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CHAPTER 1

General Introduction

1.1 Status of the Solar Market and Technology

Solar energy is a virtual inexhaustible source of power and generates energy
pollution-free, odorless and silent. Presently solar panels, illustrated in Fig. 1.1,
typically consist of 60 solar cells made from six inch crystalline silicon (c-Si) wafers
and deliver a power in the range of 250 – 265W, as can be derived from data of
the top ten solar manufacturers concerning the annual installed capacity.1 This
wafer based c-Si technology dominates the global solar market with a share of
∼ 85 – 90%.2,3 The solar market faced an increase in the installed capacity which
roughly doubled every two years since 1999 and has cumulated to ∼ 137GW in
2013.4 In contrast to the steady trend of the installed capacity, the solar panel price
has shown a non-steady development throughout the years. It declined steadily
until the year 2003 and was almost constant in the period 2004 – 2008. Since
2009 the solar panel price has been halved each year until 2013 which was mainly
caused by overproduction.5 The decrease in solar panel prices is definitely positive
because it contributes to the replacement of fossil energy sources by renewables
like solar energy. In most of the European countries grid parity, which means
an equal level of the production costs of solar energy and the consumer costs,
has been reached in 2013.6 On the other hand, the decrease in solar panel prices
has lead to a shakeout among companies that were not prepared to thrive in
this new environment. Consequently, many solar manufacturers approached this
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1 General Introduction

situation by proposing technological innovations in the design of solar cells and
target on implementing these innovations into mass production. The innovations
comprise an increase in efficiency to enhance the power per area of their devices.
However, it should be taken into consideration that any development of solar
cell technology leads to additional costs when compared to the established c-Si
technology. The ratio of gain in efficiency and additional costs compared to the
established technology is the factor that has to be considered for all innovations
to assure a successful realization of innovative solar cell technologies.

Figure 1.1: Left: Schematic drawing of a solar panel with 60 c-Si solar cells intercon-
nected in series. Right: photography of a state-of-the art Si solar cell (156×156 mm2)
shown as a top view (photography taken from www.q-cells.com). More details about the
structure of the solar cell are given in Section 1.2.

1.2 Crystalline Silicon Solar Cells

This thesis works focuses on the development of p-type c-Si solar cells since
p-type Si is still the most abundant substrate adopted in the solar industry. In
order to understand the technological developments in the field of p-type c-Si solar
cells the current design of an industrial solar cell is addressed here in detail. Fig.
1.2 presents a cross-section of a typical, commercial p-type c-Si solar cell:

(1) The Si base is p-type c-Si〈100〉 material and harvests most of the incident
light for the electrical power generation. It is therefore also defined as (photon)
absorber.

(2) The front side of the solar cell is textured and coated with a silicon nitride
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1.2 Crystalline Silicon Solar Cells

layer. A metal contact grid is present on top of the textured surface. Under-
neath a highly doped n-type region (emitter) is located. This region acts as
electron collector upon charge carrier separation occurring in the depletion
region of the pn-junction—the key feature of any photovoltaic device.

(3) The rear side of the solar cell includes a highly doped region which leads
to a Back Surface Field (BSF) and an unpatterned, full area metal contact.
This region acts as hole collector.

The front contact consists mainly of silver whereas the rear contact consists of
an aluminum layer and silver lines or pads. High temperature steps (> 800 ◦C),
also known as firing steps, are needed to form these metal contacts and the back
surface field.7 The front and rear metal contacts are screen printed and the silver
based contacts serve as solderable contacts for interconnecting the solar cell within
a solar panel.
Nowadays, the used p-type c-Si material is doped with boron or gallium, with

a typical density between 1014 – 1016 cm−3. The thickness of a wafer is ∼ 200 µm
and the shape of the wafer is full or pseudo-square, depending on the choice made
by the manufacturer. The wafer can be either a mono-crystalline Si material or
a multi-crystalline Si material. The latter is of lower electrical quality than the
mono-crystalline counter-part.

Figure 1.2: Schematic, cross sectional view of a c-Si solar cell. The sunlight enters the
device from the front side. The upper scanning electron microscopy (SEM) image shows
the texturing of a mono-crystalline Si surface. The rear side of the solar cell is covered
by an aluminum (Al) based metal paste which forms an Al-Si eutectic and an Al-doped
region within the Si (bottom SEM image).

3



1 General Introduction

The front side of a solar cell is textured and covered with an anti-reflection
coating (ARC), typically a 70 – 80 nm thick silicon nitride (SiNx) film, to minimize
the reflection of the sun light at the Si surface/glass (or air) interface. A pyramidal
shaped texturing is developed on mono-crystalline Si wafers whereas in the case
of multi-crystalline Si the texture is parabolic. The SiNx films deliver also surface
and bulk passivation of the silicon to reduce the recombination losses. More details
about the passivation are presented in Chapter 2. A patterned metal grid is screen-
printed on top of the SiNx film (typical area fraction < 5%) and contacts the full
area covering emitter layer. The emitter is present at a depth of < 0.5 µm and is a
highly doped n-type Si layer doped with phosphorous atoms with a typical surface
density between 1019 – 1021 cm−3. The electron collecting n-type emitter and the
hole collecting p-type Si base form the pn-junction.
The full area aluminum layer at the rear side of the solar cell creates the BSF

(depth ∼ 10 µm) by aluminum doping of the Si bulk during the firing step. The
resulting highly doped p-type layer reduces recombination losses at the surface
due to the formed high-low junction. Between the aluminum layer and the BSF
an Al-Si eutectic develops, serving as an additional conductive layer.

In Fig. 1.3 the energy band diagram for a p-type c-Si solar cell is shown and the
photo-generation and recombination of charge carriers is illustrated schematically.

Figure 1.3: Schematic illustration (lateral dimension not to scale) of energy band lev-
els of an n+/p/p+ solar cell (close to short circuit conditions). The energy level of the
conduction band edge EC, valence band edge EV, quasi-Fermi level of electrons EFn and
holes EFp, and those of the metal contacts EM are shown. The averaged traveled distance
of photo-generated carriers before their recombination is named diffusion length and com-
monly longer than the typical wafer thickness but for the sake of clarity illustrated shorter
in this image.

4



1.3 Improvement of the Conversion Efficiency

1.3 Improvement of the Conversion Efficiency

The energy conversion efficiency (briefly efficiency, η) of state-of-the art industrial
c-Si solar cells and panels is about 18 – 20%. In research laboratories also higher
efficiencies are reported but most of the techniques adopted for high-efficiency solar
cells cannot be employed in industrial solar cells due to higher processing costs or
even due to the fact that certain techniques are only adoptable on small device
areas.

The lowest efficiencies of industrial solar cells are reported for concepts based on
multi-crystalline, p-type Si wafers. The use of mono-crystalline, p-type Si wafer can
improve the efficiency of solar cells by ∼ 1%abs since the carrier diffusion length∗

in a p-type Si wafer (1Ωcm) is reduced from 400 µm to 1400 µm.8 The efficiency
is further enhanced when a mono-crystalline, n-type Si wafer is used because the
different doping type involves a lower sensitivity to common metal impurities
(iron, cobalt or nickel) which act as recombination centers.9 The improvement in
efficiency depends strictly on the solar cell concept, for instance a reduced bulk
recombination affects a front collecting solar cell less than a rear collecting solar
cell. An overview of prominent solar cell concepts is discussed in Ref. 10.

At the front side of the solar cell recent innovations are the use of selective emitter
diffusions11−15 or copper plated contacts for uniform emitter diffusions.16,17 Both
innovations can improve the efficiency by ∼ 1%abs depending on the solar cell
concept. The selective emitter technology reduces the recombination losses in the
emitter layer as a consequence of a higher surface doping concentration underneath
the metal grid and a lower surface doping concentrations in the non-metallized
region compared to a conventional uniform emitter. The gain in efficiency achieved
with the copper plating technique originates from lower series resistance losses,
between the emitter and front metal contact. Furthermore, lower recombination
losses can be achieved when using shallow emitter profiles in the non-metallized
region or by reducing the area fraction of the metallized region (reduction of
shading).
At the rear side of the p-type c-Si solar cell the most prominent innovation is

the implementation of a dielectric passivation layer combined with local metal

∗ The diffusion length is defined as the square root of the product of the carrier lifetime and
diffusion constant of either electrons or holes.
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1 General Introduction

contacts18 to replace the rear contact of a conventional BSF p-type c-Si solar
cell. Both technologies are shown in a cross sectional view schematically in Fig.
1.4. The dielectric layer improves the light management (reduction of optical
losses) and the surface passivation (reduction of recombination losses) compared
to the conventional, aluminum BSF passivation and full area metal contact. The
introduction of a dielectric passivation combined with local metal contacts can
improve the efficiency by ∼ 1%abs compared to the BSF solar cell. A successful
realization of employing Al2O3 films as a rear side passivation layer was presented
on lab-scale, front collecting p-type c-Si solar cells with efficiencies of 21.6%.19

These Al2O3 films were identified in previous studies as a high quality passivation
material for p-type Si surfaces.20,21 The research work of this thesis addresses the
development of Al2O3-based stacks as rear side passivation in p-type c-Si solar
cells. This solar cell concept is commonly referred to as Passivated Emitter and
Rear Cell (PERC) and features a SiNx passivation film on the highly doped n-type
Si front surface and Al2O3 films or Al2O3-based stacks as passivation scheme on
the lowly doped p-type Si rear surface (Fig. 1.4-right).

Figure 1.4: Schematic cross sectional view of (left) a conventional, industrial-type c-Si
solar cell, which is also called Back Surface Field (BSF) solar cell, and (right) an innova-
tive solar cell design, also called Passivated Emitter and Rear Cell (PERC). The PERC is
characterized by dielectric passivation layers and local contacts on the front and rear sides
of the solar cell.

1.4 Silicon Surface Passivation

With passivation it is referred to specific engineering solutions in c-Si solar cells
meant to suppress the recombination losses of photo-generated carriers. These
losses occur both at the surfaces (including the surface near region) or in the bulk
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1.4 Silicon Surface Passivation

of the c-Si wafer. The material properties of the c-Si bulk itself can also improve
by the deposition of dielectric passivation layer during the manufacturing process
of the solar cell, but this is not addressed further in this work. Here we specifically
address surface passivation solutions, namely the chemical passivation and the
field-effect passivation:

• The chemical passivation develops by applying a thin film on the surface
because of the formation of saturated chemical bonds at highly reactive
recombination centers such as Si dangling bonds. This is achieved for example
by the formation of Si-H bonds, where hydrogen is provided to the interface
upon deposition of a layer. Si dangling bonds are related to imperfections of
the c-Si crystal lattice and are (mostly) present at the wafer surface.

• The field-effect passivation defines the process of shielding photo-generated
charge carriers from recombination active regions by the creation of an
electric field in the silicon. The electric field can originate from dopant profiles
in the silicon or from built-in charges in dielectric passivation materials
(called fixed charge density).

A minimum level of the chemical passivation is typically needed to reveal an
impact of the field-effect passivation on the overall level of the surface passivation.
The interplay between the field-effect passivation and the chemical passivation
is explained in more detail in Chapter 2 and also the corona charging method
which is used to investigate the level of the chemical passivation and field-effect
passivation in this work is treated in that chapter.
To give an example of a prominent passivation material: SiNx films are com-

monly adopted as surface passivation material for the front side of industrial BSF
solar cells (Fig. 1.4-left). SiNx films are in particular compatible with highly doped
n-type Si surfaces because of their positive fixed charge density (explained in
more detail in Chapter 2) and they have intensively been studied during the last
decades.22−30 To achieve a high level of surface passivation also on a p-type Si sur-
face, which is the second surface type in passivated emitter and rear cells (PERC),31

see Fig. 1.4-right, a passivation layer with a low positive (< 1011 cm−2) or a high
negative fixed charge density is needed. In this respect, several dielectric films
and stacks of dielectric films have been investigated, e.g. SiO2/SiNx stacks32−38

and, especially, Al2O3 films have drawn attention due to their high negative fixed
charge density which suggests viability as passivation layers on p-type Si surfaces.
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1 General Introduction

1.5 Surface Passivation by Al2O3 Films

First tests of the surface passivation performance of Al2O3 films were carried
out in 1989.39 Later around 2005 the Al2O3 films were rediscovered. At this time
it was clearly demonstrated that they could induce an excellent surface passivation
performance due to a high level of chemical passivation and a high level of field-
effect passivation as extracted from capacitance–voltage measurements.20,21 These
excellent surface passivation results were first reported for films grown by atomic
layer deposition (ALD) processes. The field-effect passivation was due to a negative
fixed charge density in the range of 2× 1012 cm−2 to 5× 1012 cm−2 (films deposited
on H-terminated Si surfaces) whereas the chemical passivation was a result of a
defect density of ∼ 1× 1011 cm−2 eV−1, for Al2O3 films deposited at ∼ 200 ◦C after
annealing at 400 ◦C (10min in N2).40

Currently, most solar cell concepts that feature a surface passivation scheme
based on Al2O3 films adopt stacks of dielectric layers to benefit from the added
value of each single layer. From the perspective of an Al2O3 passivation layer, two
kinds of film stacks are generally taken into consideration: (1.) a SiO2 interlayer
between Al2O3 and the Si surface which is intentionally introduced and (2.) a
SiNx or SiO2 capping layer on top of the Al2O3 film. Both cases are schematically
shown in Fig. 1.5. Al2O3 stacks based on SiO2 interlayer allow for controlling the
interface properties, for instance in terms of a more stable surface conditioning
prior to the deposition of the Al2O3 film41 and in terms of controlling the field-
effect passivation (fixed charge density) of the Al2O3 film.42−44 In more detail,
it holds that the thicker the SiO2 interlayer the lower the negative fixed charge
density which is schematically illustrated in Fig. 1.5-left. As a practical example
of applying Al2O3-based stacks in c-Si solar cells it is referred to the successful
implementation of these stacks in solar cells with p-type Si surfaces: for instance
an Al2O3/SiO2 stack∗ is used as a passivation layer at the rear, p-type Si base
surface19 and an Al2O3/SiNx stack as a passivation layer at the front, highly doped
p-type, emitter surface.45 The Al2O3/SiNx stack is also of interest for industrial-
type c-Si solar cells as the SiNx capping layer improves the stability of the surface
passivation performance during firing steps compared to single-layer Al2O3 films.46

∗ In this work the convention is used that the abbreviation of stacked passivation layers, e.g.
layer 1/layer 2, means that layer 1 is directly located on the Si surface.
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1.5 Surface Passivation by Al2O3 Films

Figure 1.5: Schematic illustration of (left) stack with SiO2 interlayer to control the
negative fixed charge density, i.e. the field-effect passivation, of Al2O3 films and (right)
capping layer stack, for instance with SiNx films that acts as hydrogen source, hydrogen
barrier and chemical protection layer, for example against metal pastes.

The capping layer acts as additional hydrogen source and also as barrier layer for
the hydrogen that is released from the Al2O3 films. Furthermore, the SiNx capping
layer increases the chemical stability, for instance against metal pastes used for
industrial-type c-Si solar cells.

An advancement of the aforementioned PERC concept is the use of a symmetrical
passivation scheme which involves identical passivation materials on both sides
of the solar cell. The symmetrical passivation scheme allows for simplifying the
manufacturing process of a solar cell: the number of process steps needed for
dielectric layer deposition decreases when the passivation layers are prepared
simultaneously on the front and rear sides of the solar cell in one deposition
tool. In contrast to the symmetrical passivation scheme, the currently considered
asymmetrical passivation scheme involves a field-effect passivation induced by a
positive fixed charge density on highly doped n-type Si surfaces and preferably
a field-effect passivation induced by a negative fixed charge density on p-type
Si surfaces. Unfortunately, for the opposite case, i.e. adopting passivation layers
with a positive fixed charge density on p-type Si surfaces or passivation layers
with a negative fixed charge density on n-type Si surfaces, a loss in the surface
passivation performance has been reported.47,48 Hence, the crucial aspect with
respect to application of a symmetrical passivation scheme is to achieve a high
level of surface passivation performance on the highly doped n-type Si front and
p-type Si rear surfaces with an identical passivation scheme. In previous studies
SiNx films were adopted as a symmetrical passivation scheme in n-type c-Si solar
cells with highly doped n-type and highly doped p-type Si surfaces and resulted
in a moderate surface passivation performance.49,50

9



1 General Introduction

The present work addresses the merits and opportunities of a symmetrical
passivation scheme based on SiO2/Al2O3 stacks for p-type c-Si solar cells—having
a highly doped n-type and a lowly doped p-type Si surface.

1.6 Current Research Project

The goal of this research project is to obtain more insight into the mechanism
of the Si surface passivation of Al2O3-based stacks and to apply these stacks
as a symmetrical passivation scheme in front collecting, p-type c-Si solar cells.
This research project started in 2010 as part of a collaborative work between the
Plasma and Materials Processing (PMP) group at the Eindhoven University of
Technology and the company Q Cells∗. This collaboration already lead to a deeper
understanding of the surface passivation performance of Al2O3 films in a previous
project, for instance by revealing the role of the oxidant of ALD processes on
the level of the chemical passivation and field-effect passivation of Al2O3 films,40

by revealing the impact of SiNx capping layer films on the surface passivation
and thermal stability of Al2O3 films46 and by showing that the level of field-
effect passivation of Al2O3 films can be controlled by implementing SiO2 films
as interlayer.43 The conclusions of previous works are summarized in Ref. 10. In
these previous studies the Al2O3/SiNx stacks have been found to be a suitable
rear side passivation material for p-type c-Si solar cells (PERC concept). The
present work extends the previous studies by addressing the use of Al2O3-based
passivation stacks mainly meant for highly doped n-type Si surfaces and as a
symmetrical passivation scheme in p-type c-Si solar cells which can be seen as
an advancement with respect to the asymmetrically passivated PERC concept.
Furthermore, a fundamental understanding is developed by studying the level of the
field-effect passivation and the level of the chemical passivation with respect to their
dependence on the deposition conditions of the Al2O3 films, the Si surface cleaning
steps and the temperature during subsequent process steps such as annealing and
firing.

∗ Today known as Hanwha Q Cells Gmbh.
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1.7 Outline of the Thesis, Research Topics and Key Results

The next chapter of this thesis (Chapter 2) introduces the basics of the surface
passivation and solar cell theory relevant for the scope of this thesis. The experi-
mental results of this thesis are addressed in Chapter 3 to 7. Chapters 3 to 6 were
also published as journal articles. Finally, Chapter 8 gives the general conclusions
and an outlook with recommendations for a follow-up of the presented research
activities. In the following paragraph the research topics and the key results are
briefly summarized.
Chapter 3 addresses the impact of the ALD process conditions on the Al2O3

material properties and the surface passivation performance of single-layer Al2O3

films and Al2O3/SiNx stacks after annealing and firing. Upon these two steps, the
level of surface passivation of Al2O3 films is found to depend on the deposition
temperature. After annealing the lowest surface recombination was achieved for
films deposited at 200 ◦C or 300 ◦C and after firing for films deposited at 300 ◦C or
400 ◦C. Hence, the study showed that the surface passivation performance depends
on the interplay of the deposition temperature of the ALD process (which was
an O3-based process) and the temperature of subsequent temperature steps such
as annealing and firing. The fundamental analysis of the passivation mechanism
revealed further that the annealing temperature affected mainly the level of the
chemical passivation and the deposition temperature affected mainly the field-effect
passivation. For instance, an increase of the deposition temperature by 200 ◦C, from
300 ◦C to 500 ◦C, reduced the fixed charge density by one order of magnitude from
3× 1012 cm−2 to 3× 1011 cm−2.

In Chapter 4 the influence of each layer thickness in the Al2O3/SiNx stack on the
efficiency of p-type c-Si solar cells was investigated from an optical point of view
by numerical simulations using pc1d51 and the method of Santbergen.52 The
optimal optical film thicknesses of the Al2O3/SiNx stack was found to be 15 – 30 nm
for the Al2O3 films and 100 – 120 nm for the SiNx films. For an Al2O3/SiNx stack
with the optimal optical layer thicknesses the surface passivation was analyzed,
particularly with respect to the field-effect passivation of the Al2O3 films which
was found to be unaffected by the SiNx deposition. The latter was derived by two
different techniques, on both n-type and p-type Si surfaces.
Following the proposed approach of controlling the interface properties with

thin (< 5 nm) SiO2 interlayer films, in Chapter 5 wet-chemical cleaning steps were
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1 General Introduction

carried out prior to the ALD Al2O3 process to develop SiO2/Al2O3 stacks on both
sides of the sample. On lowly doped p-type and n-type Si surfaces a high level
of surface passivation was achieved when SiO2/Al2O3 stacks were applied. After
annealing the SiO2/Al2O3 stacks resulted in a higher level of chemical passivation
and a factor of 1.5 lower field-effect passivation than single-layer Al2O3 films due to
the SiO2 interlayer films. Hence, it was concluded that the fixed charge density can
be manipulated by implementing wet chemically grown SiO2 films. Additionally,
the wet chemically grown SiO2/Al2O3 stacks showed a decent level of chemical
passivation directly after the ALD process compared to single-layer Al2O3 films.
Due to the higher level of the chemical passivation, the level of the field-effect
passivation could be probed directly after the ALD Al2O3 process and it was
found to be similar to those after subsequent annealing steps.
Chapter 6 addresses the surface passivation of SiO2/Al2O3 stacks on highly

doped n-type Si surfaces which serve as electron collector in c-Si solar cells and
are therefore of major concern. It was shown in Chapter 6 that SiO2/Al2O3 stacks
with a positive fixed charge density resulted in an excellent surface passivation
performance over a broad range of doping concentrations. These stacks were pre-
pared by ALD processes. In contrast SiO2/Al2O3 stacks with a negative fixed
charge density resulted in a reduced surface passivation performance for a certain
range of doping concentrations, i.e. for sheet resistances between 100 – 250Ω/�. In
this case the SiO2 films were prepared by wet chemical processing. The findings
obtained for SiO2/Al2O3 stacks with a negative fixed charge density are similar
to those obtained for single-layer Al2O3 films with a negative fixed charge density
and in-line with previous studies.47

In Chapter 7 very similar SiO2/Al2O3 stacks as the those studied in Chapters 5
and 6 were employed as a symmetrical passivation scheme in p-type c-Si solar cells
and a SiNx film was used as an additionally capping layer. In this chapter it was
found that the symmetrical passivation scheme resulted in similar high median
efficiencies of ∼ 18.9% as the conventional approach of an asymmetric passivation
scheme. Furthermore, it was shown that although the overall level of the efficiency
was similar there were significant differences in the individual current–voltage
characteristics. The current–voltage characteristics showed typical features of an
injection dependent surface passivation induced by the field-effect passivation of
the passivation stacks.
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CHAPTER 2

Basics of Silicon Surface
Passivation and Methods for
Characterization

2.1 Introduction

The energy conversion efficiency of solar cells does not reach its theoretic maxi-
mum value due to optical losses and/or electrical recombination losses.1 For crys-
talline silicon (c-Si) solar cells, the recombination of photo-generated electrons
and holes takes place in the bulk silicon (bulk recombination) and at its surfaces
(surface recombination). The influence of the surface recombination is typically
reduced by depositing dielectric passivation layers on the Si surface. The scope of
the thesis is to investigate the surface passivation performance of aluminum oxide
(Al2O3)-based stacks for application in c-Si solar cells. In this respect, the purpose
of this chapter is to briefly address the basics of Si surface passivation, as well as
to address as specific methods which can be used for the characterization of the
surface passivation performance, i.e. the photoconductance decay technique2 and
the corona charging method.3 Hence, this chapter gives a selection of fundamentals
related to the scope of this thesis.
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2 Si Surface Passivation and Methods for Characterization

2.2 Recombination Mechanisms in Silicon

2.2.1 Recombination at the Silicon Surface

In this section the surface recombination processes mainly caused by the presence
of defects (unsaturated or so-called dangling Si bonds) at the surfaces of the
Si wafer are addressed. These unsaturated Si bonds enhance the probability of
recombination of photo-generated electrons and holes due the energy level of the
defects within the band gap of the Si. The surface recombination is expressed in
terms of the effective surface recombination velocity Seff and this parameter is
used in this thesis in order to classify the quality of the passivation performance
of films or stacks. For example a value of Seff < 10 cm/s refers to a high level of
surface passivation while a value of Seff ≈ 107 cm/s corresponds to the absence of
any passivation. The effective surface recombination velocity is used for practical
reasons because the surface recombination velocity cannot be detected directly
and has to be modeled by numerical simulations,4 for example by the method
proposed in Ref. 5. By applying identical passivation layers on both sides of a (high
quality) Si wafer, which is typically referred to as a symmetrical passivated ”lifetime
sample”, the value of Seff can be derived from the measured effective minority
carrier lifetime τeff (briefly: lifetime) which comprises contributions from bulk and
surface recombination. The lifetime refers to the time it takes for photo-generated
carriers to reduce their density to 1/e of their original value after being photo-
generated. Lifetime samples are typically selected in a way that the recombination
mechanism of interest dominates the overall level of the lifetime, for instance the
surface recombination is kept as low as possible when determining the bulk lifetime
(see section 2.2.2) is of interest, whereas a wafer with a high bulk lifetime is used
when determining the level of the surface recombination is of interest.

In general the surface recombination velocity S is given by the ratio of the
surface recombination rate Us (in cm−2 s−1) and the excess carrier density at the
surface ∆ns which holds for identical excess concentrations of electrons and holes
at the Si surface (∆ns = ∆ps).4 Us describes the annihilation of photo-generated
electrons and holes via a certain number of surface defect states. Commonly there
is an imbalance between the values of ∆ns and ∆ps, e.g. caused by passivation films
or stacks with a built-in charge density Qf. Consequently, an analytical solution for
S is not possible directly at the surface. Instead the surface recombination velocity
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2.2 Recombination Mechanisms in Silicon

is calculated at the point within the Si wafer where the expression ∆n = ∆p is valid
again and referred to the aforementioned Seff. The value of Seff cannot determined
directly by experiments but has to be extracted from the measured τeff-value by
the approximation (for Seff < 350 cm/s, see Ref. 4):

Seff =
(

1
τeff
− 1
τbulk

)
W

2 , (2.1)

τbulk refers to the bulk lifetime of the Si wafer, see section 2.2.2, and W refers to
the thickness of the wafer.

Figure 2.1: Impact of rear surface recombination velocity of the passivated (non-
metalized) rear area Srear,pass on: (a) the short circuit (SC) current density Jsc, (b) the
open circuit (OC) voltage Voc, (c) the fill factor FF and the (d) the efficiency η of a front
collecting p-type c-Si solar cell (Passivated Emitter and Rear Cell structure) as deter-
mined by numerical simulations. The simulation method is described in more detail in
Chapter 4.
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2 Si Surface Passivation and Methods for Characterization

In Fig. 2.1 the impact of the surface recombination on the current–voltage (J–
V )-parameters of a p-type c-Si solar cell is illustrated by variation of the surface
recombination velocity of the passivated area at the rear side of the solar cell
(Srear,pass). Additionally, the wafer thicknessW was varied in the range of industrial
interest to highlight the role of Srear,pass which becomes more important for thinner
wafers as the ratio of surface to bulk processes increases. For the calculations,
typical parameters for state-of-the-art p-type mono-crystalline c-Si solar cell are
considered. In Fig. 2.1a the impact of varying Srear,pass and W on the short circuit
current density Jsc is shown. Jsc decreased only slightly with increasing Srear,pass
whereas the reduction of W resulted in a stronger reduction of Jsc. For instance,
when W is reduced from 200µm to 120µm, Jsc is reduced by ∼ 1.5mA/cm2. In
contrast to the trend of the Jsc-value, the open circuit voltage Voc decreased only
slightly with decreasing W whereas the increase of Srear,pass reduced the value of
Voc stronger, i.e. by ∼ 15mV when Srear,pass increased from 50 cm/s to 200 cm/s
(Fig. 2.1b). In Fig. 2.1c the impact of varying Srear,pass and W on the fill factor
FF is shown. The fill factor refers to the ratio of the maximum power of a solar
cell and the product of Voc and Jsc. The value of FF depends only slightly on an
increasing Srear,pass. A reduction of W from 200 µm to 120 µm reduces the value
of FF by ∼ 0.3 %abs

∗. In Fig. 2.1d the impact of varying Srear,pass and W on the
efficiency η is shown. With increasing Srear,pass the efficiency is reduced. To keep
a constant efficiency, for example η = 19.7%, the value of Seff has to be reduced
by 100 cm/s when W decreases from 200 µm to 160µm.

2.2.2 Recombination in the Silicon Bulk

The recombination of carriers in the bulk of Si wafers can be separated into three
mechanisms: the radiative recombination,6,7 the Auger recombination8 and the de-
fect recombination (often named Shockley-Read-Hall (SRH) recombination).9−11

The radiative and the Auger lifetime are often summarized as intrinsic lifetime
of the Si bulk τbulk,intr as it is only controlled by the intrinsic silicon material
properties, for instance the doping type and concentration (Ndop).8 τbulk,intr in-
creases with decreasing Ndop and is roughly a factor of two higher for n-type than
for p-type Si at the same Ndop, see Fig. 2.2. The value of τbulk,intr gives an upper

∗ In the case of η and FF values the percentage data are given in absolute terms.
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2.2 Recombination Mechanisms in Silicon

limit relevant for tests of the passivation performance of a certain Si material.
Furthermore, τbulk,intr is needed to extract the value of Seff, see equation 2.1, as
only τeff is experimentally accessible as mentioned in the previous section.

Figure 2.2: Intrinsic bulk lifetime τbulk,intr as a function of the excess carrier density ∆n
calculated for a p-type (left) and an n-type (right) Si substrate for various wafer resistiv-
ities/ doping concentrations. The function of τbulk,intr(∆n) was calculated according to
the expression given in Ref. 8.

2.2.3 Saturation Current Density

The aforementioned value of Seff describes the recombination characteristics of
samples with lowly doped surfaces. Highly doped surfaces (dopant concentrations
> 1018 cm−3) require a different analysis to make their recombination properties
experimentally accessible. These surfaces are of major concern as for example the
highly doped n-type Si surfaces serve as electron collector in a p-type c-Si solar cell.
The recombination in highly doped (diffused) surface layers takes places within
the bulk of this thin layer and as well as directly at the surface. Experimentally the
effect of these two regions cannot be separated and their recombination properties
have an effect on the recombination current density Jrec that flows into this highly
doped layer. The pre-factor of Jrec, the so-called saturation current density J0,
is commonly used to quantify the recombination properties of the highly doped
surface layer. It is noted that the value of J0 is independent of the dopant concen-
tration in the bulk of the silicon wafer. Experimentally J0 is obtained from lifetime
measurements and calculated from the injection dependent lifetime under high
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2 Si Surface Passivation and Methods for Characterization

level injection conditions (∆n� 0.1×Ndop) as in this state the recombination in
the lowly doped Si bulk is dominated by the Auger recombination and can be
calculated from the doping level Ndop.8 Therefore, the J0-value is extracted from
the τeff(∆n)-curves under high level injection conditions by correcting for the bulk
recombination,12 which can be described for the lowly doped Si bulk by the Auger
recombination. In the case of samples that consists of one lowly doped surface and
one highly doped surface, the recombination is given by the following relation in
terms of τeff:

1
τeff

=

Dominated by Auger︷ ︸︸ ︷
1

τbulk,intr
+

Lowly doped surface︷︸︸︷
Seff
W

+

Highly doped surface︷ ︸︸ ︷
J0 Ndop
e n2

i W
, (2.2)

with n2
i the square of the intrinsic carrier concentration and e the elementary

charge. The value of τeff is experimentally determined by the photoconductance
technique, for more details see section 2.4.1.
As an example of a ”good” J0-value it is referred to the study of Benick et al.

who achieved ∼ 30 fA/cm2 on a highly doped p-type emitter surface of a c-Si solar
cell passivated by an Al2O3 film and with an efficiency of 23.2%.13

2.2.4 Implied Current–Voltage-Characteristics

On basis of the measured τeff(∆n)-data it is also possible to calculate implied
current–voltage (J–V )-characteristics of a lifetime sample although the sample
is not a working solar cell. This method allows for quantitatively estimating the
influence of a passivation layer on the solar cell performance before making full
solar cells. The voltage between the positive and the negative contact of a solar cell
corresponds to the quasi Fermi level separation which also determines the value of
∆n. Hence, the implied voltage iV can be obtained from ∆n by the expression:14

iV = kT

e
ln
(

∆nNdop + ∆n2

n2
i

+ 1
)
. (2.3)

The corresponding implied current density iJ is given by the recombination at a
specific injection level, i.e.:

iJ = Jsc − eW
∆n

τeff
, (2.4)
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by assuming a short circuit current density Jsc (typically ∼ 40mA/cm2). On basis
of the obtained J–V -characteristics the J–V -parameters can be determined, for
instance the implied open circuit voltage iVoc, the implied fill factor iFF and the
implied efficiency. To give an example, how the injection dependent lifetime affects
the J–V -parameters, in Fig. 2.3a two typical τeff(∆n)-curves are presented and
in Fig. 2.3b the resulting implied J–V -characteristics. One τeff(∆n)-curve shows
no injection dependence, i.e. τeff is constant for ∆n < 0.1 × Ndop, and the other
τeff(∆n)-curve shows an injection dependence, i.e. τeff decreases with decreasing ∆n

for ∆n < 0.1×Ndop. The difference in the τeff(∆n)-curves resulted in a difference
in the implied fill factor of 1.7%abs and the value of iVoc differed by about 6mV.
The calculated implied J–V -parameters are listed in Table 2.1. Additionally, the
effect on the implied efficiency caused only by changing the value of iFF or iVoc is
calculated on basis of substituting either the value of iFF or iVoc of the resulting
J–V -parameters of ”Curve 2”. The difference in iFF results in a difference in the
implied efficiency of 0.5%abs whereas the difference in the iVoc caused a difference
in the implied efficiency of 0.2%abs, see Table 2.1. In total the influence of the
injection dependence reduced the implied efficiency by 0.7%abs. Hence, a change
in the τeff(∆n)-characteristics can affect more the iFF than the iVoc-value.

Figure 2.3: (a) Typical τeff(∆n)-curves of a p-type c-Si wafer with Ndop = 1016 cm−3.
The red dashed line shows constant τeff-values at low level injection conditions and the
blue solid line shows an injection dependent lifetime for low injection levels (∆n < 0.1 ×
Ndop). The levels of ∆n at the voltage at the maximum power point (Vmpp) and the open
circuit voltage (Voc) are indicated. (b) Implied J–V -characteristics calculated from the
τeff(∆n)-curves shown in (a). The related J–V -parameters are listed in Table 2.1.

23
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Table 2.1: List of implied J–V -parameters corresponding to the J–V -characteristics
shown Fig. 2.3b which has been calculated from the τeff(∆n)-curves shown in Fig. 2.3a.
Curve 1: constant τeff at ∆n < 0.1×Ndop, curve 2: changing τeff at ∆n < 0.1×Ndop.

Parameter Curve 1 ”Only Voc-loss” ”Only FF -loss” Curve 2
Jsc (mA/cm2) 39.8 39.8 39.8 39.8

iFF (%) 83.8 83.8 −1.7%−−−−→ 82.1 −1.7%====⇒ 82.1

iVoc (mV) 714 −6mV−−−−−→ 708 714 −6mV====⇒ 708

iη (%) 23.8
−0.2%−−−−→ 23.6 −0.7%====⇒ 23.1−0.5%−−−−−−−−−−−−−−−−−−−→ 23.3

The τeff-values investigated in this thesis are evaluated at the approximate range
of the maximum power point of a final (high efficiency) solar cell, i.e. the τeff-values
are extracted at ∆n = 5× 1014 cm−3 which is equal to a value of ∆n at ∼ Vmpp.

2.3 Surface Passivation Mechanisms

2.3.1 Field-Effect Passivation

The field-effect passivation describes the mechanism of shielding minority carriers
from the Si surface by an electric field which suppresses the surface recombination.
The electric field can be a result of built-in charges in passivation layers, called
fixed charge density Qf. The field-effect passivation induced by Qf can be enhanced
(reduced) by an additionally deposited charge density on top of the passivation
layer, for instance deposited corona charges (QC), when the polarity of QC is
identical (opposite) to those of Qf when QC � Qf. In general, there is also a
density of charged interface traps (Qit) but its effect is negligible in this study
compared to the effect caused by Qf and QC. The corona charges and/or fixed
charges cause the development of an excess concentration of either electrons (∆n)
or holes (∆p) below the Si surface depending on the net charge density of the sum
of Qf and QC which is also called mirror charge density QSi.5 The developed excess
concentration of either electrons or holes lowers the surface recombination as the
concentration of one type of charge carrier is reduced. The surface recombination
would be maximum for identical concentrations of electrons and holes at the surface
in the case that electrons and holes have identical capture cross sections (which is
commonly not the case).
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Figure 2.4: (Upper graphs) Concentrations of electrons n and holes p and (lower graphs)
energy band diagrams for inversion, flat band and accumulation conditions from the left
to the right. A p-type Si wafer with 1.5Wcm resistivity (Ndop = 1016 cm−3) is used and
a fixed charge density of (left) Qf=1012 cm−2 and (right) Qf=−1012 cm−2 is placed on
top of the Si surface. (Carrier concentrations and energy levels modeled with pc1d.)

To give a practical example, an excess concentration of electrons is developed
when a typical SiNx layer (positive Qf) is deposited on an H-terminated p-type Si
surface. The resulting band bending is called inversion as a pn-junction is formed
at the surface. The carrier concentration and energy bands are shown for this case
in Fig. 2.4-left. When for example SiO2 films with hardly any Qf are deposited on
a Si surface there is no band bending occurring, i.e. flat band conditions develop,
see Fig. 2.4-middle. When Al2O3 films (negative Qf) are deposited on a p-type Si
surface accumulation is created, see Fig. 2.4-right, which is the relevant case for
the current work.
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2.3.2 Chemical Passivation

The chemical passivation is of major concern as a minimum level of chemical
passivation is required to see an impact of the field-effect passivation on the overall
level of the surface passivation. The chemical passivation refers to the saturation of
silicon dangling bonds by hydrogen or other effects that reduce the surface defect
density. Such electrically active surface defects at a Si/SiO2 interface can be the
so-called Pb centers.16 The amount of defect states at the Si surface is expressed
in terms of the interface trap density Dit (in cm−2 eV−1) and varies with the
energy within the band gap (Dit(E)) due to the distribution of the surface defects
over the Si band gap. The role of surface cleaning steps on Dit(E) was studied
for instance in Chapter 5 of this thesis but also in literature.17 Many passivation
layers provide hydrogen for the chemical passivation by releasing it either during
their deposition process or in subsequent temperature steps such as annealing.

2.3.3 Interplay of Field-Effect and Chemical Passivation

In order to relate the effect of the chemical passivation and the field-effect
passivation to the overall level of the surface passivation, Seff is plotted in Fig. 2.5 as
a function of Qf and Dit which are varied in a typical range reported for commonly
used passivation layers (Dit refers to the density of defects in the middle of the
Si band gap).18 In the case of symmetrical capture cross sections of electrons and
holes, Seff increases for a fixed value of Dit when Qf is reduced (Fig. 2.5a). A
high level of surface passivation, in terms of Seff-values < 10 cm/s, can be achieved
when Dit < 1010 cm−2 and Qf > 3×1011 cm−2. At flat band conditions, i.e. when
Qf � 1010 cm−2, Seff is maximum because ∆ns is equal to ∆ps and a higher level
of Dit further increases Seff.
In the case of asymmetric capture cross sections, for example for the case that

the ratio of capture cross sections of electrons and holes is 100, the minimum value
of Seff at a certain level of Dit is reached when Qf = 1011 cm−2, see Fig. 2.5b. The
minimum value of Seff shifted compared to the case of symmetric capture cross
sections to a higher value of Qf as the maximum recombination is present when
∆ns = 100 ∆ps.
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Figure 2.5: Effective surface recombination velocity Seff as a function of the fixed charge
density Qf and defect density Dit for an n-type Si substrate with a resistivity of 2Wcm
(Ndop ∼ 2.4 × 1015 cm−3). (a) Symmetric capture cross section of electrons σn and holes
σp. (b) Asymmetric capture cross sections of holes and electrons (ratio = 100).

2.4 Characterization Methods

2.4.1 Photoconductance Decay Measurements

The τeff(∆n)-data are a measure for the recombination properties of Si wafers
and are experimentally determined in this work by using the photoconductance
decay method.2 This method is applied in two different ways: (1) during the decay
of a quasi-steady state illumination (called generalized mode) and (2) in the dark
(called transient mode). In the case of the transient mode the excess carrier density
is detected as a function of time after excitation by a short illumination pulse
(< 30µs). The corresponding effective lifetime is given by the relation:

τeff(∆n) = ∆n(t)
d∆n(t)

dt

. (2.5)

The decay of the illumination pulse limits the accuracy of the measurements to
a lowest detectable lifetime of ∼ 200 µs. The transient mode is independent of the
optical properties of the sample as the decay of the photoconductance is recorded
under dark conditions. For lifetimes < 200µs the generalized method is used which
allows for detecting the lifetime regardless of the duration of the exposure and the
level of the lifetime.15 In this case the illumination intensity is detected during the
measurement by a monitor cell, located close to the sample. This intensity is used
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to calculate the average photo-generation rate Gav and therefore, the absorption
and reflection losses of the specific sample have to be taken into account. The
lifetime obtained with the generalized mode is given by:

τeff(∆n) = ∆n(t)
Gav(t)− d∆n(t)

dt

. (2.6)

2.4.2 Corona Charging Method

In this thesis the corona charging method is used to distinguish between the
effects of the chemical passivation and the field-effect passivation by using lifetime
samples with lowly doped surfaces. The purpose is to determine Qf by subse-
quently depositing corona charges, with the opposite polarity compared to the
fixed charges, on top of the sample surface to level out the field-effect passiva-
tion induced by the fixed charge density of the passivation layer, i.e. reaching the
conditions that: Qtotal = Qf − QC = 0. This allows for the determination of Qf

and for the measurement of the lifetime of the sample without the contribution
of the field-effect passivation. The corona charging method includes three steps
which are repeated several times: (1) the deposition of corona charges, (2) surface
voltage measurements and (3) lifetime measurements.3,19 The method and setup
are illustrated schematically in Fig. 3.2. Depending on the polarity of the applied
potential (∼ 6 kV) to a tungsten needle air molecules are ionized to CO3− or H3O+

(Ref. 20, 21) and accelerated in direction to the sample surface by the high electric
field. These charges are deposited on top of the sample surface where they remain.
Subsequently, the surface voltage is measured with a Kelvin probe and used to
calculate the corona charge density QC by the following expression:

QC = Vsurf ε0 εr
d e

, (2.7)

with Vsurf the surface voltage, d the thickness of the passivation layer and εr the rel-
ative permittivity of the film and ε0 the permittivity of vacuum. The parameter εr
is replaced by an averaged relative permittivity when stacks of dielectric materials
are investigated.22 The lifetime measurements are carried out in the generalized
mode because the reduced field-effect passivation induced by Qf results usually in
τeff < 200 µs. On basis of the lifetime measurements Seff-values are extracted at
one specific excess carrier density.
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Figure 2.6: Illustration of the corona charging experiment: (i) Corona charging, (ii)
surface voltage analysis and (iii) lifetime measurements are carried out sequentially and
repeated time over time. The corona charging setup and and a cross sectional view of the
sample are also shown.

As a result of the corona charging method a peak-shaped Seff(QC)-plot is ob-
tained which is schematically shown in Fig. 2.7a for the relevant example of an
Al2O3 layer deposited on both sides of a p-type Si wafer. The obtained Seff(QC)-plot
reflects the transition of an energy band bending from accumulation (QC < Qf, see
Fig. 2.4-right) to flat band (QC = Qf, see Fig. 2.4-middle) and further to inversion
conditions (QC > Qf, see Fig. 2.4-left). The change from accumulation or inversion
conditions towards flat band conditions is characterized by an increasing Seff. The
QC-value obtained when Seff is maximum can be regarded as a measure of Qf as
at this point the contribution of the field-effect passivation by Qf is nullified by
the amount of deposited QC. The obtained Seff(QC)-plot gives no insight into the
change of the surface passivation at different injection levels as the Seff-values is
typically extracted at one specific excess carrier density. Therefore, the effect of
different injection levels on the Seff(QC)-plot is evaluated by simulations according
to the method proposed in Ref. 5.

In Fig. 2.7b the τeff(∆n)-curves related to the S(QC)-plot∗ of Fig. 2.7a are shown
to illustrate the impact of the deposited corona charge density on the injection
dependence of the lifetime. The different shapes of each τeff(∆n)-curves indicate
that an extracted Seff(QC)-plot is different at any ∆n-value (for a fixed value of
Dit). Hence, the shape and the peak position of the corresponding S(QC)-plot
depends on the injection level chosen for evaluation and therefore the determined

∗ In the numerical simulations the surface recombination velocity S, present directly at the Si
surface, is varied whereas in the experiments an effective surface recombination velocity (Seff)
is determined.

29



2 Si Surface Passivation and Methods for Characterization

fixed charge density is sensitive to this choice as well. In Fig. 2.8a some of the
τeff(∆n)-curves, which have already shown in Fig. 2.7b, are plotted and three differ-
ent levels of ∆n are indicated at which the corresponding S(QC)-plots are extracted
(Fig. 2.8b). With increasing ∆n the peak position of the S(QC)-plot is shifted only
slightly by ∼ 0.1× 1012 cm−2.

Figure 2.7: (a) Modeled S(QC)-plot for a p-type Si wafer with a doping concentration
of Ndop = 1015 cm−3 and a 30 nm thick passivation material with a negative fixed charge
density of Qf = 5× 10−12 cm−2. (b) Corresponding τeff(∆n)-curves. The deposited corona
charge density QC was varied as indicated and the S(QC)-plot of (a) was extracted at
∆n=1015 cm−3.

Figure 2.8: (a) Modeled τeff(∆n)-curve (with same parameters as used in Fig. 2.7). The
excess carrier density ∆n that is used for the determination of the S(QC)-plots, that are
shown in figure (b), are indicated.
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Figure 2.9: Modeled S(QC)-plots for a p-type Si wafer with a doping concentration of
Ndop = 1015 cm−3 and a 30 nm thick passivation material with an incorporated negative
fixed charge density of Qf = 5× 10−12 cm−2. The S-values are determined from τeff(∆n)-
curve at ∆n = 1014 cm−3. (a) Variation of defect density Dit with σp = σn and (b)
variation of the ratio of the capture cross section of hole and electrons σp/σn.

As the injection dependence of the τeff(∆n)-curves affected the S(QC)-plot, the
impact of the chemical passivation of the sample on the S(QC)-plot is also evaluated
because the level of the chemical passivation is known to affect the injection
dependence of the lifetime. Fig. 2.9a shows the impact of various defect density
values (Dit) and therefore, levels of chemical passivation. With increasing Dit-value
the peak of the S(QC)-plot is increased to higher values while the position of the
peak stays at the same level. Therefore, the decreasing chemical passivation is
reflected by an increase of the maximum value of the S(QC)-plot.

In Fig. 2.9b the impact of a changing ratio of the capture cross section of holes
and electrons σp/σn is shown. It reveals that it affects the maximum value of the
S(QC)-plot and its peak position. Hence, by changing the ratio of σp/σn causes a
change in Qf, i.e. the level of the field-effect passivation. However, this is only a
minor effect within the order of maximal 0.5×1012 cm−2 when the σp/σn is varied
by two orders of magnitude.

Finally, it is concluded that the corona charging method can be used to extract
the level of the chemical passivation and those of the field-effect passivation with a
decent level of accuracy. The level of the field-effect passivation can be determined
quite accurate with an uncertainty of ±0.5× 1012 cm−2. The uncertainty can be
even lowered when all effects are taken into account. The level of the chemical
passivation can be only extracted roughly. To assure a certain accuracy the effective
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lifetime, used to calculate the value of Seff, should be extracted always at the same
level of the excess carrier density.
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GRAPHICAL ABSTRACT OF CHAPTER 3

Graphical abstract of Chapter 3 ”Deposition temperature dependence of mate-
rial and Si surface passivation properties of O3-based ALD Al2O3-based films
and stacks”.
Top figure: Surface passivation performance, in terms of surface recombination velocity, as
a function of corona charge density of Al2O3/SiNx stacks for various deposition tempera-
tures of the O3-based ALD Al2O3 process. Results obtained after firing at 850 ◦C.
Bottom figure: Surface passivation performance, in terms of surface recombination veloc-
ity, as a function of corona charge density of Al2O3 films annealed at various tempera-
tures. Results obtained for Al2O3 films prepared at 300 ◦C.

...
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CHAPTER 3

Deposition Ttemperature
Dependence of Material and Si
Surface Passivation Properties
of O3-based ALD Al2O3-based
Films and Stacks∗

Abstract The material composition and the Si surface passivation of alu-
minum oxide (Al2O3) films prepared by atomic layer deposition (ALD) using
Al(CH3)3 and O3 as precursors were investigated for deposition temperatures
(TDep) between 200 ◦C and 500 ◦C. The growth per cycle decreased with increasing
deposition temperature due to a lower Al deposition rate. In contrast the material
composition was hardly affected except for the hydrogen concentration which de-
creased from [H] = 3 at.% at 200 ◦C to [H] < 0.5 at.% at 400 ◦C and 500 ◦C. The
surface passivation performance was investigated after annealing at 300 ◦C– 450 ◦C
and also after firing steps in the typical temperature range of 800 ◦C–925 ◦C. A
similar high level of the surface passivation performance, i.e. surface recombination
velocity values < 10 cm/s, was obtained after annealing and firing. Investigations

∗ Published as: S. Bordihn, V. Mertens, J. W. Müller and W. M. M. Kessels, J. Vac. Sci.
Technol. A 32, 01A128 (2014).
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of Al2O3/SiNx stacks complemented the work and revealed similar levels of sur-
face passivation as single-layer Al2O3 films, both for the chemical and field-effect
passivation. The fixed charge density in the Al2O3/SiNx stacks, reflecting the
field-effect passivation, was reduced by one order of magnitude from 3× 1012 cm−2

to 3× 1011 cm−2 when TDep was increased from 300 ◦C to 500 ◦C. The level of the
chemical passivation changed as well but the total level of the surface passivation
was hardly affected by the value of TDep. When firing films prepared at low TDep

blistering of the films occurred and this strongly reduced the surface passivation.
These results presented in this work demonstrate that a high level of surface pas-
sivation can be achieved for Al2O3-based films and stacks over a wide range of
conditions when the combination of deposition temperature and annealing or firing
temperature is carefully chosen.

3.1 Introduction

Aluminum oxide (Al2O3) thin films prepared by atomic layer deposition (ALD)
or plasma enhanced chemical vapor deposition (PECVD) have been identified as a
high quality surface passivation material for p-type surfaces of Si solar cells.1 The
excellent passivation performance can be attributed to a high level of chemical
and field-effect passivation. The latter is generated by a high negative fixed charge
density in the Al2O3 films.2−4 An important process parameter for the preparation
of high quality Al2O3 films is the deposition temperature as previously established
for films grown in ALD processes with an O2-plasma as oxidant,5,6 with H2O
(Ref. 7) and for films grown by PECVD processes.8,9 So far no systematic study
has appeared that addresses the relation between material properties and sur-
face passivation performance of Al2O3 films grown in ALD processes with O3 as
oxidant. O3 can be beneficial over alternative oxidants such as H2O due to its
higher reactivity and it is more straightforward to implement in high throughput
batch reactors than ALD processes based on O2 plasma. Apparently, the availabil-
ity of high throughput deposition equipment is an essential requirement for the
implementation of ALD Al2O3 processes in manufacturing lines of Si solar cells.
In this work the Si surface passivation performance and material properties

of Al2O3 films deposited by Al(CH3)3 and O3 as precursor and oxidant were
studied while addressing the influence of the deposition temperature in particular.
These studies are relevant as the surface chemistry and the substrate oxidation by
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the O3-based process is quite different from ALD processes based on H2O or O2

plasma as oxidants.10−13 This might have implications for the surface passivation
performance of the Al2O3 films as well as its temperature dependence. First the
composition and material properties of the Al2O3 films were compared with those
prepared by ALD processes using H2O and an O2-plasma as oxidants. Secondly,
the surface passivation performance of the Al2O3 films was investigated after
annealing and firing. In particular the influence on the field-effect passivation
was addressed by analyzing the films by corona charging experiments. The study
is complemented by results on Al2O3/SiNx stacks which are considered because
previous studies reported a higher level of surface passivation after firing when
using Al2O3/SiNx stacks instead of single-layer Al2O3 films.14 From the systematic
studies, the relation between the material properties and the surface passivation
performance of Al2O3 films is discussed.

3.2 Experimental

Sample Preparation

Czochralski (Cz) grown n-type Si wafers (12.5× 12.5 cm2) were used as sub-
strates with a thickness of 180µm and a resistivity of 2 – 4Wcm. The wafers were
cleaned in a KOH based wet chemical solution to remove the saw damage before
carrying out a standard Radio Cooperation of America (RCA) cleaning procedure.
The Al2O3 films were deposited simultaneously on both sides of the wafers during
330 ALD-cycles by using Al(CH3)3 and O3 as precursor and oxidant, respectively.
The dosing and purge times were 1 s – 3 s – 3 s – 6 s for Al(CH3)3 – purge –O3 – purge,
respectively. The cycle time was 13 s in total. The deposition temperature (TDep)
was varied between 200 ◦C and 500 ◦C. The TDep refers to the set temperature of
the reactor walls of the hot wall reactor. A 30min time interval has been employed
between loading the wafers in the reactor and the start of the ALD process to allow
for equilibration of wafer temperature. On half of the wafer set SiNx films were
deposited at 350 ◦C in a PECVD process using a linear microwave plasma source.
The SiNx films were also deposited on both wafer sides to create a symmetric
sample structure.
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The surface passivation performance of single-layer Al2O3 films and Al2O3/SiNx

stacks was determined after annealing and after firing. For the single-layer Al2O3

films annealing was carried out at temperatures (TAnneal) between 300 ◦C and
450 ◦C for 10min in N2 ambient. The surface passivation was analyzed only for
TAnneal > TDep. The firing step was carried out at a peak temperature (TFiring)
between 850 ◦C and 925 ◦C for several seconds. The Al2O3/SiNx stacks were either
annealed at 400 ◦C or fired at 850 ◦C, i.e. no investigations at other temperatures
were carried out. The firing step was used to mimic the thermal budget of the
metal contact formation process of industrial-type Si solar cells.

Material Analysis

The film thickness was determined by spectroscopic ellipsometry for films de-
posited on float zone (Fz) Si wafers (12.5× 12.5 cm2) with shiny etched surfaces.
These samples were prepared similarly as the films deposited on the Cz Si wafers.
The atomic composition of the films was analyzed by the combination of Rutherford
backscattering spectroscopy (RBS) and elastic recoil detection (ERD). From the
film thickness the growth per cycle (GPC) and the film thickness non-uniformity
(dmax − dmin)/(2 daverage), see Ref. 15, were calculated using 137 measurement
points equally distributed over the wafer area of 149.3 cm2. The number of Al
atoms deposited per cycle was calculated from the RBS data and the number of
deposition cycles carried out.

Surface Passivation Analysis

The effective minority carrier lifetime τeff was measured as a function of the
excess carrier density ∆n by using the photoconductance decay technique in the
transient and generalized mode.16 The surface passivation was expressed in terms
of an upper limit of the effective surface recombination velocity Seff,max which
was calculated from the value of τeff at ∆n = 1014 cm−3 using the expression:
Seff,max = W/2

(
τ−1
eff − τ

−1
Auger

)
with W the wafer thickness and correcting for the

Auger lifetime τAuger by employing the parameterization proposed by Richter et
al.17
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Corona Charging Experiments

The level of field-effect passivation and chemical passivation was investigated by
corona charging experiments. In these experiments a procedure was repeated that
consists of corona charge deposition, surface voltage measurements and surface
passivation measurements.18,19 Corona charges were deposited on top of the passi-
vated wafer surface. The corona charges are ionizing air molecules that are created
at a tungsten needle by a high electric field caused by a voltage of ∼ 6 kV applied
to the needle. To investigate the fixed charge density Qf present in a passivation
film corona charges with the opposite polarity of Qf need to be deposited.

Figure 3.1: Schematic illustration of effective surface recombination velocity Seff,max as
a function of deposited corona charge density QC for a passivation material with negative
fixed charge incorporated. Indicated are the corresponding energy band conditions, i.e.
inversion, depletion and accumulation.

Figure 3.2: Illustration of the corona charging experiment: (i) corona charging, (ii)
surface voltage analysis and (iii) lifetime measurements are carried out sequentially and
repeated time over time. The corona charging setup and and a cross sectional view of the
sample are also shown.
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By Kelvin probe measurements the surface voltage can be obtained and used to
calculate the corona charge density QC on top of the wafer surface with the help of
the following expression: QC = Vsurf ε0 εr/(d e) with Vsurf the surface voltage, e the
elementary charge, d the layer thickness, εr the relative permittivity of the film and
ε0 the vacuum permittivity. The relative permittivity is substituted by an average
value when stacks of dielectric materials are investigated.20 As a result of the
corona charging experiments a Seff,max(QC)-plot is obtained which has commonly
a bell-like curved shape. The field-effect passivation was determined from the
position of the peak value of the Seff,max(QC)-plot as at this point the depositedQC

compensates Qf. Therefore, at this point only the chemical passivation contributes
to the total level of surface passivation. Consequently, the peak value of Seff,max can
be regarded as a measure for the level of the chemical passivation. The Seff,max(QC)-
plot and the corona charging setup are illustrated schematically in Fig. 3.1 and
Fig. 3.2, respectively.

3.3 Results

3.3.1 Material Properties of Al2O3 Films

Properties such as growth per cycle (GPC), film thickness and thickness non-
uniformity reveal information about the ALD process. The properties obtained
for the Al2O3 films in this work are listed in Table 3.1.

Table 3.1: Properties of atomic layer deposited Al2O3 films deposited at various temper-
atures (set value of the heater). The number of ALD cycles was 330. The film thickness
was measured by spectroscopic ellipsometry and the atomic composition by RBS/ERD
measurements. The film thickness non-uniformity was calculated on basis of 137 measure-
ment points equally distributed over the wafer area of 149.3 cm2.

Deposition temperature
200 ◦C 300 ◦C 400 ◦C 500 ◦C

Film thickness (nm) 30±0.2 28±0.3 26±0.4 21±0.1
Thickness non-uniformity (%) —a ±5 ±2 ±3
Growht per cycle (Å/cycle) 0.9±0.2 0.8±0.1 0.8±0.1 0.6±0.1
Al (1014 at cm−2 cycle−1) 2.8±0.5 2.8±0.5 2.6±0.5 2.1±0.5
[O]/[Al] 1.7±0.1 1.7±0.1 1.5±0.1 1.6±0.1
[H] (at.%) 3.0±0.1 2.3±0.1 <0.1 <0.4
Al2O3 mass density (g/cm−3) 2.7±0.2 3.0±0.2 2.8±0.2 2.9±0.2
aNot measured.
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Figure 3.3: Film properties for Al2O3 films deposited by the O3-based process at vari-
ous deposition temperatures: (a) growth per cycle; (b) deposited Al atoms per cycle; (c)
[Al]/[O] ratio; (d) hydrogen content [H]; (e) Al2O3 mass density. Data were obtained
from ellipsometry and RBS/ERD measurements. For comparison purposes data of Al2O3
films deposited by ALD with H2O and O2-plasma are given as reported by Potts et al. in
Ref. 5.
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In Fig. 3.3 the data is compared to results reported previously by Potts et al.
for films grown in ALD processes that used H2O and O2-plasma as oxidant.5 For
the O3-process the GPC values decreased from 0.9Å to 0.6Å with increasing TDep

and therefore, the GPC values were in the same range as the H2O and O2-plasma
data. The data shows that the density of deposited Al atoms per cycle decreased
with increasing TDep while the mass density stayed almost constant at ∼ 2.9 g/cm3.
Consequently, the reduction in Al atoms deposited per unit area in every cycle is
the reason for the lower film thickness and lower GPC when going to higher TDep.
The hydrogen concentration decreased from [H] = 3 at.% at TDep = 200 ◦C to [H]
< 0.5 at.% at TDep = 400 ◦C and 500 ◦C. Overall, the trend of the deposited Al
atoms per cycle, [O]/[Al] ratio and [H] content was found to be quite similar to the
data reported for Al2O3 films prepared with H2O and an O2-plasma as oxidants.

3.3.2 Surface Passivation of Single-Layer Al2O3 Films

The influence of the deposition temperature on the surface passivation per-
formance, which is expressed in terms of an upper limit of the effective surface
recombination velocity Seff,max, is shown in Table 3.2. The data are given after
annealing and after firing at various temperatures. With increasing annealing
temperature the Seff,max-values of films grown at TDep = 200 ◦C decreased from
26 cm/s to 5 cm/s. The same trend was observed for films prepared at TDep =
300 ◦C with Seff,max decreasing from 34 cm/s to 6 cm/s when TAnneal increased
from 350 ◦C to 450 ◦C. The corresponding τeff(∆n)-values showed an upward shift
with annealing temperature over the entire measured injection range, see Fig. 3.4a.
To reveal more insight into the passivation mechanism behind this shift corona
charging experiments were carried out. The obtained Seff,max(QC)-plots are shown
in Fig. 3.4b. The Qf-value, represented by QC when Seff,max has its maximum,
increased only slightly when increasing TAnneal from 350 ◦C to 450 ◦C. However,
the peak value of Seff,max was reduced significantly, from 1430 cm/s to 230 cm/s,
with increasing TAnneal. Consequently, the improvement of the surface passivation
with increasing annealing temperature can be attributed to an improved chemi-
cal passivation. Depositing the Al2O3 films at 400 ◦C and annealing this films at
450 ◦C did not result in low Seff,max.

After firing the surface recombination velocities of Al2O3 films grown at TDep =
300 ◦C were < 10 cm/s independently of the used TFiring. In contrast Al2O3 films
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deposited at TDep = 400 ◦C and 500 ◦C yielded a factor of ten lower Seff,max-values
when TFiring increased from 800 ◦C to 925 ◦C. Remarkable was that all Al2O3 films,
i.e. deposited between 200 ◦C and 500 ◦C, resulted in Seff,max-values < 10 cm/s
after firing at the highest temperature, i.e. TFiring = 925 ◦C. After firing the highest
surface passivation level is achieved for the single-layer Al2O3 films prepared at
TDep between 300 ◦C and 500 ◦C (see Table 3.2). Apparently, same Seff,max-values,
within the experimental error, can be achieved after firing and after annealing
when using optimized process conditions.

Table 3.2: Upper limit of the effective surface recombination velocities Seff,max (cm/s)
of single-layer Al2O3 films prepared at various deposition temperatures (set value of the
hot wall reactor temperature) after annealing in N2 for 10min and after firing for several
seconds. The uncertainty in the data represents the standard deviation extracted from
five measurements over each sample.

Deposition temperature
Temperature 200 ◦C 300 ◦C 400 ◦C 500 ◦C

Annealing

300 ◦C 26±9
350 ◦C 12±5 34±11
400 ◦C 7±2 14±6
450 ◦C 5±2 6±2 124±70

Firing

800 ◦C 12±5 8±3 66±47 64±30
850 ◦C 26±7 9±1 9±2 20±16
910 ◦C 13±2 6±2 6±1 6±1
925 ◦C 9±1 5±1 4±1 5±1

Figure 3.4: (a) Injection dependent minority carrier lifetime τeff(∆n) obtained by pho-
toconductance decay measurements in the transient mode for Al2O3 films prepared at
300 ◦C and annealed for 10min in N2 at temperatures ranging from 350 ◦C to 450 ◦C. (b)
Seff,max(QC)-plots obtained by corona charging experiments for the same films as in (a).
Lines serve as a guide to the eye.
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3.3.3 Surface Passivation of Al2O3/SiNx Stacks

The surface passivation study of single-layer Al2O3 films was complemented
by investigations of the surface passivation served by Al2O3/SiNx stacks. The
obtained Seff,max-values of the stacks after annealing and after firing are given in
Table 3.3. After annealing the Seff,max-values of the stacks were found to be similar
to the one achieved for single-layer Al2O3 films within the experimental error, see
Table 3.2 and 3.3, respectively. After firing at 850 ◦C the Seff,max-values of the
stacks decreased from 30 cm/s to 9 cm/s when TDep of the Al2O3 films increased
from 200 ◦C to 400 ◦C. A similar behavior was observed for the single-layer Al2O3

films for that particular firing temperature. Stacks with Al2O3 films deposited
at 500 ◦C yielded a Seff,max-value of 19 cm/s. The higher Seff,max-values obtained
for stacks after firing with the Al2O3 films deposited at 200 ◦C could possibly be
(partly) related to the effect of blistering. Blistering is a local delamination of the
Al2O3 films and consequently, it can cause a reduction of the surface passivation
performance.21−24 Optical microscopy images of the Al2O3/SiNx stacks are shown
in Fig. 3.5 after annealing (Fig. 3.5a) and after firing (Fig. 3.5b) and are also com-
pared to images of a stack after firing with the Al2O3 films deposited at 500 ◦C
(Fig. 3.5c). The stacks with the Al2O3 films deposited at 200 ◦C showed blistering
only after firing and not after annealing, see Fig. 3.5a and Fig. 3.5b, respectively.
The higher temperature and the faster temperature ramp rate play therefore a role
for blistering. Furthermore, blistering seems to be related to the higher hydrogen
content of the Al2O3 films deposited at 200 ◦C. The hydrogen concentration was
[H] = 3 at.% for films deposited at 200 ◦C but [H] < 0.5 at.% for films deposited at
500 ◦C. These observations are in line with results reported by Hennen et al. who
correlated the hydrogen content of the films and the formation of blisters.25

Table 3.3: Surface recombination velocities Seff,max(cm/s) of Al2O3/SiNx stacks with
the Al2O3 films prepared at various deposition temperatures and annealed for 10min in
N2 or fired for a couple of seconds in ambient conditions.

Deposition temperature
Temperature 200 ◦C 300 ◦C 400 ◦C 500 ◦C

Annealing 400 ◦C 11±6 14±6
Firing 850 ◦C 30±4 8±2 9±2 19±10
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Figure 3.5: Optical microscopy images of Cz sample surfaces coated with Al2O3/SiNx
stacks. Al2O3/SiNx stacks with (a) Al2O3 film deposited at 200 ◦C after anneal at 400 ◦C,
(b) Al2O3 film deposited at 200 ◦C after firing at 850 ◦C and (c) Al2O3 film deposited at
500 ◦C after firing at 850 ◦C.

Corona charging experiments were carried out to investigate the mechanism
responsible for the trend of the Seff,max-values with changing deposition temper-
ature. The surface passivation performance is shown in Fig. 3.6a in terms of the
τeff(∆n) for the Al2O3/SiNx stacks after firing at 850 ◦C. The values of τeff in-
creased over a wide range of ∆n-values when higher deposition temperatures were
used for the Al2O3 films. The discrepancy between the results shown in Table 3.3
and in Fig. 3.6a for the stacks with Al2O3 films grown at 200 ◦C and 500 ◦C can
be attributed to the fact that for the corona charging experiments one sample
point (4× 4 cm2 in area) is considered whereas the Seff,max-values given in Ta-
ble 3.3 are an average value obtained from five measurement points distributed
over the sample area. The Seff,max(QC)-plots are shown in Fig. 3.6b (no corona
charging experiments could be carried out for the sample suffering from blistering,
i.e. for TDep = 200 ◦C). Increasing TDep yielded lower QC-values for which the
maximum in Seff,max was reached, from QC = 3× 1012 cm−2 at TDep = 300 ◦C to
3 × 1011 cm−2 at TDep = 500 ◦C. Hence, the negative fixed charge density, as a
measure for the field-effect passivation, decreased by one order of magnitude when
going to higher deposition temperatures. For the chemical passivation no clear
trend could be discerned but the stack with the Al2O3 films deposited at TDep

= 300 ◦C showed the highest level of chemical passivation. Remarkable was that
the stacks with Al2O3 films grown at 300 ◦C and 400 ◦C showed a clear difference
in the peak value of Seff,max (the peak values differ by ∼ 150 cm/s) and also a
clear difference in Qf (Qf differs by ∼ 1.5× 1012 cm−2). Yet, their Seff,max-values
(without corona charges) are very similar as shown in Table 3.3. This holds also
for the τeff-value at ∆n = 1014 cm−3 as shown in Fig. 3.6a.

The corona charging experiments were also used to investigate whether the SiNx
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Figure 3.6: (a) Injection dependent minority carrier lifetime τeff(∆n) for Al2O3/SiNx
stacks after firing at 850 ◦C. The deposition temperature of the Al2O3 films is indicated.
(b) Seff,max(QC)-plots obtained by corona charging for the Al2O3/SiNx stacks after firing
at 850 ◦C. No data is available for the Al2O3 films grown at 200 ◦C. Lines serve as a
guide to the eye.

capping layer deposition affected the field-effect and chemical passivation of the
underlying Al2O3 films. These experiments were triggered by the fact that the SiNx

films can have a fixed charge density with the opposite charge polarity compared to
the Al2O3 films,24 which could potentially compensate (partially) the fixed charge
density in the Al2O3 films. In Fig. 3.7 the Seff,max(QC)-plot of single-layer Al2O3

films after annealing is compared to those of Al2O3/SiNx stacks after annealing
and after firing. After annealing the peak value of Seff,max of the stacks resulted
in slightly lower values while the peak was also narrower than for the single-layer
Al2O3 films. This indicates a slightly better chemical passivation for the stacks
which can possibly be related to the deposition of the SiNx capping layer that leads
to an additional thermal budget, i.e. an additional anneal. The narrower peak can
be related to a change in the capture cross section ratio of electron and holes.26

The Seff,max(QC)-plot of the stacks after firing demonstrates the improvement of
the chemical passivation due to the firing process when SiNx layers are present.
The peak value of Seff,max is strongly reduced due to a passivation of surface defects
by hydrogen. This hydrogen is released from the Al2O3 and/or SiNx films during
the firing process.27 Moreover, the SiNx film can act as a kind of diffusion barrier
for the hydrogen in the Al2O3 films increasing the flux of hydrogen towards the Si
interface. The field-effect passivation of the Al2O3 films was not affected by the
SiNx capping process nor the firing process which is in line with recently published
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results for Al2O3/SiNx stacks with a different combination of layer thicknesses.28

Figure 3.7: Seff,max(QC)-plots obtained by corona charging experiments for single-layer
Al2O3 films and Al2O3/SiNx stacks with Al2O3 films grown at 300 ◦C. The data for the
single-layer film is shown after annealing at 400 ◦C and for the stacks after annealing at
400 ◦C and after firing at 850 ◦C. Lines serve as a guide to the eye.

3.4 Conclusion

The material properties and surface passivation performance of Al2O3 films
deposited by ALD with O3 as oxidant were studied for films prepared at various
deposition temperatures. The Al2O3 films of the O3-based ALD process showed
similar material properties as Al2O3 films deposited by ALD using an O2 plasma
or H2O. It was found that the surface passivation performance of the films ob-
tained after annealing at moderate temperatures (around 400 ◦C) resulted in a
similar high level of the surface passivation performance as obtained after firing at
high temperatures (around 900 ◦C). The high level of surface passivation is demon-
strated by low effective surface recombination velocities < 10 cm/s. Analysis of
the surface passivation mechanisms of the Al2O3-based films and stacks revealed
that the field-effect passivation depends on the deposition temperature whereas
the chemical passivation is mainly affected by the annealing temperature. When
combining low deposition temperatures and firing steps the blistering can occur
which can result in a reduction of the surface passivation performance. Finally, it
can be concluded that a multitude of temperature conditions can induce a high
level of surface passivation as long as the combination of deposition temperature
and annealing or firing temperature is carefully chosen.
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GRAPHICAL ABSTRACT OF CHAPTER 4

Graphical abstract of Chapter 4 ”Surface Passivation and Simulated Perfor-
mance of Solar Cells with Al2O3/SiNx Rear Dielectric Stacks”.
Simulation results of the optical performance (short circuit current density) of a p-type Si
solar cell with an Al2O3/SiNx stack used as rear side passivation scheme. The simulation
procedure is separated into an optical and an electrical simulation as shown schematically
at the left hand side.

...
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CHAPTER 4

Surface Passivation and
Simulated Performance of Solar
Cells with Al2O3/SiNx Rear
Dielectric Stacks∗

Abstract Al2O3/SiNx stacks prepared at low temperatures in chemical vapor
deposition processes excel in terms of surface passivation applicable in indus-
trial p-type Si solar cells. The conversion efficiencies feasible for solar cells with
Al2O3/SiNx rear dielectric stacks have been investigated by numerical simulations
including the optical performance of the stacks which was considered for various
Al2O3 and SiNx film thicknesses. The optically optimized film thicknesses were
found to be 15 – 30 nm for Al2O3 and 100 – 120 nm for the SiNx films. Experi-
mentally the surface passivation was found to be similar for annealed Al2O3/SiNx

stacks and single-layer Al2O3 films with an almost equal level of field-effect and
chemical passivation as determined by optical second harmonic generation and
corona charging experiments.

∗ Published as: S. Bordihn, J. A. van Delft, M. M. Mandoc, J. W. Müller and W. M. M. Kessels,
IEEE Journal of Photovoltaics 3, 3 (2013) pp. 970 – 975.
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4 Passivation & Simulation of Solar Cells with Al2O3/SiNx Stacks

4.1 Introduction

The rear surface passivation of industrial type Si solar cells is currently provided
by Al doped back surface fields (BSF).1 Screen printed Al-containing pastes realize
a fast and simple BSF formation during short high temperature steps (> 800 ◦C),
called contact firing. In contrast, in lab-scale high efficiency solar cells often dielec-
tric films are used as surface passivation material such as thermally grown SiO2

films2 together with local metal contact formation.3 Consequently, these solar cells
gain from an optical improvement caused by (otherwise non-harvested) light that
is reflected at the solar cell rear side.4 However, the long process times and high
temperatures (> 850 ◦C)5 needed to grow high-quality SiO2 films thermally are
detrimental for industrial cell manufacturing. Therefore, dielectric films and stacks
prepared at lower process temperatures with shorter process times have exten-
sively been explored, e.g. SiNx films,6−13 SiO2/SiNx stacks14−20 and a-Si/SiNx

stacks.21,22 In addition, Al2O3 films23 have recently been identified as promising
candidates to passivate p-type Si surfaces24 due to a high level of chemical passi-
vation and field-effect passivation which is generated by a high density of negative
fixed charges (Qf) in the Al2O3 films.25−27 For the implementation of Al2O3 films
as rear side passivation material in industrial type solar cells, a good thermal sta-
bility of the passivation and short process times are essential. Surface passivation
that could withstand firing steps was successfully reported for Al2O3 films capped
with SiNx films.28−33 These Al2O3/SiNx stacks combine the advantages of high
quality and thin Al2O3 films prepared in a relatively slow atomic layer deposition
(ALD) process with a SiNx capping films prepared by fast plasma enhanced chem-
ical vapor deposition (PECVD) process. Moreover, it has been reported that high
quality Al2O3 films can also be prepared in PECVD processes at higher deposition
rates.34−36

In this work various aspects of Al2O3/SiNx rear dielectric stacks employed on p-
type Si solar cells were investigated, including the optimal optical film thicknesses
and the surface passivation induced. The optimal optical film thicknesses were
studied by combining optical and electrical performance simulations to extract the
generated short circuit current density. The extended net radiation method was
adopted to calculate the spectral absorption and reflection of Al2O3/SiNx rear
dielectric stacks for various individual film thicknesses. The achieved results were
used as input for numerical simulations of the electrical solar cell performance
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by using pc1d. The surface passivation of annealed Al2O3/SiNx stacks was
experimentally compared to that of single-layer Al2O3 films. Insight into the surface
passivation mechanism have been obtained by investigating the stacks and single-
layer films by the non-linear optical technique of second harmonic generation and by
corona charging experiments. These combined electrical and optical investigations,
which are novel for dielectric stacks and particularly for Al2O3/SiNx stacks, yield
a deeper understanding of the performance of rear dielectric stacks. They are of
significant interest as such rear dielectric stacks are currently being introduced in
commercial p-type solar cell production.37,38

4.2 Simulations of Optical and Electrical Solar Cell
Performance

The optical performance of solar cells reflected by their conversion efficiency
depends mainly on the refractive index n, the extinction coefficient k, and the thick-
ness of the used dielectric film(s).39 The optimal optical film thicknesses of solar
cells with Al2O3/SiNx rear dielectric stacks were investigated by numerical simula-
tions of the spectral absorption by using the extended net radiation method which
has been proposed by Santbergen et al.40 In the extended net radiation method
different optical models for various types of interfaces are considered which reduces
the computational effort needed to calculate the propagation of light. In the case of
smooth interfaces (spectral reflection) and rough interfaces (diffuse reflection) a 2D
matrix is used to calculate the absorption and reflection of the multi-layer structure.
The diffuse reflection at rough interfaces was calculated using Phong’s empirical
model.41 In the case of textured surfaces, ray tracing was carried out and a loss
factor was included to take 3D effects into account as addressed below.40,42 In the
current study the optical model contains a 160 µm thick Si wafer with a resistivity
of 1.5Ωcm and parabolic textured front surface. At the rear interface, i.e. between
the Si and the dielectric films a smooth surface is considered and specular reflection
is assumed. The interface between SiNx film and the Al layer is considered as rough
due to the Al paste composition and therefore, Phong’s model was adopted with
a diffusivity of 78% and an opening angle (diffuseness) of 12◦ according to Ref.
42. The n+-type emitter diffusion has an error-function-like profile and a sheet
resistance of 70Ω/� with a surface concentration of nsurf = 3.3 × 1020 cm−3 and a
junction depth of 169 nm. The simulations used the free carrier absorption (FCA)
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model represented by the equation: αfc = 2.6 × 10−18 nλ3 + 2.7 × 10−18 p λ2/cm
based on the work of Schmid and Green.43,44 For the band-to-band absorption
process the spectral absorption coefficients of Ref. 45 were used. The optical simu-
lations were carried out for the entire AM1.5G spectrum (0.3 – 4.0 µm) by using
experimentally obtained n(λ)- and k(λ)-expressions of the Al2O3/SiNx stacks. The
detailed optical and material properties of the stacks are addressed later in this
chapter. The Al2O3 film thicknesses were varied between 0 nm and 100 nm and the
SiNx film thickness between 0 nm and 120 nm. A schematic cross-sectional view of
the models used for the optical and electrical simulations is shown in Fig. 4.1. In
the optical simulations the irradiance that enters into the active layer of the cell,
i.e., n+-emitter and p-type Si bulk, is calculated generating two spectra, which
also take the wavelength-dependent propagation angle distribution of the light
rays into account.40,42 The first spectrum (IFront) included all rays going from the
front to the rear of the solar cell and also includes all light that is reflected at the
front side of the cell but which originates from light that is reflected at the rear.
The second spectrum (IRear) contained all light that is reflected at the rear side
going from the rear to the front.

Figure 4.1: (a) Solar cell structure used for optical and (b) electrical performance simu-
lations. The considered optical model at various types of interfaces (textured, rough and
smooth) has been indicated. The front light spectrum and rear reflected light spectrum
generated by the optical simulations were used as input for the model (b) to calculate the
short circuit current density with pc1d. The optical effect of local contacts at the cell
rear side (typically 2% of the total area) was not considered in the optical model but was
taken into account in the electrical performance simulations by using an average rear side
recombination velocity.
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Figure 4.2: The spectral reflectance R(λ) as measured for a 20 nm Al2O3/100 nm SiNx
stack on a mc-Si wafer and as obtained by the corresponding optical simulations. The typ-
ical accuracy of the experimental data is indicated by the error bar. The good agreement
between the experimental and simulated data underlines the accuracy of the considered
loss factor that accounts for an overestimation of the escaping light resulting from the 2D
approximation of the optical model.

In the optical simulations the effect of the local rear contact openings was not
considered but this is expected to have only a minor effect on the results due to the
typical surface coverage of 2%.46 The optical simulations considered a loss factor
of 0.4 to compensate a 2D-related overestimation of the escaping light as discussed
in detail in Ref. 40,42. In this respect the accuracy of the optical simulations has
been validated by the good agreement between the spectral reflection R(λ) as
measured for a 20 nm Al2O3/120 nm SiNx stack on a mc-Si wafer and the results
of the optical simulations, see Fig. 4.2.
In Fig. 4.3 the simulated IFront and IRear spectra of a solar cell with a 20 nm

Al2O3/120 nm SiNx and a 20 nm Al2O3/10 nm SiNx rear side stack are shown. The
increase of the SiNx film thickness from 10 nm to 120 nm resulted in an increase in
the intensity of IFront and IRear, in particular at wavelengths λ > 1000 nm. This
increase in intensity is the main reason for an improvement of the short circuit
current density Jsc with changing layer thicknesses as shown below. The impact of
the Al2O3 and SiNx film thicknesses on the electrical performance was investigated
by using pc1d47 and expressed in terms of the Jsc as this parameter represents
best the effect of the refractive index and thicknesses of the dielectric layers.48 The
pc1d model used IFront and IRear as front and rear light source and considered an
identical n+-type emitter diffusion as the optical simulations. Furthermore a front
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surface recombination velocity (SRV) of 3× 104 cm/s (Ref. 49) and a bulk lifetime
of 260 µs were used.50 A rear SRV of 100 cm/s was considered which contains the
contribution of the passivated regions, e.g. covered by the Al2O3/SiNx stack and
the surface fraction of the rear contact openings which was assumed to be 2%.
In the pc1d model the same absorption parameters were used as in the optical
simulations, including the FCA model43 and the spectral band-to-band absorption
coefficients.45

The calculated Jsc-values for Al2O3/SiNx stacks with various film thicknesses
are shown in Fig. 4.4. The Jsc-values increase with increasing SiNx film thickness
for the most Al2O3 film thicknesses. Only for very thick Al2O3 films (> 100 nm)
Jsc decreased for thicker SiNx films (> 60 nm). Although these particular stacks
resulted in a nearly constant Jsc and the highest Jsc-values over a broad range of
SiNx film thickness, such thicker Al2O3 films might not be preferred due to long
process times (especially for ALD) as well as due to thermal and chemical stability
issues. For example Al2O3 films thinner than 25 nm have the advantage of being
less susceptible to blistering which results in a loss of surface passivation.51−53 It
is therefore preferred to use a relatively thin Al2O3 film to reach excellent surface
passivation while still benefiting from the advantages obtained by relatively thick
SiNx films. For example stacks with 20 nm thick Al2O3 and 120 nm thick SiNx

films resulted in Jsc-values only ∼ 0.05mA/cm2 lower than the highest obtained

Figure 4.3: Front IFront and rear IRear intensity spectra obtained from optical simula-
tions of a solar cell with an Al2O3/SiNx dielectric rear stack. Results are given for two
different stacks. These spectra, which take the wavelength-dependent propagation angle
distribution of the light rays into account, serve as input for the 1D simulations with
pc1d.
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Figure 4.4: Short circuit current density Jsc obtained from combined optical and electri-
cal simulations. In the optical simulations various film thicknesses of the films in the rear
dielectric Al2O3/SiNx stack were considered.

Jsc-values. Hence, it can be concluded that optimized Al2O3/SiNx stacks contain
Al2O3 films thinner than 30 nm and SiNx films thicker than 100 nm. It is noted
that this conclusion still holds for solar cells with front side lamination by glass
and ethylene vinyl acetate (also known as EVA) foil although the Jsc-values will
be lower in absolute terms.

4.3 Surface Passivation Results

The surface passivation and, more specifically, the chemical and field-effect pas-
sivation of Al2O3/SiNx stacks were also investigated for the stacks and compared
to single-layer Al2O3 films. The stacks and single-layer films were deposited by
chemical vapor deposition processes on HF-dipped shiny-etched Fz n- and p-type
Si substrates with a resistivity of 1 – 2 Ωcm and 2 – 3 Ωcm, respectively. After de-
position of the films and stacks the samples were annealed at 410 ◦C in N2 ambient
for 10min. At this stage the optical film properties of the films and stacks were
determined by spectroscopic ellipsometry carried out in the photon energy (Eph)
range from 1.2 eV to 6.4 eV. The samples used in this study consisted of Al2O3

films with a thickness of 20±0.4 nm with n = 1.60 at Eph = 2 eV and in the case
of stacks the SiNx films had a thickness of 118±2 nm with n = 1.96 at Eph = 2 eV.
By Rutherford backscattering spectroscopy an [O]/[Al] ratio of 1.69±0.08 and a
[N]/[Si] ratio of 1.27±0.06 was measured for the Al2O3 and SiNx films, respec-
tively. The surface passivation was determined from the effective minority carrier
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lifetime τeff as a function of the excess carrier density ∆n. The τeff(∆n)-curves
were measured by photoconductance decay measurements in the transient mode
using a Sinton WCT 120 instrument54 and are shown in Fig. 4.5. The obtained
τeff(∆n)-curves of the Al2O3/SiNx stacks and single-layer Al2O3 films showed simi-
lar τeff-values both on p- and n-type Si substrates. The difference of the τeff-values
at ∆n < 2 × 1015 cm−3 can be attributed to the different base resistivity of the
p- and n-type Si substrates.55−57 The maximum surface recombination velocity
(Seff,max) was calculated from the τeff(∆n)-curves at ∆n = 1015 cm−3 by taking
into account the wafer thickness and assuming an infinite bulk lifetime. Passivation
of p-type Si resulted in Seff,max ≈ 8 cm/s and in Seff,max ≈ 6 cm/s for the n-type
Si samples. The obtained Seff,max-values are similar to values reported in the lit-
erature, see for instance the review article by Dingemans and Kessels and the
references therein.58 In additional experiments it was revealed that exposing the
samples to a contact firing step, as part of an industrial solar cell manufacturing
process, instead of annealing does not affect the optical properties and results in
a constant or slightly reduced surface passivation (data not shown). A high level
of field-effect passivation is beneficial for a successful implementation of dielectric
layers in solar cells, in particular p-type solar cells (Ref. 24) for which Al2O3 films
induce p+-type near surface layer caused by the negative Qf incorporated in the
Al2O3 films.27 SiNx films on the other hand induce an n+-type near surface layer
when deposited on Si due to the positive Qf incorporated in the SiNx films.6

Figure 4.5: Injection level dependent effective minority carrier lifetime τeff of single-layer
Al2O3 films and Al2O3/SiNx stacks. The lifetime measurements were carried out after
annealing at 410 ◦C in N2 for 10min.
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4.3 Surface Passivation Results

Therefore, it is interesting to probe the level of field-effect passivation as well as
the polarity of the electric field in the case of Al2O3/SiNx stacks. The field-effect
passivation was investigated by measurements with the non-linear optical technique
of second harmonic generation (SHG)59 and by corona charging experiments.60

The results were compared to results obtained for single-layer Al2O3 films. SHG
allows to probe the electric field present in the space charge region, e.g. at the Si
surface,61 which can originate from the Qf incorporated in the passivation films.62

In Fig. 4.6(a) the SHG intensity as a function of SHG photon energy Eph,SHG is
shown and a clear difference of the peak intensity at Eph,SHG=3.4 eV is observed
for Al2O3/SiNx stacks and Al2O3 single-layer films. By optical modeling the SHG
intensity at Eph,SHG=3.4 eV and by taking into account the optical properties
of the probed Al2O3 and SiNx films and their thicknesses the electrical field-
induced second harmonic (EFISH) signal can be extracted. This EFISH signal is a
measure for the field-effect passivation when the Si is covered by a dielectric film
such as Al2O3.59,63−64 As shown in Fig. 4.6(b) the EFISH signals of Al2O3/SiNx

stacks and single-layer Al2O3 films were similar and this also holds for the EFISH
signals achieved for Al2O3/SiNx stacks deposited on p- and n-type Si substrates.
Consequently, we can conclude that the field-effect passivation of the Al2O3/SiNx

stacks was similar to that of single-layer Al2O3 films.
To support the results obtained by second generation spectroscopy corona charg-

ing experiments were carried out. These experiments yield also insight into the
role of chemical passivation of the Al2O3/SiNx stacks. The results of the corona

Figure 4.6: (a) Second harmonic generation (SHG) intensity as a function of SHG pho-
ton energy for single-layer Al2O3 films and Al2O3/SiNx stacks. (b) Amplitude of the
electric-field induced SHG signal extracted from optical modeling of the spectral data.
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Figure 4.7: Maximum effective surface recombination velocity Seff,max as a function of
deposited corona charge density QC obtained for single-layer Al2O3 films and Al2O3/SiNx
stacks. The position of the maximum in Seff,max is regarded as a measure of the field-
effect passivation and reflects the incorporated fixed charge density in the films and
stacks.

charging experiments are shown in Fig. 4.7 displaying Seff,max as a function of
deposited corona charge density QC for Al2O3/SiNx stacks and single-layer Al2O3

films. The corona charges were stepwise deposited on top of the samples followed
by measuring the surface passivation and the surface voltage. QC was calculated
from the surface voltages taking into account the film thickness and the dielectric
constant of the film (stack).65 In the case of p-type Si substrates passivated with
Al2O3 films the resulting Seff,max(QC)-plot is a result of energy band bending
starting from accumulation to flat band conditions as reflected by an increase in
Seff,max with increasing QC. Increasing QC after reaching a maximum results in
depletion and inversion conditions which reduce Seff,max. The QC-value obtained
when Seff,max is maximum can be regarded as a measure for Qf as at this point the
contribution of the field-effect passivation by fixed charges is nullified by the amount
of deposited QC. The maximum Seff,max-value and therefore Qf was observed to
lie around the same position for Al2O3/SiNx stacks and single-layer Al2O3 films
with Qf = (−2.1± 0.1) × 1012 cm−2.

Moreover, the maximum values of Seff,max can be regarded as a measure for
the level of chemical passivation. This level of chemical passivation was also quite
similar with a value of about 35 cm/s when no field-effect passivation is present.
The results of the corona charging experiments are in agreement with the one
of the SHG analysis and from these finding it can be concluded that the level
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4.4 Conclusion

of chemical and field-effect passivation of the Al2O3/SiNx stacks and single-layer
Al2O3 films were equal within the experimental error. The important conclusion
can therefore be drawn that the deposition of SiNx film on a passivating Al2O3

film does not affect the high level of field-effect passivation induced by the negative
charges in the Al2O3.

4.4 Conclusion

The investigation of the optimal optical film thicknesses for solar cells with
Al2O3/SiNx rear dielectric stacks revealed that thin Al2O3 films (15 – 30 nm) com-
bined with thick SiNx films (100 – 120 nm) are the most promising for achieving a
high short circuit current density especially when thick Al2O3 films are disregarded
due to potential blister-formation and other processing issues. These findings in-
dicate the relatively slow ALD processes for depositing Al2O3 films combined
with fast PECVD processes to deposit SiNx capping layers can be viable from
the perspective of the film thicknesses required. Moreover, the surface passivation
study demonstrated that the capping of Al2O3 by SiNx films in Al2O3/SiNx stacks
does not affect the surface passivation or the level of field-effect passivation of the
Al2O3 films. Consequently, Al2O3/SiNx stacks with thin Al2O3 films capped by
thick SiNx films are promising rear dielectric stacks for p-type Si solar cells.
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GRAPHICAL ABSTRACT OF CHAPTER 5

Graphical abstract of Chapter 5 ”Surface Passivation by Al2O3 and SiNx Films
Deposited on Wet-Chemically Conditioned Si Surfaces”.
Surface passivation performance of SiO2/Al2O3 stacks and single-layer Al2O3 films di-
rectly after atomic layer deposition of the Al2O3 films and after subsequent annealing
step at 400 ◦C.
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CHAPTER 5

Surface Passivation by Al2O3 and
SiNx Films Deposited on
Wet-Chemically Conditioned Si
Surfaces∗

Abstract The surface passivation of p- and n-type silicon by different chemi-
cally grown SiO2 films (prepared by HNO3, HCl/H2O2 and H2SO4/H2O2 treat-
ments) was investigated after PECVD of SiNx and ALD of Al2O3 capping films.
The wet chemically grown SiO2 films were compared to thermally grown SiO2

and the surface passivation was benchmarked against single-layer SiNx and Al2O3

films deposited on HF-last Si surfaces. Directly after PECVD and ALD the sur-
face passivation was found to be similar for all chemically grown SiO2 stacks and
higher than for the single-layer films. After annealing at 400 ◦C the level of surface
passivation improved but remained similar for the chemically grown SiO2 stacks.
Corona charging experiments on the annealed chemically grown SiO2/Al2O3 stacks
revealed that the fixed charge density, i.e. the field-effect passivation, was lower
compared to single-layer Al2O3 films whereas the chemical passivation was found
to be higher. The surface passivation was also investigated as a function of the

∗ Published as: S. Bordihn, V. Mertens, P. Engelhart, F. Kersten, M. M. Mandoc, J. W. Müller,
and W. M. M. Kessels, J. Solid State Sci. Technol. 1, 6 (2013) pp. P320 –P325.
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5 Surface Passivation of SiO2 Films in Al2O3 and SiNx Stacks

annealing time. Chemically grown SiO2 stacks achieved the maximum level of sur-
face passivation after annealing for half a minute which is different from the stacks
with a-SiNx:H and Al2O3 films deposited on thermally grown SiO2 or HF-last Si
surfaces which required considerably longer annealing times.

5.1 Introduction

Within Si photovoltaics, manufacturing of solar cells requires surface condition-
ing and/or cleaning steps of the Si wafers prior to passivation processes to assure
high energy conversion efficiencies. The most common conditioning process is H-
termination of Si surfaces realized by hydrofluoric acid treatments (HF-dip). The
surface passivation can be subsequently realized by depositing dielectric layers
such as single-layer SiO2 (Ref. 1 – 3), SiNx (Ref. 4 – 11) and Al2O3 films12−20 as
well as by stacks consisting of these films, e.g. SiO2/SiNx,21−27 SiO2/Al2O3 (Ref.
19,28 – 34) and Al2O3/SiNx.19,35−39 In contrast to exposing the Si wafers to HF
yielding an H-terminated Si surface other wet chemical treatments can oxidize the
Si resulting in an OH-terminated ultrathin SiO2 film. This happens, for example,
when treating the Si by HNO3 (Ref. 40 – 43), NH4/H2O2 (Ref. 44–47), HCl/H2O2

(Ref. 40,43,45 – 47) or H2SO4/H2O2.40,43,48 It should be noted that such an ultra-
thin SiO2 film can also be present when passivating an H-terminated Si surface as
a native and/or interfacial SiO2 film can grow unintentionally when H-terminated
Si surfaces are exposed to the ambient (for a significant amount of time)2,49 or
when oxides (such as Al2O3) are deposited on the Si.14,19,50,51

From recent studies it is known that an interfacial SiO2 layer between the
passivation material and the Si has a significant effect on the surface passivation
of Al2O3 and SiNx films as shown for thin ALD, PECVD and thermally grown
SiO2 interlayers.25,29−31,33 More specifically, from the studies of Dingemans et al.
it has been clearly observed that the level of field-effect passivation caused by fixed
charges in the passivation material depends heavily on the SiO2 interlayer thickness
while the level of chemical passivation remains high.25,32 This is of interest for
solar cells as it might provide identical passivation schemes for n+- and p+-type Si
surfaces (so-called symmetrical passivation) which are relevant when passivating
both emitter and surface field surfaces at once (e.g., for passivating both sides of
conventional cells or the backside of interdigitated back contact cells).52,53 The
interest in such symmetrical passivation schemes has motivated recent studies on
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5.2 Experimental

the passivation of Si by stacks of chemically grown SiO2 films and SiNx and Al2O3

films. This would provide a means to combine a relatively straightforward and
economically viable method of surface cleaning/conditioning with the formation
of a very thin SiO2 film and the passivation of the surface.43,46−48

In this article we extend previous work by carrying out a systematic investigation
of the surface passivation induced by stacks of chemically grown SiO2 films and
PECVD SiNx and ALD Al2O3 capping films. This is done for three different wet
chemically grown SiO2 films such that the passivation performance induced by the
SiNx and Al2O3 films can be directly compared for differently prepared surfaces
and for the two dielectric films. A main difference between these passivation
films is that they contain fixed charges with opposite polarity, i.e., positive for
SiNx negative for Al2O3. Moreover, the surface passivation of SiNx and Al2O3

stacks containing chemically grown SiO2 films is compared to one of stacks with
thermally grown SiO2 and with the passivation induced by the films when directly
deposited on HF-last Si. In these aspects, the results described in this article
distinguish themselves from those in our previous publication.43 Additionally, the
Al2O3 stacks were investigated by corona charging experiments to reveal the role of
chemical passivation and field-effect passivation. This study was complemented by
second harmonic generation analysis which also yields insight into the field-effect
passivation. Another aspect addressed in this work is the improvement of surface
passivation performance after annealing for different durations. This motivated
by the fact that annealing times < 10min are desired from a technological and
economical perspective. In this work we show that wet chemically grown SiO2

stacks yield the advantage that maximum surface passivation levels can be reached
well within 2min of annealing.

5.2 Experimental

The surface passivation was evaluated on phosphorous doped 2 – 3Ωcm n-type
float zone (Fz) wafers with a thickness of 200 µm and on boron doped 10 – 12Ωcm p-
type Czochralski (Cz) Si(100) wafers with a thickness of 160 µm. The saw-damage
of the Cz wafers was removed in KOH. Afterwards the p- and n-type wafers
received a standard RCA cleaning procedure. The wafers passivated by the direct
deposition of single-layer films on the H-terminated Si surfaces resulting from the
RCA cleaning are referred to as ”HF-last” for brevity. The rest of the wafers were
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5 Surface Passivation of SiO2 Films in Al2O3 and SiNx Stacks

exposed to a wet chemical or thermal oxidation process. For the wet chemical
oxidation process three different solutions were used: 65% nitric acid (HNO3),
hydrochloric acid with hydrogen peroxide (HCl/H2O2) with 1:1:10 at 80 ◦C and a
sulphuric acid mixture with hydrogen peroxide (H2SO4/H2O2) with 1:5 at 140 ◦C.
The samples were treated for 10min with the wet chemical solutions. The thermal
oxidation took place at 900 ◦C in wet ambient and resulted in a film thickness
of 200 nm as measured by spectroscopic ellipsometry. All wafers were covered by
PECVD SiNx films or ALD Al2O3 films. The SiNx films were prepared at 350 ◦C
by a linear microwave plasma source. The SiNx film thickness was 70 nm and the
refractive index was n=2.05 (at 2 eV) as determined by spectroscopic ellipsometry.
By Rutherford backscattering spectroscopy the ratio of [N]/[Si] was found to be
1.14. By elastic recoil detection the atomic hydrogen concentration was found to
be 9 at.%. The Al2O3 films were deposited by an ALD process at 220 ◦C using
Al(CH3)3 and O3 as reactants. The process consisted of 330 ALD cycles that
resulted in a film thickness of about 30 nm. One set of wafers was annealed at
400 ◦C in N2 atmosphere for 10min. In addition, an experiment was carried out
in which the annealing time was varied between 30 s and 20min.

The level of surface passivation was expressed by the injection dependent effective
minority carrier lifetime τeff that was measured with the photoconductance decay
method using a Sinton instrument WCT 120 system.55 The surface recombination
velocity Seff was calculated from the effective lifetime at an injection level of
∆n=1014 cm−3. The Seff-values were evaluated as an upper limit, i.e. as

Seff,max = W

2

(
1
τeff
− 1
τAuger

)
, (5.1)

with W representing the wafer thickness and by considering the Auger lifetime
τAuger as proposed by Kerr.56

The density of the fixed charges Qf incorporated in the dielectric passivation
films was measured by corona charging experiments.10,57 This method combines the
deposition of corona charges58,59 with Kelvin probe measurements of the surface
voltage60 and photoconductance decay measurements to extract the corona charge
density QC and the corresponding surface passivation, respectively. The accuracy
of the measurement is related to the uniformity of the deposited corona charges
which was fairly good, i.e., 10 – 15% within a circle area with a diameter of 12 cm.
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The position of the peak value of Seff,max in the Seff,max(QC)-plot reflects the point
where Qf is compensated by the deposited corona charges. From this value of QC,
the number density of Qf incorporated in the passivation films can be extracted.
The Seff,max-values obtained in the corona charging experiments were calculated
from the effective lifetime at an injection level of ∆n = 3 × 1014 cm−3 to assure
accurate photoconductance decay measurements also at low lifetime values.
The field-effect passivation was also studied with the method of optical second

harmonic generation (SHG) that is sensitive to electric fields.61 Electric fields are
present in the space charge region at the Si surface, e.g. created by the Qf of
passivation films.62 The amplitude of the SHG intensity of the peak centered at
the SHG photon energy of 3.4 eV is a measure for the electric-field at the Si surface
when probing Si surfaces covered by dielectric films such as Al2O3.63

5.3 Results and Discussion

Surface Passivation Quality of Al2O3 and SiNx Stacks

The surface recombination velocity as a measure for the surface passivation
quality was determined for Al2O3 and SiNx stacks with chemically and thermally
grown SiO2 films and for single-layer Al2O3 and SiNx films deposited on HF-last
Si surfaces. In Table 5.1 the Seff,max-values are listed as obtained directly after
deposition of the Al2O3 and SiNx films and after annealing at 400 ◦C. The mea-
surement uncertainty of the Seff,max-values was about 15%. The thermally grown
SiO2/Al2O3 stacks resulted in low Seff,max-values of 84 cm/s and the chemically
grown SiO2/Al2O3 stacks in Seff,max-values between 22 cm/s and 324 cm/s directly
after ALD process. No clear correlation between the used wet chemical treatments
and the level of surface passivation was observed. The Seff,max-values directly after
Al2O3 deposition on HF-last Si surfaces were significantly higher, up to 610 cm/s,
than those for the chemically grown SiO2/Al2O3 stacks. For the Al2O3 coated,
HF-last p-type Cz samples a larger spread in the Seff,max-values was observed than
for the HF-last n-type Fz samples. Some values for this p-type Si were similar to
those obtained for the chemically grown SiO2/Al2O3 stacks. This can possibly be
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Table 5.1: Maximum surface recombination velocity Seff,max (cm/s) extracted from the
effective lifetime τeff at ∆n=1014 cm−3 for wet chemically grown and thermally grown
SiO2 as well as HF-last Si substrates. The Seff,max-values are obtained directly after ALD
of Al2O3 and PECVD of SiNx (referred to as-dep.) and after an additional anneal step at
400 ◦C for 10min in N2. The measurement uncertainty of the Seff,max-values was ∼15%.

HNO3 HCl/H2O2 H2SO4/H2O2 HF-last Th-SiO2

p-Cz n-Fz p-Cz n-Fz p-Cz n-Fz p-Cz n-Fz n-Fz

Al2O3
As-dep. 22 143 114 47 324 91 164 – 400 609 84
Anneal 3 14 2 4 5 8 2 6 14

SiNx
As-dep. 15 18 47 17 27 22 461 393 67
Anneal 4 14 5 11 4 25 31 23 22

attributed to a longer time delay between the HF dip and deposition of the Al2O3

films for these samples causing a growth of native oxide films that have a thickness
similar to those of the chemically grown SiO2 films of this work.44,54 Apparently, a
thin chemically grown or natively grown SiO2 film underneath the Al2O3 layers can
result in similar Seff,max-values. Annealing of the chemically grown SiO2/Al2O3

stacks decreased the Seff,max-values and resulted in quite similar values ranging
between 2 cm/s and 14 cm/s. The thermally grown SiO2/Al2O3 stacks showed a
similar level of Seff,max of 14 cm/s. The uniformity of the surface passivation of
the chemically grown SiO2/Al2O3 stacks was about 10% to 15% as obtained by
photoluminescence imaging using the 6 inch p-type Cz Si samples. Single-layer
Al2O3 films deposited on HF-last Si surfaces showed low surface recombination
velocities of Seff,max=2– 6 cm/s after anneal. These surface recombination values
are in the same range as those obtained in earlier studies, e.g. reported by Hoex
et al. with Seff,max=2 cm/s.14

For the samples with SiNx films the highest recombination velocity was obtained
for single-layer films deposited on HF-last Si surfaces with approx. 400 – 460 cm/s
achieved directly after deposition. The chemically grown SiO2/SiNx stacks gave
Seff,max-values below 47 cm/s and the thermally grown SiO2/SiNx stacks yielded
a slightly higher value of 67 cm/s. The annealing improved the level of surface
passivation of all SiNx stacks. The best surface passivation was observed for the
chemically grown SiO2/SiNx stacks with Seff,max-values down to 4 cm/s. The com-
parison of the different SiNx and Al2O3 stacks revealed that before annealing
the SiNx-based stacks resulted in lower recombination velocities compared to the
Al2O3 based stacks. Among other things, this experimental finding can probably be
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attributed to the different deposition temperatures for PECVD and ALD. PECVD
was carried out at 350 ◦C, i.e. at only 50 ◦C lower than the annealing temperature,
whereas ALD was carried out at 200 ◦C. Higher deposition temperatures enable a
more effective hydrogenation process of the Si surface and consequently enhance
the deactivation of Si dangling bonds that otherwise act as recombination active
centres.64,76 When comparing the surface passivation results of the chemically
grown SiO2/Al2O3 stacks with the SiNx based stacks after annealing a quite equal
level of surface passivation can be observed. No correlation between wet chemical
solution used for the growth of the SiO2 films and the surface passivation quality
can be distinguished. In the case of HF-last Si surfaces the annealed Al2O3 films
showed higher passivation qualities than the SiNx films. The chemical passiva-
tion after annealing was reported to be similar for Al2O3 and SiNx films with
mid-gap defect densities of about 1011 cm−2 eV−1.3,65 In contrast to the chemical
passivation, the field-effect passivation was found to be different as evident from
the measured fixed charge densities of Qf = (2± 0.5) × 1012 cm−2 for SiNx films
and Qf = (−6.5± 0.5) × 1012 cm−2 for Al2O3 films. These values were obtained
by corona charging experiments on the films considered in this work (see below).
Consequently, the difference in surface passivation of single-layer SiNx and Al2O3

films can be attributed mainly to differences in field-effect passivation.

Surface Passivation Mechanism of Al2O3 Stacks

For the chemically grown and thermally grown SiO2 films in stacks with Al2O3

the layer structure is Si/SiO2/Al2O3. This is basically also the case for single-
layer Al2O3 films deposited on HF-last Si surfaces because the deposition of
the Al2O3 leads to a thin interfacial SiO2 film with a typical thickness of about
1.2 nm.14,19,50,51 The thickness of this interfacial SiO2 film is in the same range as
those of the chemically grown SiO2 films which have thickness values of 0.5 – 2 nm
as found by spectroscopic ellipsometry. Recently it was reported that even very
thin interfacial SiO2 films in the range of a few nanometers have a significant effect
on the field-effect passivation of Al2O3 films.29−31 Consequently, it was decided
to investigate the surface passivation mechanisms of the Al2O3 stacks reported in
this work by corona charging experiments in order to distinguish between the role
of chemical and field-effect passivation. Corona charging could not be employed
successfully to the samples coated with SiNx films due to the too low electrical
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resistivity of the SiNx films which preclude the surface charging of these films by
corona charges.10 Corona charging experiments were carried out on the n-type
Fz samples directly after the ALD process as well as after annealing. However,
directly after ALD the corona charging experiments turned out not to be feasible
on single-layer Al2O3 films and stacks with SiO2 synthesized in HNO3 because
the τeff-values were too low for an accurate measurement with the photoconduc-
tance decay method that is part of the corona charging experiments. The corona
charging results of the chemically grown SiO2/Al2O3 stacks are shown in Fig. 5.1
as a plot of Seff,max as a function of QC. The change of Seff,max with QC reflects
the transition of the surface carrier concentration from inversion conditions via
flat band conditions to accumulation conditions. This transition is caused by the
QC that compensates the Qf of the passivation layers. In the case of flat band
conditions the surface recombination is at maximum leading to a peak value of
Seff,max in the Seff,max(QC)-plot. At this point the peak value of Seff,max can be
regarded as a measure for the chemical passivation due to absence of the field-effect
passivation. Furthermore the nullification of the field-effect passivation with QC

= −Qf allows the extraction of the number density of the fixed charges in the
passivation material. The H2SO4/H2O2-based SiO2/Al2O3 stacks resulted in a

Figure 5.1: Corona charging experiments of chemically grown SiO2/Al2O3 stacks to
determine the fixed charge density Qf of the films. The Qf-values can be extracted from
the value of QC yielding the maximum value of the Seff,max. The chemical passivation
is represented by the maximum value of Seff,max reached. The experiments were done
directly after ALD of Al2O3 films and after an anneal step at 400 ◦C for 10min in N2.
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Figure 5.2: Second harmonic generation (SHG) intensity as a function of the second
harmonic photo energy of chemically grown SiO2/Al2O3 stacks to evaluate the field-effect
passivation directly after ALD process and after annealing at 400 ◦C for 10min in N2.

peak value of Seff,max of about 1670 cm/s and a Qf of (−2.6± 0.2) × 1012 cm−2 as
shown in Fig. 5.1. The HCl/H2O2-based SiO2/Al2O3 stacks showed a peak value of
Seff,max of about 1200 cm/s and a Qf-value of (−2.4± 0.2) × 1012 cm−2. Therefore,
the level of field-effect passivation and chemical passivation were found to be quite
equal for both as-deposited chemically grown SiO2/Al2O3 stacks.
Annealing of the three chemically grown SiO2 stacks resulted also in quite

similar values of Qf and peak values of Seff,max. The Qf-values were in the range
of −4.4 × 1012 cm−2 to −4.6 × 1012 cm−2 and the peak values of Seff,max between
230 cm/s and 260 cm/s, as shown in Fig. 5.1. Both the chemical passivation and
field-effect passivation of the chemically grown SiO2/Al2O3 stacks improved with
annealing. To verify the increase in field-effect passivation SHG measurements
were carried out. The SHG intensity at a photon energy Eph=3.4 eV is dominated
by field-induced second harmonic generation and is therefore a reasonable measure
of the field-effect passivation.62 As shown by Terlinden et al. differences in the
field-effect passivation of Al2O3 films can be analysed with SHG measurements.66

In Fig. 5.2 the SHG intensity is depicted as a function of the SHG photon energy
for as-deposited and annealed chemically grown SiO2/Al2O3 stacks. The SHG
intensity at Eph=3.4 eV was found be similar for the three different chemically
grown SiO2/Al2O3 stacks measured directly after the ALD process as well as
measured after annealing. Furthermore, an increase in SHG intensity, and therefore
in field-effect passivation, was observed after annealing. Consequently, both corona
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Figure 5.3: The maximum surface recombination velocity Seff,max as a function of de-
posited corona charge density QC. Corona charging experiments were done after anneal-
ing at 400 ◦C (10min, N2) for Al2O3 films deposited on chemically, thermally oxidized,
and HF-last Si surfaces. The thermally grown SiO2/Al2O3 stacks were also measured
directly after ALD of Al2O3 films (Labeled: As-dep.).

charging and SHG experiments revealed that the field-effect passivation obtained
by the wet chemically grown SiO2 films was similar directly after the ALD process
and after annealing and that the field-effect passivation improved by the annealing
process.

In Fig. 5.3 the results of the corona charging experiments of the chemically grown
SiO2/Al2O3 stacks are compared to the results obtained for the thermally grown
SiO2/Al2O3 stacks and Al2O3 films deposited on HF-last Si surfaces. All samples
shown were annealed at 400 ◦C. The Seff,max(QC)-plot obtained for Al2O3 films
deposited on HF-last Si surfaces resulted in Qf-values of (−6.5± 0.5) × 1012 cm−2

which was about 1.5 times higher than the Qf-value of the chemically grown
SiO2/Al2O3 stacks. However, the maximum value of Seff,max of 290 cm/s was about
a factor of 1.6 higher than for the chemically grown SiO2 stacks. Consequently, the
chemically grown SiO2/Al2O3 stacks showed a lower level of field-effect passivation
but a higher level of chemical passivation than the Al2O3 films deposited on HF-last
Si surfaces. Nevertheless both passivation materials resulted in a similar overall
level of passivation as shown in the previous section. Stacks with thermally grown
SiO2 films yield a significantly better chemical passivation after annealing with peak
values of Seff,max=76 cm/s. The field-effect passivation of the thermally grown
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SiO2/Al2O3 stacks is of minor importance as this stack has the lowest fixed charge
density, i.e. Qf = 4.6 × 1011 cm−2. Moreover, the polarity of the thermally grown
SiO2/Al2O3 stacks was found to be positive in contrast to the results with the
chemically grown SiO2 stacks. A similar Qf and a similar high level of chemical
passivation has also been reported for single-layer thermally grown SiO2 films, e.g.
in Ref. 3. The positive polarity of Qf for the stacks with thick (200 nm) thermally
grown SiO2 is in agreement with recently published results of ALD SiO2/Al2O3

stacks.30 In that work the authors showed that with increasing SiO2 thicknesses
the polarity of Qf changed from negative to positive. The reason is that for SiO2

thicknesses larger than approximately 10 nm the positive fixed charge density of
the SiO2 bulk starts dominating the field-effect passivation. The data presented
here are perfectly in line with this observation because the SiO2/Al2O3 stack
with thin (< 5 nm) SiO2 films also resulted in a negative fixed charge density
whereas for thick (200 nm) SiO2 films a positive fixed charge density was obtained.
Moreover, the results clearly demonstrate that in all cases a similar overall level of
surface passivation quality was obtained for the different films and stacks but that
nevertheless the surface passivation mechanism in terms of chemical and field-effect
passivation were significantly different.

Improvement of Surface Passivation with Annealing Time

Commonly lifetime samples including Al2O3 films are exposed to ∼ 400 ◦C at
annealing times between 10 and 30min to activate the surface passivation.67,68 In
this work successive anneal steps were applied at T = 400 ◦C to investigate the
improvement of surface passivation during annealing at shorter times, in particular
for annealing times less than 10min for both the Al2O3 and SiNx stacks. For
comparison purposes, the Seff,max-values at different annealing times tann were
normalized to the Seff,max-values obtained after depositing the Al2O3 or SiNx films.
The normalized Seff,max(tann)-plots are shown in Fig. 5.4 for the Al2O3 stacks and
in Fig. 5.6 for the SiNx stacks.

Annealing of Al2O3 Stacks. The chemically grown SiO2/Al2O3 stacks
showed the fastest improvement of the surface passivation with tann and the low-
est Seff,max-values were already obtained after annealing for 30 s. Annealing of
single-layer Al2O3 films deposited on HF-last Si surfaces resulted in a relatively
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Figure 5.4: The change of the surface passivation performance, expressed in terms of
normalized maximum surface recombination velocity Seff,max, with annealing time tann
for Al2O3 stacks. The Seff,max-values were normalized to the values obtained directly
after the ALD process (tann=0min). Annealing took place at 400 ◦C in N2.

slow improvement of the passivation level. After annealing for 2min the lowest
Seff,max-values were reached. Moreover, in contrast to the chemically grown SiO2

stacks first an increase in the normalized Seff,max-values was observed after 30 s an-
nealing time. Thermally grown SiO2 stacks showed an even slower reduction of the
normalized Seff,max-values compared to the single-layer Al2O3 films and chemically
grown SiO2 stacks. This slower reduction of the normalized Seff,max-values could
be attributed to a small improvement of the chemical passivation as revealed by
corona charging experiments. The improvement of the chemical passivation with
tann is illustrated by the reduction of the peak values of the Seff,max in Fig. 5.5.
An initial increase in surface recombination was only observed for single-layer
Al2O3 films. The origin of that effect could not be determined by corona charging
experiments. Therefore, C–V measurements and infrared spectroscopy were used
to investigate the field-effect passivation and the chemical passivation, respectively.
With C–V measurements a flat-band voltage shift was observed that indicated
that the fixed charge density, i.e. the field-effect passivation, steadily improved
with increasing annealing time. The infrared spectroscopy data revealed that the
density of Si-H stretching bonds initially decreased after annealing for 30 s and
afterwards increased with annealing times leading to the highest absorption values
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Figure 5.5: The surface recombination velocity Seff,max for thermally grown
SiO2/Al2O3 stacks as a function of deposited corona charge density QC after annealing at
400 ◦C for various anneal times.

after 10min. The density of Si-H bonds can be only present at the Si interface
and consequently, is taken as a measure for the chemical passivation. The change
in infrared absorption is seen as an indirect evidence for an initial decrease in
chemical passivation that improved again after longer annealing times. As the
field-effect passivation was found to be constant it is suggested that the change in
chemical passivation is the reason for the change in the overall surface passivation
with annealing time.

Annealing of SiNx Stacks. The improvement of the surface passivation with
annealing time of the SiNx stacks was found to be similar to the one achieved for
the Al2O3 stacks. Again the stacks with chemically grown SiO2 films showed the
fastest improvement and the lowest values of Seff,max were already achieved after
30 s. In the case of single-layer SiNx films the normalized Seff,max-values increased
first and started to decrease again after 1min annealing time. The thermally grown
SiO2/SiNx stacks showed a similar trend. By corona charging experiments it was
found that this initial increase in recombination observed for thermally grown
SiO2/SiNx stacks was related to an initial loss of chemical passivation as the
peak value of Seff,max after 30 s and 1min annealing time was higher than for the
as-deposited case as can be seen in Fig. 5.7.
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Figure 5.6: The change of the surface passivation performance, expressed in terms of
normalized maximum surface recombination velocity Seff,max, with annealing time tann
for SiNx stacks. The Seff,max-values were normalized to the values obtained directly after
the PECVD process (tann=0min). Annealing took place at 400 ◦C in N2.

Figure 5.7: The surface recombination velocity Seff,max for thermally grown
SiO2/Al2O3 stacks as a function of deposited corona charge density QC after annealing at
400 ◦C for various anneal times.
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The observation of an initial increase and subsequent decrease in Seff,max with
annealing time for selected samples with both SiNx and Al2O3 films, suggests that
(de)passivation of the Si surface happens with two timescales: a fast depassivation
of Si interface bonds during annealing at short times and a longer-term passivation
of the Si dangling bonds by hydrogen provided from the bulk of the SiNx and
Al2O3 films. The latter largely compensates the initial depassivation such that
the overall surface recombination decreases by annealing. More data is however
necessary to further support this hypothesis.

5.4 Conclusion

The effect of three wet chemically grown SiO2 films on the surface passivation
of Al2O3 and SiNx films was studied after the deposition processes of the films
as well as after annealing. Directly after ALD of Al2O3 and PECVD of SiNx

the stacks with chemically grown SiO2 films showed the lowest recombination
values compared to single-layer Al2O3 and SiNx films deposited on HF-last Si
surfaces. Moreover, for the stacks with wet chemically grown SiO2 films the surface
passivation was found to be rather independent of the used wet chemical solutions,
both directly after the deposition processes and after annealing. For the annealed
films the lowest recombination was found for single-layer Al2O3 films but the
slightly higher level of surface recombination velocity obtained for the chemically
grown SiO2 stacks is still appropriate for the application of these stacks in solar cell
devices. Moreover, although a similar overall level of surface passivation quality was
achieved for chemically grown SiO2/Al2O3 stacks and single-layer Al2O3 films, the
level of chemical and field-effect passivation differed significantly as concluded from
corona charging and second harmonic generation measurements. A better chemical
passivation but lower field-effect passivation was found for the chemically grown
SiO2/Al2O3 stacks compared to single-layer Al2O3 films. It was also shown that
the commonly used relatively long annealing times can be replaced by annealing
times in the range of one or a few minutes when stacks with chemically grown
SiO2 films are used

The high level of surface passivation obtained for chemically grown SiO2 based
stacks with Al2O3 or SiNx films offers the possibility to straightforwardly establish
stable surface conditions, i.e. the formation of ultrathin SiO2 films, prior to the
deposition of the passivation layers without significantly comprising the passiva-
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tion quality. Therefore, this kind of surface conditioning might be preferred under
industrial circumstances when working with (unstable) H-terminated surface con-
ditions is not preferred. Moreover, such stacks allow for the use of shorter annealing
times to reach the maximum level of surface passivation. Also this is beneficial
from an industrial point of few.
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GRAPHICAL ABSTRACT OF CHAPTER 6

Graphical abstract of Chapter 6 ”Passivation of n+-type Si Surfaces by Low
Temperature Processed SiO2/Al2O3 Stacks”.
Surface passivation performance after annealing step of highly doped n-type surface with
varying doping concentration, expressed in terms of the sheet resistance. The used passi-
vation schemes are indicated by the cross sections of the samples on the right hand side
of the figure. The trend of the surface passivation performance obtained for passivation
schemes having a positive or a negative field-effect passivation are shown for an increasing
sheet resistance of the highly doped n-type surfaces.
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CHAPTER 6

Passivation of n+-type Si
Surfaces by Low Temperature
Processed SiO2/Al2O3 Stacks∗

Abstract The surface passivation of SiO2/Al2O3 stacks prepared at low pro-
cess temperatures was investigated on phosphorous diffused n+-type Si surfaces
with a broad range of sheet resistances. Two kinds of SiO2 films were prepared, the
first with plasma-enhanced chemical vapour deposition (PECVD) and the second
in a wet chemical process. After atomic layer deposition of the Al2O3 capping layer,
the resulting SiO2/Al2O3 stacks differ in the polarity of their fixed charge density,
i.e. the PECVD SiO2 stacks had a positive and the wet chemically grown SiO2

stacks a negative fixed charge density. The PECVD SiO2/Al2O3 stacks resulted
in a high surface passivation over a broad range of sheet resistances whereas the
wet chemically grown SiO2 stacks were only feasible for diffused surfaces with low
sheet resistances (< 100Ω/�). By corona charging experiments, it was established
that the field-effect based on a negative fixed charge density was the reason for
the loss in surface passivation in the specific range of diffused surfaces.

∗ Published as: S. Bordihn, G. Dingemans, V. Mertens, J. W. Müller and W. M. M. Kessels,
IEEE Journal of Photovoltaics 3, 3 (2013) pp. 925 – 929.
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6.1 Introduction

The common surface passivation scheme of front side n+-type emitters of con-
ventional, industrial p-type Si solar cells consists of SiNx films prepared by PECVD
processes.1−6 These SiNx films are also applied for the passivation of the n+-type
back or front surface fields in higher efficiency n-type Si solar cell concepts where
they are generally deposited on top of thermally grown SiO2 films. As the thermal
growth process of high quality SiO2 films requires high temperatures (800 – 950 ◦C)7

there is a preference for alternative passivation schemes prepared at lower pro-
cess temperatures. In the past years the interest in Al2O3 as passivation material
increased8 as it was shown that Al2O3 can be grown at low process temperatures
and provide an excellent surface passivation on lowly doped p- and n-type Si as
well as on p+-type Si surfaces.9−13 Surface passivation results of Al2O3 films on
n+-type Si surfaces were also reported and it was demonstrated that for certain
sheet resistances, the application of Al2O3 films as passivation material on n+-
type Si surfaces is limited due to their negative fixed charge density (Qf).14 The
field-effect, i.e. the negative Qf in the Al2O3 films, enhances the hole density at
the n+-type surfaces leading to conditions closer to flat band conditions instead
of accumulation or inversion conditions as is necessary for a high level of surface
passivation. This limitation can likely be overcome by manipulating the negative
Qf in Al2O3 films as can be concluded from recent results on non-diffused Si sur-
faces on which thin SiO2 interlayers (1 – 10 nm) were grown and capped by Al2O3

films.15,16 With increasing SiO2 interlayer thickness the negative Qf is reduced
and finally (for SiO2 thicknesses > 5 nm) overcompensated by the positive bulk
fixed charge density of the SiO2 film.16

In this work the passivation of n+-type Si surfaces by low-temperature processed
SiO2/Al2O3 stacks was investigated with the SiO2 films prepared by PECVD and
wet chemical processes (referred to as wet chemical SiO2). The considered n+-
diffused surfaces had sheet resistances between 33 and 490Ω/� and therefore cover
a broad range of surface doping concentrations. The SiO2/Al2O3 stacks with thick
PECVD SiO2 films were used to investigate the surface passivation based on a low
amount of positive Qf and the stacks with wet chemical SiO2 films were chosen
because of their reasonable level of negative Qf. To include reference samples for
both cases, i.e., for stacks with the positive and negative Qf, single-layer SiNx

and Al2O3 films were considered as well. The surface passivation of the PECVD
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SiO2/Al2O3 stacks and wet chemical SiO2/Al2O3 stacks were found to be similar
to the one of their corresponding reference samples, i.e. single-layer SiNx in the
case of PECVD SiO2 stacks and Al2O3 films in the case of wet chemical SiO2

stacks, respectively. For wet chemical SiO2/Al2O3 stack passivated samples it is
demonstrated that a loss in surface passivation for certain n+-diffused surfaces
is related to the effect that the surface passivation scheme has the wrong, i.e.
negative, polarity of Qf for n+-surfaces.

6.2 Experimental

As substrates float zone (Fz) n-type Si samples were used with a thickness of
200 µm and with a resistivity of 2 – 3Ωcm. Some experiments were also carried
out on p-type Cz Si substrates (resistivity of 1 – 2Ωcm). All samples received a
standard RCA cleaning procedure prior to the phosphorous diffusion process that
used POCl3 as precursor. The time and temperature of the diffusion process were
varied (850 – 950 ◦C; 1.5 – 2 hr) to create sheet resistances (Rsheet) between 33Ω/�
and 490Ω/�. After the diffusion process the formed phosphorous silicate glass
was etched off with a 2min treatment in diluted HF (1%). The Cz samples were
treated identically to the Fz samples apart from one additional etching step in
KOH at the beginning of the processing to remove the saw damage. The carrier
density n profiles of the n+-diffused surfaces were measured with electrochemical
capacitance voltage profiling technique and are shown in Fig. 6.1. On one sample
set SiO2 films were deposited in a PECVD process and subsequently Al2O3 films
were prepared by an O2-plasma enhanced atomic layer deposition (ALD) process,
see Ref. 17 for more details. The SiO2 films had a thickness of 70 nm and the Al2O3

films were 30 nm thick. Another sample set was exposed to a mixture of HCl and
H2O2 at 85 ◦C to grow wet chemically SiO2 films with a film thickness of ∼ 2 nm as
deduced from spectroscopic ellipsometry. On top of the wet chemical SiO2 Al2O3

films were deposited in an O3-based ALD process which resulted in a thickness
of ∼ 30 nm. In previous studies we reported that there is no significant difference
in the level of field-effect passivation obtained by ALD Al2O3 films grown by an
O2-plasma process and an O3-based ALD process.18 As references single-layer
ALD (O3-based) Al2O3 films and two types of single-layer PECVD SiNx films
were deposited. The SiNx films with a refractive index of n=2.7 (at Eph=2 eV)
were annealed at 400 ◦C for 10min in N2 atmosphere, while films with n=2.05
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(at Eph=2 eV) were annealed for a couple of seconds at 850 ◦C in a so-called
contact firing process. Two different refractive indices were chosen for the SiNx

films to achieve the highest surface passivation after the considered post-deposition
annealing step, i.e. SiNx films with n=2.05 are known to result in a high level of
surface passivation after firing and SiNx films with n=2.7 are known to passivate
very well after annealing.

Table 6.1 gives an overview of the surface passivation schemes considered in
this work and summarizes the associated fixed charge densities Qf in the films
and stacks reported. Finally it is noted that all samples with Rsheet = 33Ω/�,
72Ω/�, 165Ω/� and 490Ω/� (all Fz Si) underwent an annealing step at 400 ◦C
as a post-deposition treatment whereas the samples with Rsheet = 62Ω/� and
115Ω/� (Cz Si) were fired at 850 ◦C.

The saturation current density (J0) was extracted from the implied open circuit
voltage iVoc obtained at 1sun illumination following the method proposed by Sinton
et al. and by using the photoconductance decay technique and a Sinton Instrument
WCT 120 system.21 The error in the determination of J0 in these experiments
was determined to be 1 – 3%. The iVoc-values obtained at 1 sun illumination were
demonstrated to be in agreement with the real Voc of solar cells.21 Commonly J0

Figure 6.1: Carrier density profiles of phosphorous diffused surfaces as determined
by the electrochemical capacitance voltage technique. The indicated sheet resistances
Rsheet were calculated from the carrier density profile. The plateau of n at x< 0.1µm ob-
served for diffusions with Rsheet = 33Ω/� and 72Ω/� indicates the presence of inactive
P atoms as the (total) density of P atoms increases toward x=0.
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Table 6.1: Fixed charge density Qf of the used passivation schemes.

Passivation scheme Qf (cm−2) Reference
wet chemical SiO2/Al2O3 −(4.5± 0.5)× 1012 19
PECVD SiO2/Al2O3 ∼ +1× 1011 17
SiNx (n = 2.05) +(2.0± 0.5)× 1012 19
SiNx (n = 2.7) ∼ +1× 1011 a

Al2O3 (O2-plasma) −(5.8± 0.5)× 1012 18
Al2O3 (O3-process) −(6.5± 0.5)× 1012 19
a Value estimated on basis of the relation between Qf and the electric
field-induced second harmonic signal according to Ref. 20.

is extracted by the method proposed by Kane and Swanson under high level
injection conditions22 but this method was recently identified not be applicable
to all kinds of diffused surfaces, in particular diffused surfaces with high Rsheet

(> 300Ω/�) and a low surface doping concentration.14

6.3 Results and Discussion

6.3.1 Surface Passivation Results versus Sheet Resistance

As reference values for the surface passivation results of this work, literature data
reported by Cuevas et al. for n+-diffused surfaces passivated by thermally grown
SiO2 films (referred to as thermal SiO2) are used.23 These values give a consistent
data set over a broad range of Rsheet with an excellent surface passivation. These
data showed a decreasing J0 trend with increasing Rsheet, see Fig. 6.2. In the case
of low Rsheet the overall recombination is dominated by the diffused layer due to
the enhanced recombination at high doping concentration24 and the presence of
interface defects associated with the high surface doping density.25 In the case of
higher Rsheet, which commonly means lower surface concentrations, J0 depends
more on the level of surface passivation.
The J0-values obtained for PECVD SiO2/ALD Al2O3 stacks decreased from

270 fA/cm2 to ∼12 fA/cm2 with increasing Rsheet from 33Ω/� to 490Ω/� as
shown in Fig. 6.2. The reference samples passivated with single-layer SiNx films
(n=2.7) gave J0-values in the same order of magnitude as obtained for the PECVD
SiO2/ALD Al2O3 stacks for all Rsheet-values investigated. Furthermore both the
J0(Rsheet)-relations were quite similar to those reported for n+-diffused surfaces
passivated by thermal SiO2 films.23 Hence, the obtained level of J0 is dominated
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Figure 6.2: Saturation current density J0 as a function of sheet resistance Rsheet of
n+-diffused surfaces with Rsheet = 33, 72, 165, and 490Ω/� and passivated by PECVD
SiO2/ALD Al2O3 stacks. Results of single-layer SiNx films (n=2.7) are shown as a refer-
ence. In addition, J0-values of n+-diffused surfaces passivated with thermally grown SiO2
films (taken from Ref. 23) are given.

Figure 6.3: Saturation current density J0 as a function of sheet resistance Rsheet of n+-
diffused surfaces with Rsheet = 33, 72, 165, and 490Ω/� and passivated by wet chemical
SiO2/ALD Al2O3 stacks. Results of single-layer ALD Al2O3 films of this study and
reported in Ref. 14 are shown as a reference. In addition, J0-values of n+-diffused surfaces
passivated with thermally grown SiO2 films (taken from Ref. 23) are given.
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by the properties of the diffused surface, i.e. the surface doping concentration, the
diffusion profile, and junction depth as is expected for n+-diffused surfaces with
excellent passivation.
The J0-values obtained for the passivation by wet chemical SiO2/ALD Al2O3

stacks and the reference Al2O3 films are shown in Fig.6.3. The data set is comple-
mented by literature J0-values reported for single-layer Al2O3 films14 and thermal-
SiO2 films.23 The J0-values achieved for the wet chemical SiO2/Al2O3 stacks
decreased from 134 fA/cm2 to 77 fA/cm2 when Rsheet increased from 33Ω/� to
72Ω/�. These J0-values were comparable to the J0-values obtained for the single-
layer Al2O3 films and those reported for the passivation by thermal-SiO2 films.23

When Rsheet was further increased to 165Ω/� the values of J0 increased signif-
icantly to 507 fA/cm2 followed by a drop in J0 when Rsheet increased further
to 490Ω/�. The wet chemical SiO2/Al2O3 stacks resulted in similar J0-values
as obtained for the single-layer Al2O3 reference films and the trend was also
quite similar to the one reported in Ref. 14. Both wet chemical SiO2/Al2O3

stacks and single-layer Al2O3 films resulted at Rsheet = 165Ω/� in high J0-values
(∼ 510 fA/cm2) which correspond to an iVoc-value of ∼ 648mV. Consequently, it
can be concluded that in the range of Rsheet between 100Ω/� and 250Ω/� the
wet chemical SiO2/Al2O3 stacks and single-layer Al2O3 films are not the preferred
passivation scheme for these n+-diffused surfaces. The passivation of n+-diffused
surfaces with Rsheet = 490Ω/� by wet chemical SiO2/Al2O3 stacks improved again
but did not reach the level of surface passivation achieved by the thermal SiO2

films or the PECVD SiO2/ALD Al2O3 stacks reported above. Finally, it is noted
that the formation of an inversion layer due to the negative fixed charge density
of the Al2O3 based passivation schemes can be ruled out for all n+-type diffusions
investigated in this work as established from pc1d simulations.26 Consequently,
shunting by such an inversion layer, see Ref. 27, can be excluded which means
that the passivation stacks can be adopted for the n+-type Si surfaces when being
contacted.

6.3.2 Role of Field-Effect Passivation

The role of the field-effect on the surface passivation performance was investi-
gated by carrying out corona charging experiments on wet chemical SiO2/Al2O3

stacks deposited on samples with n+-diffused surfaces having an Rsheet of 165Ω/�.
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This specific value of Rsheet was chosen to be in the range between 100Ω/� and
250Ω/� in which the surface passivation was found to be sensitive to the polarity
of Qf of the passivation scheme as observed in the previous section. For the sample
with wet chemical SiO2/Al2O3 stack, the effect of the field-effect (due to a negative
Qf) was compensated by stepwise depositing positive corona charges (QC) on top
of one of the sample surfaces. In Fig. 6.4 the resulting J0-values are shown as a
function of QC. As a reference Seff,max-values obtained for a non-diffused n-type
sample are also shown. For the non-diffused reference sample the deposition of
QC resulted in a peak in the Seff,max(QC)-plot as commonly obtained for corona
charging experiments on such samples.28,29 This is a result of the transition of the
energy band bending from inversion to flat band conditions which is reflected by
an increase in Seff,max with increasing QC. After the maximum Seff,max is reached
further deposition of QC results in depletion and accumulation conditions which
is reflected by a reduction of Seff,max. The QC-value obtained when Seff,max is at
maximum can be regarded as a good measure for Qf as at this point the contribu-
tion of the field-effect passivation is nullified because Qf is compensated by QC. It
is noted that the exact position of the maximum in Seff,max depends on the ratio
of the capture cross sections of the holes and the electrons.

Figure 6.4: Saturation current density J0 and maximum surface recombination veloc-
ity Seff,max as a function of deposited corona charge density QC of samples passivated
with wet chemical SiO2/Al2O3 stacks. Substrates with diffused n+-type surfaces with
a sheet resistance Rsheet = 165Ω/� and a non-diffused n-type surfaces (2 – 3Ωcm) are
considered.
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However, this effect is smaller than the experimental error of the corona charging
experiments (±0.5 × 1012 cm−2) as has been established from numerical simu-
lations based on the model presented in Ref. 30. (See also Chapter 2 for more
details.)
For the sample with n+-diffused surfaces, J0 shows a different behaviour as

a function of QC than the non-diffused n-type reference sample. The J0-values
decreased from ∼ 520 fA/cm2 to ∼ 330 fA/cm2 as a result of compensating the
negative Qf in the wet chemical SiO2/Al2O3 stacks by progressively depositing
positive QC. The reduction of J0 with increasing QC starts to saturate at QC ≈
4.3× 1012 cm−2 which equals theQC that is required to achieve flat band conditions
in the non-diffused samples. From these findings it can be concluded unambiguously
that the negative Qf in the wet chemical SiO2/Al2O3 stacks is detrimental for
the passivation of the n+-diffused surfaces with Rsheet ≈ 150Ω/�. Interestingly,
the deposition of a positive QC > 4.3 × 1012 cm−2 on top of the sample with
n+-diffused surfaces does not reduce J0 any further. Such a reduction would be
expected considering the fact that the total (positive) charge density in this case
becomes higher than for PECVD SiO2/Al2O3 stacks, see Table 6.1. The absence
of a further reduction of J0 can possibly be related to damage induced by the
corona charging.31

6.3.3 Impact of a Post-Deposition High Temperature Step

The surface passivation results presented so far were obtained after annealing at
400 ◦C. However, higher annealing temperatures, e.g. T > 850 ◦C for a few seconds,
are also of technological interest because they are needed in the formation of the
screen printed metal contacts in industrial-type Si solar cells. To investigate the
influence of this high temperature step on the passivation of n+-diffused surfaces,
experiments were carried out on the p-type Cz Si substrates with n+-diffused
surfaces with Rsheet = 62Ω/� and 115Ω/�. In Fig. 5 the surface passivation, in
terms of J0, is shown for wet chemical SiO2/Al2O3 stacks on n+-diffused surfaces
with Rsheet = 62Ω/� and 115Ω/�.

As a reference, J0-values obtained for single-layer Al2O3 films and SiNx films
with n=2.05 (at 2 eV) are shown. On n+-diffused surfaces with Rsheet=62Ω/�
the surface passivation obtained for the wet chemical SiO2/Al2O3 stacks equals
the one of single-layer Al2O3 and SiNx films. These findings support the results
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obtained in section 6.3.1 where diffused surfaces with low Rsheet (< 100Ω/�) were
found to be less sensitive to the polarity and strength of the field-effect. The
J0-values obtained for the n+-diffused surfaces with Rsheet=115Ω/� resulted in
significantly different J0-values depending on the used passivation scheme, i.e.
43 fA/cm2 for the SiNx films, 55 fA/cm2 for the wet chemical SiO2/Al2O3 stacks
and 61 fA/cm2 for the Al2O3 films. This matches with the fact that the SiNx

films have a positive Qf resulting in the highest level of surface passivation, i.e.
lowest J0-values, whereas the Al2O3 films have the highest negative Qf yielding
the lowest level of surface passivation. For the wet chemical SiO2/Al2O3 stacks
with a negative but lower Qf the J0-value lies in between these values as expected.
Hence, these results are in agreement with those presented in the previous sections
where the surface passivation of diffused surfaces with Rsheet between 100Ω/� and
250Ω/� were shown to be sensitive to the polarity of Qf present in the surface
passivation scheme.

Figure 6.5: Saturation current density J0 as a function of sheet resistance Rsheet of
n+-diffused surfaces with Rsheet = 62Ω/� and 115Ω/� and passivated by wet chemical
SiO2/Al2O3 stacks and by single-layer ALD Al2O3 and SiNx films with n = 2.05 (fired
at 850 ◦C). In addition, J0-values of n+-diffused surfaces passivated with thermally grown
SiO2 films (taken from Ref. 23) are given.

6.4 Conclusion

Investigation of various passivation schemes with different fixed charge densities
and with positive and negative charge polarity on n+-diffused surfaces revealed
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that the field-effect significantly affects the overall level of surface passivation.
It was demonstrated that SiO2/Al2O3 stacks with thick SiO2 films result in an
excellent surface passivation performance over a broad range of surface doping
concentrations due to the presence of a positive fixed charge density whereas
the surface passivation of SiO2/Al2O3 stacks with thin SiO2 films is significantly
compromised for a certain range of sheet resistances (100 – 250Ω/� ) due to the
presence of a negative charge density. The performance of the SiO2/Al2O3 stacks
was found to be similar to the one of single-layer Al2O3 or SiNx films when stacks
and single-layer films have the same polarity of the fixed charge density. These
results clearly demonstrate that a negative charge density in Al2O3 films and
SiO2/Al2O3 stacks adversely affect the passivation of n+-type back or front surface
fields of (high-efficiency) n-type Si solar cells but that this negative effect can
be annihilated by employing somewhat thicker SiO2 interlayers with a reduced
negative or even a positive fixed charge density.
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GRAPHICAL ABSTRACT OF CHAPTER 7

Graphical abstract of Chapter 7 ”Performance of Si Solar Cells With Al2O3-
based Passivation Stacks”.
Performance at 1 sun illumination of p-type c-Si solar cells with asymmetrical and sym-
metrical passivation schemes. Two types of symmetrical passivation schemes have been
considered. The cross sectional view of the used solar cell structures are shown at the
right hand side.
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CHAPTER 7

Performance of Si Solar Cells
With Al2O3-based Passivation
Stacks

Abstract This chapter presents a study of dielectric passivation schemes in
next generation, industrial p-type crystalline silicon (c-Si) solar cells. A symmetrical
passivation scheme is compared to the typically considered asymmetric passivation
scheme which consists of a silicon nitride (SiNx) passivation film on the front side
of the solar cell and a layer stack of aluminum oxide (Al2O3) and SiNx films at
the rear side of the solar cell. The symmetrical passivation scheme consists of
a SiO2/Al2O3/SiNx stack on both the front and rear side of the solar cell. In
this work, two different thicknesses of the silicon dioxide (SiO2) interlayer film
have been selected to vary the strength and polarity of the field-effect passivation
induced by the stack: a thicker (∼ 5 nm) SiO2 film is prepared by atomic layer
deposition and a somewhat thinner (∼ 2 nm) SiO2 film grown wet chemically. The
Al2O3-based stacks having thicker SiO2 films have a positive fixed charge density
Qf = 2 × 1012 cm−2 and they have been found to result in a high level of surface
passivation on highly doped n-type and lowly doped p-type surfaces in previous
studies. The Al2O3-based stacks having thinner SiO2 films have a negative fixed
charge density Qf = −4.5 × 1012 cm−2 and they have been found to results in
a high level of surface passivation performance on p-type Si surface. For these
stacks with thinner SiO2 films, a high level of surface passivation performance on
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7 Si Solar Cells With Al2O3-based Passivation Stacks

highly doped n-type Si surface has been restricted to only a limited range of n-
type doping concentrations due to the negative fixed charge density. In this study
the symmetrical and asymmetrical passivation schemes resulted in high (conver-
sion) efficiencies of ∼ 19%. However, the individual current–voltage parameters
differed, i.e. the median open circuit voltage was 7 mV higher for the symmetrical
SiO2/Al2O3/SiNx passivation stacks with thick SiO2 films compared to the re-
sults obtained by the asymmetrical passivation scheme with the Al2O3/SiNx stack.
However, the fill factor was lower by 1%abs in this case. Both effects can be related
to the different properties of the field-effect passivation of the asymmetrical and
symmetrical passivation schemes.

7.1 Introduction

Solar cells with dielectric passivation layers on the front and rear side typically
have different materials on each side. For n-type Si surfaces dielectric materials with
an incorporated positive fixed charge density, for instance SiNx films, are generally
used whereas for p-type Si surfaces materials with an incorporated negative fixed
charge density, such as Al2O3, are preferred. With such an asymmetric passivation
scheme, including a SiNx film and an Al2O3/SiNx stack, efficiencies of 20.7%
have been reported on front collecting p-type c-Si solar cells1 and efficiencies of
23.4% on lab-scale, front collecting n-type c-Si solar cells.2 Yet the concept of a
symmetric passivation scheme is also of interest. Such a scheme means that an
identical passivation material is used on both sides of the solar cell, so both on
the n-type and p-type doped Si surfaces.3 This scheme allows for simplifying the
manufacturing process by reducing the number of process steps when the dielectric
passivation layers are deposited in one deposition tool simultaneously on the front
and rear side of the solar cell. However, the challenge of the symmetrical passivation
scheme is to find a high quality passivation material which is suitable for both
n-type and p-type doped Si surfaces. The field-effect passivation plays generally a
major role and several studies have already reported about the detrimental effect of
the ”wrong” polarity of the field-effect on the performance of the solar cell.4,5 On
lowly doped Si surfaces the ”wrong” polarity means the use of passivation materials
with a fixed charge density having the same polarity as the underlying surface which
lead to an injection dependent surface passivation, caused by inversion conditions
at the Si surface, and results in a reduction of the fill factor. This reduces the
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performance of the solar cell as shown in Chapter 2 of this work and in Ref. 4. In
the case of highly doped c-Si surfaces the use of passivation films with the ”wrong”
polarity, i.e. those with a fixed charge density having the same polarity as the
underlying highly doped surface, are restricted only to a certain range of surface
doping concentrations that are probably not feasible for achieving high solar cell
efficiencies.3,5 Hence, controlling the level of the field-effect passivation is a key
requirement to realize successfully a symmetrical passivation scheme. Such control
has been already subject of research on the level of lifetime test samples.6−8 For
example, the surface passivation performance of wet chemically grown SiO2/Al2O3

stack was investigated on lifetime samples with lowly doped p-type Si surfaces in
Chapter 5 and on highly doped n-type Si surfaces in Chapter 6 of this thesis to
evaluate the feasibility as a symmetrical passivation scheme.
In this chapter the performance of p-type c-Si solar cells with a symmetrical

passivation is compared to those passivated with the typical, asymmetric passi-
vation scheme which means SiNx films deposited on the highly doped n-type Si
front surface and Al2O3/SiNx stacks deposited on the p-type Si rear surface.1 The
symmetrical passivation is realized by SiO2/Al2O3/SiNx stacks. The SiO2 films
are synthesized by two different processes, i.e. by wet chemical processes and by
atomic layer deposition (ALD), and vary in film thickness which manifests itself
as a variation in the strength and polarity of the field-effect passivation that scales
with the SiO2 film thickness.8 The SiO2/Al2O3/SiNx stack with thicker ALD SiO2

films has a positive fixed charge density which is expected to be the ”wrong” po-
larity on lowly doped p-type Si surfaces. The SiO2/Al2O3/SiNx stack based on
thinner, wet chemically grown SiO2 films has a negative fixed charge density which
is expected to be the ”wrong” polarity on highly doped n-type Si surfaces.

7.2 Experimental

Czochralski (Cz) grown, boron doped Si substrates were used with a thickness of
∼ 180µm and a resistivity of 1 – 2Ωcm which corresponds to a doping concentration
ranging from 1.5 × 1016 cm−3 to 7.5 × 1015 cm−3. The wafers were taken from the
same ingot and ingot region (so called neighbour wafers) to be independent of
variations in the Si material quality. The wafers were textured in an alkaline
wet chemical solution and exposed to a standard Radio Corporation of America
(RCA) cleaning procedure. The highly doped n-type diffusion was formed on both

107



7 Si Solar Cells With Al2O3-based Passivation Stacks

sample sides in a gas phase based POCl3 diffusion process. The grown phosphorous
silicate glass was etched off in a diluted HF solution (5%) in 12min. To create
the intended n+/p-Si structure the samples were subsequently exposed to a single
side etching process and about 20µm Si was etched off from the rear side of the
wafer. The wafers were split into three batches which consisted of ∼ 10 wafers each.
Afterwards various types of passivation layers were deposited on both wafer sides.

(1) The wafers of the 1st batch were exposed to an ALD process. With 330 ALD
cycles, about 30 nm thick Al2O3 films were deposited on both sample sides
by using O3 as oxidant and Al(CH3)3 as precursor. On the rear side of the
solar cell a 70 nm thick SiNx film was deposited on top of the Al2O3 film in a
plasma enhanced chemical vapor deposition (PECVD) process. The details
of the PECVD process can be found in Ref. 14 and the fixed charge density
of the Al2O3/SiNx stack is listed in Table 7.1. Subsequently the front side of
the wafer was etched in HF prior to depositing a SiNx film. This 1st batch
can be considered as a reference and is abbreviated as ”Asym. Al2O3/SiNx”
in the remainder of this chapter.

(2) The wafers of the 2nd batch were exposed to a wet chemical solution (mixture
of HCl and H2O2) to grow∼ 2 nm thick SiO2 films. The process conditions are
described in Chapter 5 in more detail. Afterwards the wafers were exposed to
the ALD Al2O3 process which is the same process as used for the reference
batch. The surface passivation properties of the resulting SiO2/Al2O3 stacks
are described in Chapter 5 for lowly p-type and n-type doped Si surfaces and
in Chapter 6 for highly doped n-type Si surfaces. The fixed charge density
of the SiO2/Al2O3 stack is listed in Table 7.1. In the subsequent process
step PECVD SiNx films were deposited on both samples sides. The SiNx

films were the same as used for the reference process. The 2nd batch with
the wafers featuring a symmetrical passivation of SiO2/Al2O3/SiNx stacks
is labeled as ”Sym. wet-SiO2” for brevity.

(3) The wafers of the 3rd batch were exposed to an ALD process to deposit
∼ 5 nm thick SiO2 films on both sides of the wafers. Within in the same
reactor chamber Al2O3 films were deposited on top of the SiO2 films. The
Al2O3 films were prepared by plasma enhanced ALD process using an O2-
plasma. The details of the ALD process used for the Al2O3 and SiO2 films can
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be found in Ref. 11 and the fixed charge density is listed in Table 7.1. Next,
PECVD SiNx films were deposited on both sample sides. The films and the
process conditions are the same as used for the batch ”Asym. Al2O3/SiNx”
and ”Sym. wet-SiO2”. The 3rd batch is labeled as ”Sym. ALD-SiO2” for
brevity.

After passivation the front and rear metal contacts were formed by screen printed
metal pastes for the samples of all batches. The subsequent firing step was carried
out at a peak temperature of 850 ◦C and formed the front metal contact. Afterwards
the rear side contact was formed by laser processing as the aluminum-based rear
metal paste formed no contact during the firing step in contrast to the silver-based
front metal paste. These are so-called laser fired contacts (LFC).15 For more process
details see Ref. 16. A rear contact pitch of 700 µm was used with the intention
to be sensitive to the rear surface passivation performance and not to be limited
in terms of efficiency by series resistance losses as both effects scale with a larger
contact pitch.17 In Fig. 7.1a the asymmetrical and in Fig. 7.1b the symmetrical
passivation scheme is shown schematically in a cross sectional view of a solar cell
to illustrate the device structure that is considered in this work.

Table 7.1: Fixed charge density Qf of the used passivation schemes at the rear side of
the p-type c-Si solar cells.

Passivation scheme Fixed charge density
Asym. Al2O3/SiNx (−6.5± 0.5) × 1012 cm−2

Sym. wet-SiO2 (−4.5± 0.5) × 1012 cm−2

Sym. ALD-SiO2 (+2.0± 0.5) × 1012 cm−2

Figure 7.1: (a) Schematic, cross sectional view of a p-type c-Si solar cell with an asym-
metrical passivation scheme, i.e. a SiNx film on the front side and an Al2O3/SiNx stack
at the rear side of the solar cell. (b) Schematic, cross sectional view of a p-type c-Si solar
cell with a symmetrical passivation scheme: SiO2/Al2O3/SiNx stacks at both sides.
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7.3 Solar Cell Performance Results

The current–voltage (J–V )-parameters obtained for each batch are shown in
Fig. 7.2a–d. The differences in the short circuit current density Jsc are shown in
Fig. 7.2a. The median Jsc-value of the batch ”Sym. wet-SiO2” is 36.8mA/cm2

and therefore, 0.7mA/cm2 lower than the median value of the reference batch
”Asym. Al2O3/SiNx” (37.5mA/cm2). In contrast the median Jsc-value of batch
”Sym. ALD-SiO2” is 37.9mA/cm2 which is 0.4mA/cm2 higher than those of the
reference. In Fig.7.2b the values of the open circuit voltage Voc are given and
show a similar trend as the Jsc-values. The median Voc-value of the batch ”Sym.
wet-SiO2” is 626mV and therefore, 11mV lower compared to the value of the
reference batch (637mV) whereas the median value of the batch ”Sym. ALD-SiO2”
is 644mV which is 7mV higher than those obtained for the reference batch ”Asym.
Al2O3/SiNx”. In Fig. 7.2c the fill factor FF values are given. The batch ”Sym.
wet-SiO2” and ”Sym. ALD-SiO2”, which both have a symmetrical passivation
scheme, result in FF = 78% which is 1.1%abs lower compared to the FF -value of
the reference batch (FF = 79.1%). The efficiency η values are shown in Fig.7.2d.
The median value of the batch ”Sym. wet-SiO2” is 18.0% and therefore, 0.9%abs

lower than the median η-value of the reference batch ”Asym. Al2O3/SiNx” (η
= 18.9%). The median η-value of ”Sym. ALD-SiO2” is similar to those of the
reference batch ”Asym. Al2O3/SiNx” (η ≈ 18.9%) but the mean value of η =
19.0% slightly exceeds the reference by 0.1%abs.

7.3.1 Detailed Analysis of Jsc- and Voc-Values

The spectral internal quantum efficiency IQE(λ) was determined to investigate
the differences in the Jsc- and Voc-values. In Fig. 7.3a the IQE(λ) data are shown
for one representative solar cell of each of the three batches. Fig. 7.3b shows the
spectral reflection R(λ) which was measured on the entire sample area (243.36 cm2)
and used to calculate the IQE-values shown in Fig. 7.3a. The obtained IQE-values
allow for analyzing the surface passivation performance of the front and rear side of
the solar cell separately. This ”depth resolution” results from the absorption depth
of the monochromatic light, for instance light of lower wavelength (300 – 400 nm) is
absorbed close to the front surface. Light of longer wavelength is absorbed within
a larger distance from the front side of the solar cell. Therefore, differences in
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the IQE in the range of 800< λ < 1100 nm reflect changes in the rear surface
passivation performance when the bulk recombination can be assumed constant.
This assumption is satisfied as neighbour wafers were used in this study.

At wavelengths between 800 nm and 1100 nm the IQE values of the batch
”Sym. wet-SiO2” were lower than those of batch ”Sym. ALD-SiO2” and ”Asym.
Al2O3/SiNx” which were theirselves quite similar (Fig. 7.3a). This suggests that

Figure 7.2: Box plot of the obtained J–V -parameters for the batches ”Sym. wet-SiO2”
and ”Sym. ALD-SiO2” and the reference batch ”Asym. Al2O3/SiNx”. The boundaries of
the boxes indicate the 25th and 75th percentile, i.e., the box shows the middle 50% of all
values and excludes the highest and lowest 25% of all values. The horizontal line within
the box represents the median value and the diamond symbol the arithmetic mean value
(or average) which equals the sum of all values in one data set divided by the number of
the values. The median gives the numerical value that separates the higher and lower half
of the discrete set of data (50th percentile). The whiskers give one standard deviation
above and below the average. The outliers are marked by the cross symbols. In (a) the
short circuit (SC) current density Jsc, in (b) the open circuit (OC) voltage Voc, in (c) the
fill factor FF and in (d) the efficiency η data are shown.
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Figure 7.3: (a) Spectral internal quantum efficiency IQE(λ) and (b) spectral reflection
R(λ) determined for one representative solar cell of each of the batches ”Sym. wet-SiO2”,
”Sym. ALD-SiO2” and the reference ”Asym. Al2O3/SiNx”.

the lower Voc-values (Fig. 7.2) of the batch ”Sym. wet-SiO2” can be related to a
lower surface passivation performance at the rear sides of the solar cells compared
to the results of the batch ”Sym. ALD-SiO2” and ”Asym. Al2O3/SiNx”. This is
in contrast to results obtained on lifetime test samples in Chapter 5, i.e. a similar
level of surface passivation performance was obtained for wet chemically grown
SiO2/Al2O3 stacks and single-layer Al2O3 films. The IQE values obtained for
batch ”Sym. ALD-SiO2” were slightly higher at wavelengths < 600 nm than those
of the ”Asym. Al2O3/SiNx” batch. This demonstrates that the surface passivation
performance of the ”Sym. ALD-SiO2” passivation scheme is higher on the highly
doped n-type Si, front surface compared to those of ”Sym. wet-SiO2” and ”Asym.
Al2O3/SiNx”. The differences in the surface passivation performances at the front
and rear side are similar to the trend of the Voc-values (Fig. 7.2).
The uniformity of the surface passivation was analyzed with the technique of

photoluminescence (PL) imaging. For one representative solar cell of each of the
batches ”Sym. ALD-SiO2” and ”Sym. wet-SiO2” the PL images are shown in
Fig. 7.4. The PL intensity was found to be lower over the whole sample area
for the solar cell of batch ”Sym. wet-SiO2” and therefore, the surface passivation
performance of the wet chemically grown SiO2/Al2O3/SiNx stack was lower. The
finding of a lower surface passivation performance over the complete sample area
suggests that the wet chemically grown SiO2/Al2O3/SiNx stack, especially the
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wet chemically growth of the SiO2 interlayer, is the reason for the lower surface
passivation performance of the batch ”Sym. wet-SiO2”.

Figure 7.4: Photoluminescence (PL) images obtained for one representative solar cell
of each of the batches ”Sym. ALD-SiO2” (left) and ”Sym. wet-SiO2” (right). The PL
images are obtained at ∼1 sun illumination intensity and therefore, refer to the open
circuit conditions of the individual solar cell. The gray shading gives the PL intensity
from 0 to 6× 103 counts. A brighter contrast reflects a higher PL intensity and therefore,
lower recombination. The excitation wavelength of the laser was λPL = 808 nm.

7.3.2 Differences in the Fill Factor

The factor that limited the experimentally obtained fill factor FFexp was deter-
mined according to the method proposed in Ref. 18 which avoids the fitting of the
J–V -curve but considers values obtained by the measurements of the illuminated
solar cell. The method uses the experimentally determined values of the series
resistance Rs, the shunt resistance Rsh and the J–V -parameters (Jmpp, Vmpp, Jsc
and Voc). Furthermore, the method includes an empirical expression of FF0 (the
fill factor only limited by the recombination current) and the assumption that
Rs mainly affects the Vmpp-value and Rsh the Jmpp-value. On basis of these data
the differences between FFexp and FF0 can be determined. Hence, the difference
between FFexp and FF0 can be separated into the contributions originating from
the series resistance ∆FF (Rs), from the shunt resistance ∆FF (Rsh) and from non
idealities ∆FF (J02). These fill factor limitations and the values of FFexp and
FF0 are shown for a representative solar cell of each of the batches ”Sym. wet-
SiO2”, ”Sym. ALD-SiO2” and ”Asym. Al2O3/SiNx” in Fig. 7.5. The solar cell of
the reference batch exhibits the highest FFexp of 79.1 %. The main losses with

113



7 Si Solar Cells With Al2O3-based Passivation Stacks

respect to FF0 can be attributed to losses caused by Rs of ∆FF (Rs) = 3.8 %abs

and to a small extend to losses caused by non-ideal recombination processes with
∆FF (J02) = 0.6 %abs. For the solar cells of the batches ”Sym. wet-SiO2” and
”Sym. ALD-SiO2” similar FFexp-values of 78.2% and 78.0%, respectively, were
obtained and therefore, are ∼ 1% abs lower than those of the reference. Also the lim-
itation caused by Rs were similar by ∆FF (Rs) = 3.8 %abs for ”Sym. wet-SiO2” and
∆FF (Rs) = 3.2 %abs for ”Sym. ALD-SiO2”. In the case of ∆FF (Rs) losses up to
1%abs can be caused by the manufacturing process of the solar cells. The fill factor
of batch ”Sym. wet-SiO2” is limited further by non-ideal recombination processes
by 1%abs. This loss mechanism is even higher for the solar cell of batch ”Sym.
ALD-SiO2” with 1.2%abs. Furthermore, the FF of the batch ”Sym. ALD-SiO2”
is limited by Rsh with ∆FF (Rsh) = 1.2 %abs. This kind of limitation plays only a
minor role for the other two batches. Further analysis by thermography imaging
(data not shown) shows that the higher values of ∆FF (Rsh) are not related to
spot-like shunt effects and therefore, can be related to an effect present on the
complete sample area.

Figure 7.5: Obtained experimental fill factor FFexp and calculated, maximum possible
fill factor FF0 for a representative solar cell of the batches ”Sym. wet-SiO2”, ”Sym. ALD-
SiO2” and of the reference batch ”Asym. Al2O3/SiNx”. The differences between FFexp
and FF0 is separated in the contributions originating from the series resistance ∆FF (Rs),
shunt resistance ∆FF (Rsh) and non-idealities ∆FF (J02).
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7.4 Discussion

The analysis of the FF - and Voc-values revealed that the implementation of
”new” surface passivation schemes in p-type c-Si solar cells can result in a higher
surface passivation performance, and therefore, a higher Voc-value on one hand
but on the other hand also in a lower FF -value. These counteracting effects of
the J–V -characteristics resulted in a similar efficiency (median η=18.9%) of the
batch ”Sym. ALD-SiO2” and the reference batch ”Asym. Al2O3/SiNx” in this
work. The individual J–V -parameters differed significantly, for instance the batch
”Sym. ALD-SiO2” exceeded the performance of the reference with respect to the
Voc-value by 7mV whereas the reference batch ”Asym. Al2O3/SiNx” resulted in a
higher FF -value by 1.2%abs. The FF -value of the batch ”Sym. ALD-SiO2” was
lower because of higher losses of ∆FF (Rsh) and ∆FF (J02) which is a consequence
of an injection dependent surface passivation as spot-like shunt effects can be
excluded from thermography analysis. The injection dependent surface passivation
can be related to the positive fixed charge density of the used passivation material
in combination with the lowly doped p-type Si surface according to Ref. 4 and
as discussed in Chapter 2 (section 2.2.4). Hence, the differences in strength and
polarity for the field-effect passivation of the passivation materials deposited at the
rear surface of the solar cells are likely the reason for the higher losses of ∆FF (J02)
and ∆FF (Rsh). With increasing Qf-value (from negative to positive) the loss value
of ∆FF (J02) increased, i.e. the lowest loss value of ∆FF (J02) was obtained for batch
”Asym. Al2O3/SiNx” whereas the highest loss value of ∆FF (J02) was obtained for
batch ”Sym. ALD-SiO2” and the second highest for batch ”Sym. wet-SiO2”. As
listed in Table 7.1 the highest positive fixed charge density is incorporated in
the SiO2/Al2O3/SiNx stack of batch ”Sym. ALD-SiO2” and the most negative is
incorporated in the Al2O3/SiNx stack of the reference batch ”Asym. Al2O3/SiNx”.
The second lowest Qf-value (Qf = −4.5 × 1012 cm−2) is incorporated in the
SiO2/Al2O3/SiNx stack of batch ”Sym. wet-SiO2”.
Moreover, the SiO2/Al2O3/SiNx stack of batch ”Sym. ALD-SiO2” showed a

higher surface passivation performance, especially on the front surface of the Si
solar cells as revealed by the IQE analysis. The passivation stack of batch ”Sym.
ALD-SiO2” and the single-layer SiNx film of batch ”Asym. Al2O3/SiNx” had a
similar level of the field-effect passivation with a quite similar positive fixed charge
density (Qf ≈ +2 × 1012 cm−2). As the field-effect passivation is quite similar, it is
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concluded that the passivation stack of batch ”Sym. ALD-SiO2” results in a higher
level of chemical passivation at the front surface compared to the single-layer SiNx

film of batch ”Asym. Al2O3/SiNx”.
The surface passivation performance and uniformity of the SiO2/Al2O3/SiNx

stack of ”Sym. wet-SiO2” was lower than those of the stack used in batch ”Sym.
ALD-SiO2”. This finding is in contrast to the expectation derived from lifetime
samples as the stacks of the batch ”Sym. wet-SiO2” and ”Sym. ALD-SiO2” showed
a similar surface recombination velocity of ∼ 5 cm/s after annealing in previous
studies.8,11 The manufacturing process of c-Si solar cells includes a firing step
instead of an annealing step. The firing step is known to affect the surface passi-
vation performance, for instance the surface passivation performance of the ”Sym.
wet-SiO2” stack is lower after firing than after annealing for both highly doped
n-type and lowly doped p-type Si surfaces.19,20 However, this effect can only partly
account for the observed reduction in the surface passivation performance, i.e. Voc-
value, as the surface passivation performance on front and rear side of the solar
cell would only reduce Voc by ∼ 4mV due to this effect as estimated by numerical
simulations using pc1d.21 This reduction of the Voc-value is only a fourth of the
observed Voc-difference of 18mV between batch ”Sym. wet-SiO2” and ”Sym. ALD-
SiO2”. Apparently, the observed difference in the Voc-values cannot be completely
explained yet.

7.5 Conclusion

The goal of this study was to investigate the implementation of a symmetrical
passivation scheme based on SiO2/Al2O3/SiNx stacks in a manufacturing process of
next generation, industrial p-type c-Si solar cells. It was found that symmetrically
passivated c-Si solar cells resulted in similar efficiencies (η = 18.9%) as those
of the conventional approach with an asymmetrical passivation scheme. For a
symmetrical passivation scheme based on ALD SiO2 interlayer films higher Voc-
and lower FF -values were obtained compared to the asymmetrical passivation
scheme. The FF -values are likely lower due to the detrimental effect of an injection
dependent surface passivation which is a consequence of a field-effect passivation
based on a positive fixed charge density. It is suggested that this effect can be
suppressed by employing thinner ALD SiO2 interlayer films which would reduce the
amount of positive fixed charges. Here, the use of an ALD process is particularly
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suitable for a gradual reduction of the SiO2 film thickness. A reduced amount
of positive fixed charges would further improve the efficiency obtained for the
symmetrical passivation approach and therefore, even surpass the efficiency of the
conventional approach of asymmetrically passivated p-type c-Si solar cells. The
manufacturing effort in terms of process steps can be reduced when the layers of
the symmetrical passivation scheme are deposited on front and rear side of the Si
solar cell simultaneously in one deposition tool.
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CHAPTER 8

General Conclusion & Outlook

8.1 General Conclusion

The goal of this work is to reveal insight into the mechanism of the Si surface
passivation of Al2O3-based stacks and moreover, to implement such stacks as a
symmetrical passivation scheme in p-type c-Si solar cells. The mechanism of the
Si surface passivation of Al2O3-based stacks, i.e. the chemical passivation and the
field-effect passivation, has been studied on lifetime samples with lowly doped
n-type and p-type Si surfaces as well as with highly doped n-type Si surfaces. The
investigations considered also the impact of process conditions on the surface pas-
sivation performance, for instance cleaning steps and/or subsequent temperature
steps such as annealing or firing. The Al2O3-based stacks has been implemented
in p-type c-Si solar cells as a symmetrical passivation scheme which can be seen
as an advancement of the passivated emitter and rear structure that features, in
contrast to the symmetrical passivation scheme, different passivation materials on
both surfaces types. The following conclusions can be drawn from this thesis work:

• As a first step the Si surface passivation of Al2O3 films and Al2O3/SiNx

stacks was investigated on lifetime samples with lowly doped n-type Si and
p-type Si surfaces. The focus was on studying the impact of the process
conditions such as the deposition temperature of the O3-based ALD Al2O3

films and the post-deposition temperature steps like annealing and firing.
The surface passivation was found to depend sensitively on the deposition
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temperature and the temperature during subsequent annealing or firing steps.
The obtained results suggested that the highest possible surface passivation
performance can be achieved when the deposition temperature is carefully
matched to the firing temperature which is commonly defined by the man-
ufacturing process of the solar cell (metal contact formation). Furthermore,
it was revealed that the deposition temperature significantly affected the
field-effect passivation which points out that the fixed charge density is not
a ”material constant” as it can be controlled by the deposition temperature
of the O3-based ALD process.

• The optical properties of Si solar cells are changed significantly when applying
Al2O3-based stacks at the rear side of the solar cell as was already expected
from results presented for single-layer SiO2 films in previous studies. For
instance, the efficiency increased by ∼ 0.3%abs when depositing ∼ 100 nm
thick SiO2 films on a bare Si surface. Therefore, in this work a theoretical
investigation was carried out to identify the optimal optical layer thicknesses
of the Al2O3/SiNx stack which was applied to a p-type Si Passivated Emitter
and Rear Cell (PERC) type of solar cell. It was revealed that a minimum total
thickness, i.e. the sum of Al2O3 and SiNx film thickness, of 100 nm is required
to achieve an optimal optical performance of the solar cell. One preferred
layer combination contains 15 – 30 nm thick Al2O3 films and 100 – 120 nm
thick SiNx films. This finding indicates that a relatively slow ALD process to
deposit very thin Al2O3 films can be combined with a faster PECVD process
to deposit thicker SiNx capping films.

• A successful implementation of a symmetrical passivation in p-type c-Si solar
cells requires a high level of surface passivation performance on lowly doped p-
type and highly doped n-type Si surfaces with an identical passivation scheme.
Therefore, the role of the field-effect passivation was studied on lifetime
samples with lowly doped p-type and n-type Si surfaces and passivated by
wet chemically grown SiO2 films as interlayer in Al2O3 stacks to vary the
strength of the field-effect passivation. The SiO2/Al2O3 stacks showed similar
surface passivation performances as single-layer Al2O3 films but resulted in
a higher level of chemical passivation and a factor of 1.5 lower field-effect
passivation than single-layer Al2O3 films. This shows that an identical level of
the overall surface passivation can be achieved by a combination of different
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levels of the chemical and the field-effect passivation. Furthermore, these
results pointed out that the more stable OH-terminated surface conditioning
by chemically grown SiO2 films could be used instead of an H-terminated
Si surface conditioning which is less stable in air. On lowly doped n-type
Si surfaces the high level of surface passivation performance of single-layer
Al2O3 films with a high negative fixed charge density and SiO2/Al2O3 stacks
with a slightly lower negative fixed charge density can be attributed to the
formation of an inversion layer. In a second step the surface passivation
performance was investigated on lifetime samples with highly doped n-type
Si surfaces having various doping concentrations. A high level of surface
passivation is demonstrated for SiO2/Al2O3 stacks with a positive fixed
charge density, due to the presence of ∼ 5 nm thick SiO2 films. In contrast,
a lower surface passivation performance was shown for SiO2/Al2O3 stacks
with < 5 nm thick SiO2 films due to the absence of either accumulation or
inversion conditions at the Si surface. Consequently, it can be concluded that
on highly doped n-type Si surfaces a passivation scheme with a positive fixed
charge density is really required to achieve a high level of surface passivation
by reaching accumulation conditions.

• Finally, a symmetrical passivation scheme was successfully implemented in p-
type c-Si solar cells (PERC structure). The symmetrical passivation scheme
based on ALD SiO2/Al2O3 stacks (with positive fixed charge density) re-
sulted in efficiencies of ∼ 18.9% similar to those obtained for asymmetrically
passivated solar cells. The individual current–voltage-parameters were found
to be quite different, more particularly the open circuit voltage was higher
for the symmetrical passivation scheme as a result of a higher surface pas-
sivation on the highly doped n-type Si surface and the fill factor was lower
by ∼ 1.2%abs caused by an injection dependent surface passivation on the
lowly doped p-type Si rear surface (through the formation of inversion layer).
This finding suggests that a further control of the field-effect passivation, for
instance by reducing the thickness of the SiO2 interlayer, can prevent the
detrimental effect of an injection dependent surface passivation which would
increase the fill factor by ∼ 1.2%abs and therefore, improve the efficiency of
the symmetrically passivated c-Si solar cells.
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8.2 Outlook

Throughout this thesis several recommendations for further research have already
been given and they can be summarized into the following points:

1. Investigation of the material properties and the surface passivation per-
formance of Al2O3 films/stacks prepared by high throughput deposition
techniques feasible for high-volume production of c-Si solar cells.

2. Fabrication of p-type c-Si solar cells which are symmetrically passivated
by Al2O3-based stacks and not affected by an injection dependent surface
passivation performance.

3. Fabrication of n-type c-Si solar cells with highly doped surfaces passivated
symmetrically by Al2O3-based stacks. This study should include also the
investigation of the surface passivation performance of lifetime samples with
highly doped n-type and p-type Si surfaces.

Ad 1: In previous studies it was shown that the deposition conditions, for instance
the deposition temperature or the type of reactants, affect the composition of the
passivation material and also its surface passivation performance.1,2 This kind of
study has been done for O3-based ALD Al2O3 films in Chapter 3 of this work. For
further research it is recommended to investigate also the impact of the conditions
of deposition techniques with a higher through-put than those of the ALD process
on the material properties and surface passivation performance of the Al2O3-based
stacks. These kind of deposition techniques could be for instance, atmospheric
pressure chemical vapour deposition (APCVD), plasma-enhanced chemical vapour
deposition (PECVD), spin-on techniques, physical vapour deposition (PVD) or
electro-chemical growth. Faster deposition techniques than the ALD process are
of interest particularly for high volume production of c-Si solar cells.
Ad 2: In this thesis it was revealed that symmetrically passivated p-type c-Si

solar cells, with passivation schemes having a positive fixed charge density, resulted
in similar efficiencies as obtained for an asymmetrically passivated solar cells. The
presented findings further indicate that the efficiency obtained for symmetrically
passivated Si solar cells can be further improved when suppressing the detrimental
effect of an injection dependent passivation. In this respect recommendations for
further research include the fabrication of c-Si solar cells without the effect of
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an injection dependent passivation to surpass the level of efficiency obtained for
asymmetrically passivated c-Si solar cells. This can be realized by reducing the film
thickness of the ALD SiO2 interlayer films and therefore, reducing the strength
of the positive fixed charge density.3,4 The use of an ALD process is particularly
suitable to precisely adjust the SiO2 film thickness as shown in previous studies.3

Ad 3: As introduced in Chapter 1 the use of n-type Si material is a promising way
to considerable increase the efficiency obtained by p-type c-Si solar cells. In contrast
to solar cell concepts based on p-type c-Si, concepts based on n-type c-Si require a
diffused surface to form a contact between the Si base and the metal with sufficiently
low resistant losses. Therefore, a high level of surface passivation of highly doped p-
type and n-type Si surfaces is a prerequisite to implement a symmetrical passivation
scheme of Al2O3-based stacks also in n-type c-Si solar cells. It is recommended
that a study would be carried out to consider the interaction between the specific
doping profiles, surface passivation and the strength and polarity of the fixed
charge density of the used passivation schemes. The depth profiles of the highly
doped n-type and p-type Si doped regions can be influenced by varying for instance
the process temperature which affects the surface concentration and the depth
of the doping profile. The depth of the doping profile can be also manipulated
by changing the process time or by adding/excluding gases for example oxygen
during the diffusion process. It is recommended to use Al2O3 films as a reference
for a passivation layer having field-effect passivation which based on a negative
fixed charge density and to use SiNx as reference for a passivation layer having
field-effect passivation based on a positive fixed charge density. The strength and
polarity of the fixed charge density could be varied for instance by implementing
ALD SiO2 interlayer films with a specific film thicknesses.3 Furthermore, suitable
characterization methods have to be developed to detect the strength and polarity
of the fixed charge density also on non-metallized, highly doped surfaces.
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Summary

Surface Passivation by Al2O3-based Film Stacks for Si Solar
Cells

In recent years, a main innovation in the field of p-type c-Si solar cells was
the development of a dielectric passivation layer and local contacts applied at
the rear side of the solar cell. This was a result of a highly competitive market
situation in the field of solar energy. Such solar cells feature dielectric passivation
layers on both front and rear side of the solar cell and therefore, have a significant
advantage over the established back surface field (BSF) solar cell with only SiNx

films deposited as passivation layer on the front side. The additional rear side
passivation layer leads to lower optical and electrical losses compared to the BSF
solar cells which manifests in a higher efficiency by 1%abs (∼ 5%rel). Al2O3-based
stacks were identified to be a suitable, high quality passivation scheme for the
rear side of p-type c-Si solar cells. The surface passivation performance of Al2O3

films can be attributed to a high level of chemical passivation and a high level of
field-effect passivation. The latter is caused by a high negative fixed charge density
in the Al2O3 films.

The objective of the work described in this dissertation is to obtain insight into
the mechanisms behind the Si surface passivation of Al2O3-based stacks and to
apply these stacks as a symmetrical passivation scheme in front collecting, p-type
c-Si solar cells. A symmetrical passivation involves an identical passivation scheme
on both surfaces of the solar cell and therefore, allows for simplifying the manufac-
turing process of a solar cell by simultaneously depositing the passivation layers
on both sides in one deposition tool. For this purpose, the atomic layer deposi-
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tion (ALD) process is a viable option to deposit high quality passivation films
simultaneously on both sides of a Si wafer, especially also on rough surfaces such
as the textured front surface of a c-Si solar cell. The crucial aspect with respect
to application of a symmetrical passivation scheme is to achieve a high level of
surface passivation performance on the highly doped n-type Si front and p-type
Si rear surfaces simultaneously with one passivation scheme.
As a first step the surface passivation performance of Al2O3-based stacks, which
means Al2O3 films prepared by the truly two sided O3-based ALD process, com-
bined with SiNx capping films or SiO2 interlayer films, was studied on lifetime
samples with lowly doped p-type and n-type Si surfaces. On both surface types,
stacks having a positive or negative fixed charge density resulted in a high level of
surface passivation. Furthermore, it was revealed that the field-effect passivation is
sensitive to the interplay of the deposition conditions of the O3-based ALD Al2O3

films, the used Si surface cleaning steps and the temperature during subsequent
process steps of the stacks. These findings also unveiled that the field-effect passiva-
tion of Al2O3-based stacks can be controlled by these parameters and conditions.
The optical performance of p-type c-Si solar cells with Al2O3-based stacks used as
rear side passivation scheme was studied by simulations to gain insight into the
optical improvement caused by these stacks. More specifically, the optimal optical,
individual film thicknesses of the Al2O3-based stacks were revealed.
As a second step the surface passivation performance of SiO2/Al2O3 stacks was
investigated on lifetime samples with various highly doped n-type Si surfaces. A
high level of surface passivation was demonstrated for SiO2/Al2O3 stacks having
a positive fixed charge density (due to ∼ 5 nm thick SiO2 films) by obtaining accu-
mulation conditions. In contrast SiO2/Al2O3 stacks having a negative fixed charge
density (due to < 5 nm thick SiO2 films) resulted in a lower surface passivation
performance in a certain range of doping concentrations because the negative fixed
charge density of these stacks induced no inversion conditions due the high surface
concentration of the n-type doping profile.
Finally, Al2O3-based stacks were employed as symmetrical passivation scheme in p-
type c-Si solar cells. A successful implementation was shown for ALD SiO2/Al2O3-
based stacks having a positive fixed charge density which manifested itself in
efficiencies of 18.9% which were similar to those obtained for an asymmetrical
passivation scheme. The individual current–voltage parameters were found to be
quite different: the open circuit voltage was higher for the symmetrical passivation
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scheme due to a higher surface passivation performance on the highly doped n-type
Si front surface and the fill factor was lower by ∼ 1.2%abs as a result of an injection
dependent surface passivation on the lowly doped p-type Si rear surface (due to
the formation of inversion layer). Better control of the field-effect passivation could
prevent the detrimental effect of an injection dependent surface passivation and
could be realized for instance by reducing the thickness of the SiO2 interlayers pre-
pared by ALD process. Hence, the efficiency of a symmetrically passivated p-type
c-Si solar cell could be improved and could even surpass the efficiency obtained
for asymmetrically passivated p-type c-Si solar cells.

In conclusion, this work gave more detailed insight into the application of Al2O3-
based stacks as a symmetrical passivation scheme in p-type c-Si solar cells. More-
over, a high quality passivation performance of Al2O3-based stacks was shown on
highly doped n-type and lowly doped p-type Si surfaces. Fundamental understand-
ing has been gained with respect to the field-effect passivation and the chemical
passivation which were found to be sensitive to the interplay of all process steps.
Therefore, this work has contributed to the general understanding of the surface
passivation mechanism and performance of Al2O3-based stacks and has demon-
strated the promise of Al2O3-based stacks as a symmetrical passivation scheme in
p-type c-Si solar cells.
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