöffnungen nicht von der Kontaktfläche
abhängig ist, sondern nur von der Feuertemperatur. Die Verteilungsbreite von
Silizium in der siebgedruckten Aluminiumschicht kann somit vorausgesagt werden,
und verändert sich entsprechend der Feuertemperatur in konstanten Werten von
75, 225, und 375 µm für 750, 850 und 950 ◦C.

Die Entstehung von Hohlräumen anstelle von Al-Si Eutektikumschichten
wurde anhand des Kirkendall-Effekts erklärt. Es wurde auch gezeigt, dass
die Ausrichtung des Gravitationsfeldes einen starken Einfluss auf die lokale
Al-Si Eutektikum Morphologie hat. Das Auftreten von Hohlräumen wurde teil-
weise durch eine Änderung der Ausrichtung des Gravitätfeldes parallel zur nor-
malen Kristallisierungsrichtung der fest/flüssig-Phase verhindert. Diese Herange-
hensweise führte zu einer verbesserten Bildung des (lokalen) BSF, das für die
Leistung der Solarzelle extrem wichtig ist.

Durch Anwendung des hier gewonnen Wissens und bei entsprechender Re-
duzierung der durch Hohlräume verursachten Probleme, könnten die Serien-
widerstandsverluste durch bessere lokale Kontakt-Bildung verringert werden.
Außerdem wurden einfache und kostengünstige industrielle Prozesse zur Herste-
llung von PERC Solarzellen vorgeschlagen, die zu einer industriellen Anwendung
von hocheffizienten Solarzellen führen sollen.
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134 Zusammenfassung (German Summary)

Am Ende der Arbeit wurde eine PECVD-basierte Rückseitenpassivierung als
Alternative zur thermischen Oxidation eingesetzt, die Prozesskosten sparen kann,
und das thermische Budget für multikristalline Silizium-Substrate reduziert.

Die Verwendung einer industriell zugänglichen Ausstattung und Verarbeitung,
wie Siebdruck für die Metallisierung und PECVD für die Abscheidung von Antire-
flexschichten, zeigten das hohe Potential dieser Konzepte, die zweifelsohne in
bestehende industrielle Zelllinien integriert werden können. Die Ergebnisse der
vorliegenden Arbeiten können angewendet werden, um den Wirkungsgrad von
industriell produzierten Solarzellen zu erhöhen.

Die hohen erzielten Wirkungsgrade bestätigen die Anwendbarkeit der For-
schungsergebnisse für den Bereich der Kontaktbildung. Die vorliegende Arbeit
zeigt, wie das Konzept der auf der Rückseite passivierten Solarzellen verbessert
und dementsprechend in der industriellen Produktion verwendet werden kann.
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LISTS OF ACRONYMS AND SYMBOLS

The following list aims to help the reader, resuming the acronyms, symbols and
some definitions used throughout this thesis.

Acronym Description

Ag Silver
Al Aluminum
AM1.5 Air mass 1.5
ARC Anti-reflection coating
BSF Back-surface-field
c-Si Crystalline silicon
Cz-Si Czochralski crystalline silicon material
Dev. Device
EDS/EDX Energy dispersive X-ray spectrometry
EG-Si Electronic-grade silicon
EL Electroluminescence
EQE External quantum efficiency
FS Front side of device
FSF Front surface field
GaAs Gallium arsenide
GB Grain boundaries
Ge Germanium
IQE Internal quantum efficiency
ISC-Konstanz International Solar Energy Research Center Konstanz
I -V Current-voltage characteristic
LBIC Light beam induced current
mc-Si Multicrystalline silicon material
N Nitride
NH3 Ammonia
O Oxygen
P Phosphorus
PECVD Plasma-enhanced chemical vapor deposition
PERC Passivated emitter and rear cell
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Acronym Description

POCl3 Phosphorous oxychloride
PSG Phosphorous silicate glass
PV Photovoltaics
QE Quantum efficiency
QSSPC Quasi steady state photoconductance
R Reflectivity
Rmi n Minimum of Reflection
Ref. Reference
RS Rear side of device
RT Room temperature at 300 K
SEM Scanning electron microscopy
Si Silicon
SiH4 Silane
SiNx Silicon nitride
SoG-Si Solar grade silicon
SR Spectral response (responsivity)
TLM Transmission line method

Symbol Description Unit

A Area [cm2]
α Absorption coefficient [cm−1]
c Speed of light in vacuum [cm/s]
D Diffusion coefficient or diffusivity [cm2/s]
d Etching depth [µm]
di Thickness, length [µm]
dp Contact spacing [µm]
d1 Contact size (dielectric window) [µm]
d2 Spread of Si in Al, or Al finger width [µm]
E g Energy bandgap [eV]
EC Conduction band [eV]
EV Valence band [eV]
EF Fermi level [eV]
F F Fill factor [%]
Iph Photocurrent [A]
I0 Dark saturation current [A]
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Symbol Description Unit

JSC Short-circuit current [mA/cm2]
JO Reverse saturation current [mA/cm2]
k Wave vector [cm−1]
L Diffusion length [µm]
g Gravity field orientation
Le f f Effective carrier diffusion length [µm]
LR Line resistance [Ω/cm]
N Excess carrier concentration [cm−3]
n Concentration of free electron [cm−3]
n Normal direction of solidification
ni Refractive index
nopt Refractive index of Si
NA Ionized acceptor impurity concentration [cm−3]
ND Ionized donor impurity concentration [cm−3]
p Concentration of free hole [cm−3]
Popt Optical power (Popt =Φi nhν) [W]
Pmp Maximum output power point [W]
RS Series resistance [Ωcm2]
RP Shunt resistance [Ωcm2]
RSH Sheet resistance [Ω/ä]
RC Contact resistance [Ω]
R Total recombination rate [cm−3-s−1]
Sdr Surfaces area ratio [nm]
Se f f Back surface recombination velocity [cm/s]
S f Front surface recombination velocity [cm/s]
S/L Solid/liquid interface
T Absolute temperature [◦C]
Teut Eutectic temperature [◦C]
Tmel t Melting temperature [◦C]
VOC Open-circuit voltage [mV]
W Solar cell base thickness [µm]
x j Junction depth [µm]
η Conversion efficiency [%]
ρc Contact resistivity [mΩcm2]
Φi n Photon flux [s−1]



154 Lists of Acronyms and Symbols

Symbol Description Unit

λ Wavelength [nm]
hν Photon energy [eV]
ν Frequency of light [Hz]
ρ Resistivity [Ω-cm]
σ Conductivity [S-cm−1]
µn Electron mobility [cm2/V-s]
µp Hole mobility [cm2/V-s]
τ Lifetime [µs]

Constants Quantity Value

h Planck constant 4.1357x10−15 eV-s
k Boltzmann constant 8.6174x10−5 eV/K
q Elementary charge 1.60218x10−19 C
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