
1 
 

Amorphous and crystalline silicon based 
heterojunction solar cells 



2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Printed by GVO drukkers & vormgevers B.V. | Ponsen & Looijen 
ISBN: 978-90-393-5641-8 



3 
 

Amorphous and crystalline silicon based 
heterojunction solar cells 

 
Heterojunctie zonnecellen bestaande uit amorf en kristallijn silicium 

 
(met een samenvatting in het Nederlands) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PROEFSCHRIFT 
 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR AAN DE 
UNIVERSITEIT UTRECHT OP GEZAG VAN DE RECTOR 

MAGNIFICUS, PROF. DR. G.J. VAN DER ZWAAN, INGEVOLGE 
HET BESLUIT VAN HET COLLEGE VOOR PROMOTIES IN HET 

OPENBAAR TE VERDEDIGEN OP 17 OKTOBER 2011 DES 
MIDDAGS TE 2.30 UUR 

 
DOOR 

 
Jan-Willem Alexander Schüttauf 

 
GEBOREN OP 1 FEBRUARI 1980 TE AMSTERDAM 



4 
 

Promotor:   Prof. Dr. R.E.I. Schropp 
Co-promotoren:  Dr. J.K. Rath  

Dr. W.G.J.H.M. van Sark 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work described in this thesis was financially supported by the European 
Commission (EU FP7 “Heterojunction Solar Cells based on a-Si c-Si” (HETSI), grant 
agreement no. 211821) and by the Ministry of Economic Affairs of The Netherlands: 
program EOS (Energy Research Subsidy; Agentschap NL), project QC-Passi.  



5 
 

 

Table of Contents 
 

Chapter 1 – Introduction            9 

 

1.1 Energy: A brief general introduction           9 

1.2 Photovoltaic solar energy          9 

1.3 Silicon solar cells         10  

1.3.1 Crystalline silicon solar cells       10 

   1.3.2 Amorphous and microcrystalline silicon solar cells    11 

 1.4 a-Si:H/c-Si heterojunction solar cells       13 

 1.5 c-Si surface passivation        15 

 1.6 Transparent conductive oxides       17 

 1.7  Aim and outline         18 

   

Chapter 2 – Experimental methods and concepts       21 

 

 2.1 Device design          21 

  2.1.1 Passivation samples        21 

  2.1.2 Solar cells         22 

 2.2  Deposition techniques         23 

  2.2.1 Standard rf Plasma Enhanced CVD      23 

  2.2.2 Very High Frequency Plasma Enhanced CVD     25 

  2.2.3 Hot-Wire CVD         25 

  2.2.4 rf magnetron sputtering        27 

  2.2.5 Thermal evaporation        28 

 2.3 Material characterization        28 

  2.3.1 Reflection/Transmission measurements     28 

  2.3.2 Activation energy        29 

  2.3.3 Four point probe         30 

  2.3.4 Hall effect         30 

  2.3.5 X-Ray Diffraction        31 

 2.4  Device characterization        32 

  2.4.1 Solar simulator         32 

  2.4.2 The Sinton WCT120 lifetime tester      34 

   

 



6 
 

Chapter 3 – Crystalline Silicon surface passivation by intrinsic a-Si:H    

layers deposited by three different CVD techniques    41 

 

 Abstract         41 

 3.1 Introduction        42 

3.2 Theory: Recombination mechanisms in a-Si:H/c-Si based 
heterostructures        43 

 3.2.1 Bulk recombination in c-Si     43 

 3.2.2 Surface recombination in c-Si passivated by a-Si:H  48 

3.3 Experimental details       51 

3.4 Results and discussion      52 

3.5  Conclusions        58 

 

 

Chapter 4 - Comparison of surface passivation of crystalline silicon by  

a-Si:H with and without atomic hydrogen treatment using HWCVD  59 

 

 Abstract         59 

 4.1 Introduction        60 

 4.2 Experimental details       61 

 4.3 Results and discussion      63 

 4.4 Conclusions        69 

 

Chapter 5 – The influence of thermal annealing temperature on  

passivation properties of a-Si:H layer stacks and a-Si:H/c-Si  

heterojunction solar cell performance       71 

 

 Abstract         71 

 5.1 Introduction        72 

 5.2 Experimental details       72 

 5.3 Results and discussion      75 

  5.3.1 Surface passivation      75 

  5.3.2 Solar cell results       79 

 5.4 Conclusions        82 

 

 

 



7 
 

Chapter 6 – State-of-the-Art TCO layers for Silicon Heterojunction  

Solar Cells          83
            

Abstract          83 

 6.1  Introduction        84 

 6.2 Experimental details       85 

 6.3 Results and discussion      87 

  6.3.1 Comparative TCO experiment     87 

  6.3.2 Incorporation of TCOs in SHJ solar cells   93 

 6.4 Conclusions        95 

 

References          97 

 

Summary                   107 

 

Samenvatting in het Nederlands                111 

 

Publications                   115 

 Publications within the scope of this thesis              115 

 Publications outside of the scope of this thesis             116
     

Acknowledgements (Dankwoord)                119
      

Curriculum Vitae                  123 



8 
 



9 
 

Chapter 1 
 

Introduction 
 

1.1 Energy: A brief general introduction  
 

The world energy demand is growing rapidly: the total energy consumption on earth 
is expected to increase by 0.7 – 1.4% per year in the period ranging from 2008 to 
2035, depending on the chosen energy scenario [1,2]. This increasing demand is 
mainly caused by (i) a fast growing world population (approximately 9 billion people 
in 2050 versus 6 billion in 2000 [3]) and (ii) fast economic growth in countries such 
as China and India [1,4]. Nowadays, the world energy market is dominated by fossil 
fuels, i.e. oil (40%), coal (33%) and natural gas (27%) [5]. In 2008, fossil fuels 
accounted for 81% of the total world energy consumption [1]. Due to limited 
resources and environmental impact, however, this consumption cannot be sustained 
in the long term [1,2,6], and new sources of energy generation have to be explored. 
Among these sources, renewable energy in general and solar energy in particular are 
highly promising candidates [6,7].  

 

Solar energy conversion can generally be divided into two different technologies: 
solar thermal and photovoltaics (PV). In solar thermal, energy from sunlight is 
converted into heat for domestic use or for conversion to electricity in large size 
concentrated solar power plants, whereas in PV, energy from sunlight is directly 
converted into DC electricity. In the rest of this thesis, only PV will be further taken 
into account.  

 

1.2 Photovoltaic solar energy 
 

In solar cells, sunlight is directly converted into DC electricity, using the photovoltaic 
effect which was first discovered by Becquerel in 1839 [8]. When photons are 
incident on a semiconductor, they can be absorbed in the bulk material -depending on 
the photon energy and the band gap of the material- exciting valence electrons into the 
conduction band. A high mobility facilitates the charge transport within the 
conduction band of the semiconductor material. The energy difference between 
valence and conduction band is referred to as the band gap (Eg), for which several 
operational definitions are in use. For semiconductors, typical band gap values are 
located within the visible or near infrared (NIR) part of the solar spectrum [9], which 
is most suitable to convert sunlight into electricity [10]. Semiconductor materials that 
are most commonly used for solar cell fabrication are, amongst others: Si, Ge, GaAs, 
CdTe, CdSe, Copper Indium (Gallium) Selenide (CI(G)S), as well as several organic 
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materials. In the presence of an electric field - typically created by the existence of a 
pn junction (which is formed by doping of the respective semiconductor materials) - 
charge separation can take place and photogenerated charge carriers can be extracted 
from the device. This way, (sun)light is converted into DC electricity.  

 

Over the past years, the market share of PV in global energy has increased 
substantially. In 2010, an estimated record solar cell production of 23.9 GW was 
realized; a 123% increase over 2009 [11,12]! In 2009, a cell production of 10.5 – 12.2 
GW was realized, which was a 50% increase over 2008 [11,13], leading at that time to 
a total globally installed power exceeding 20 GW [14]. The world PV market is 
expected to increase further by 33% on average per year until at least 2014 [15]. 
Recently, EPIA (together with A.T. Kearney) has developed three different growth 
scenarios for PV until 2020 [16,17]; one baseline scenario and two alternative 
scenarios, leading to a higher market share for PV. The two alternative scenarios are 
the ‘accelerated scenario’ and the ‘paradigm shift scenario’, leading to a 6% and 12% 
contribution, respectively, to the electricity consumption in Europe by the year 2020 
[17].  

 

The 2010 world energy consumption is approximately equal to 500 EJ (1 EJ = 1018 J) 
[1]. The solar constant, which is defined as the average amount of energy from the 
sunlight incident on a plane perpendicular to the direction of the photons, outside the 
earth’s atmosphere, is equal to 1366 W/m2 [18]. This leads to a total irradiation on the 
earth’s surface in the order of 1024 J, which is roughly 2000 times the actual world 
energy consumption. This clearly demonstrates that solar energy has, at least in 
theory, the potential to supply the global energy demand.  

 

1.3  Silicon solar cells 
 

1.3.1 Crystalline silicon solar cells 
 

The PV market is still dominated by crystalline silicon (c-Si) solar cells [12,19], 
especially due to the wide abundance of Si, its low cost and non-toxicity. In 2010, the 
market share of c-Si based solar cells was equal to 87% [12]. Crystalline silicon based 
PV has this impressive market share as it combines state-of-the-art production 
techniques with high (> 15%) module efficiencies, off-the-shelf manufacturing 
equipment and processing with low capital costs. Moreover, the recent spectacular 
growth of Chinese solar cell manufacturing has further decreased cell and module 
prices for c-Si [11]. On the other hand, conventional c-Si solar cells suffer from high 
(T ~ 800-900°C) processing temperatures and material usage. Both aspects are 
obviously detrimental for the production costs. In this section, several types of Si 
based solar cells will be described. 
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Table 1.1: Global PV cell production sorted by technology in 2010 (GW-dc); data 
taken from Ref. [12]. 

 

Technology Cell production (GW-dc) Market share (%) 

Standard c-Si 19.8 82.7 

Thin Film Si 1.35 5.6 

Monocrystalline Si 0.920 3.9 

CdTe 1.44 6.0 

CI(G)S 0.426 1.8 

 

An overview of the global PV cell production in 2010, sorted by technology, is shown 
Table 1.1. In this table (data taken from Ref. [12]), the high-efficiency solar cells 
produced by the companies Sanyo (HIT) and SunPower are indicated by 
‘monocrystalline Si’.  

 

The first reported c-Si solar cell was fabricated by Bell laboratories in 1954 [20] and 
had a conversion efficiency of 6%. Since then, record efficiencies have steadily 
increased and the current world record efficiency for c-Si solar cells equals 25.0% 
[21]. The fabrication of this specific cell, however, requires complicated and 
expensive process steps, such as multilayer anti-reflection schemes and diffused 
localized emitters and back surface fields (BSFs). For commercially viable c-Si solar 
cells, much cheaper processing is needed and used. Generally, cost reduction in cell 
processing is achieved by the use of (i) cheaper substrates, such as multicrystalline Si 
(mc-Si), metallurgical silicon and ribbon Si, and (ii) thinner wafers. The main 
drawbacks of mc-Si are the lower efficiencies (the record cell efficiency on mc-Si 
equals 20.3% [22]) and degradation of material quality during high T processing. The 
main drawback to the use of thinner wafers (d < 100 μm) is related to warping issues 
and even breaking associated with high temperature processing, in addition to  
material losses related to sawing. For several reasons described above, low T 
processing could (partly) solve the main issues related to the use of cheaper c-Si based 
materials.  

 

1.3.2 Amorphous and microcrystalline silicon solar cells 

 

A potentially cheap alternative to c-Si solar cells are thin film silicon based solar 
cells, consisting of hydrogenated amorphous silicon (a-Si:H) and/or hydrogenated 
microcrystalline silicon (μc-Si:H), which is also referred to as nanocrystalline silicon 
(nc-Si). Amorphous silicon has different material properties compared to c-Si. First of 
all, it has a band gap of around 1.8 eV, which is considerably higher than the band gap 
of c-Si (Eg = 1.1 eV). Furthermore, unlike c-Si, the atoms in an a-Si:H network have 
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small variations in bond length (within 1%) and bond angle (8°-13° with respect to 
the tetrahedral value of 109.5°) [23,24]. Due to these small variations, there is no 
long-range order in this material, leading to different material characteristics 
compared to c-Si. First of all, this leads to a broadening of the density of states around 
the band edges, causing electronic states just within the band gap near these edges, 
called tail states. Moreover, a-Si:H has a considerably higher number of non-bonding 
states, called dangling bonds. The main role of the hydrogen is to saturate unpaired 
valence electrons in the structure, which is referred to as passivating dangling bonds. 
Finally, the lack of long-range order leads to a relaxation of momentum conservation 
in electronic transitions [23] and thereby to a higher absorption coefficient. This latter 
aspect enables the use of considerably less material and therefore a strong potential in 
cost reduction. Another important cost reducing aspect is the fabrication temperatures 
of a-Si:H based solar cells; typically around 200°C. Many trends, however, are 
towards even lower temperatures to enable the use of cheap and flexible substrates, 
such as plastics [25] and Al foil [26]. Unfortunately, lower temperatures generally 
yield lower efficiencies. Therefore, it is a good option to deposit a-Si:H cells on a 
temporary substrate that is resistant to high temperature as well as reactive gas species 
and transfer of the cell to a permanent substrate [27,28]. 

 

The main drawbacks of a-Si:H based solar cells, however, are (i) the lower 
efficiencies compared to c-Si due to the higher defect density of the material and (ii) 
light induced degradation due to the Staebler-Wronski effect [29], leading to a relative 
decrease in efficiency up to approximately 20% for single junction a-Si:H solar cells 
[30].    

 

In its early years (the 1950s and the early 1960s) a-Si was mostly fabricated by 
sputtering, without introducing hydrogen, leading to films with high defect densities 
(>1019 cm-3) [23], preventing photoconductance and effective doping. Later on, 
hydrogen was introduced into the sputter system to serve as a passivating element, 
and these efforts led to a strong reduction of the defect density in the deposited films 
[31]. In 1965, it was discovered [32], that a-Si:H deposited by the glow discharge 
technique - using a plasma, therefore also known as Plasma Enhanced Chemical 
Vapor Deposition (PECVD) - reduced the defect density of the material even further. 
In 1975, Spear and LeComber [33] showed for the first time, that high quality a-Si:H 
films can be intentionally doped by adding either PH3 or B2H6 to the plasma, which 
had a tremendous impact regarding possible applications of a-Si:H.  

 

In 1976, the first a-Si:H based thin film solar cell was fabricated at RCA Laboratories, 
showing an efficiency of 2.4% [34]. Ever since these early years, efficiencies have 
been steadily improving and currently, the record stabilized efficiency for a single 
junction a-Si:H based solar cell equals 10.1% [35]. This cell has an intrinsic a-Si:H 
absorber layer with a thickness of 180 nm and was made by PECVD at a plasma 
excitation frequency of 40.68 MHz instead of the standard radio frequency (rf) of 
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13.56 MHz and at a deposition rate of 0.18 nm/s. The cell was deposited on doped 
ZnO:B made by Low Pressure Chemical Vapor Deposition (LPCVD).  

 

Another important advantage is the possibility to fabricate multijunction solar cells, 
using multiple absorber layers with a different band gap. The most commonly 
fabricated multijunction thin film Si solar cells consist of an a-Si:H top cell and a μc-
Si:H bottom cell [36,37]. Triple junction solar cells, in which the absorber layers 
consist of a-Si:H (top cell), a-SiGe:H or μc-Si (middle cell) and a-SiGe:H or μc-Si:H 
(bottom cell), are also studied [38-41].  

  

Microcrystalline silicon (also called nanocrystalline silicon (nc-Si)) can be considered 
as a two-phase material, consisting of small (d < 20 nm) crystallites embedded in an 
a-Si:H matrix [42]. It has a band gap of 1.1 eV, similar to c-Si. The material was first 
described by Veprek and Marecek [43] in 1968. The first solar cell with an intrinsic 
absorber layer consisting of μc-Si:H was fabricated in 1994 by Meier at the Institute 
of Microengineering (IMT) in Neuchâtel, Switzerland [44] and showed a conversion 
efficiency of 4.6%. At this moment, the highest reported efficiency for a single 
junction solar cell with a μc-Si:H absorber layer equals 10.1% [45]. For a-Si:H/ μc-
Si:H double junction (tandem) solar cells, the stabilized record efficiency is equal to 
11.9% [46]. For a-Si:H/ μc-Si:H /μc-Si:H triple junction solar cells, a stabilized record 
efficiency of 12.5% has been obtained [40]. All record efficiencies listed in this 
section are independently confirmed and can be found in Ref. [47]. 

 

1.4 a-Si:H/c-Si heterojunction solar cells 
 

A very successful approach in which c-Si and a-Si:H are combined are a-Si:H/c-Si 
heterojunction (SHJ) solar cells. In these cells, the base material, in which the sunlight 
is absorbed, consists of c-Si and the emitter and BSF are made by depositing thin 
films consisting of a-Si:H. The use of thin films which serve as emitter and BSF has 
several advantages. First of all, these thin films can easily be fabricated at 
temperatures below 200°C, whereas junction formation in conventional c-Si solar 
cells is usually done by a thermal diffusion step, for which temperatures of 800-900°C 
are needed [48]. These lower temperatures (i) enable the use of thinner wafers (< 100 
μm), avoiding warping issues associated with more traditional high temperature 
processing and (ii) strongly reduce the thermal budget of the production process. 
Furthermore, SHJ solar cells have a lower temperature coefficient than conventional 
c-Si solar cells, which means that the nominal power output at typical operating 
temperatures (60-80°C) compared to standard test conditions (STC; 1000 W/m2, 25°C 
and AM1.5 illumination [49]) is more favorable for SHJ solar cells [50]. Another 
important advantage compared to conventional c-Si cells is the possibility to deposit a 
thin intrinsic layer before depositing the doped a-Si:H emitter and BSF layers. Sanyo 
first introduced this concept [51] and their excellent results have inspired many other 
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groups to focus on this approach as well. Due to a reduced density of defect states at 
the a-Si:H/c-Si interface, this concept allows for open circuit voltage (VOC) values 
exceeding 720 mV [52,53].  

 

The first report on a-Si:H/c-Si heterojunction devices was made by Fuhs et al in 1974 
[54]. The first SHJ solar cell was reported by Okuda et al in 1983 [55] and showed a 
conversion efficiency of approximately 9%. In 1991, Sanyo first introduced and 
patented the concept of depositing a thin intrinsic layer on the c-Si wafer before 
depositing the oppositely doped emitter [51], leading to lower recombination losses at 
the amorphous-crystalline interfaces and thereby a better cell performance. Especially 
this breakthrough encouraged many research groups to start investigating the concept 
of SHJ solar cells. Ever since the early 1990s, Sanyo has been leading the efficiency 
tables for SHJ cells. In 2009, Sanyo achieved a conversion efficiency of 23% with a 
VOC of 729 mV on a cell area of 100.5 cm2 [52]. Their a-Si:H films are deposited by 
standard rf PECVD. Currently, several European groups are approaching this record 
value, especially the company Roth & Rau and the French National Institute for Solar 
Energy (INES). Roth & Rau obtained a conversion efficiency of 21.0% on 4 cm2 [53] 
and 19.3% on 148 cm2 [56], using rf PECVD. INES [57] obtained an efficiency of 
19.5% on 148 cm2. Unfortunately, none of these groups reveal many further details 
about their fabrication processes. At IMT in Neuchâtel, a conversion efficiency of 
20.3% has been obtained on 4 cm2, using very high frequency (VHF) PECVD and in-
situ plasma diagnostics to correlate plasma properties, in particular the silane 
depletion fraction, to the passivation properties of a-Si:H layers on c-Si [58]. All SHJ 
solar cell efficiencies exceeding 20% have been obtained on textured n-type float 
zone (FZ) c-Si wafers. Textured wafers are used to increase the effective path length 
of light in the c-Si wafer, thereby enhancing light absorption and thus the 
photogenerated current density.  

 

The highest reported efficiency on p-type c-Si wafers (η = 19.3%) has been obtained 
by the National Renewable Energy Laboratory (NREL) for SHJ cells on textured FZ 
c-Si [59]. Another important feature of the cells made by NREL is, that the a-Si:H 
films were all deposited by Hot-Wire CVD (HWCVD). At Tokyo Institute of 
Technology, an efficiency of 18.5% has been obtained on p-type wafers using a thin 
intrinsic a-SiOx:H passivating layer deposited by VHF PECVD on the FZ c-Si wafer 
before depositing the (n+) a-Si:H emitter [60]. No details on the texturing are given.  

 

The fact that SHJ solar cells have been more efficient on n-type than on p-type c-Si 
can predominantly be ascribed to the more favorable band offsets of (p) a-Si:H/(n) c-
Si heterostructures compared to its oppositely doped counterpart. In a-Si:H/c-Si 
heterostructures, the band offset between a-Si:H and c-Si at the valence band (ΔEV), is 
larger than at the conduction band (ΔEC) [61]. In Figure 1.1 a schematic overview of 
the band diagram of SHJ cells on n-type c-Si is given. 
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Figure 1.1: Schematic band diagram of SHJ cells on n-type c-Si wafers. Modified 

from [62]. 

 

In SHJ cells on n-type wafers, holes are collected on the front side and electrons on 
the back side of the cell. On the front side, the valence band offset leads to a potential 
barrier in which the holes can be trapped, which might limit their photogenerated 
carrier transport. On the other hand, the holes may be able to tunnel through this 
potential barrier [62,63]. On the back side, holes (the minority charge carriers) are 
effectively screened from the back a-Si:H/c-Si interface due to the large ΔEV, which 
strongly reduces surface recombination. Furthermore, electron transport on the back 
side is hardly hindered by the low ΔEC.  

 

In SHJ cells on p-type wafers, electrons are collected on the front side and holes on 
the back side. On the front side, carrier collection is more efficient than for SHJ cells 
on n-type wafers, although the built-in voltage is lower due to the less pronounced 
band bending, leading to lower open circuit voltages (VOC) [62]. On the back side, 
electrons (the minority charge carriers) are less effectively screened from the back 
a-Si:H/c-Si interface compared to cells on n-type wafers due to the small ΔEC. For this 
reason, surface recombination is less effectively reduced in this case.  

 

For the reasons described above, it was chosen to focus this research entirely on SHJ 
cells made on n-type c-Si wafers.  

  

1.5 c-Si Surface passivation 
 

Surface passivation is a key requirement in optimizing the performance of several 
types of c-Si based solar cells, in particular SHJ cells. High quality surface 
passivation leads to reduced recombination losses at the a-Si:H/c-Si interface, which 
enables SHJ solar cells to have VOC values exceeding 720 mV. Generally, surface 
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passivation is ascribed to two different phenomena, namely chemical passivation and 
field effect passivation. The former is caused by a reduction of defect states at the 
a-Si:H/c-Si interface, the latter by repulsion of minority charge carriers from the 
interface by fixed charges. Different models (e.g. the Garín model [64], the Olibet 
model [65] and the Leendertz model [66,67]) have been proposed to fit injection level 
dependent surface recombination velocity (SRV) or minority carrier lifetime data to 
estimate the dangling bond density (NDB) and the fixed charge density (QS) at the 
interface. More information about these models is given in Chapter 3 of this thesis. 

 

Various materials have been studied for c-Si surface passivation. An extensive 
overview of these materials and their particular advantages and drawbacks is given in 
Chapter 3. For low temperature (T < 200°C) processing in general and SHJ solar cell 
fabrication in particular, a-Si:H is still the best and most widely used material. For 
a-Si:H layers with a thickness around 50 nm, extremely low surface recombination 
velocities (SRV ~ 1-3 cm/s) have been obtained by several deposition techniques [68]. 
These results are described in Chapter 3.       

 

An important challenge in SHJ solar cell fabrication is to find the optimal trade-off 
between interface recombination, carrier collection and reducing absorption losses. 
Finding this balance is predominantly done by accurate tuning of layer thicknesses, 
doping levels and profiles, hydrogen dilution and thermal annealing. After having 
investigated the interface passivating properties of ~50 nm thick intrinsic a-Si:H films 
(see Chapter 3), thinner (~ 5 nm) intrinsic films, combined with doped a-Si:H, have 
been tested for the incorporation into SHJ solar cells. These results are described in 
Chapter 5 of this thesis.   

 

Besides surface recombination required to be as low as possible, other recombination 
mechanisms should also be minimized, viz. bulk recombination. Bulk recombination 
is predominantly governed by three different recombination mechanisms, i.e. 
Shockley-Read-Hall recombination [69,70], Auger recombination [71] and radiative 
recombination [72].  

 

Shockley-Read-Hall (SRH) recombination accounts for recombination through defect 
states within the band gap and is mostly dependent on the quality of the used c-Si 
substrates. Radiative recombination is basically the inverse process of generation: An 
electron in the conduction band and a hole in the valence band recombine, thereby 
releasing the excess energy as a photon. In c-Si, radiative recombination rates are low 
due to the indirect band gap of the material, which requires the coupling with a 
phonon for momentum conservation. In Auger recombination, an electron and a hole 
recombine, transferring the excess energy to a third carrier -either an electron in the 
conduction band or a hole in the valence band- to energy states deeper in the 
respective band. This excess energy is subsequently released to the crystal lattice in 
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the form of heat. At illumination levels around 1000 W/m2 and for the high quality 
c-Si substrates that have been used to obtain the results described in this thesis, Auger 
recombination is the predominant recombination mechanism (see section 3.2.1). 
These bulk recombination mechanisms will be discussed (and also modelled) more 
elaborately in Chapter 3.  

 

1.6 Transparent Conductive Oxides 
 

In all types of solar cells containing a-Si:H, Transparent Conductive Oxide (TCO) 
layers play an important role. In these solar cells, the TCO layer is crucial for efficient 
charge carrier collection and light trapping as well as good window properties, i.e. 
optical transparency. Several materials and deposition methods can be used to 
fabricate such layers. The most important materials for incorporation in SHJ solar 
cells are Indium Tin Oxide (ITO) [73,74], Aluminum doped Zinc Oxide (ZnO:Al, 
AZO) [75-77] and Boron doped Zinc Oxide (ZnO:B) [73,78]. The most important 
deposition techniques are rf and dc magnetron sputtering (for both ITO and ZnO:Al) 
and LPCVD for ZnO:B. For TCO layers, high transparencies in the visible and near-
infrared part of the solar spectrum (T > 85% for 400-1100 nm) as well as high 
conductivities (ρ < 10-3 Ω cm) are required. On the other hand, the thickness of these 
films is limited (mostly to 80 – 100 nm) in order to provide an effective anti-reflection 
coating. In case of thinner wafers, TCO films can additionally be used for efficient 
light trapping.  

 

Optimizing TCO layers mostly consists of increasing the electron mobility, whereas 
the ideal free carrier density of the TCO is a trade-off between a high conductivity 
and a low free carrier absorption (FCA) in the near-infrared (NIR) part of the solar 
spectrum, which limits the optical transparency.  

 

Generally, ITO films show the best conductivities, whereas the optical transparency is 
also sufficiently high. The most important drawback for ITO is the relative scarcity of 
indium [79] and therefore also its cost. Zinc is considerably more abundant and 
therefore ZnO is preferred in terms of cost and availability. The mobilities of ZnO 
films, however, are lower than for ITO, which limits their application to high 
efficiency solar cells. ZnO:Al is still the most commonly used material for thin film 
silicon based solar cells. ZnO:B has several potential advantages over ZnO:Al, 
especially due to the higher mobilities, the enlarged parameter space in optimizing 
layer fabrication -which can be used to strongly reduce the FCA- and naturally grown 
texture [73]. An important drawback, on the other hand,  is the necessity of very thick 
(1-5 μm) films to benefit from these advantages, obviously increasing material usage 
and therefore cost. In Chapter 6 of this thesis, a comparison of different types of TCO 
layers, made by several deposition techniques by different groups within the EU 
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HETSI [80] project is presented. Also, the influence of TCO deposition on passivation 
properties of a-Si:H, as well as SHJ cell performance are addressed.    

 

1.7 Aim and outline 
 

In this thesis, research on SHJ solar cells performed at Utrecht University is 
presented. The main focus of this research is on c-Si surface passivation by thin 
intrinsic a-Si:H layers deposited by various methods, and also the influence on 
passivation of layer stacks consisting of intrinsic and doped a-Si:H. Furthermore, 
transparent conductive oxide (TCO) layers consisting of different materials, fabricated 
by different deposition methods in different laboratories have thoroughly been 
characterized and compared. Finally, based on the newly obtained insights, SHJ solar 
cells have been fabricated.  

 

In Chapter 2, the experimental methods and concepts used to obtain the results as 
presented in this thesis are described. In Chapter 3, high quality surface passivation of 
c-Si wafers by intrinsic a-Si:H layers deposited by three different deposition methods 
is demonstrated and analyzed. Thermal annealing at 200°C in N2 is demonstrated to 
reduce surface recombination velocities by two orders of magnitude if the a-Si:H 
films are deposited at low (T~130°C) temperatures. Chemical surface passivation is 
identified as the predominant mechanism upon this spectacular improvement, whereas 
the surface charge density is hardly affected. No significant differences between 
different deposition techniques are observed as far as passivation properties are 
concerned. In Chapter 4, the influence of an atomic hydrogen treatment prior to the 
deposition of a-Si:H layers onto c-Si wafers is described and discussed. For this 
purpose, molecular hydrogen (H2) has been dissociated into atomic hydrogen (H) by 
HWCVD. For the used parameter space, a detrimental effect of hydrogen treatment 
has been observed due to an increased defect density at the a-Si:H/c-Si interface. 
Chapter 5 discusses the influence of doped a-Si:H films on surface passivation 
properties and SHJ solar cell performance. In this chapter, a record minority carrier 
lifetime of 13.3 ms at a minority charge carrier density of 1015 cm-3 has been obtained 
for a surface passivating layer stack consisting of intrinsic/n-type a-Si:H after 
annealing at T = 255°C. For layer stacks consisting of intrinsic/p-type a-Si:H, on the 
other hand, annealing temperatures exceeding 150°C have already been observed to 
be detrimental for surface passivation of c-Si. This difference is attributed to the 
asymmetric defect formation enthalpy counteracting doping in n-type and p-type 
a-Si:H. Finally, solar cell results are demonstrated and an efficiency of 16.7% with a 
Voc of 681 mV for a 1x1 cm2 heterojunction solar cell on polished c-Si is presented 
based on a modified device processing order, which is a considerable improvement 
compared to the ‘standard’ processing order for which an efficiency of 15.8% was 
obtained. In Chapter 6, a comparison of transparent conductive oxide (TCO) layers 
made of different materials (i.e. ITO, ZnO:Al and ZnO:B) by different deposition 
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techniques is presented. Furthermore, the influence of ITO and ZnO:Al rf magnetron 
sputtering deposition on the c-Si surface passivating properties of the a-Si:H (i/p) 
emitter structure is investigated. Finally, SHJ solar cells with both types of TCO are 
demonstrated and compared.   
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Chapter 2 
 

Experimental methods and concepts 
 

In this chapter, the experimental methods and concepts that have been used to obtain 
the results described in this thesis are discussed. First, the design of the different 
devices used throughout this thesis is explained (section 2.1). In section 2.2, the 
different deposition methods used for layer and contact fabrication are discussed. In 
section 2.3, the different techniques for material characterization are addressed and 
finally, in section 2.4, the methods used for device characterization are explained.  
 

2.1 Device design 
 

Throughout this thesis, the performance of two different types of devices has been 
studied. The first type of device is what will be called passivation samples. The 
second type of devices are amorphous and crystalline silicon based heterojunction 
(SHJ) solar cells.   

 

For all samples, we use n-type double sided polished (DSP) c-Si wafers with a 
thickness of ~275 µm and a resistivity of 2-3 Ω cm. We use both <100> and <111> 
oriented c-Si substrates.   

 

2.1.1 Passivation samples 
 

First, we have studied c-Si wafers that are coated on both sides by a-Si:H based thin 
films to investigate the passivation properties of such layers or layer stacks on c-Si. 
As discussed in section 1.5, surface passivation is a crucial requirement in optimizing 
the performance of a-Si:H/c-Si based heterojunction solar cells and therefore, 
optimizing these passivation properties is considered to be a very important step for 
solar cell fabrication. A schematic overview of such a sample is shown in Figure 2.1.  
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Figure 2.1: Schematic overview of a passivation sample. The a-Si:H can either 
consist of a single a-Si:H layer, or a layer stack consisting of more films. 

 

2.1.2 Solar cells 

 

In this section, the structure of the solar cells studied in this thesis is described. The 
base material of the cell consists of a c-Si wafer. On both sides of the wafer, a thin (d 
~ 5 nm) intrinsic a-Si:H layer is deposited for surface passivation. This layer has to be 
very thin to enable transport of charge carriers through it. On the front side of the cell, 
a thin film of a-Si:H with opposite doping type to the c-Si wafer is deposited, called 
the emitter layer. The role of this emitter layer is the formation of the pn junction in 
the cell, which creates the desired band bending in the c-Si wafer close to the a-
Si:H/c-Si interface and thereby enables charge separation. On the back side of the 
cell, a thin film of a-Si:H with the same type of doping as the c-Si wafer is deposited, 
creating the back surface field (BSF). The main role of this structure is to repel 
minority charge carriers from the back side of the cell, thereby further reducing 
recombination losses at the back surface of the c-Si wafer. On top of the emitter layer, 
an approximately 80 nm thick TCO layer is deposited, which serves as an anti-
reflection coating and enables good (ρ < 10-3 Ω cm) lateral conduction to reduce 
series resistance losses. For this TCO layer, both ITO and ZnO:Al have been used for 
the cells reported in this thesis. The TCO layers are deposited through custom masks 
defining the solar cell size of 1 cm2. On top of the TCO film, silver contacts are 
evaporated through another metallic mask, which defines the size and shape of the 
metal coverage on top of the cells. On the back side, the cell is entirely covered with a 
TCO film and thermally evaporated silver. A schematic overview of the solar cells is 
given in Figure 2.2.  
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Figure 2.2: Schematic overview of amorphous and crystalline silicon based 
heterojunction solar cell on n-type c-Si (laboratory type cell). 

 

2.2 Deposition techniques 

 

For the fabrication of the a-Si:H layers described in this thesis, several chemical vapor 
deposition (CVD) techniques have been used and compared. In these CVD methods, 
SiH4 and H2 are typically used as source gases. For doped layers, PH3 (n-type) and 
B(CH3)3 (p-type), the latter called trimethylborane (TMB), are used to incorporate the 
dopant atoms. For p-type doping, B2H6 can also be used; see i.e. [81] and [82]. In the 
next three subsections, the different CVD methods that have been used are discussed. 
In section 2.2.4, rf magnetron sputtering is addressed, which has been used for the 
fabrication of TCO layers [74,75,83] and in section 2.2.5, thermal evaporation is 
explained.  

 

2.2.1 Standard rf Plasma Enhanced CVD 

 

Standard rf Plasma Enhanced CVD (rf PECVD) is the deposition technique that is 
most commonly used in industry to fabricate thin film solar cells consisting of a-Si:H 
and μc-Si:H (the latter material also called nanocrystalline silicon; nc-Si:H). It is a 
glow discharge technique in which a plasma is maintained between two parallel plates 
at an excitation frequency of 13.56 MHz by an rf power source. One of the two 
parallel plates is powered and the other one, on which the substrate is mounted, is 
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grounded. The powered electrode usually has a somewhat smaller area than the 
grounded electrode, causing a small dc bias voltage Vdc between both parallel plates 
[84,85]. This Vdc, however, is small compared to the plasma potential for industrially 
used reactor designs. For standard laboratory reactors, the opposite is true (see Figure 
2.3). After a silicon-containing gas mixture has entered the reactor chamber, the 
plasma is ignited, and sustained by the oscillating electric field between the two 
parallel plates. In the discharge process, electrons that are accelerated by the electric 
field dissociate the gas molecules into free radicals, atoms and molecules, both 
positive and negative ions, and electrons [42,85]. Subsequently, the formed radicals, 
ions and molecules undergo secondary reactions, which have a substantial effect on 
the electronic and structural properties of the deposited layers. In the plasma, the 
electrons are driven more easily to the electrodes of the reactor compared to other 
species due to their lower mass, causing a net electric field between the center of the 
plasma and the grounded substrate leading to a time averaged potential difference Vpl. 
A schematic overview of the time averaged potential distribution within a laboratory 
scale PECVD reactor is shown in Figure 2.3.  

 

The regions between the electrodes and plasma bulk in which the electric field is 
present are referred to as sheaths. In these regions, positive ions are attracted towards 
the electrodes, causing ion bombardment [85]. Negative ions are trapped in the center 
and may eventually form dust [42,85]. On the substrate, surface reactions and the 
subsurface release of hydrogen molecules as well as the relaxation of the silicon 
matrix finally take place [42].                         

 

 

 
 

Figure 2.3: Schematic overview of the time averaged potential distribution in a 
laboratory scale PECVD reactor. 
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The rf PECVD depositions have been carried out in two different systems; the 
PASTA (Process equipment for Amorphous Silicon Thin-film Applications) [86] 
system and the PILOT (Photovoltaic Integrated Large area devices based On Thin 
films) system [87]. The PASTA is a multi-chamber high vacuum deposition system 
with load lock. In this system, intrinsic a-Si:H layers can be deposited by both rf 
PECVD and HWCVD on substrates with a size up to 10 x 10 cm2 (see section 2.2.3 
for further details). Doped layers are only deposited by rf PECVD. The PILOT system 
consists of two process chambers plus a load lock. One process chamber is used for 
the doped layers (only PECVD) and the other chamber for the intrinsic layers. The 
intrinsic layers can be deposited either by PECVD or HWCVD on substrates with a 
size up to 30 x 40 cm2.                 

                                                                                                                                                                        

2.2.2 Very High Frequency Plasma Enhanced CVD 

 

Very high frequency plasma enhanced CVD (VHF PECVD) is another PECVD 
technique that has attracted much attention [88]. Compared to standard rf PECVD, the 
plasma excitation frequency is typically in the range of ~25-100 MHz, enabling 
higher deposition rates while maintaining device quality material. Furthermore, lower 
ion energies are obtained and therefore ion bombardment is reduced [42,85]. A minor 
drawback to this technique is the reduced homogeneity on very large areas due to the 
finite wavelength effect, but several adaptations to the reactor design are possible to 
reduce the inhomogeneity [85].  

 

All VHF PECVD layers described in this thesis have been made in the ASTER 
(Advanced Silicon Thin film Experimental Reactor) system [89]. The ASTER is a 
multi-chamber high vacuum deposition system with load lock, a parking chamber  
and four processing chambers in which both intrinsic and doped a-Si:H and μc-Si:H 
layers can be deposited on substrates with a size up to 10 x 10 cm2. The intrinsic 
layers described in this thesis have been fabricated at a plasma excitation frequency of 
60 MHz, whereas the doped layers have been made at 50 MHz.       
 

2.2.3 Hot-Wire CVD 

 

An upcoming novel CVD technique is hot-wire CVD (HWCVD). In this technique, 
source gases are catalytically decomposed at a resistively heated filament, usually 
consisting of W or Ta. HWCVD was first introduced and patented by Wiesmann as 
thermal CVD [90]. This first report, however, did not attract much attention, as the 
described results were not very encouraging. Later on, as the quality of the deposited 
a-Si:H films strongly improved [91-94], the technique attracted an increasing amount 
of interest and the research field started to grow significantly.  
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At the filament surface, SiH4 molecules are dissociated into one silicon and four 
hydrogen radicals via the following hydrogen abstraction mechanism [95]:  

 

4 3 2 2 3 4SiH SiH H SiH H SiH H Si H          (2.1) 

 

Typical filament temperatures used in this technique roughly vary between 1400°C 
and 2100°C [96]. At temperatures below 1800°C, SiH4 molecules are not fully 
decomposed into Si and H radicals, but also SiH3 and SiH2 radicals will be created by 
the filaments [95]. After decomposition, depending on the mean free path and 
filament-substrate distance in the reactor, the Si and H radicals may undergo 
secondary reactions, leading to different growth precursors [96,97]. Therefore, these 
reactions strongly determine the properties of the deposited films. Finally, surface 
reactions and the subsurface release of hydrogen take place at the film on the 
substrate, after which the silicon matrix relaxes and the layer is formed.   

 

The HWCVD layers described in this thesis have been made in the PASTA system 
[86,98] and in the PILOT system [87], in which an in-line HWCVD mode is 
available, enabling the use of moving substrates [99]. A schematic overview of a 
HWCVD reactor is depicted in Figure 2.4. All results described in this thesis have 
been obtained using two parallel Ta filaments. In the PASTA system, with stationary 
substrates, a shutter is placed in front of the substrate, to enable thermal equilibration 
before starting the deposition.  

 

HWCVD has several potential advantages compared to PECVD methods. First of all, 
there are no limitations to the scalability of this technique due to the finite wavelength 
effect, which is the case in PECVD methods. Secondly, no ions are bombarding the 
growing film, which could lead to detrimental film properties or could damage the 
used substrates. Thirdly, the substrate holder is not part of the decomposition 
mechanism, which facilitates the use of moving substrates [99].  

 

Finally, HWCVD has a higher gas utilization compared to PECVD techniques and 
higher deposition rates can be achieved. Two important drawbacks of the technique 
are (i) filament ageing and (ii) limited independent control of the substrate 
temperature due to radiation from the filaments.  
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Figure 2.4: Schematic overview of a HWCVD reactor, modified from [100]. 

 

2.2.4 rf magnetron sputtering 

 

The TCO films described in this thesis that were made at Utrecht University, were 
prepared by rf magnetron sputtering using ceramic targets. For ITO depositions, a 
target consisting of In2O3:Sn2O3 (10%) was used. For ZnO:Al deposition, a target 
consisting of ZnO:Al2O3 (2%) was used. The deposition conditions for the best TCO 
films can be found in Chapter 6 of this thesis. 

 

In the sputtering process, atoms are ejected from the target surface by highly energetic 
ion bombardment. In the rf magnetron sputtering process, these ions (Ar+) are 
accelerated towards the target in the cathode sheath of the Ar containing plasma. The 
TCO target serves as cathode, whereas the grounded substrate serves as anode.  By 
using a magnetic field, the Ar plasma is confined in a torus-like shape close to the 
target due to which it can be maintained at very low (p < 10-5 mbar) pressures. Such a 
low pressure is needed to prevent further collisions of the sputtered atoms between 
target and substrate [83].  

  

All TCO depositions performed at Utrecht University were carried out in the SALSA 
(Sputtering Apparatus for Light Scattering Applications) system. The system consists 
of a load lock and a process chamber in which four different round targets (diameter = 
7 inch) are mounted. Both chambers have a background pressure below 10-7 mbar. 
More details about the SALSA system can be found in Ref. [83].  
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Besides the layers made at Utrecht University, TCO layers made by other groups have 
also been studied (see Chapter 6). Except for ITO and ZnO:Al layers made by rf 
magnetron sputtering, we also studied ITO and ZnO:Al layers made by dc magnetron 
sputtering, and ZnO:B layers made by low pressure CVD (LPCVD). More 
information about the LPCVD technique can be found in Ref. [101].  

 

2.2.5 Thermal evaporation 

 

All metal contacts on devices and layers have been made by thermal evaporation of 
silver. Silver rods (99.99% purity) are put into a tungsten boat. Tungsten is used for 
this purpose, as it has a very high (T = 3380°C) melting point [102]. By passing a 
current through the boat, the boat is resistively heated and the silver evaporates. The 
substrate holder is put at several tens of centimeters above the boat. Due to the low (p 
< 10-5 mbar) pressure in the evaporator, combined with the distance between the boat 
and the substrate, the substrate is kept at moderate (T < 100°C) temperatures, 
compatible with thin film silicon based solar cell fabrication. To define the size and 
shape of the contacts, specific metallic shadow masks are used.  

 

2.3 Material characterization 
 

2.3.1 Reflection/Transmission measurements 

 

Two different setups have been used to obtain reflection and transmission spectra of 
the different samples. For a-Si:H layers, an ‘RT-Mini’ setup has been used, whereas 
for TCO films a UV-VIS spectrometer has been used. In this section, both setups are 
briefly explained. 

 

The RT-Mini setup 

 

In the RT-Mini setup, specular reflection and transmission spectra are recorded 
simultaneously at the same position (diameter = 1 mm) in the wavelength range from 
380 nm to 1050 nm by two photodiode array spectrometers. From the reflection and 
transmission data the n and k values (the real and imaginary part of the refractive 
index), as well as the absorption coefficient α (which is directly related to k) can be 
calculated by the software program ‘SCOUT’ [103]. In this program, a mathematical 
description of the optical properties versus photon energy for the material under study 
based on the OJL model [104] is incorporated. This model assumes a square root 
dependent density of states distribution within the valence and conduction band of an 
amorphous semiconductor and an exponential dependence in the tail regions. The 
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model is used to calculate values for n and k, and α from the measured 
reflection/transmission data.  

 

The UV-VIS spectrometer 

 

In the UV-VIS spectrometer (Perkin-Elmer Lambda 2S) equipped with an integrating 
sphere, reflection and transmission (wavelength range from 200 nm to 1100 nm) are 
recorded. This enables the distinction between specular, total, and diffuse reflection 
and transmission. Another advantage compared to the RT-Mini setup is the possibility 
to measure in the UV (down to 200 nm). A drawback, on the other hand, is that 
reflection and transmission spectra cannot be measured simultaneously, since the two 
types of measurement require a different configuration of the setup. More information 
and background on the UV-VIS spectrometer can be found in Ref. [83].  

 

2.3.2 Activation energy 

 

The activation energy of the dark conductivity in a semiconductor is defined as the 
absolute value of the distance of the Fermi level to the nearest band edge (either the 
valence or the conduction band). The value of the activation energy (Ea), combined 
with the value of the band gap (Eg), thus gives an indication of the position of the 
Fermi level relative to the band edges of the respective layer. The activation energy of 
the dark conductivity is determined from the slope of the Arrhenius plot as obtained 
from temperature dependent dark conductivity measurements in vacuum (p < 10-5 
mbar) on thin films deposited on highly resistive glass (e.g. Corning Eagle XG). The 
conductivity is determined by measuring the current when a voltage is applied over 
two coplanar electrical contacts on top of the film, according to Equation 2.2:     

 

I w

V ld
          (2.2) 

 

In Equation 2.2, σ denotes the conductivity of the film, V the applied voltage, I the 
measured current, w the distance between the two parallel coplanar contacts, l the 
length of the contacts and d the thickness of the film. In our experiments, w = 0.5 mm 
and l = 20 mm. For intrinsic a-Si:H films, a voltage of 100 V is used, for p-type 
a-Si:H films, a voltage of 10 V is used and for n-type a-Si:H layers, 1 V is used. The 
conductivity depends on temperature according to Equation 2.3.  

 

0( ) exp( )aE
T

kT
  

        (2.3) 
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In this equation, σ(T) denotes the temperature dependent conductivity, σ0 the 
conductivity prefactor, k Boltzmann’s constant, T the absolute temperature and Ea the 
activation energy of the dark conductivity. From the slope of the Arrhenius plot, Ea 
can be determined according to Equation 2.4, which can be derived from Equation 2.3 
by taking the natural logarithm on both sides of the equation: 

 

0ln[ ( )] ln[ ] aE
T

kT
         (2.4) 

 

2.3.3 Four point probe 

 

The sheet resistances of TCO layers described in this thesis have been measured using 
a four point probe setup. Four probes are aligned parallel at fixed distances. A 
constant current runs through the two outer probes and the voltage is measured 
between the two inner probes. From the applied current and measured voltage, the 
sheet resistance can be calculated according to Equation 2.5:  

 

ln 2

V
R

J


         (2.5) 

 

The specific resistivity can be calculated by multiplying the sheet resistance and film 
thickness. Compared to typical sheet resistance values of the measured TCO films (R□ 
~ 2 - 150 Ω□), resistances of the external circuit can be neglected.  

 

2.3.4 Hall effect 

 

Hall effect measurements have been performed to determine the electron mobility 
(μe), free electron concentration (n) and resistivity (ρ) of TCO layers. On four edges of 
a TCO film deposited on glass, connections are made to electrical probes on a sample 
holder by a conductive silver paste. By using the so-called Van der Pauw 
configuration [105], it is possible to determine μe, n and ρ, irrespective of the sample 
configuration (see figure 2.5).  

 

During Hall effect measurements, the sample holder is placed in a magnetic field 
generated by two parallel coils. Subsequently, a current is generated between two of 
the four probes. Due to the magnetic field, the moving charge carriers will be 
deflected towards the sides by the induced Lorentz force. As a consequence, the 
majority charge carriers will accumulate at one side of the sample, thereby creating a 
potential difference between the two opposite sides. This potential difference is called 
the Hall voltage and can be expressed as:  
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H

IB
V

nqd
         (2.6) 

 

In this equation, I denotes the current through the sample, B the magnetic field 
strength to which the sample is exposed, n the free carrier concentration, q the 
elementary charge and d the thickness of the TCO layer. From the generated current, 
the Hall voltage and the layer thickness, the free carrier concentration n can be 
determined. The resistivity of the sample can be determined using the Van der Pauw 
method as described in Ref. [105]. From the measured resistivity and free carrier 
density, the mobility can be calculated according to: 

 
1 qn           (2.7) 

 

In this equation, μ denotes the mobility and ρ the resistivity of the TCO film.   

 

 
 

Figure 2.5: Schematic overview of Van der Pauw configuration for an arbitrarily 
shaped sample. 

 

2.3.5 X-Ray Diffraction 

 

X-Ray Diffraction (XRD) measurements are performed to measure the crystal 
structure (size and orientation) of different TCO layers studied within the scope of 
this thesis. The incoming X-rays (λ = 0.15428 nm; coming from the Kα radiation of a 
copper anode) are diffracted at the crystal lattices in the film according to Bragg’s 
law:  

 

2 sin( )d          (2.8) 
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In this equation, d denotes the distance between the parallel crystal planes and θ the 
angle between the sample and the X-ray beam. The measurements are performed in 
the θ-2θ configuration, which means that the detector is placed at an angle of 2θ with 
respect to the incident beam. XRD measurements are usually shown as a function of 
2θ. In principle, the crystal orientations present in the material can be calculated using 
the lattice constant(s) of the material and the measured interplanar crystal distance 
[83], but in practice, peaks in the XRD patterns are more commonly identified using 
standard lookup tables for the relevant materials. 

 

From the FWHM (Full-Width at Half Maximum), the average grain size (γ) of the 
different crystals present in the material can be calculated according to the Scherrer 
formula:  

 

0.9

(2 )sin( )FWHM


 

       (2.9) 

 

2.4 Device characterization 
 

2.4.1 Solar simulator  

 

Dark and illuminated current density versus voltage (J-V) measurements on finished 
solar cells, as well as dark and light conductivity measurements on a-Si:H layers (both 
intrinsic and doped) deposited on glass, have been carried out using a dual beam solar 
simulator from WACOM, Japan, delivered by Voss Electronic in Germany. The 
illumination is calibrated to the AM1.5 spectrum (1000 W/m2) as described in Ref. 
[49] and the sample temperature is maintained at 25°C, according to standard test 
conditions (STC). A computer controlled Keithley 238 Ammeter is used as voltage 
source and current meter, using a four point probe configuration.  

 

The J-V behavior of solar cells measured under AM1.5 (STC) illumination can be 
mathematically described by a superposition of a standard diode equation and a light 
induced current density [48]: 

 
( )

0( ) ( ) ( 1)
sq V JR

snkT
ph

p
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R

 
         (2.10) 

 

In this equation, Jph(V) denotes the light induced current density, which is, in 
principle, voltage dependent, J0 denotes the saturation current density, q the 
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elementary charge, n the diode ideality factor, k Boltzmann’s constant, T the absolute 
temperature and Rs and Rp the series and parallel resistances of the equivalent circuit 
as shown in Figure 2.6.  

 

The series and parallel resistances (Rs and Rp) are estimated by taking the inverse 
slope of the J-V curve at V=VOC and V=0, respectively.  

 

The most important parameters that are extracted from illuminated J-V measurements 
are the open circuit voltage (VOC), short circuit current density (JSC), fill factor (FF) 
and efficiency (η). The VOC is defined as the voltage at which  J = 0 and the JSC as the  

current density at which V = 0. The FF is defined as: 

 

mpp mpp

SC OC

J V
FF

J V
        (2.11) 

 

In this equation, Jmpp and Vmpp denote the current and the voltage at the maximum 
power point (mpp), respectively. The mpp is defined as the point on the J-V curve at 
which the solar cell reaches its maximum output power. The efficiency is defined as:  

 

1.5 1.5 1.5

mpp mpp mpp SC OC

AM AM AM

P J V J V FF

P P P
         (2.12) 

 

 
 

Figure 2.6: Equivalent circuit model for silicon based solar cells, modified from 
[106]. 
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In this equation, Pmpp denotes the power density at the maximum power point and 
PAM1.5 denotes the power density of the AM1.5 spectrum (1000 W/m2). In Figure 2.7, 
a schematic overview of a J-V curve of a solar cell under AM1.5 illumination (a) as 
well as in the dark (b) is depicted. The VOC, JSC and mpp are indicated in the graph. 

From dark J-V measurements, the saturation current density J0 and the diode ideality 
factor n can be extracted using a logarithmic fit.  

 

 

Figure 2.7: Schematic graph of a J-V curve of a solar cell under AM1.5 illumination 
(a), and in the dark (b). 

2.4.2 The Sinton WCT120 lifetime tester 

The setup 

 

To assess the passivation quality of different surface passivating layer stacks 
deposited on c-Si, injection level dependent minority carrier lifetime measurements 
have been performed using a Sinton WCT120 lifetime tester. The injection level (Δn) 
is equal to the excess free carrier density in the semiconductor structure with respect 
to the free carrier density in equilibrium. With this system, and subsequent analysis, it 
is possible to distinguish between different dominating recombination mechanisms at 
injection levels, varying from roughly 1013 cm-3 to 1017 cm-3. At different injection 
levels, different recombination mechanisms dominate, and thereby limit the total 
average minority carrier lifetime of the heterostructures. In Figure 2.8, a picture of the 
Sinton WCT-120 lifetime tester is shown.  
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Figure 2.8: Photograph of Sinton WCT-120 lifetime tester. 

 

The flash lamp is able to give light pulses in the range from roughly 5 μs up to 2.3 ms.  
The sample stage consists of the ‘sensor region’, which has a diameter of 
approximately 3 cm. The measured effective lifetime can roughly be considered as an 
average over this region. Underneath the sample stage, a coil in an rf bridge circuit is 
located which is inductively coupled to the impedance of the c-Si wafer, enabling 
contactless measurements of its photoconductance [107]. A change in 
photoconductance modifies the output voltage of the rf bridge, according to a second 
order polynomial equation:  

 
2

0 0( ) ( ) ( )L V a V V b V V          (2.13) 

 

In this equation, a and b are calibration constants and V0 denotes the offset output 
voltage of the rf bridge circuit. The photoconductance of a c-Si wafer depends on the 
excess minority charge carrier density (Δn=Δp), the electron and hole mobilities (μn 
and μp) and the thickness of the wafer (W) according to Equation 2.14:  

 

 

Flash lamp 

Sample stage 
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( )L n pq n W            (2.14) 

 

Furthermore, a reference photodiode is mounted on the sample stage. The photodiode 
is calibrated in such a way, that a photocurrent of 38 mA/cm2 corresponds to 1 sun 
illumination for a 380 μm thick wafer assuming an optical constant equal to unity. 
The optical constant depends on various parameters, such as texturing and light 
scatting properties of the sample, as well as the thickness and refractive index of the 
anti-reflection coating or passivation layer, if present [108] and its unity value is 
defined as described above. For bare, flat c-Si wafers, as well as for flat c-Si wafers 
passivated with a-Si:H, a value of 0.7 is typically used as a value for the optical 
constant.  

 

With this setup, the photoconductance and light intensity (expressed in number of 
suns) can be measured simultaneously. Depending on the value of the effective 
lifetime, different modes can be used to determine the injection level dependent 
effective minority carrier lifetimes of different samples.  

 

For high (τeff > 100 μs) lifetimes, samples are preferably analyzed using the so-called 
Quasi Transient Mode and short (< 10 μs) flash lamp settings. For low (τeff  < 100 μs) 
lifetimes, samples are preferably analyzed using the so-called Quasi Steady State 
Mode and long (~2.3 ms) flash lamp settings. The two different approached have later 
been reconciled by Nagel et al. [109] to the so-called Generalized Mode. The three 
different modes are explained below.  

 

Quasi Transient mode 

 

The Quasi Transient Mode (QTM) is suitable for high (τeff > 100 μs) minority carrier 
lifetimes. In this case, a light pulse which is short (< 10 μs) compared to the effective 
lifetime of the minority charge carriers in the sample is used. The minority carrier 
effective lifetime is determined from the decay in photoconductance as measured by 
the rf bridge according to Equation 2.13. From Equation 2.14, the photoconductance 
can be related to the minority charge carrier density in the sample. The effective 
lifetime can now conveniently be calculated by dividing the injection level by its time 
derivative: 

 

/eff

n

d n dt
 




        (2.15) 

 

It is worth noticing, that the light intensity as determined from the photodiode is 
irrelevant in this approach for the effective lifetime determination. This facilitates the 
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interpretation of the obtained results, as the results are independent of the optical 
constant, which is given as input to the measurements by the user and not always 
exactly known.   

 

Quasi Steady State mode 

 

The Quasi Steady State (QSS) mode is only suitable for low (τeff  < 100 μs) minority 
carrier lifetimes. In this method, a long, slowly decaying light pulse with a decay 
constant of around 2.3 ms is used [107], so the strength of the light pulse can be 
considered as constant compared to the lifetime. In this Quasi Steady State approach, 
generation and recombination are considered to be equal. In terms of current densities 
this can be expressed as [107]: 

 

ph recJ J         (2.16) 

 

The minority carrier density can be derived from the photoconductance according to 
Equation 2.14. The effective lifetime is related to the minority carrier density and 
recombination rate U according to Equation 2.17: 

 

eff

n

U
 

         (2.17) 

 

The photocurrent is related to the generation rate G as described by Equation 2.18: 

 

phJ qWG         (2.18) 

 

In QSS conditions, the generation rate equals the recombination rate and thus, by 
combining Equations 2.14, 2.16, 2.17 and 2.18, the effective lifetime can be expressed 
in terms of the photoconductance (measured by the coil) and the photocurrent 
(measured by the photodiode) according to Equation 2.19: 

 

( )
L

eff
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       (2.19) 

 

By taking the relation between photoconductance and minority carrier density 
(Equation 2.21) into account, the effective lifetime can subsequently be plotted as a 
function of the injection level. In Figure 2.9, an example of such a plot is shown.   
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Figure 2.9: Schematic graph of an injection level dependent QSSPC measurement. 

 

Generalized mode 

 

The Generalized Mode reconciles the Quasi Transient and Quasi Steady State modes, 
which were described in the previous two sections. This method was first proposed by 
Nagel et al. [109]. In this analysis, the effective lifetime can be expressed in terms of 
minority carrier density and generation rate according to Equation 2.20 [109].  

 

eff

n
d n

G
dt

 





       (2.20) 

 

Equation 2.20 can be derived from the continuity equation for excess electron density 
in semiconductors. More information about this derivation can be found in [109]. In 
the transient regime (G=0), this equation reduces to Equation 2.15 and in the QSS 
regime (dΔn/dt = 0 and G = R), this equation reduces to Equation 2.17, as desired for 
compatibility reasons.  

 

For low lifetimes (τeff < 100 μs), the generalized mode gives a slightly better lifetime 
determination than the QSS mode, especially for lifetimes approaching this upper 
limit. Therefore we use the generalized mode instead of the QSS mode for lifetime 
values below 100 μs, combined with a slowly decaying light pulse. For lifetimes in 
excess of 100 μs, however, the transient mode combined with a short light pulse has 
been chosen in this work, as the injection level dependent lifetime determination can 
be performed without using the reference photodiode by this method. The advantage 
of this approach is that it is independent of the optical constant. Measuring the same 
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sample by both methods (Quasi transient and generalized) can even be used to 
accurately determine its optical constant [108].      

 

Implied open circuit voltage determination 

 

Finally, the Sinton WCT120 lifetime tester allows for an estimation of the implied 
VOC of a finished solar cell based on the measured structure, assuming no further 
losses in VOC in subsequent layers and contacts. The implied VOC is estimated from the 
quasi-Fermi level splitting at 1 sun (as determined by the reference photodiode), 
according to Equation 2.21: 

 

,
, 2

( )
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OC imp
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n N nkT
V Log

q n

  
       (2.21) 

 

In this equation, ND,A denotes the donor or acceptor density of the wafer, depending 
on whether it is n-type or p-type. Furthermore, it is assumed that the excess electron 
density (Δn) equals the excess hole density (Δp).  
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Chapter 3 
 

Crystalline silicon surface passivation by intrinsic 
amorphous silicon layers deposited by three different 
CVD techniques 
 

Abstract 
 

The passivation properties of approximately 50 nm thick intrinsic a-Si:H layers made 
by various Chemical Vapor Deposition (CVD) techniques, i.e. radio frequency 
Plasma Enhanced CVD (rf PECVD), Very High Frequency PECVD (VHF PECVD) 
and Hot-Wire CVD (HWCVD) have been investigated. For layers deposited at 130°C, 
all three techniques show a reduction in surface recombination velocity (SRV) of two 
orders of magnitude after prolonged thermal annealing at 200°C. Modelling of the 
obtained injection level dependent minority carrier lifetime data shows that this 
reduction correlates with a decreased dangling bond density at the amorphous-
crystalline interface, indicating that dangling bond saturation by atomic hydrogen is 
the predominant mechanism. In this modelling, all bulk recombination mechanisms, 
and also interface recombination have been thoroughly taken into account. All three 
deposition methods yield excellent surface passivation, indicating that ion 
bombardment, as occurring under the plasma conditions and substrate temperatures 
used, does not have a detrimental effect on c-Si surface passivation. For a-Si:H layers 
deposited by rf PECVD, we obtain outstanding carrier lifetimes of 10.3 ms at an 
injection level of 1015 cm-3, corresponding to SRVs of 1.32 cm/s if an infinite bulk 
lifetime is assumed, and 0.56 cm/s if we assume a finite bulk lifetime, as modelled in 
this chapter. For VHF PECVD and HWCVD, we also obtain high quality surface 
passivation, with carrier lifetimes of 5.4 ms and 3.7 ms at an injection level of 1015 
cm-3, respectively. For a-Si:H films made by HWCVD at 250°C, an as-deposited 
minority carrier lifetime at an injection level of 1015 cm-3 of 2.0 ms is already 
observed. In contrast to a-Si:H films fabricated at 130°C, however, we found no 
change in passivation quality upon thermal annealing. These films were fabricated for 
the first time using a continuous in-line HWCVD mode.  
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3.1 Introduction 
 

Surface passivation is a key requirement in optimizing the performance of several 
types of c-Si based solar cells, in particular SHJ cells. To obtain high open circuit 
voltages in such devices, excellent surface passivation is required [52]. Generally, 
surface passivation is ascribed to two different phenomena, namely chemical 
passivation and field effect passivation [65]. The former is caused by a reduction of 
defect states at the a-Si:H/c-Si interface, the latter by repulsion of minority charge 
carriers from the interface by fixed charges.  

 

Various materials have been studied for this purpose, such as thermally grown silicon 
dioxide (SiO2) [110], silicon nitride (SiNx) [111,112], aluminum oxide (Al2O3) 
[113,114], amorphous silicon sub-oxides (a-SiOx) [60, 115, 116], amorphous silicon 
carbide (a-SiCx) [117,118] and hydrogenated amorphous silicon (a-Si:H) [68, 119-
122]. Furthermore, excellent results on combined layer stacks of these materials have 
been reported, such as for stacks consisting of a-Si:H and SiNx [123,124] and for 
thermal SiO2/SiNx [125]. All these materials have their particular advantages, 
drawbacks and possible applications. 

 

Thermally grown SiO2 has traditionally been the common method to obtain high 
quality c-Si surface passivation [126]. Kerr [126] has demonstrated very low surface 
recombination velocities (SRV  < 0.46 cm/s) for this material on high resistivity (ρ = 
90 Ω cm) n-type c-Si FZ wafers. However, high temperatures (T > 1000°C) are 
needed for fabrication, followed by a so-called alneal step, which is annealing at a 
temperature of approximately 400°C for typically 30 mins after evaporating an Al 
film on top of the SiO2 [126]. These process steps limit both cost effectiveness and 
possible applications.  

 

Currently, the most commonly used surface passivation scheme in large-scale c-Si PV 
production is a-SiNx deposited by PECVD due to its combined passivation and anti-
reflection properties. High quality a-SiNx is typically deposited at temperatures 
between roughly 350°C and 450°C [127]. SiNx layers possess a positive fixed charge 
density, which can significantly affect their passivation properties. The positive fixed 
charges in the SiNx layers cause field effect passivation on n-type c-Si, as in this case 
the minority charge carriers (holes) are repelled from the c-Si surface, whereas for 
both n-type and p-type wafers, also reasonably good chemical passivation is achieved. 
At Utrecht University, high quality a-SiNx has been developed using the HWCVD 
technique, both at standard (T = 450°C), and at lower (T = 230°C) temperatures, 
compatible with SHJ solar cell fabrication processes [100,128]. In 1996, Lauinger et 
al. [129] already reported on surface recombination velocities of 4 cm/s and 20 cm/s 
on 1.5 Ω cm and 0.7 Ω cm p-type <100> oriented double sided polished (DSP) c-Si 
wafers passivated on both sides by SiNx films deposited by remote PECVD. In 2010, 
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Koyama et al. [124] reported on passivating layer stacks consisting of intrinsic a-Si:H 
(10 nm thickness) and a-SiNx:H (100 nm thickness), both deposited by HWCVD, 
showing surface recombination velocities below 9.0 cm/s on <100> oriented FZ p-
type c-Si wafers (ρ ~ 2.0 Ω cm) and below 1.5 cm/s on <100> oriented FZ n-type c-Si 
wafers (ρ ~ 2.5 Ω cm). Such outstanding results on n-type wafers are due to the 
combined chemical passivation by the intrinsic a-Si:H and the combined chemical and 
field effect passivation of the overlaying a-SiNx:H layer.  

 

Recently, Al2O3 has become increasingly popular as a surface passivating material, 
especially for p-type c-Si due to its high negative fixed charge density [114]. Al2O3 
films can be deposited by various deposition techniques, i.e. atomic layer deposition 
(ALD) [113,114], PECVD [130] and rf magnetron sputtering [131]. Al2O3 films can 
yield surface recombination velocities below 2 cm/s for layers fabricated at a high 
deposition rate of 1.2 nm/s [132]. Annealing at T ~ 350°C is a crucial step to obtain 
the lowest surface recombination velocities for this material [114,132].  

 

In the regime of low processing temperatures (T < 200°C), as well as for SHJ solar 
cell processing, a-Si:H is the best and most widely used material. For a-Si:H layers 
with thicknesses of approximately 50 nm, extremely low surface recombination 
velocities (SRV ~ 1-3 cm/s) have been obtained by various deposition techniques [68].  

 

Different models (e.g. the Garín model [64], the Olibet model [65] and the Leendertz 
model [66,67]) have been proposed to fit injection level dependent SRV data to obtain 
values for the dangling bond density (NDB) and the surface charge density (QS) at the 
interface. More information about these models is given in section 3.2.2.  

 

3.2 Theory: Recombination mechanisms in a-Si:H/c-Si based 
heterostructures 

 
In passivated c-Si structures, several recombination mechanisms can be discerned. 
First of all, bulk and surface recombination have to be distinguished. In this section, 
the most important bulk and surface recombination mechanisms and models will be 
addressed. In section 3.1.1, the predominant bulk recombination mechanisms will be 
described and discussed and in section 3.1.2, surface recombination will be addressed.  

 

3.2.1 Bulk recombination in c-Si 

 

The three most important bulk recombination mechanisms in c-Si are (i) Shockley-
Read-Hall (SRH) recombination [69,70], (ii) radiative recombination [72,133] and 
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(iii) Auger recombination [71,134]. These three mechanisms will be explained in this 
section.  

 

Shockley-Read-Hall recombination 

Shockley-Read-Hall (SRH) recombination was first described in the literature in 1952 
by Shockley and Read [69] and Hall [70]. It accounts for recombination through 
localized energy states within the band gap. These localized states, often called 
recombination centers, are usually created by lattice imperfections or, more 
commonly, by impurity atoms [9]. SRH recombination can be regarded as a two-step 
process in which an electron in the conduction band decays via a localized state 
within the band gap to the valence band. In Figure 3.1, a schematic overview is 
depicted in which a single defect at position Et (EV < Et < EC) is shown which acts as 
a recombination center. In the figure, four different processes (a-d) are schematically 
shown. 

Process (a) is referred to as electron capture. In this case, an electron decays from the 
conduction band into the localized state at Et. Process (b) is called electron emission. 
In this case, the electron is emitted from the localized state into the conduction band. 
In process (c), the electron further decays from the localized state into the valence 
band, but this process is mostly called hole capture; a hole is captured from the 
valence band into the localized state, where it recombines with an electron. Process 
(d) is the inverse of process (c) and is called hole emission. Capture rates (both for 
holes and electrons) are dependent on the free carrier densities (n and p for electrons 
and holes, respectively), their capture cross sections (σn and σp), their thermal velocity 
(vth), the density of localized states (Nt) and their occupation probability. Emission 
rates (for both types of charge carriers) are dependent on the capture cross sections (σn 
and σp) for electrons and holes, their thermal velocity (vth),  

 
Figure 3.1: Schematic overview of the different processes in SRH recombination: (a) 

electron capture, (b) electron emission, (c) hole capture and (d) hole emission 
(modified from [69]). 
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the density of localized states (Nt), their occupation probability and the position (Et) of 
the localized states within the band gap. Based on mathematical equations derived for 
the capture and emission rates of the processes described above, the expression as 
shown in Equation 3.1 can be derived for the net recombination rate at which SRH 
recombination occurs assuming a single discrete energy level for the localized states 
[69] (see Figure 3.1). In Equation 3.1, τn0 and τp0 are associated lifetime parameters 
for electrons and holes, which are defined as follows: 

  1

0n n th tv N            (3.2) 

  1

0p p th tv N 


         (3.3) 

Furthermore, NC and NV denote the effective density of states near the conduction and 
valence band edges, respectively, and ni denotes the intrinsic carrier concentration.  

Radiative recombination 

 

Radiative recombination in a semiconductor material can be regarded as the inverse 
process of photogeneration. An electron from the conduction band makes a transition 
to the valence band, releasing its excess energy as a photon. As c-Si is an indirect 
band gap semiconductor, an additional phonon is required in this process for 
momentum conservation. This strongly limits the rate at which radiative 
recombination takes place in c-Si. This recombination rate can be expressed as in 
Equation 3.4 [133]: 

 
2( )Rad iU B pn n          (3.4) 

 

In this equation, B denotes the proportionality constant between carrier concentrations 
and recombination rate. Its value lies in the order of 10-15 cm3s-1 for c-Si at room 
temperature, although values reported in the literature differ by almost one order of 
magnitude, see e.g. Refs. [72,133,135].  
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Auger recombination 

 

Auger recombination is the most important bulk recombination mechanism for high 
quality FZ c-Si wafers as used throughout this thesis, especially for injection levels 
exceeding 1015 cm-3. It was first described in the literature by Meitner in 1922 [136], 
but called after the French physicist Pierre Auger, who reported on it one year later 
[137].  

 

Auger recombination is generally regarded as a three-particle interaction in which a 
conduction band electron and a valence band hole recombine, transferring the released 
energy to a third carrier; either an electron in the conduction band or a hole in the 
valence band. This third carrier subsequently releases its excess energy to the crystal 
lattice in the form of heat. The process in which the excess energy is transferred to an 
electron is called eeh, and to a hole ehh [71]. The rates at which both processes occur 
are given in Equation 3.5: 

 
2

eeh nU C n p          (3.5a) 

 
2

ehh pU C np          (3.5b) 

 

Thus, the total Auger recombination rate is given by: 

 
2 2

Aug eeh ehh n pU U U C n p C np          (3.6) 

 

In Equation 3.5, Cn and Cp denote the Auger coefficients for electrons and holes, 
respectively. Previously reported values in the literature which were commonly used 
are the ones by Dziewior and Schmid [138]. For c-Si with a dopant concentration 
above 5 x 1018 cm-3, values of Cn = 2.8 x 10-31 cm6s-1 and Cp = 0.99 x 10-31 cm6s-1 
were reported [138]. Later on, however, it was recognized from a theoretical point of 
view by Hangleiter and Häcker [139], that by taking Coulomb interactions between 
electrons and holes into account, Auger recombination is strongly enhanced, 
especially at higher injection levels and lower doping densities, consistent with 
experimental data. Currently, the  most commonly used parametrization of Auger 
recombination is the one as described by Kerr and Cuevas [71], which is consistent 
with experimental data over a wide range of injection and doping levels. Kerr and 
Cuevas derived an empirical expression for the Auger-related recombination rate as 
shown in Equation 3.7: 

 
24 0.65 25 0.65 27 0.8

0 0[1.8 10 6 10 3 10 ]AugU np n p n            (3.7) 
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In Equation 3.7, n0 and p0 denote the equilibrium concentrations of free electrons and 
holes, respectively.  

 

Total bulk recombination 

In Figure 3.2, the minority carrier lifetimes associated with the different bulk 
recombination mechanisms described in this section are shown, including the total 
bulk recombination lifetime, which is the inverse sum of the different components. In 
this analysis, several assumptions have been made for all three bulk recombination 
mechanisms described above.  

For SRH recombination, two main assumptionsare made: (i) all defects are located at 
midgap (EC - Et = Et - EV) and (ii) τn0 = τp0 = 35 ms. The first assumption leads to an 
upper limit of the recombination rate, as defects located at midgap act most 
effectively as recombination centers. The values of 35 ms have been taken from Ref. 
[140], and represent the highest reported value in the literature for the bulk lifetime of 
c-Si. As this value was determined at a low (Δn = 4 x 1014 cm-3) injection level for 
very lightly doped (ρ ~ 150 Ω cm) c-Si, both Auger recombination and radiative 
recombination can be neglected, so its lifetime can be considered to be limited by 
SRH recombination.  

 

For the injection level dependent minority carrier lifetime associated with radiative 
recombination, the proportionality constant B (see Equation 3.4) as determined by 
Trupke et al. [133] is used. Trupke et al. calculate the temperature dependent B from 
the absorption coefficient for band to band transitions. The absorption coefficient is 
determined from photoluminescence spectra measured on highly resistive c-Si wafers 
[133]. For T = 300 K, a value of B = 4.73 x 10-15 was found.  

 

For Auger recombination, the parametrization by Kerr and Cuevas [71] is applied, as 
discussed earlier in this section.  

 

As can be observed from Figure 3.2, Auger recombination is obviously the limiting 
recombination mechanism at carrier densities between 1015 and 1016 cm-3, thereby 
predominantly limiting SHJ solar cell performance. A comparison between bulk and 
surface lifetime will be made in section 3.4. 
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Figure 3.2: Different bulk recombination lifetimes, as well as the total bulk 

recombination lifetime. 

 

3.2.2 Surface recombination in c-Si passivated by a-Si:H 
 

Several models have been proposed to fit injection level dependent surface 
recombination velocity or minority carrier lifetime data for c-Si passivated by a-Si(:H) 
layers [64-67]. We have tested the models developed by Olibet et al. [65] and 
Leendertz et al. [66,67] to analyze the surface passivating properties of a-Si:H layers. 
In both models, the two most important surface passivation parameters, i.e. the 
dangling bond density at the amorphous-crystalline interface (NDB) and the surface 
charge density at the interface (QS) can be extracted from injection level dependent 
minority carrier lifetime and/or surface recombination velocity data. In this section, 
both models will be explained.  

 

The Olibet model 

 

The Olibet model [65] forms an extension of the model by Hubin et al. [141], 
developed for bulk a-Si:H. It accounts for surface recombination through amphoteric 
defects (i.e. dangling bonds) that are prevalently present at the a-Si:H/c-Si interface. 
Dangling bond states in a-Si:H can have three different charge conditions [24]; (i) 
positively charged when not occupied by any electron (D+), (ii) neutral when 
occupied by one single electron only (D0) and (iii) negatively charged when occupied 
by two electrons. The transition levels D+/D0 and D0/D- are separated by the 
correlation energy U, which is, thus, the energy required to place a second electron in 
the same orbital as the first one. In Figure 3.3, a schematic overview is given of the 
density of states within the band gap as used in the Olibet model.  
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Figure 3.3: Schematic overview of density of states distribution for a-Si:H at the 

amorphous/crystalline interface as used in the Olibet model. 

In Figure 3.3, Etn and Etp denote the demarcation levels [142] for electrons and holes, 
respectively. Under illumination, the quasi-Fermi levels are assumed to act as 
demarcation levels in the Olibet model, which are defined as the energy states with 
equal probability of thermal emission and capture rates for electrons and holes 
[65,143]. Electronic states at energy E for which Efp < E < Efn will mostly act as 
recombination centers, as the probability of electron or hole emission for these 
energies is significantly smaller than for capture, at sufficiently high generation rate G 
[144]. Electronic states located between the quasi-Fermi levels and the band edges (EC 
and  EV) are assumed to act as traps, as capture is far less likely than emission in this 
case. Under the assumptions described above and under medium illumination levels, 
Hubin et al. [141] determined a closed-form SRH-like expression for the 
recombination rate U in bulk a-Si:H, in which only NDB appears, irrespective of the 
shape of the dangling bond distribution between the demarcation levels. In the Olibet 
model for passivated c-Si surfaces, this three-dimensional defect density is replaced 
by a two-dimensional surface dangling bond density. Olibet et al. [65] modeled the 
band bending by a surface charge density at the interface, inducing a surface potential, 
which causes band bending within the space charge region of the c-Si. This surface 
charge density can strongly affect the surface passivation, as it either attracts or repels 
minority charge carriers to or away from the a-Si:H/c-Si interface.  

In the Olibet model, no further specific assumptions on the charge in defect states and 
in the a-Si:H layer itself are taken into account, as noted by Leendertz [66]. 
Furthermore, in the model developed by Hubin et al. for bulk a-Si:H [141] -of which 
the Olibet model is basically an extension- it is assumed that dangling bonds need to 
be recombination centers and not traps [143], which leads to the necessity of 
sufficiently high generation rates, as described above. For injection levels around 1014 
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cm-3 and below, deviations between data fits and experimental data can indeed be 
observed (see Figure 3.4).   

The Leendertz model 

The Leendertz model [66,67] mostly uses the same assumptions and approximations 
as the Olibet model, but a number of refinements have been introduced. Contrary to 
the Olibet model, it allows an arbitrary shape for the dangling bond distributions at the 
interface, whereas the Olibet model simply assumes two different discrete energy 
states within the band gap (see Figure 3.3). Furthermore, the dependence of the 
surface charge density on the occupation probability of defects by charge carriers as a 
function of the respective carrier densities (and thus the quasi-Fermi levels) is taken 
into account in the Leendertz model, whereas in the Olibet model, a fixed value for 
the surface charge density is assumed. Finally, the finite mobility of charge carriers, 
which influences their diffusive transport towards the interfaces, is taken into account. 
The mathematical equations behind the model are implemented in the numerical 
simulation tool AFORS-HET [145].  

We have fitted our data to both models and found a somewhat better agreement 
between data and fits with the Leendertz model, especially at lower injection levels (< 
1015 cm-3; see Figure 3.4 for a typical example).  

 

Now that we have treated all relevant recombination mechanisms playing a role in 
a-Si:H/c-Si heterostructures, we can analyze the injection level dependent minority 
carrier lifetime measurements on our samples and discern different recombination 
mechanisms and limitations.  
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Figure 3.4: Typical example of data fits (Olibet and Leendertz) to injection level 

dependent minority carrier lifetime data. 
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3.3 Experimental details 
 

In the research described in this chapter, we use n-type float zone (FZ) double sided 
mirror polished (DSP) <100> c-Si wafers (2.5 - 3 Ω cm). The wafers have been 
provided by Topsil, Denmark. According to the specifications, the wafers have a 
thickness of 280 ± 25 µm. To determine the exact thickness of each wafer (i.e. with an 
accuracy better than 1 µm), the wafers were weighed after the experiments. The 
thickness of the a-Si:H layers (several tens of nanometers) is neglected with respect to 
the wafer thickness. Before a-Si:H deposition, the wafers were dipped in HF (1% 
diluted in H2O), for 2 mins. After the HF dip, the samples were blow-dried using N2.  

 

We have compared c-Si surface passivation by intrinsic a-Si:H films fabricated by 
three different deposition methods, i.e. rf PECVD, VHF PECVD and HWCVD. All 
a-Si:H layers described in this Chapter have a thickness of approximately 50 nm. 
Comparing these different fabrication methods is of interest as the reduced ion 
bombardment in VHF PECVD and the absence of ion bombardment in HWCVD 
compared to standard rf PECVD [42] is potentially advantageous for the quality of c-
Si surface passivation [146], as high energy ion bombardment might be expected to 
lead to enhanced damage and defect creation in c-Si wafers [146,147].  

The rf PECVD depositions are performed in the PASTA system [86]. In this system, 
the intrinsic a-Si:H films are made at a power density of 30 mW/cm2, a pressure of 
1.08 mbar and a temperature of 130°C, using pure SiH4. These conditions lead to a 
deposition rate of 0.11 nm/s. The VHF PECVD depositions are performed in the 
ASTER system [89] at a power density of 31 mW/cm2, a pressure of 0.16 mbar and a 
temperature of 130°C, using SiH4 and H2 as source gases at a flow ratio of 1:1, 
leading to a deposition rate of 0.28 nm/s. The HWCVD depositions are performed in 
the PASTA system [86], using pure SiH4 at a pressure of 0.005 mbar, a wire 
temperature of 1820°C (calibrated in vacuum, thus leading to a somewhat lower 
temperature when gasses are present) and a wire to substrate distance of 20 cm, 
leading to a substrate temperature of 130°C. The substrate temperature is generated by 
radiation from the resistively heated filaments only. The deposition rate is equal to 
0.03 nm/s. More details about the reactor used for these Hot-Wire depositions can be 
found in Ref. [98]. The standard temperature HWCVD sample is deposited in the 
PILOT system [87], operated in a continuous in-line HWCVD mode [99]. The 
substrate temperature of 250°C is reached due to radiation from the resistively heated 
wires only. The wire to substrate distance here is 6.8 cm The wires are heated at a 
temperature of 1890°C (calibrated in vacuum). Pure SiH4 is used for the fabrication of 
this sample type at a pressure of 0.025 mbar. The a-Si:H layers are fabricated in a 
single pass using a linear speed of 80 mm/min in the continuous in-line HWCVD 
mode, which roughly corresponds to 1 nm/s under comparable stationary deposition 
conditions [99], and yields a layer with a thickness of approximately 50 nm. This 
deposition rate is considerably higher than the rates for all low T passivation samples. 
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Previously, it was reported that a high deposition rate (1-3 nm/s) is crucial to obtain 
excellent surface passivation for a-Si:H layers deposited by ETP [148] at temperatures 
above 350°C on c-Si wafers similar to those used in this work, as such higher 
deposition rates prevent epitaxial growth [149]. For the low T a-Si:H layers used in 
this research, we show that the low (< 0.3 nm/s) deposition rate does nevertheless lead 
to good c-Si surface passivation.  

 

After deposition, all samples have been annealed at 200°C in a N2 ambient for various 
anneal times; 1 h, 16 h and 100 h, respectively. The injection level dependent minority 
carrier lifetime of the samples is subsequently measured by means of the Quasi Steady 
State Photoconductance (QSSPC) method [107], using the quasi-transient mode and 
the generalized mode [109]. The QSSPC technique is described more elaborately in 
section 2.4.2. 

 

3.4 Results and discussion 
 

Directly after deposition, all low T samples have minority carrier lifetimes in the order 
of tens of microseconds at an injection level of 1015 cm-3. The sample for which the 
surface passivating intrinsic a-Si:H layers were deposited by rf PECVD showed a 
minority carrier lifetime at an injection level of 1015 cm-3 of only 34 μs. The sample 
for which the intrinsic a-Si:H layers were deposited by VHF PECVD showed a 
minority carrier lifetime of 43 μs and the sample for which these layers were made by 
HWCVD showed an as-deposited minority carrier lifetime of 87 μs, respectively. The 
high temperature HWCVD sample showed a device quality as-deposited minority 
carrier lifetime of 2.0 ms at the same injection level. All as-deposited and annealed 
minority carrier lifetimes at 1015 cm-3 are shown in Table 3.1. 

 

In Figure 3.5 the minority carrier lifetimes and surface recombination velocities 
(correcting for bulk lifetime as modelled in section 3.2) of the different low T samples 
at an injection level of 1015 cm-3 are graphically shown versus the anneal time. In 
Figure 3.6, the injection level dependent minority carrier lifetime data are shown for 
the low T rf PECVD sample, which showed the highest lifetime after prolonged 
annealing.  
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Figure 3.5: Effective minority carrier lifetimes and surface recombination velocities 
at an injection level of 1015 cm-3 of c-Si passivated by a-Si:H layers deposited by rf 

PECVD, VHF PECVD and HWCVD. For the surface recombination velocities, a bulk 
c-Si lifetime as modelled in this chapter is assumed. 
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Figure 3.6: Injection level dependent minority carrier lifetime of c-Si passivated by a-

Si:H layers deposited by standard rf PECVD for different anneal times. 
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Table 3.1: Minority carrier lifetimes at an injection level of 1015 cm-3 for all samples 
presented in this chapter after different anneal times. 

 

 

tann 
(h) 

rf 
PECVD

τeff (ms)

VHF 
PECVD 
τeff (ms)

HWCVD 
low T  
τeff (ms) 

HWCVD 
standard T 
τeff (ms) 

0 3.4 10-2 4.3 10-2 8.7 10-2 2.0 

1 2.3 1.6 1.6 2.2 

16 7.2 2.9 2.9 2.3 

100 10.3 5.4 3.7 2.3 

 

As can be seen from Figures 3.5 and 3.6 and Table 3.1, prolonged annealing leads to 
greatly enhanced minority carrier lifetimes for all low T samples; by two orders of 
magnitude. The c-Si wafer with HWCVD a-Si:H layers deposited at standard 
temperature, on the other hand, did not show any significant change in passivation 
quality upon thermal annealing. The shape of the anneal characteristics is similar for 
all deposition methods at low T (see Figure 3.5). The sample with the HWCVD 
intrinsic a-Si:H films made at standard T (250°C) yields a relatively high as deposited 
lifetime, but almost no change in passivation quality is observed for different anneal 
times. In Figure 3.7, the annealing characteristics of the two different samples made 
by HWCVD (low T and high T) are compared.  

 

0.1 1 10 100

0

1

2

3

4

 

 

 ef
f (

m
s)

t
ann

 (h)

 HW low T
 HW standard T

 
Figure 3.7: Minority carrier lifetimes at an injection level of 1015cm-3 for low T 
(120°C) and standard T (250°C) c-Si surface passivating a-Si:H films made by 

HWCVD after 1h, 16 h and 100 h of annealing in N2 at 200°C. The lines are a guide 
to the eye. 
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As can be seen from Figure 3.7 (and also Table 3.1), the low T sample shows a much 
lower as-deposited minority carrier lifetime than the standard T HWCVD sample; the 
difference is two orders of magnitude. After prolonged annealing, however, the low T 
sample shows a higher minority carrier lifetime than the standard T sample. For 
similar a-Si:H surface passivating layers deposited by VHF PECVD, this effect has 
been observed to become more pronounced, as the difference in deposition 
temperature increases [119]. 

 

This spectacular improvement in passivation quality of the a-Si:H films upon 
prolonged thermal annealing can be explained in the following manner: Low T a-Si:H 
growth results in relatively defective material, as the hydrogen is not properly 
equilibrated throughout the material during deposition due to its low diffusion 
coefficient [24,150]. For this reason, a-Si:H films that are deposited at relatively low 
temperatures typically possess a higher void density, higher porosity and higher 
fraction of hydrogen that is bonded as multihydrides (Si-Hn>1) [24,119,151], leading 
to higher defect densities and reduced passivation properties of such films [151,152]. 
This effect has been observed to be stronger if these multi-hydrides are present close 
to the a-Si:H/c-Si interface, and less detrimental if they occur in the a-Si:H layers 
further away from the a-Si:H/c-Si interface [151]. 

 

Prolonged thermal annealing at temperatures above the deposition temperature 
enables the hydrogen to become mobile [24,150] and equilibrate bulk and surface 
defect densities [24,121,150], which strongly reduces the defect density at the 
a-Si:H/c-Si interface and therefore improves the surface passivation quality 
[65,68,119,121,122,153]. If the anneal temperature is too high (T ~ 270°C-300°C), the 
passivation quality is below the optimum due to hydrogen effusion out of the intrinsic 
a-Si:H films [153-157] (see also Chapter 5 of this thesis).    

 

Increasing the deposition temperature typically leads to an increased crystalline 
fraction in the deposited layers [155]. An increased crystalline fraction in the layers 
usually leads to a relative decrease in passivation improvement upon thermal 
annealing [158]. Spectroscopic ellipsometry measurements performed on our standard 
T HWCVD passivation sample indeed show a significant, though not yet detrimental, 
crystalline fraction in the film, contrary to the samples for which the films were 
deposited at low T.  

 

In order to explain the high minority carrier lifetimes that can be obtained with a-Si:H, 
we distinguish different passivation mechanisms governing the lifetime characteristics 
and their changes upon prolonged thermal annealing for our samples. Generally, 
surface passivation is ascribed to two different phenomena, namely chemical 
passivation and field effect passivation. The former is caused by a reduction of defect 
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states at the a-Si:H/c-Si interface, the latter by repulsion of minority charge carriers 
from the interface by surface charges.  

 

The best minority carrier lifetime data (see Figure 3.6) have been fitted to the Olibet 
model [65] and the Leendertz model [66,67]. The fits made by the Leendertz model 
show a somewhat better convergence to our data than the Olibet fits (see Figure 3.4 
for a typical example). For bulk recombination, the analysis as described in section 
3.2.1 has been taken into account.  

 

In Figure 3.8, the SRVs, as well as NDB values, are depicted versus the annealing time. 
These parameters obviously show the same trend. In the inset of Figure 3.8, QS is 
plotted against anneal time. Contrary to NDB, no clear trend can be observed for QS 
versus annealing time. This indicates that the strongly reduced SRV is mainly caused 
by a reduction of NDB due to a saturation of dangling bonds by atomic hydrogen. 

 

The SRVs are calculated by two methods, i.e. assuming infinite bulk lifetime and 
assuming a bulk lifetime as explained in section 3.2.1 (i.e. SRH, radiative and Auger 
recombination in the bulk c-Si are also taken into account). With the former approach, 
we calculate a surface recombination velocity of 1.32 cm/s at 1015 cm-3 for our data, 
which can be regarded as an extreme upper limit. With the latter approach, we 
calculate a surface recombination velocity as low as 0.56 cm/s at the same injection 
level. 

 

In Figure 3.9, our best minority carrier lifetime data are plotted in the same graph as 
all bulk lifetime components. As can be seen from Figure 3.9, the experimental data 
approach the modelled bulk lifetime for injection levels close to 1016 cm-3 and nearly 
coincide for injection levels just below 1016 cm-3, possibly due to a slight 
overestimation of Auger and radiative recombination for such carrier densities in our 
specific case. Unfortunately, no error bars or statistical variations are presented in the 
papers on which our bulk lifetime analysis is based, which makes a critical 
comparison on this point difficult. However, the fact that the minority carrier lifetimes 
measured on the best sample approach the bulk lifetime for injection levels around 
1016 cm-3 clearly indicates the excellent quality of the obtained surface passivation. At 
such injection levels, the lifetime is clearly limited by bulk recombination (mostly 
Auger), and surface recombination is practically suppressed to a negligible level. 
Furthermore, ion-bombardment as occurring during the PECVD depositions shown in 
this Chapter, does not have any detrimental influence on the passivation quality of the 
a-Si:H films.  
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Figure 3.8: Calculated SRVs for c-Si passivated by rf PECVD a-Si:H layers for 
different anneal times, assuming infinite bulk lifetime (indicated by ■ ) and a finite 

bulk lifetime (indicated by ● ) as modelled in this chapter. Also shown is the dangling 
bond density as determined by fitting to the Leendertz model. In the inset of the figure, 
the calculated surface charge density (QS) is shown versus the anneal time. For NDB 
and QS, error bars are shown. For the SRV data, the error bars are smaller than the 

data points and are therefore not explicitly shown. 
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Figure 3.9: Injection level dependent minority carrier lifetimes for our best data (rf 
PECVD a-Si:H after 100 h of thermal annealing at 200°C), combined with the 

modelled bulk lifetime components of the used type of c-Si. 
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3.5 Conclusions 
 

In this chapter, we have shown that high quality c-Si surface passivation can be 
obtained using intrinsic a-Si:H films deposited by three different deposition methods: 
rf PECVD, VHF PECVD and HWCVD. For all three deposition methods, surface 
passivating a-Si:H layers (d ~ 50 nm) have been fabricated at T ~ 130°C. The as-
deposited minority carrier lifetimes of c-Si passivated on both sides by these layers 
were low; in the order of tens of microseconds. Prolonged annealing at T = 200°C in 
an N2 ambient, however, has been demonstrated to increase these minority carrier 
lifetimes considerably. The increase in lifetime is by two orders of magnitude, 
irrespective of the deposition method. After thermal annealing at 200°C in N2 for 100 
h, c-Si passivated by rf PECVD intrinsic a-Si:H showed an excellent minority carrier 
lifetime of 10.3 ms, which is among the highest values reported in literature for this 
material. For VHF PECVD (5.4 ms) and HWCVD (3.7 ms) intrinsic a-Si:H layers, we 
also obtained high quality c-Si surface passivation. All these minority carrier lifetimes 
are specified at an injection level of 1015 cm-3. The behavior of the minority carrier 
lifetime as a function of thermal annealing time is highly similar for the three different 
deposition techniques used. Based on our results, and also on results from other 
groups, we conclude that there is no significant difference between the different 
deposition techniques in lifetime characteristics as well as passivation quality. This 
implies that ion bombardment, under the processing conditions presently evaluated, 
does not influence the passivation quality in a detrimental way. We have also 
fabricated surface passivating a-Si:H films at T = 250°C, using a continuous in-line 
HWCVD mode for the first time. This sample shows an as-deposited minority carrier 
lifetime of 2.0 ms at 1015 cm-3, which stays roughly constant upon prolonged thermal 
annealing.  

 

We addressed the recombination mechanisms playing a role in a-Si:H/c-Si based 
heterostructures. In the analysis presented in this chapter, all relevant recombination 
mechanisms (related to both bulk and surface) have been taken into account. The 
minority carrier lifetime value of 10.3 ms at 1015 cm-3 corresponds to a surface 
recombination velocity of 1.32 cm/s if we assume infinite bulk c-Si lifetime and 0.56 
cm/s if, in addition, we take all prevalent bulk recombination mechanisms into 
account as treated in this chapter. 
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Chapter 4 

 

Comparison of surface passivation of c-Si by a-Si:H with 
and without atomic hydrogen pretreatment  
 

Abstract 
 

We compare surface passivation of c-Si by a-Si:H with and without atomic hydrogen 
treatment prior to a-Si:H deposition. The atomic hydrogen is produced by Hot-Wire 
Chemical Vapor Deposition (HWCVD). We deposited a-Si:H layers onto both sides of 
n-type FZ c-Si wafers and measured the minority carrier effective lifetime and implied 
VOC for different H treatment times ranging from 5 s to 30 s prior to a-Si:H 
deposition. We found that increasing hydrogen treatment times lead to lower effective 
lifetimes and implied VOC values for the used conditions. The treatments have been 
performed in a new virgin chamber to exclude Si deposition from the chamber walls. 
Our results show that a short atomic hydrogen pretreatment is already detrimental for 
the passivation quality, which is due to an increased defect density at the a-Si:H/c-Si 
interface, possibly caused by the removal of Si on an atomic scale. By modelling the 
injection level dependent minority carrier lifetime data for the different pretreatment 
times, we observe an increased defect density that follows the same trend as the 
surface recombination velocity, whereas the fixed charge density is not affected by the 
atomic hydrogen treatment. AFM measurements do not show any change in surface 
roughness of the different samples.  
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4.1 Introduction 
 

Pretreatment of the used c-Si substrates is a crucial step in the fabrication process of 
SHJ solar cells. This is most commonly done by a standard HF dip, but many 
laboratories use other process steps as well, such as cleaning in a H2SO4:H2O2 (2:1) 
solution followed by an HF dip [147], a complete RCA cleaning [159], or a complete 
RCA cleaning with an additional hot water oxidation and H-termination procedure 
[160]. Additional dry cleaning processes reported in literature consist of a combined 
PH3 and H2 treatment [161,162], or a H2 treatment only [98,146,147,162-164]. 
Furthermore, completely dry cleaning methods have been proposed, e.g. consisting of 
an H2/SiF4 plasma treatment in a standard PECVD reactor [165], to entirely avoid wet 
chemical processing. In this chapter we compare surface passivation of c-Si by a-Si:H 
with and without atomic hydrogen treatment after a standard HF dip, and prior to 
a-Si:H deposition. The atomic hydrogen is produced by Hot-Wire Chemical Vapor 
Deposition (HWCVD).   

 

Such an additional treatment could be beneficial to reduce the surface recombination 
velocity of passivated c-Si wafers, as it could help to improve the cleaning of the 
wafer surface, to remove residual oxide and fluorine and to passivate surface defects 
[146]. There are also several reasons why such a hydrogen pretreatment prior to 
a-Si:H deposition might have a detrimental effect on the passivation quality of such 
layers. First of all, the atomic hydrogen may selectively etch the c-Si wafer surface 
and therefore change its roughness [146]. Furthermore, it is reported [146], that such a 
treatment can create additional strain and defects in the c-Si that have a detrimental 
effect on the surface passivation. Thirdly, an important possible mechanism that can 
influence the passivation quality is the deposition of a-Si:H onto the c-Si due to 
etching by atomic hydrogen of earlier deposited Si from the chamber walls. This 
process is often called ‘chemical transfer’. Chemical transfer can be detrimental to the 
passivation quality but has also been reported [164] to have a positive effect on the 
passivation, especially if no intentional thin intrinsic layer is used between the c-Si 
wafers and the oppositely doped a-Si:H emitter. 

It can be expected that a pretreatment by atomic H can be effective in passivating the 
surface of a c-Si wafer, especially if the atomic H is generated by HWCVD, as there 
is no high-energy ion-bombardment that can potentially damage the c-Si surface in 
that case. Several authors [146,147,162,163] have already reported on such a 
treatment by HWCVD and, interestingly, have found strongly varying results. In this 
experiment, we perform our atomic H treatment in a virgin chamber, in which no Si 
containing depositions were done before. This way, chemical transfer can be 
excluded, which enables us to unambiguously determine the influence of the atomic H 
only.  
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The first report in the literature on such an atomic hydrogen pretreatment was made at 
Utrecht University in 1998 [163]. An improvement in minority carrier lifetime from 
26 µs to 84 μs was observed for surface passivating intrinsic a-Si:H layers with a 
thickness of 20 nm on p-type FZ c-Si wafers (ρ ~ 1 Ω cm) when an atomic hydrogen 
pretreatment by HWCVD was performed before a-Si:H deposition.  

 

4.2 Experimental details 
 

For the experiments described in this chapter we used (280 ± 25) μm thick double 
sided polished (DSP) n-type <100> FZ c-Si wafers (ρ ~ 2.5 Ω cm). All wafers have 
been weighed to determine their thickness with an accuracy better than 1 µm. Prior to 
the atomic hydrogen treatment and a-Si:H deposition, the wafers were dipped in HF 
(1% in H2O) for 2 minutes. Subsequently, the atomic hydrogen treatments were 
performed in a new ‘virgin’ chamber, in which no Si containing depositions were ever 
performed prior to this experiment. This ensures that during the atomic hydrogen 
treatment, no Si can be re-deposited onto the c-Si by so-called ‘chemical transfer’ due 
to etching of previously deposited Si onto the chamber walls. A schematic overview 
of the reactor is given in Figure 4.1. For the Hot-Wire atomic hydrogen treatment, two 
parallel Ta wires were used (diameter = 0.3 mm). The substrate holder is placed 20 
cm above the two parallel wires. We used a wire current of 5.4 A, which corresponds 
to a wire temperature of 1980°C in vacuum. Upon exposure to gas, the wire 
temperature is slightly lower. 

 

 
 

Figure 4.1: Schematic overview of the Hot-Wire CVD reactor used for the atomic 
hydrogen treatment, modified from [100]. 
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The chosen wire temperature corresponds to the temperature at which device-quality 
Hot-Wire a-Si:H films are produced. As a source gas, we used H2 at a pressure of 6 
μbar and a flow rate of 50 sccm. At the wires, molecular hydrogen (H2) is dissociated 
into atomic hydrogen (H). We varied the treatment time, ranging from 0 s (no 
hydrogen treatment) to 30 s.  

 

We have carefully chosen our process conditions such that the atomic hydrogen flow 
reaching the substrates is low enough to suppress any significant etching of the c-Si 
surface. Authors from JAIST in Japan [166-170] have extensively reported on the 
influence of several process parameters, such as pressure, filament temperature, and 
substrate temperature on the atomic H-flux and c-Si etching rate. For a filament 
temperature of 1927°C, a process pressure of 56 μbar, they found a H-atom density of 
1.5 x 1014 cm-3 at a distance of 10 cm from the filaments [170]. In our experiment, we 
have worked at a slightly higher filament temperature (1980°C; calibrated in vacuum), 
a process pressure (6 μbar) that was an order of magnitude lower, and the substrate 
was at a filament-substrate distance of 20 cm, which is twice the distance reported in 
Ref. [170]. Comparing our results to their data, and considering the very low pressure 
and the larger filament-substrate distance in our experiments, we deduce that the H-
flux at our substrate surface is at least one order of magnitude lower, which should 
lead to a suppressed c-Si etching rate [166-170]. Furthermore, our substrate 
temperature was sufficiently high (T > 100oC) to maintain low etching rates 
[167,169]. Subsequently, the a-Si:H layers were deposited by standard rf PECVD at 
13.56 MHz in another chamber of the same multichamber system, without breaking 
the vacuum. These layers were deposited at a substrate temperature of 130°C from 
pure SiH4. The layers had a thickness of approximately 25 nm. The deposition 
conditions of the a-Si:H layers are the same as those described in Chapter 3 (deposited 
by rf PECVD). After hydrogen treatment and a-Si:H deposition on one side, this 
process was repeated on the other side after flipping the wafer in air. Directly after 
fabrication, the passivation samples were annealed for 16 h at 200°C in an N2 

ambient. This annealing step at moderate temperatures is crucial to obtain high 
effective minority carrier lifetimes, as it enables the movement of hydrogen in the a-
Si:H film towards the a-Si:H/c-Si interface, which strongly increases the passivation 
of dangling bonds at the interface. As elaborately demonstrated in Chapter 3, such an 
anneal step is particularly necessary if the a-Si:H films are deposited at low (T ≤ 
130°C) substrate temperatures [68,122]. The minority carrier lifetimes after 
application of the a-Si:H film are typically in the order of several tens of 
microseconds in the as-deposited state. Prolonged annealing can lead to an increase in 
effective lifetime of about two orders of magnitude [68,122]. The passivation quality 
of the obtained structures was assessed by means of the Quasi Steady State 
Photoconductance (QSSPC) method [107], using the quasi-transient mode and the 
generalized mode [109].     
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4.3 Results and discussion 
 

In Figure 4.2, the injection level dependent average minority carrier lifetimes for the 
passivation samples with different atomic hydrogen pretreatment times are shown. In 
Figure 4.3, the minority carrier lifetimes at an injection level of 1015 cm-3 are shown 
for these samples. As can be seen from Figures 4.2 and 4.3a, the effective lifetime 
decreases with increasing atomic hydrogen pretreatment time. The untreated reference 
shows the highest effective lifetime over the entire injection level range, which 
implies that the Hot-Wire hydrogen pretreatment has a detrimental effect on the 
passivation quality of the fabricated samples. The same trends can be observed for the 
implied VOC, which is plotted in Figure 4.3b versus the atomic hydrogen pretreatment 
time.  

 

Possible mechanisms for the decrease in passivation quality with increased hydrogen 
treatment times are (i) a change in surface roughness and (ii) increased stress and 
defect densities in the c-Si wafer [146].  We have evaluated the surface roughness of 
the different samples by Atomic Force Microscopy (AFM). These AFM 
measurements, however, do not show any difference in surface roughness and 
morphology. The root mean square (rms) roughness of the c-Si surfaces is below the 
detection limit (< 1 nm) of the used AFM setup for all samples. To evaluate the 
change in defect density for prolonged hydrogen treatment times, we fit the injection 
level dependent minority carrier lifetime data to the Leendertz model [66,67]. For a 
brief description of this model, see section 3.2.2. 
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Figure 4.2: Injection level dependent minority carrier lifetime for different hydrogen 
pretreatment times. 
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Figure 4.3: Minority carrier effective lifetime at an injection level of 1015 cm-3 for 
different hydrogen pretreatment times (a) and implied VOC at 1 sun illumination for 

different hydrogen pretreatment times (b). 

 

In Figure 4.4, the dangling bond density (a) and surface charge density (b) at the 
amorphous/crystalline interface are shown versus atomic hydrogen treatment time. In 
Figure 4.5, the NDB and the SRV values at an injection level of 1015 cm-3 are both 
shown on a relative scale, normalized to their highest value. It can clearly be observed 
that the surface recombination velocity and the dangling bond density follow the same 
trend. From Figure 4.4b it can be observed that the value of the surface charge 
density, on the other hand, is hardly affected by the H treatment. Therefore we 
conclude that an increased defect density on the c-Si surface is the mechanism that 
causes the decrease in passivation quality of the reported samples.  

 

 
Figure 4.4: (a) Dangling bond density (NDB) and (b) surface charge density (QS) 

versus hydrogen treatment time. 
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Figure 4.5: Relative change in dangling bond density (NDB) and surface 
recombination velocity (SRV) versus hydrogen treatment time, normalized to their 

highest values. 

Comparing our results to previous work [146,147,162-164], we conclude that our 
results are in accordance with the results described by NREL [146] and Universitat 
Politecnica de Catalunya [147]. They both observe a detrimental effect of a Hot-Wire 
atomic hydrogen treatment prior to a-Si:H on cell performance and passivation quality 
of symmetrical layer stacks consisting of a-Si:H onto c-Si. Comparing our results with 
the results obtained by Helmholtz Zentrum Berlin [164]  -who observed an increase in 
VOC in finished cells up to approximately 40 mV- is difficult as the atomic hydrogen 
treatment was done by PECVD on <111> oriented textured p-type c-Si wafers without 
depositing an intentional a-Si:H layer between the c-Si wafer and the emitter 
structure. Comparing our results with Ohdaira et al. from JAIST [162], we observe 
the same trend for similar wire temperatures. Ohdaira, however, reports on a drastic 
morphological change of the c-Si for wire temperatures exceeding 1700°C, which we 
do not observe. For lower wire temperatures, however, Ohdaira et al. report on an 
improved surface passivation. These comparisons are more elaborately described 
below. Two differences between our results and all the others are (i) the use of low T 
a-Si:H films, for which thermal annealing is necessary to obtain high quality c-Si 
surface passivation (see Chapter 3) and (ii) the use of a clean chamber, in which no Si 
containing depositions were performed prior to this experiment, thereby excluding Si 
deposition by etching from the chamber walls.  
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Comparison to H treatment effects reported by the National Renewable Energy 
Laboratory (NREL) 

 

NREL [146] has tested the influence of an atomic H pretreatment by HWCVD 
directly on SHJ solar cell performance. NREL fabricates SHJ solar cells in which all 
a-Si:H layers (both intrinsic and doped) are deposited by HWCVD. They mostly focus 
on p-type c-Si wafers (both Cz and FZ). Their cell structure used in these experiments 
looks as follows (top to bottom): metal contacts/80 nm ITO/(n+) a-Si:H (5-10 nm)/(i) 
a-Si:H (0-5 nm)/FZ or Cz p-type <100> or <111> c-Si (not specifically given for this 
experiment)/ Al BSF. They tested the influence of a Hot-Wire hydrogen treatment 
after what they describe as ‘stringent cleaning’ and before intrinsic a-Si:H deposition.   

 

NREL reports that a short H-pretreatment (< 10 s) is slightly beneficial (although 
likely within the experimental error) for the performance of their cells (especially for 
JSC and FF), but that a prolonged treatment drastically decreases the VOC in their cells 
and thereby cell performance. 

 

NREL speculates that a short H pretreatment might passivate boron dopants in p-type 
wafers near the interface, thereby in fact creating a thin intrinsic buffer layer between 
the p-doped wafer and the n-type a-Si:H. Furthermore they suggest that it is also 
possible that the hydrogen etches away Si from the chamber walls which leads to the 
deposition of a thin intrinsic layer onto the wafers. Both explanations are excluded in 
our case. Dopant neutralization is excluded, because it has been reported [171], that 
such a mechanism is only present for acceptors. In our experiments we use n-type 
wafers. Si etching from the chamber walls is excluded, because our experiments were 
performed in a virgin chamber, in which no Si containing depositions were carried out 
prior to this experiment.  

 

They claim that a prolonged H-treatment is detrimental because (i) the de-activation 
of B-atoms could proceed deeper into the c-Si base and/or (ii) because HRTEM 
indicated that prolonged treatment causes strain and defects in the c-Si wafer in their 
case and/or (iii) because it increases the surface roughness, as indicated by real-time 
spectroscopic ellipsometry measurements. In our case, the second mechanism is 
present, as the presence of defects can be deduced from our data fits to the Leendertz 
model [66,67]. We have no direct evidence of defects related to roughness, as the 
increase in roughness was within the resolution of AFM measurements. 

  

Recently, NREL reported very high efficiencies of 19.3% on p-type c-Si FZ wafers 
and 18.8% on CZ wafers [59], which are the best reported values so far for SHJ solar 
cells on p-type wafers. In Ref. [59], they report on a 4 nm thick intrinsic layer and do 
not mention an atomic hydrogen pretreatment at all. This suggests that they have 
abandoned such a pretreatment. Furthermore, the paper mentions that the wet cleaning 
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procedure has been optimized and improved very carefully, which has helped to 
obtain such high efficiencies.  

 

Comparison to H treatment effects reported by Universitat Politecnica de 
Catalunya (UPC) 

 

At UPC [147], the effect of an atomic hydrogen pretreatment by HWCVD has been 
tested on p-type FZ c-Si wafers (0.8 Ω cm). The pretreatment was followed by the 
deposition on both sides of a layer stack consisting of intrinsic/n-type a-Si:H and 
compared to a reference sample without H pretreatment. The layer stack had the same 
structure as the standard emitter structure in their SHJ solar cells. All depositions were 
performed by HWCVD.  

 

Before deposition, the wafers were first cleaned in a H2SO4:H2O2 (2:1) solution and 
subsequently dipped in HF (5% diluted in H2O) until they became hydrophobic. 
Thereafter, the injection level dependent minority carrier lifetime was measured for  

the different samples. For the hydrogen treatment, a wire temperature of 1700°C, an 
H2 gas flow of 20 sccm and a pressure of 0.03 mbar were used. The atomic hydrogen 
treatment time was equal to 1 min. Furthermore, two parallel Ta wires (0.5 mm in 
diameter) with a separation of 3 cm had been installed, with the gas inlet centered 1 
cm below the wires. The substrate was placed 4 cm above the plane of the wires.  

  

For the sample that did not undergo an atomic H pretreatment, a minority carrier 
lifetime around 1 ms was measured at an injection level of 1015 cm-3. For the sample  
that did undergo an atomic H treatment, a minority carrier lifetime below 10 μs was 
measured at the same injection level. From these results we can infer that an atomic 
hydrogen treatment using this procedure is highly detrimental for c-Si surface 
passivation. Comparing the deposition conditions of UPC (p = 0.03 mbar, filament-
substrate distance = 4 cm, T = 1700°C) to those in Ref. [170], we conclude that the 
atomic hydrogen flux reaching the substrate is within the same order of magnitude in 
both cases. This high flux, combined with the relatively long treatment time (1 min) is 
obviously too high to prevent significant etching. 

 

Comparison to H treatment effects reported by Helmholtz Zentrum Berlin 
(HZB) 

 

Comparing our results with the results obtained by Conrad et al. [164] is not 
straightforward, as the atomic hydrogen treatment was done by PECVD on <111> 
oriented textured p-type c-Si wafers without depositing an intentional a-Si:H layer 
between the c-Si wafer and the oppositely doped μc-Si:H emitter layer. HZB reports 
on an improvement in VOC by approximately 40 mV in finished SHJ solar cells for 
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atomic hydrogen treatment times up to 30 s. This improvement is ascribed to an 
effective passivation of defects and cleaning of the surface. Their atomic hydrogen 
treatment was performed by standard rf PECVD at a substrate temperature of 210°C. 
No further specifications on the used conditions are given. Their treatments, however, 
were performed in the same deposition chamber as the µc-Si:H emitter and BSF 
depositions. In the SHJ solar cell structure studied by HZB [160,164], no intentional 
(intrinsic) a-Si:H surface passivating film was used. Their atomic hydrogen treatment 
might have etched Si from the chamber walls, thereby, in fact, depositing a thin 
a-Si:H film. This could be the explanation of their improvement in VOC. Later on, 
HZB started investigating the application of an intentional thin intrinsic a-Si:H film 
for the application in SHJ solar cells [121]. 

 

Comparison to H treatment effects reported by Japan Advanced Institute of 
Science and Technology (JAIST) 

 

Comparing our results with Ohdaira et al. [162], we observe the same trend for 
similar wire temperatures. For lower wire temperatures, however, Ohdaira et al. report 
on an improved surface passivation of 100 nm thick intrinsic a-Si:H films on n-type 
Cz c-Si wafers (1-5 Ω cm). Their atomic hydrogen treatment was performed at a 
pressure of 0.01 mbar at filament temperatures varying from 1200°C to 1750°C. 
Unfortunately, the filament-substrate distance is not given in [162]. For their reference 
sample, on which no atomic hydrogen treatment was performed, Ohdaira et al. 
measured an effective lifetime slightly below 200 µs. For atomic hydrogen treatments 
at wire temperatures up to 1300°C, they observe an increased minority carrier 
lifetime, maximizing at approximately 700 µs. The injection levels at which the 
minority carrier lifetimes are reported, however, is not specified. For higher wire 
temperatures, they observe a decrease in minority carrier effective lifetime, 
corresponding to an increased surface roughness of the c-Si substrates. As already 
discussed, we do not observe any change in surface roughness for our samples upon 
the atomic hydrogen treatment (within the resolution < 1 nm of the AFM). 
Furthermore, we use FZ instead of Cz c-Si wafers and our reference minority carrier 
lifetime is an order of magnitude higher than the value by [162]. Comparing the 
atomic hydrogen exposure to our case is not straightforward, as no reactor dimensions 
and/or configuration are given in Ref. [162].   

  

Contrary to previous work [146,147,162-164], however, to avoid any influence on the 
passivation quality by chemical transfer, we have performed our hydrogen 
pretreatments in a new ‘virgin’ chamber in which no Si containing depositions have 
ever taken place before. In this way our experiments can unambiguously determine 
the role of the atomic hydrogen itself to which the wafers are exposed in this 
experiment.  

 



69 
 

Moreover, we have obtained minority carrier lifetime values exceeding 10 ms at an 
injection level of 1015 cm-3 for 50 nm thick intrinsic a-Si:H films [68] (see Chapter 3), 
as well as for intrinsic/n-type a-Si:H layer stacks [172] (see Chapter 5), approaching 
the bulk lifetime of c-Si without an atomic hydrogen pretreatment, implying that such 
an additional surface treatment is not necessary to obtain record lifetimes and can 
therefore better be omitted.  

 

4.4 Conclusions  
 

From the results shown in this chapter, we conclude that the HWCVD atomic 
hydrogen pretreatment as described in this chapter has a detrimental effect on the 
passivation quality of a-Si:H layers on n-type <100> FZ c-Si wafers. In the present 
experiments, the atomic hydrogen pretreatment by HWCVD and a-Si:H deposition by 
PECVD were performed in separate reactors of the same multichamber system. The 
hydrogen treatments have been performed in a new and clean chamber in which no 
depositions were performed prior to this experiment. Therefore, the role of 
redeposited a-Si:H from the chamber walls can be excluded. The role of redeposited 
a-Si:H can be very significant if no thin intentional intrinsic a-Si:H layer is used 
between the c-Si wafer and the oppositely doped a-Si:H emitter layer. AFM 
measurements on the fabricated samples show, within the resolution < 1 nm of the 
AFM, no change in surface roughness on these samples for different treatment times. 
By fitting the injection level dependent minority carrier data to the surface 
recombination model developed by Leendertz, we observe that the main mechanism 
that causes the decrease in passivation quality by the atomic hydrogen pretreatment is 
the creation of additional defects on the c-Si surface. Furthermore, we elaborately 
compared our results with those obtained by other groups on similar atomic hydrogen 
pretreatments. Finally, excellent minority carrier lifetimes exceeding 10 ms at an 
injection level of 1015 cm-3 are shown in Chapters 3 and 5 of this thesis without any 
atomic H pretreatment. This implies that such a pretreatment is not necessary to 
obtain very high lifetimes and should therefore be omitted.  
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Chapter 5 
 

The influence of thermal annealing temperature on 
passivation properties of a-Si:H layer stacks and a-Si:H/c-Si 
heterojunction solar cell performance  
 

Abstract 
 

The influence of thermal annealing on the crystalline silicon surface passivating 
properties of different amorphous silicon containing layer stacks, as well as the 
correlation with silicon heterojunction solar cell performance has been investigated. 
The passivation properties of individual thin intrinsic a-Si:H layers as well as of 
stacks consisting of intrinsic/n-type and intrinsic/p-type a-Si:H layers on n-type c-Si 
wafers have been tested. All samples have been isochronally annealed for 1 h in an N2 
ambient at temperatures between 150°C and 300°C in incremental steps of 15°C. For 
the intrinsic films and the intrinsic/n-type stacks, an improvement in passivation up to 
255°C and 270°C is observed, respectively, and a deterioration at higher 
temperatures. The initial improvement is attributed to dangling bond saturation by 
atomic hydrogen at the amorphous-crystalline interface, whereas the decrease at 
higher temperatures is caused by H out-diffusion. For intrinsic/n-type a-Si:H layer 
stacks, an excellent minority carrier lifetime of 13.3 ms at an injection level of 1015 
cm-3 has been measured, indicating combined chemical and field effect passivation. In 
contrast, for intrinsic/p-type a-Si:H layer stacks, a deterioration in passivation is 
observed over the whole temperature range. This is attributed to the asymmetric 
Fermi-level dependent defect formation enthalpy in n- and p-type a-Si:H, leading to 
higher defect densities in p-type material. Comparing the lifetime values and trends 
for the different layer stacks to the performance of the corresponding cells, it is 
inferred that the intrinsic/p-layer stack is limiting device performance. Furthermore, 
thermal annealing of p-type layers should be avoided entirely, which leads us to 
propose an adapted processing sequence. Based on these findings, it was decided to 
fabricate SHJ solar cells in a modified order. With this modified sequence, SHJ solar 
cells on mirror polished wafers showed a substantial improvement in efficiency 
compared to standard procressing, reaching an efficiency of 16.7%, compared to 
15.8% in the ‘standard’ order.   
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5.1 Introduction 
 

The passivating properties of intrinsic a-Si:H have been intensively studied (see 
Chapter 3 and references therein). In SHJ solar cells, however, the influence of the 
doped layers on the passivation properties is also very important and crucial. The 
BSF, which has the same doping type as the c-Si, creates additional field effect 
passivation, repelling minority charge carriers from the a-Si:H/c-Si interface at the 
back side of the cell, thereby further reducing recombination losses. At the emitter 
side, however, minority carriers are passing through the a-Si:H/c-Si interface region in 
the front side, which enhances recombination losses. Furthermore, doped a-Si:H 
contains high levels of defect density, as the formation enthalpy for defects 
compensating the active dopants is reduced when the Fermi level approaches one of 
the band edges [24,154,173]. 

 

In this chapter, the influence of post-deposition annealing temperature on the 
passivation properties of layer stacks consisting of intrinsic and doped (both n- and 
p-type) a-Si:H is investigated. Furthermore, SHJ solar cell performance for the used 
annealing temperatures is measured, and correlated with the passivation properties of 
the different a-Si:H containing layer stacks. Based on the findings described in this 
chapter, a modified processing sequence for SHJ solar cell fabrication is proposed and 
an improvement compared to the standard deposition order is demonstrated.  

 

5.2 Experimental details 
 

In this chapter, four different types of samples are described (see Figure 5.1): First of 
all, n-type c-Si wafers which are passivated on both sides by deposited intrinsic 
a-Si:H films with a device-relevant thickness of 10 nm (Sample type 1) are 
investigated. In Chapter 3, excellent c-Si surface passivation obtained by 50 nm thick 
intrinsic a-Si:H layers deposited by three different techniques has been demonstrated. 
For a-Si:H films deposited by rf PECVD, we obtained a minority carrier lifetime of 
10.3 ms at an injection level of 1015 cm-3. For SHJ solar cells, however, thinner 
intrinsic a-Si:H films are required. Therefore, the passivation properties of 10 nm 
thick a-Si:H films on c-Si have been tested in this case. Secondly, the standard BSF 
structure, consisting of intrinsic (5 nm) and n-type (20 nm) a-Si:H films (Sample type 
2) has been deposited on both sides of c-Si wafers. Thirdly, a sample for which the 
standard BSF has been deposited on one side of the c-Si wafer, and on the other side 
the standard emitter, consisting of intrinsic (5 nm) and p-type (20 nm) a-Si:H films 
has been fabricated (Sample type 3). Finally, a complete SHJ solar cell, based on the 
previously described layer stacks followed by Indium Tin Oxide (ITO) deposition and 
contact formation (Sample type 4) has been made.  
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Figure 5.1: Schematic overview of the different sample types studied in this chapter. 

 

In this chapter, we use n-type float zone (FZ) double sided mirror polished (DSP) 
<111> c-Si wafers (2.5 - 3 Ω cm). The wafers have been provided by Topsil, 
Denmark. According to the specifications, the wafers have a thickness of 280 ± 25 
µm. To determine the exact thickness of each wafer (i.e. with an accuracy better than 
1 µm) , the wafers were weighed after the experiments. The thickness of the a-Si:H 
layers (several tens of nanometers) is neglected with respect to the wafer thickness. 
Before a-Si:H deposition, the wafers are dipped in HF (1% diluted in H2O), for 3 
minutes. After the HF dip, the samples are blow-dried using N2.  

 

The a-Si:H layers are made by standard rf PECVD in the PASTA system (see section 
2.2.1). For each type of a-Si:H layer, a different process chamber is used to avoid 
cross-contamination. The intrinsic a-Si:H films are deposited from pure SiH4 at a 
process pressure of 1.08 mbar, a power density of 30 mW/cm2 and a substrate 
temperature of 130°C. The n-type a-Si:H films are fabricated using a gas mixture 
consisting of SiH4, H2, and PH3 at gas flow ratio of 4:1:0.02, a power density of 
21 mW/cm2, a pressure of 0.30 mbar and a substrate temperature of 195°C. The p-
type a-Si:H films are fabricated using a gas mixture consisting of SiH4, H2 and 
B(CH3)3 (also called TMB) at gas flow ratios of 1:10:0.28, a power density of 35 
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mW/cm2, a pressure of 2.57 mbar and a substrate temperature of 150°C. The 
deposition conditions of the a-Si:H films are summarized in Table 5.1. The ITO layers 
are deposited by rf magnetron sputtering from a ceramic target consisting of 
In2O3:Sn2O3 (10%) through custom masks defining the solar cell size of 1 cm2 in the 
SALSA system (see section 2.2.4). Solar cell contacts on both sides are formed by Ag 
evaporation (see section 2.2.5).  

 

Sample types 1-3 are characterized by means of QSSPC measurements [107], using 
the quasi-transient mode and the generalized mode [109]. More information about the 
QSSPC technique can be found in section 2.4.2. From these measurements, the 
injection level dependent minority carrier lifetime, as well as the implied VOC at 
specified illumination levels can be determined.  

 

The finished solar cells (Sample type 4) are characterized by means of current density 
versus voltage (J-V) measurements under 1000 W/m2 AM1.5 illumination [49], using 
the solar simulator (see section 2.4.1).  

 

All four sample types are isochronally annealed at stepwise increased temperatures, in 
11 steps, starting at 150oC and ending at 300oC, with 15oC increments, each step 
lasting for 1 h in an N2 ambient. The influence of annealing temperature on 
passivation quality (Sample types 1-3), as well as solar cell performance (Sample type 
4) is determined after each step. 

 

Table 5.1: Deposition conditions for the a-Si:H layers deposited in the PASTA system. 

 

Layer Type Ts (°C) SiH4 
(sccm) 

H2 

(sccm) 

Doping 

(sccm) 

Pressure 

(mbar) 

 

Intrinsic 130 60 - - 1.08  

       

p-type 150 10 100 0.28 2.57  

       

n-type 195 40 10 

 

0.20 0.30  
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5.3 Results and discussion 
 

5.3.1 Surface passivation 
 

The as-deposited minority carrier lifetimes at an injection level of 1015
 cm-3 of the 

different sample types are shown in Table 5.2. As can be seen from Table 5.2, the as-
deposited minority carrier lifetime of c-Si passivated by the intrinsic a-Si:H films with 
only device-relevant thickness (Sample type 1) is very low (only 42 µs). Subsequent 
annealing at higher temperatures has been demonstrated to highly improve the 
passivation quality of intrinsic a-Si:H layers deposited at relatively low temperatures 
(T ~ 130°C) [68,119,122] (see also Chapter 3). Furthermore, the passivation quality 
strongly increases with annealing time as well (see Chapter 3 and Refs. [68,119,122]). 
Sample types 2 and 3 show significantly higher as-deposited minority carrier lifetimes 
at the specified injection level, as the intrinsic a-Si:H film is already annealed during 
deposition of the doped layers at higher T (including the preceding sample heating and 
subsequent cooling).  

 

In Figure 5.2, the minority carrier lifetimes at an injection level of 1015 cm-3 of the 
different samples versus anneal temperature are shown. We now discuss the 
observations that can be made for each sample type. 

 

Table 5.2: As-deposited and best minority carrier lifetimes at injection level of 1015 
cm-3 for Sample types 1-3. 

 

Sample 
no. 

Description 

 

As dep. τeff (ms)

 

Best τeff (ms)

 

Tann (°C) 

for best τeff 

1 i/c-Si/i 4.2 10-2 4.1 270 

2 ni/c-Si/in 4.7 13.3 255 

3 ni/c-Si/ip 1.4 1.4 As dep. 
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Figure 5.2: Minority carrier lifetime at an injection level of 1015 cm-3 for Sample types 
1-3 for different annealing temperatures.  

 

For Sample type 1, a considerable improvement in passivation quality can be 
observed up to annealing temperatures of 270°C; the as-deposited carrier lifetime 
increases by two orders of magnitude compared to the as-deposited lifetime (see 
Table 5.2). For annealing temperatures exceeding 270°C, a small decrease in minority 
carrier lifetime can be seen. These results can be explained as follows: Low T a-Si:H 
growth results in defective material, as the hydrogen is not properly equilibrated 
throughout the material during deposition due to its low diffusion coefficient [24,150]. 
For this reason, a-Si:H films that are deposited at relatively low temperatures typically 
possess a higher void density and fraction of hydrogen that is bonded as multihydrides 
(Si-Hn>1) [24,119,151] and structural disorder, leading to higher defect densities and 
reduced passivation properties of such films [151,152]. This effect has been observed 
to be stronger if these multi-hydrides are present close to the a-Si:H/c-Si interface, 
and less detrimental if they occur in the a-Si:H layers further away from the 
a-Si:H/c-Si interface [151]. Prolonged thermal annealing at temperatures higher than 
the deposition temperature enables the hydrogen to become mobile [24,150], diffuse 
towards the interface, facilitated by the hydrogen concentration gradient at the 
interface and equilibrate the bulk and surface defect densities [24,121,150]. This 
strongly reduces the defect density at the a-Si:H/c-Si interface and therefore improves 
the passivation quality [68,119,121,122,153]. If the temperature is too high (T ~ 
270°C-300°C), the passivation quality again decreases due to hydrogen effusion out 
of the intrinsic a-Si:H film [153-157].    

 

For c-Si passivated with layer stacks consisting of i/n a-Si:H (Sample type 2), a 
similar trend in passivation quality versus annealing temperature can be observed as 
for the surface passivating intrinsic a-Si:H films only (Sample type 1). The decrease 
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in passivation quality, however, starts at a somewhat lower temperature; 255°C. At 
annealing temperatures between 210°C and 270°C, excellent minority carrier lifetimes 
in excess of 10 ms at an injection level of 1015 cm-3 are obtained, peaking at 255°C. 
The minority carrier lifetime at this temperature is equal to τeff = 13.3 ms; thus far the 
highest value reported in literature for c-Si passivated by a-Si:H [172]. The injection 
level dependent minority carrier lifetime of this sample is shown in Figure 5.3. It can 
be seen that at lower injection levels, even higher minority carrier lifetime values 
(exceeding 15 ms for injection levels below 1.5 x 1014 cm-3) have been measured, due 
to the enhanced field effect passivation by the n-type a-Si:H film. At higher injection 
levels, the minority carrier lifetime is limited by Auger recombination (see section 
3.2.1).  

 

For c-Si passivated on one side by i/n a-Si:H and on the other side by i/p a-Si:H 
(Sample type 2), a monotonous decrease in minority carrier lifetime is observed over 
the whole investigated temperature range, indicating that thermal annealing is already 
detrimental at moderate temperatures when p-type a-Si:H layers are involved. The 
minority carrier lifetime values of this sample type strongly imply that the p-type 
a-Si:H film limits the passivation quality and is thus expected to be limiting solar cell 
performance as well.  

 

The observed characteristics can be explained by Fermi-energy dependent Si-H bond 
rupture in a-Si:H [24,154,156]. In doped semiconductors (either n-type or p-type), an 
increased amount of doping will shift the Fermi level towards one of the band edges. 
This will reduce the formation enthalpy in the material for defects compensating the 
doping [24,154,173]. For increasing band gap values, an increased asymmetry in the 
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Figure 5.3: Record injection level dependent minority carrier lifetime of Sample 

type 2 after annealing at 255°C. 
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Fermi energy dependent defect formation enthalpy between n-type and p-type doping 
is generally observed [173]. In a-Si:H, this asymmetry leads to a lower defect 
formation enthalpy as a function of Fermi level shift for p-type than for n-type films. 
This causes a higher defect density and reduced passivation quality for p-type than for 
n-type films due to Si-H bond rupture [154,156]. This defect formation enthalpy can 
be associated with the energy that is needed to break two Si-H bonds and 
subsequently form an H2 molecule [156].  

 

In an intrinsic/p-type a-Si:H stack, the hydrogen concentration gradient across the 
stack will also play a major role in its decreasing performance with respect to 
annealing.  Boron doped a-Si:H layers have a lower hydrogen concentration compared 
to intrinsic layers [174], attributed to the scavenging effect of boron. In the present 
case, the difference in deposition temperatures of the intrinsic and p-type a-Si:H 
layers might also contribute to the hydrogen concentration difference. This 
concentration gradient will allow the hydrogen to diffuse out of the passivating 
intrinsic a-Si:H layer to the p-type layer and this process is more pronounced at higher 
annealing temperatures when more hydrogen effuses out of the p-type layer. This 
process strongly increases the hydrogen concentration gradient between the intrinsic 
and p-type a-Si:H film. Hydrogen effusion experiments performed by different 
laboratories [154-157] have indeed indicated that the Si-H bond rupture in doped 
films takes place at the lowest temperatures for p-type a-Si:H films (effusion peaking 
at 200°C-250°C), followed by n-type a-Si:H films (peaking slightly above 300°C) and 
finally intrinsic a-Si:H (peaking at 350°C-400°C). In case of an intrinsic/n-type a-Si:H 
stack, the hydrogen concentration difference between the i- and n-layers is much less 
pronounced and moreover, the hydrogen effusion from the n-type a-Si:H film is lower 
at the temperatures used in this experiment compared to the p-type film [156]. This 
explains the difference between the intrinsic/p-type and the intrinsic/n-type a-Si:H 
stacks in the annealing characteristics. All dependencies of minority carrier lifetime 
on annealing temperature as shown in Figure 5.2 are in qualitative agreement with 
these temperature dependent effusion results.  

 

De Wolf and Kondo carried out a similar experiment [155]. They observed that the 
passivation quality of p-type a-Si:H films decreases at temperatures higher than 
120°C. For n-type a-Si:H layers, an increase in passivation quality for temperatures up 
to 160°C, and a strong decrease for annealing temperatures exceeding 230°C was 
observed. For i/n a-Si:H layer stacks, they observed an increase in passivation quality 
for annealing temperatures up to 260°C (which was the highest annealing temperature 
they tested). For i/p a-Si:H layer stacks an increase up to 220°C was observed, 
followed by a decrease in passivation quality for higher temperatures. Our results are 
different in that the minority carrier lifetime values are significantly higher than those 
measured by De Wolf and Kondo. Furthermore, we correlate obtained passivation 
results with the performance of SHJ solar cells. 
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5.3.2 Solar cell results 

 

The results described in the previous section have several implications for device 
fabrication. It has been observed that annealing at temperatures up to 255°C is 
beneficial for the passivation properties of intrinsic a-Si:H layers only, as well as for 
intrinsic/n-type a-Si:H stacks. For intrinsic/p-type a-Si:H layer stacks, on the other 
hand, post-deposition annealing temperatures of 150°C and above is detrimental for 
device performance and should therefore be avoided. Based on these findings, it was 
decided to modify the standard fabrication sequence of the SHJ solar cells (Sample 
type 4) as follows: After the HF dip, we first deposit the entire BSF structure. 
Subsequently, we flip the wafer in air and reload the wafer in the deposition system 
without performing an additional HF dip and deposit a passivating intrinsic a-Si:H 
layer at the emitter side of the wafer. Then, the sample is annealed at 200°C in 
vacuum for 16 h to induce improved passivation properties [68,122]. We chose an 
annealing temperature of 200°C instead of 255°C to maintain the advantages of low T 
processing, as described in the section 1.4.  Finally the p-type a-Si:H layer is 
deposited at 150°C. This way, the intrinsic and n-type a-Si:H films are exposed to a 
higher temperature, whereas the p-type a-Si:H films are not post-annealed.  

 

The SHJ solar cell, fabricated as described above, showed an as-deposited conversion 
efficiency of 16.7% (VOC = 681 mV). A reference SHJ solar cell, in which the emitter 
side was fabricated first, and thereafter the BSF side, showed an efficiency of 15.8% 
(VOC = 659 mV).  The J-V curves of the both solar cells (as-deposited) are shown in 
Figure 5.4. The solar cell parameters (VOC, JSC, FF, η) of both cells are depicted in 
Table 5.3.  
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Figure 5.4: J-V curve under AM1.5 illumination of SHJ solar cell fabricated in 
modified process order compared to the standard order (as-deposited). 
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Table 5.3: As-deposited solar cell parameters of both cells (reversed order as well as 
standard order). 

 

Parameter Reversed order 

SHJ cell 

Standard order 

SHJ cell 

VOC (mV) 681 659 

JSC (mA/cm2) 33.5 33.4 

FF (%) 73.1 71.8 

η (%) 16.7 15.8 

 

Comparing both cells we observe an increase in VOC and FF compared to the standard 
order, indicating improved surface passivation, whereas the JSC remains constant. This 
clearly shows that preventing high T exposure of the p-type a-Si:H layer is beneficial 
for SHJ solar cell performance, as expected from the results shown in Figure 5.2.  

 

Subsequent annealing at T ≥ 150oC leads to a decrease in VOC over the entire 
temperature range, in agreement with the decrease in implied VOC of the Sample type 
3 (see Figures 5.5 and 5.6). The difference in implied VOC for Sample type 3 and 
directly measured VOC in finished solar cells (Sample type 4) can be ascribed to 
electrical losses in the TCO layers and contacts, as well as in the p-type a-Si:H layer. 
According to Figure 5.5, these losses account for 15-20 mV in VOC. Comparing the as-
deposited implied VOC at 1 Sun illumination of Sample type 3 (697 mV) to the implied 
VOC of Sample type 2 (732 mV), we can ascribe the difference of 35 mV to losses in 
the i/p a-Si:H layer stack. As we obtain record minority carrier lifetimes for Sample 
type 2, further optimization of our SHJ cells has to be sought in the emitter structure, 
the TCOs and contact formation. The development of a graded p-type a-Si:H layer, 
i.e. with a doping profile changing from low doping close to the a-Si:H/c-Si interface 
to higher doping further away from the interface, could be an interesting option to 
increase the VOC of such structures. The difference between the implied VOC in Sample 
type 3  (697 mV) and the VOC of Sample type 4 (681 mV) is ascribed to electrical 
losses in the contacts, the TCO films and the a-Si:H films.  

 

Thermal annealing at T = 150°C is already observed to be detrimental, since the as-
deposited VOC’s of Sample type 3 (implied VOC = 697 mV), and the SHJ solar cell 
(VOC = 681 mV) are higher than all data presented in Figures 5.5 and 5.6. In Figure 
5.6, the relative normalized changes of the most relevant solar cell parameters (VOC, 
FF, JSC and efficiency) versus annealing temperature are shown. As can be observed 
from Figure 5.6, all solar cell parameters show a monotonous decrease between 
150°C and 255°C. VOC and JSC follow this trend throughout the whole measured 
range; up to 300°C. The FF (and correspondingly, the efficiency), on the other hand, 
strongly collapses for temperatures higher than 255°C, almost entirely degrading the 
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solar cell performance. As mentioned earlier, the decrease in VOC is related to the 
reduced passivation quality of the respective a-Si:H based layers. In addition to the 
deteriorating passivation quality of the i/p stack, the decrease in JSC can also be 
ascribed to a reduced optical band gap for the p-type a-Si:H film [154]. Finally, at 
temperatures above 255oC, the passivation quality of the i/n stack also deteriorates, 
leading to further enhanced recombination losses. 
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Figure 5.5: Implied VOC (Sample type 3) and solar cell VOC (Sample type 4). 
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Figure 5.6: Relative change in solar cell parameters (VOC, JSC, FF, η) for different 

annealing temperatures. 
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5.4 Conclusions 

 

The influence of annealing temperature on the surface passivating properties of 
different types of a-Si:H based layer stacks has been investigated and can very well be 
correlated to the observed trends in SHJ solar cell performance as a result of post-
annealing. For intrinsic a-Si:H films and for intrinsic/n-doped a-Si:H layer stacks, a 
significant improvement in passivation quality after annealing at temperatures up to 
255°C and 270°C, respectively, is observed. For c-Si wafers passivated by intrinsic/n-
doped a-Si:H layer stacks, we obtained a record minority carrier lifetime of 13.3 ms at 
an injection level of 1015 cm-3 after annealing at 255°C, superior to lifetime values 
found in the literature for a-Si:H passivation layers on c-Si. For intrinsic/p-type a-Si:H 
layer stacks, however, a decrease in passivation quality for temperatures higher than 
150°C is already observed. This is attributed to Fermi-level dependent Si-H bond 
rupture, and hydrogen diffusion from the intrinsic towards the doped a-Si:H layers, 
which is known to be more pronounced in p-type than in n-type a-Si:H. Based on 
these findings, SHJ solar cells have been fabricated in a specific order, leading to an 
efficiency of 16.7% on flat c-Si wafers, which is an improvement compared to the 
‘standard order’ efficiency of 15.8% due to an improved VOC and FF. The excellent 
passivation properties of the intrinsic a-Si:H films and our BSF structure described in 
this chapter suggest that further improvement in device performance should be 
obtained by modifying the p-type a-Si:H as well as the TCOs and electrical contacts. 
Electrical losses have been demonstrated to account for a 15-20 mV loss in VOC. 
Further improvement in VOC except for this loss should be obtained by modifying the 
passivation properties of the emitter structure; especially the p-type a-Si:H layer. 
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Chapter 6 
 

Transparent conductive oxide layers for amorphous and 
crystalline silicon based heterojunction solar cells 
 

Abstract 
 

In this chapter, transparent conductive oxide (TCO) layers to be applied in silicon 
heterojunction (SHJ) solar cells are studied. First, a technical and scientific 
comparison of different transparent conductive oxide layers to be used in high-
efficiency silicon heterojunction solar cells as made by different European 
laboratories has been carried out. In this comparison, we have characterized and 
compared different TCO layers including Indium Tin Oxide (ITO), ZnO:Al and 
ZnO:B, which have been fabricated using rf and dc magnetron sputtering and Low 
Pressure Chemical Vapor Deposition, respectively. All deposition methods 
investigated yield high quality TCO layers, suitable for integration in silicon 
heterojunction solar cells. In terms of resistivity and mobility, the ITO layers 
generally show the most desired properties, but from cost and material abundance 
perspectives, doped ZnO layers might be preferred. Furthermore, X-Ray Diffraction 
(XRD) measurements show a strong convergence between both the ZnO:Al and the 
ZnO:B films. The ITO films, on the other hand, have a more diverse crystal structure.  

 

Finally, we have tested the incorporation of ITO and ZnO:Al layers as developed at 
Utrecht University (UU) for the incorporation in SHJ solar cells. We observe that the 
deposition of these two types of TCO has no significant effect on the surface 
passivation properties of the underlying a-Si:H, which might have been expected due 
to possible sputter damage. In chapter 5, we have shown a SHJ solar cell with a 
conversion efficiency of 16.7%. In that solar cell, the TCO layers consisted of ITO. In 
this chapter, we show the same cell with a ZnO:Al layer as TCO for comparison. This 
cell showed a conversion efficiency of 16.3%; slightly lower than the ITO case, due to 
increased electrical losses.  
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6.1 Introduction 
 

Transparent conductive oxides (TCOs) are studied for a wide range of device 
applications, such as thin film transistors (TFTs) [175,176], flat panel displays [177], 
gas sensors [178] and also solar cells. In particular, TCO layers are very important in 
several types of Si-based solar cells. The TCO layer is crucial for efficient charge 
carrier collection, light trapping as well as good window properties, i.e. optical 
transparency. These layers should simultaneously be highly transparent in the visible 
and near-infrared (T  > 85% for 400-1100 nm) and highly conductive (ρ ~ 10-3 Ω cm), 
to ensure optimized charge collection, while their thickness is limited to about 80-100 
nm if they are also used to provide an effective anti-reflection coating.  

 

Several materials, to be applied as TCO films in Si-based solar cells, have been 
studied. Of these materials, indium tin oxide (ITO) [74,83], aluminum doped zinc 
oxide (ZnO:Al) [75,77], indium doped zinc oxide (ZnO:In) [83], boron doped zinc 
oxide (ZnO:B) [78,101] and fluorinated tin oxide (SnO2:F) (especially Asahi U-type), 
are the most important ones. In SHJ solar cells ITO, ZnO:Al and ZnO:B are the most 
commonly used materials. Generally, ITO is preferred in terms of excellent mobility 
and conductivity properties, whereas doped ZnO is preferred in terms of lowest 
material costs [79], explaining that ZnO:Al is still the most widely used TCO material 
for thin-film Si solar cell applications. Moreover, indium is a material of relatively 
low abundance on earth. Furthermore, ZnO:B deposited by low pressure chemical 
vapor deposition (LPCVD) is increasingly used in thin film Si based solar cells. This 
is especially due to its higher carrier mobility compared to ZnO:Al, its naturally 
grown surface roughness and the freedom in choosing the desired doping 
concentration, enabling a strong reduction in free carrier absorption, unlike the ZnO 
with other type of dopants for which targets with a fixed doping concentration are 
used in sputter deposition process. The main drawback of LPCVD ZnO:B, however, 
is that very thick (> 1 µm) films have to be used to benefit from these advantages.  

 

In this chapter, we compare the typical best TCO layers made by different materials, 
from different European laboratories, with different preparation methods [57,73-
75,83,179-183]. To compare these different TCO materials, we carried out a 
comparative experiment in which several laboratories sent TCO layers of different 
materials made by different techniques according to their best known practices to 
Utrecht University (UU) for thorough sample characterization. The partners involved 
in this experiment are: Utrecht University (UU), Agenzia Nazionale per le Nuove 
Tecnologie, l’Energia e lo Sviluppo Economico Sostenible (ENEA), Institut National 
de l’Energie Solaire (INES), Helmholtz-Zentrum Berlin für Materialien und Energie 
(HZB) and Ecole Polytechnique Fédérale de Lausanne (EPFL). The different TCO 
materials investigated are ITO, ZnO:Al and ZnO:B. In this chapter we report on the 
most important optical (reflectance, transmittance), electrical (resistivity, mobility, 
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free carrier density) and structural (crystal orientation and size) characteristics of these 
layers and compare the different materials and deposition methods. For ITO and 
ZnO:Al, we have compared thin (anti-reflection thickness; 80-100 nm) and thick (> 1 
μm) films. For ZnO:B, we have only looked at thicker films, as for this material, 
thicker films are preferably used in silicon heterojunction solar cells [73].  

 

Furthermore, we have tested and compared the incorporation of the ITO and ZnO:Al 
as developed at UU into SHJ solar cells. First, we have tested the influence on the c-Si 
surface passivating properties of the deposition of these TCO layers on top of the 
standard emitter structure. Thereafter, we have fabricated and compared SHJ solar 
cells with both types of TCO and compare the performance of these devices. 

 

6.2 Experimental Details 
 

For the comparative TCO experiment, layers with typical anti-reflection (AR) 
thickness (around 80-100 nm), both on mirror polished c-Si and on glass, as well as 
thick (> 1 μm) layers on glass for ITO and ZnO:Al were evaluated. For ZnO:B, only 
thick (> 1 μm) layers on glass were characterized. In Table 6.1, an overview of the 
samples used in this study is shown.  

 

The samples have been characterized by means of four point probe (FPP) (see section 
2.3.3), reflection-transmission (R/T) (see section 2.3.1), Hall effect (see section 2.3.4) 
and X-ray diffraction (XRD) (see section 2.3.5) measurements. The layers with AR 
thickness on glass are used for FPP measurements and R/T measurements. The layers 
with AR thickness on c-Si are used for reflection measurements only. The thick layers 
on glass are used for Hall effect, FPP and XRD measurements.  

 

Table 6.1: Overview of samples made by different laboratories and deposition 
techniques for the experiment. 

 

 ITO ZnO:Al ZnO:B 

LPCVD   EPFL 

ENEA 

INES 

rf Magnetron UU 

ENEA 

EPFL 

UU 

ENEA 

 

dc Magnetron INES HZB 

INES 
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FPP measurements were performed to measure the sheet resistance of the layers, R/T 
measurements in the wavelength range between 300 nm and 1100 nm to determine the 
anti-reflective properties of the layers when deposited on c-Si and Hall effect 
measurements are performed to obtain the resistivity, mobility and free charge carrier 
density of the layers using the standard Van der Pauw configuration [105]. Finally, 
XRD measurements are used to characterize the crystal structure of the deposited 
layers.  

 

The ITO and ZnO:Al layers fabricated at UU were deposited using the conditions as 
described in Table 6.2. At UU, the ITO films were sputtered using a target consisting 
of In2O3:SnO2 (10%). The ZnO:Al films were sputter deposited from a ZnO:Al2O3 
(2%) target on substrates set at room temperature, although the substrate temperature 
may reach 100 oC during deposition. The TCO layers made at UU were not annealed 
after deposition, as any annealing at T  ≥ 150°C has been observed to be detrimental 
for SHJ solar cell performance (see Chapter 5). The TCO layers from the other 
institutes were fabricated according to their best known practices.  

 

The suitability of the ITO and ZnO:Al films developed at UU in SHJ solar cells has 
been tested as well. Therefore, the influence of TCO deposition on the injection level 
dependent minority carrier lifetime of n-type <100> FZ DSP c-Si wafers (ρ ~ 2.5 - 3 
Ω cm) passivated by an emitter structure has first been tested. This structure consists 
of a 5 nm intrinsic a-Si:H film and a 20 nm p-type a-Si:H film (see section 5.2). On 
the back side, a-SiNx:H as provided by ECN Solar Energy was deposited [184]. 
Finally, we applied both types of TCOs in SHJ solar cells and compared device 
performance.  

 

Table 6.2: Deposition conditions for ITO and ZnO:Al layers made at UU. 

 

Target material ITO ZnO:Al (2%) 

Target-substrate distance (mm) 115 125 

Power (W) 400 300 

Pressure (µbar) 20 3 

Gas flow (sccm) Ar 20 6.6 

Gas flow (sccm) Ar:O2 (0.3%) - 3.3 

Deposition time (s) 580 270 

Est. thickness (nm) 80 100 
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6.3 Results and Discussion  
 

6.3.1 Comparative TCO experiment 

 

In Figures 6.1 (ITO) and 6.2 (ZnO:Al), the reflectance of the TCO layers with AR 
thickness deposited on flat c-Si wafers is shown for the wavelength range of 300-1100 
nm. The reflectance of a flat c-Si wafer without TCO layer is also shown as a 
reference. As can be seen from both figures, the AR effect of the TCO layers is 
obvious in all cases. Regarding the shape of the AM1.5G spectrum and the optical 
band gap of c-Si (1.12 eV at room temperature), a reflection minimum around 600 nm 
is preferred [185].  

 

To determine the sheet resistance of the layers with AR thickness on glass, FPP 
measurements were carried out on different samples for each type of material. For 
each layer type, measurements on several samples have been performed and averaged. 
The results are shown in Table 6.3. From the sheet resistance values shown in Table 
6.3, resistivities have been calculated by multiplying the sheet resistance and the 
thickness of the relevant layers (see Table 6.4). These thicknesses have been 
calculated from reflection/transmission (R/T) measurements on these layers on glass. 
To determine the electron mobility and free charge carrier density, Hall effect 
measurements were performed. For this purpose, the thicker TCO layers have been 
used (d > 1 μm) to obtain a sufficient signal to noise ratio. The results of these 
measurements on different samples deposited by the laboratories are shown in Tables 
6.5 and 6.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Reflectance data of AR thickness ITO layers deposited by different 
laboratories on flat c-Si wafers. 
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Figure 6.2: Reflectance data of AR thickness ZnO:Al layers deposited by different 
laboratories on flat c-Si wafers. 

 

Table 6.3: Results for sheet resistance measurements of thin TCO layers on glass. 

 

 ITO Rsheet (Ω/□) ZnO:Al Rsheet (Ω/□) 

rf Magnetron UU 

ENEA

EPFL 

48.2 ± 1.7 

47.6 ± 0.8 

74.4 ± 1.2 

UU 

ENEA 

103.5 ± 4.3 

125.8 ± 7.3 

dc Magnetron INES 65.7 ± 0.8 HZB 

INES 

84.3 ± 3.9 

122.0 ± 19.3 

 

 

Table 6.4: Resistivities of thin TCO layers on glass. 

 

 ITO ρ (10-4 Ω cm) ZnO:Al ρ (10-4 Ω cm) 

rf Magnetron UU 

ENEA

EPFL 

3.9 ± 0.1 

4.4 ± 0.1 

5.3 ± 0.1 

UU 

ENEA 

9.3 ± 0.4 

10 ± 1 

 

dc Magnetron INES 5.4 ± 0.1 HZB 

INES 

7.6 ± 0.4 

11 ± 2 
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Table 6.5: Free carrier densities as determined from Hall effect measurements. 

 

 ITO ne 

(1020 cm-3) 

ZnO:Al ne 

(1020 cm-3)

ZnO:B ne 

(1020 cm-3) 

LPCVD     ENEA 

INES 

EPFL 

1.4 ± 0.1 

6.5 ± 0.5 

0.4 ± 0.1 

rf 
Magnetron 

UU 

ENEA 

EPFL 

1.3 ± 0.2 

3.1 ± 0.3 

1.1 ± 0.1 

UU 

ENEA 

4.5 ± 0.4 

4.3 ± 0.6 

  

dc 
Magnetron 

INES 2.5 ± 0.2 HZB 

INES 

7.2 ± 0.6

6.0 ± 0.5 

  

 

 

Table 6.6: Electron mobilities as determined from Hall effect measurements. 

 

 ITO μe 

(cm2 V-1 s-1) 

ZnO:Al μe 

(cm2 

V-1 s-1) 

ZnO:B μe 

(cm2 V-1 s-1) 

LPCVD     ENEA 

INES 

EPFL 

33.5 ± 2.7 

20.3 ± 1.7 

37.2 ± 3.0 

rf 
Magnetron 

UU 

ENEA 

EPFL 

44.4 ± 3.6 

32.5 ± 2.6 

21.6 ± 1.7 

UU 

ENEA 

11.4 ± 0.9 

16.1 ± 2.1 

  

dc 
Magnetron 

INES 18.9 ± 1.5 HZB 

INES 

21.8 ± 1.7

20.7 ± 1.7 

  

 

 

From Hall measurements, resistivity values as shown in Table 6.7 were calculated 
from the data shown in Tables 6.5 and 6.6 according to Equation 6.1:  

 

  1

eq n   .       (6.1) 
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In this equation, ρ denotes the resistivity, μe the electron mobility, n the free charge 
(electron) carrier density and q the elementary charge. These results are consistent 
with the measured sheet resistance values using the FPP method on the same samples. 

Comparing the resistivities as determined on thick (d > 1 μm) and on thin layers (AR 
thickness), we note some remarkable differences. The ratios of the resistivities of the 
thick and the thin samples are shown in Table 6.8.  

 

As can be seen from Table 6.8, this ratio is significantly higher than unity for all ITO 
samples, slightly above unity for the ZnO:Al samples deposited with rf magnetron 
sputtering and slightly below 0.5 for the ZnO:Al samples deposited by dc magnetron 
sputtering. It is likely that several effects play different roles, such as the evolution in 
crystalline fraction and grain size with changing thickness, grain boundary and intra-
grain scattering and changes in dopant concentration [78,101], which influence the 
resistivity of the films in different ways. Apparently, the influence of several 
competing mechanisms is different for each type of layers and also dependent on the  

 

Table 6.7: Resistivities as calculated from Hall effect measurements. 

 

 ITO ρ (10-4 Ω cm) ZnO:Al ρ (10-4 

Ω cm) 

ZnO:B ρ (10-4 

Ω cm) 

LPCVD     ENEA 

INES 

EPFL 

14 ± 1 

4.7 ± 0.5

42 ± 5 

rf Magnetron UU 

ENEA 

EPFL 

11 ± 1 

6.2 ± 0.7 

27 ± 3 

UU 

ENEA 

12 ± 1 

9.0 ± 1.0

  

dc Magnetron INES 13 ± 1 HZB 

INES 

3.4 ± 0.4

5.0 ± 0.6

  

 

 

Table 6.8: Resistivity ratios for thick (>1 μm) and thin (AR thickness) layers. 

 

 ITO ρthick/ ρthin ZnO:Al ρthick/ ρthin 

rf Magnetron UU 

ENEA

EPFL 

2.9 ± 0.3 

1.4 ± 0.2 

5.0 ± 0.6 

UU 

ENEA 

1.3 ± 0.2 

1.1 ± 0.1 

dc Magnetron INES 2.4 ± 0.3 

 

HZB 

INES 

0.45 ± 0.05 

0.45 ± 0.07 
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deposition technique. To study the structural properties of the different TCO layers, 
XRD measurements have been performed on the layers used for Hall effect 
measurements. The results are shown in Figures 6.3 a-d for ITO, in Figure 6.4 for 
ZnO:Al and in Figure 6.5 for ZnO:B. All relative intensity peaks have been scaled to 
the thicknesses of the respective layers.  
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Figure 6.3 (a-d): XRD patterns of ITO films deposited by UU (a), ENEA (b), EPFL 
(c) and INES (d). 
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Figure 6.4: XRD patterns of ZnO:Al layers deposited by different laboratories. 
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Figure 6.5: XRD patterns of ZnO:B layers deposited by different laboratories. 

 

From the XRD patterns shown in Figure 6.3a-d it can be seen that both the UU and 
the ENEA ITO layers have a strong (211) peak whereas the ITO layers made by INES 
and EPFL have a considerably lower intensity peak at the same position. These 
samples, however, show a strong peak at (400) orientation. These relatively strong 
differences between the ITO samples make it difficult to draw firm conclusions on a 
preferred crystal orientation for the ITO, although it can be observed that the samples 
with a relatively strong (211) peak have higher mobilities than the samples with a 
relatively strong (400) peak. Unfortunately, a clear physical explanation for this 
observation is lacking.  
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As can be observed from Figure 6.4, a strong convergence in the ZnO:Al XRD 
patterns is observed, contrary to the ITO results. Therefore, we conclude that the 
structure of ZnO:Al is less system and deposition method dependent than the structure  
of ITO. Furthermore, since all laboratories involved have shown to be able to 
fabricate high quality ZnO:Al layers with the same crystal structure, we conclude that 
the XRD patterns as shown in Figure 6.4 are representative for the best material 
structure for TCO applications in SHJ solar cells. A similar structure has also been 
found by other groups, see e.g. Refs. [77] and [186] and thus, optimization of 
sputtered ZnO:Al seems to converge to a well-defined structure for the material 
worldwide.  

 

As can be seen from Figure 6.5, the ZnO:B samples all have a dominant (110) peak. 
Compared to the ZnO:Al samples, the dominant peak appears at a different crystal 
orientation, concomitant with a considerably higher mobility. Furthermore, the results 
show a qualitative correlation between the peak intensity and grain size versus 
mobility of the different ZnO:B layers, indicating that a higher crystallinity leads to a 
higher mobility, as expected.  

 

6.3.2 Incorporation of TCOs in SHJ solar cells 
 

In order to test the influence of TCO deposition on SHJ solar cell performance, we 
first tested its influence on surface passivation of the emitter structure. To do so, we 
deposited our standard emitter structure (see section 5.2) on one side of an n-type 
<100> DSP c-Si wafer (ρ ~ 2.5 - 3 Ω cm) and on the other side, an 80 nm thick 
a-SiNx:H film was previously deposited by ECN Solar Energy, see Ref. [184]. The 
injection level dependent minority carrier lifetime of these samples was measured 
before and after TCO deposition on top of the emitter to test its influence on surface 
passivation and possible damage caused by the sputtering process [187]. In Figures 
6.6 (ITO) and 6.7 (ZnO:Al), the injection level dependent minority carrier lifetime for 
values in the range of 1014 - 1016 cm-3 is depicted.  

 

As can be observed from Figures 6.6 and 6.7, there is a slight detrimental influence 
for injection levels below 1015 cm-3 for ITO deposition on the passivation quality of 
a-Si:H emitters as used in SHJ solar cells, possibly due to minor sputter damage. For 
ZnO:Al, a slight improvement in passivation quality is even observed, possibly due to 
additional low T annealing. For both types of TCO layer, however, no major change 
in passivation quality upon TCO deposition is observed, indicating that sputter 
damage has no significant detrimental effect on c-Si surface passivation by our 
standard a-Si:H emitter structure. In Figure 6.8, current density versus voltage 
measurements under AM1.5 illumination of our best SHJ solar cells with ITO and 
ZnO:Al as TCO layers are depicted, respectively. For both cells, the same modified  
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Figure 6.6: Injection level dependent minority carrier lifetime before and after ITO 

deposition. 
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Figure 6.7: Injection level dependent minority carrier lifetime before and after 
ZnO:Al deposition. 

 

fabrication order was applied (see Chapter 5). In Table 6.9, the relevant solar cell 
parameters are given. Comparing the solar cell data shown in Figure 6.8 and Table 
6.9, it can be observed that all solar cell parameters show a somewhat higher value for 
the ITO case, but no spectacular differences can be observed. Moreover, a difference 
in series resistance can hardly be observed, as would be expected from the resistivities 
of ITO and ZnO:Al, respectively. Since many different process steps are involved in 
SHJ solar cell fabrication, slight deviations in other aspects, such as passivation 
quality, layer thicknesses and doping might also play a role in the observed  
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Figure 6.8: J-V curve under AM1.5 illumination of SHJ solar cell with ITO. 

 

Table 6.9: Relevant solar cell parameters of both cells (with ITO and ZnO:Al as TCO 
material). 

 

Parameter Cell with ITO Cell withZnO:Al 

VOC (mV) 681 671 

JSC (mA/cm2) 33.5 33.3 

FF (%) 73.1 72.9 

η (%) 16.7 16.3 

 

differences. It has been demonstrated, however, that high quality SHJ solar cells can 
also be fabricated with ZnO:Al as TCO material, leading to a potentially strong cost 
reduction, without sacrificing much in terms of device performance. 

 

6.4 Conclusions 

 

In this chapter, several TCO layers have been evaluated and discussed for their use in 
SHJ solar cells. For ITO layers on glass, resistivity values below 4 x 10-4 Ω cm, 
mobilities higher than 40 cm2V-1s-1 and excellent anti-reflection properties were 
measured. For ZnO:Al layers on glass, resistivities were below 8 x 10-4 Ω cm, 
mobilities higher than 21 cm2V-1s-1 and also the measured anti-reflection properties 
were excellent. For ZnO:B layers on glass, resistivities below 5 x 10-4 Ω cm, 
mobilities higher than 30 cm2V-1s-1

 and good (T > 82%) transmittances for thick (d > 
1 μm) layers on glass were obtained. From X-Ray Diffraction patterns, some 
remarkable differences between the ITO layers made at different laboratories were 
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observed. No clearly preferred crystal orientation has been identified, although a (211) 
preferential orientation tends to indicate higher mobility. For ZnO:Al layers, on the 
other hand, a strong coherence between the different films has been observed, even if 
they are deposited by different techniques, which suggests that the properties of 
optimal ZnO:Al layers are well defined. The different ZnO:B layers also have an 
almost similar structure. The structure of the ZnO:B layers, however, is different from 
that of the ZnO:Al layers, corresponding to higher mobilites.  

 

Furthermore, we have tested the ITO and ZnO:Al layers as developed at Utrecht 
University for the incorporation into SHJ solar cells. Therefore, we first tested the 
influence of ITO and ZnO:Al deposition on top of the standard emitter structure on 
the surface passivating properties of these emitters, which could be expected to play a 
role due to sputter damage. For both materials, no significant change in surface 
passivation by the emitter structure used in our SHJ solar cells is observed, indicating 
that the rf magnetron sputtering process has no detrimental effect. Finally, when 
incorporated into SHJ solar cells, we obtained a slightly higher efficiency when ITO 
is used as TCO material (η = 16.7%) versus ZnO:Al (η = 16.3%) on DSP c-Si. This 
demonstrates that efficient SHJ solar cells can be made using ZnO:Al instead of ITO, 
without sacrificing much in terms of efficiency.  

 

From this perspective, doped ZnO layers might still be preferred over ITO for solar 
cell fabrication due to the relative abundance of Zn over In and the corresponding cost 
reduction. For the same reasons, ZnO:Al might be preferred over ZnO:B, as less 
material is used for these layers.  
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Summary  
 

In this thesis, research on amorphous and crystalline silicon heterojunction (SHJ) 
solar cells is described. These cells form a potentially inexpensive alternative to 
conventional crystalline silicon (c-Si) homojunction solar cells. Probably the most 
important feature of SHJ solar cells is a thin intrinsic hydrogenated amorphous silicon 
(a-Si:H) layer of approximately 5 nm on the c-Si that is deposited before depositing 
the doped emitter and back surface field structures. This layer greatly reduces 
recombination losses at the amorphous-crystalline interfaces.  

 

The passivation properties of such thin intrinsic layers made by various chemical 
vapor deposition (CVD) techniques have been investigated, i.e. radio frequency 
Plasma Enhanced CVD (rf PECVD), Very High Frequency PECVD (VHF PECVD) 
and Hot-Wire CVD (HWCVD). Comparing these different fabrication methods is of 
interest, as the reduced ion bombardment in VHF PECVD and the lack of ion 
bombardment in HWCVD compared to standard rf PECVD are thought to be 
advantageous for the quality of c-Si surface passivation due to the reduction of ion 
impact defect creation at the a-Si:H/c-Si interface. For layers deposited at 130°C, all 
three techniques show a strong reduction in surface recombination velocity (SRV) of 
two orders of magnitude after prolonged thermal annealing at 200°C. Modelling of 
the obtained injection level dependent minority carrier lifetime data shows that this 
reduction correlates with a decreased dangling bond density at the amorphous-
crystalline interface, indicating that dangling bond saturation by atomic hydrogen is 
the predominant mechanism. All three deposition methods yield excellent surface 
passivation, indicating that ion bombardment, occurring under the plasma conditions 
and substrate temperatures used, does not have a detrimental effect on c-Si surface 
passivation. For amorphous silicon layers deposited by rf PECVD, we obtain 
outstanding carrier lifetimes of 10.3 ms at an injection level of 1015 cm-3, 
corresponding to SRVs of 1.32 cm/s assuming infinite bulk c-Si lifetime, and an SRV 
of 0.56 cm/s assuming a bulk c-Si lifetime as modelled in this thesis. For VHF 
PECVD and HWCVD, we also obtain high quality surface passivation, with carrier 
lifetimes at the same injection level of 5.4 ms and 3.7 ms, respectively. For a-Si:H 
films made by HWCVD at 250°C, an as-deposited minority carrier lifetime at an 
injection level of 1015 cm-3 of 2.0 ms is already observed. In contrast to a-Si:H films 
fabricated at 130°C, however, we found no change in passivation quality upon 
thermal annealing. These films were fabricated for the first time using a continuous 
in-line HWCVD mode.  

 

Wafer cleaning before a-Si:H deposition is generally considered to be a crucial step 
for c-Si surface passivation. This is most commonly done by a standard hydrofluoric 
acid (HF) dip, sometimes combined with additional cleaning steps. We have tested the 
influence of an additional atomic hydrogen treatment before a-Si:H deposition on the 
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c-Si surface. The atomic hydrogen is created by HWCVD. The treatments have been 
performed in a new virgin chamber to exclude Si deposition from the chamber walls. 
Subsequently, we deposited a-Si:H layers onto both sides of n-type FZ <100> c-Si 
wafers and measured the minority carrier effective lifetime and implied VOC for 
different H treatment times ranging from 5 s to 30 s prior to a-Si:H deposition. We 
found that increasing hydrogen treatment times led to lower effective lifetimes and 
implied VOC values for the used conditions. Our results show that a brief atomic 
hydrogen pretreatment is already detrimental for the passivation quality. Atomic 
Force Microscopy (AFM) measurements do not show any change in surface 
roughness of the different samples. Modelling of the measured minority carrier 
lifetime data shows that the decreased passivation quality is caused by an increased 
defect density at the amorphous-crystalline interface.  

 

Different amorphous silicon containing layer stacks (intrinsic and doped), as well as 
the properties and performance of SHJ solar cells have been investigated. The 
passivation of individual thin intrinsic a-Si:H layers, as well as of stacks consisting of 
intrinsic/n-type and intrinsic/p-type a-Si:H layers on n-type c-Si wafers have been 
tested. After deposition, all samples have been annealed for temperatures between 
150°C and 300°C in incremental steps of 15°C. For the intrinsic films and the 
intrinsic/n-type stacks, an improvement in passivation up to 255°C and 270°C, 
respectively, is observed and a deterioration at higher temperatures. The initial 
improvement is attributed to dangling bond saturation by atomic hydrogen at the 
amorphous-crystalline interface, whereas the decrease at higher temperatures is 
caused by H out-diffusion. For intrinsic/n-type a-Si:H layer stacks, an excellent 
minority carrier lifetime of 13.3 ms at 1015 cm-3 has been measured, indicating 
combined chemical and field effect passivation. In contrast, for intrinsic/p-type a-Si:H 
layer stacks, a deterioration in passivation is observed over the whole temperature 
range. This is due to the asymmetric Fermi-level dependent defect formation enthalpy 
in n- and p-type a-Si:H, leading to higher defect densities in p-type material. 
Comparing the lifetime values and trends for the different layer stacks to the 
performance of the corresponding cells, it is observed that the intrinsic/p-layer stack is 
limiting device performance. Furthermore, the results show that thermal annealing of 
p-type layers should be avoided entirely, which leads us to propose an adapted 
processing sequence. Based on these findings, SHJ solar cells were prepared in a 
modified order. With this modified order, solar cells on mirror polished wafers 
reached a very promising efficiency of 16.7% (VOC = 681 mV), considerably higher 
than the 15.8% (VOC = 659 mV) obtained in the ‘standard’ order. This way, a new 
approach towards improved surface passivation for SHJ solar cell fabrication is 
demonstrated.    

 

Finally, transparent conductive oxide (TCO) layers are studied for application in SHJ 
solar cells. First, a technical and scientific comparison of different transparent 
conductive oxide layers to be used in high-efficiency SHJ solar cells as made by 
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different laboratories and deposition techniques has been carried out. In this 
comparison, different TCO layers including Indium Tin Oxide (ITO), ZnO:Al and 
ZnO:B, which have been fabricated using rf and dc magnetron sputtering and Low 
Pressure Chemical Vapor Deposition (LPCVD) have been investigated. All deposition 
methods investigated yield high quality TCO layers, suitable for integration in SHJ 
solar cells. In terms of resistivity and mobility, the ITO layers are generally closest to 
the most desired properties, but from cost and material abundance perspectives, ZnO 
layers may be preferred. Furthermore, X-Ray Diffraction (XRD) measurements show 
a strong convergence between both the ZnO:Al and the ZnO:B films. The ITO films, 
on the other hand, have a more diverse crystal structure.  

 

The incorporation of ITO and ZnO:Al layers in SHJ solar cells has been tested from 
the viewpoint of possible sputter damage as well. It is observed that both types of 
TCO deposition have no significant influence on the passivation properties of 
standard a-Si:H layer stacks forming the emitter structure in the used SHJ cells. On 
mirror polished wafers, a conversion efficiency of 16.7% has been obtained when ITO 
is used as TCO, versus an efficiency of 16.3% for ZnO:Al; slightly lower than for ITO 
due to increased electrical losses.  
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Samenvatting in het Nederlands 
 
In dit proefschrift wordt onderzoek naar heterojunctie zonnecellen bestaande uit 
amorf en kristallijn silicium beschreven (SHJ zonnecellen). Deze cellen vormen een 
mogelijk goedkoop alternatief ten opzichte van conventionele kristallijn silicium 
(c-Si) homojunctie zonnecellen. Het misschien wel belangrijkste kenmerk van SHJ 
zonnecellen is de mogelijkheid om een ~5 nm dikke intrinsieke laag bestaande uit 
gehydrogeneerd amorf silicium (a-Si:H) te deponeren voordat de gedoteerde lagen 
worden gedeponeerd, die respectievelijk de ‘emitter’ en het ‘back surface field’ 
vormen. Dit leidt in het algemeen tot een sterke vermindering van recombinatie aan 
het amorf-kristallijne grensvlak.  
 
De passiverende eigenschappen van zulke dunne intrinsieke lagen, gefabriceerd met 
behulp van diverse chemische damp depositietechnieken (CVD), respectievelijk 
radiofrequente plasma geïnduceerde CVD (rf PECVD), zeer hoogfrequente plasma 
geïnduceerde CVD (VHF PECVD) en hete draad CVD (HWCVD), zijn onderzocht. 
Het vergelijken van deze technieken is interessant, daar het gereduceerde 
ionenbombardement in VHF PECVD ten opzichte van rf PECVD, en de afwezigheid 
van ionenbombardement bij HWCVD mogelijk tot minder defecten als gevolg van 
ionenbombardement en derhalve een betere grensvlakpassivatie zouden kunnen 
leiden. Voor lagen gedeponeerd op 130°C is bij alle drie onderzochte technieken een 
reductie van oppervlakterecombinatiesnelheid (SRV) te zien van twee ordegrootten na 
een uitgebreide warmtebehandeling op 200°C in een stikstofomgeving. Modelleren 
van de verkregen levensduurdata van minderheidsladingsdragers laat zien dat deze 
reductie correleert met een verminderde dichtheid van losse bindingen aan het 
grensvlak. Dit toont aan dat de passivering van losse bindingen door atomair waterstof 
aanwezig in de laag het voornaamste passivatiemechanisme is. Alle drie de 
depositietechnieken leiden tot goede grensvlakpassivatie. Dit impliceert dat 
ionenbombardment binnen het regime van de gebruikte plasmacondities en 
temperaturen geen nadelig effect heeft op de passivatie. For amorf silicium (a-Si:H) 
lagen gedeponeerd met behulp van rf PECVD is een levensduur van 10.3 ms behaald 
voor minderheidsladingsdragers bij een injectieniveau van 1015 cm-3, corresponderend 
met een SRV van 1.32 cm/s in het geval van oneindige bulklevensduur, en een SRV 
van 0.56 cm/s voor bulklevensduren zoals gemodelleerd in dit proefschrift. Voor VHF 
PECVD en HWCVD zijn eveneens hoge levensduren verkregen bij hetzelfde 
injectieniveau van respectievelijk 5.4 ms en 3.7 ms. Voor a-Si:H films gefabriceerd 
met behulp van HWCVD bij 250°C wordt een levensduur van 2.0 ms bij hetzelfde 
injectieniveau reeds direct na a-Si:H depositie bereikt. In tegenstelling tot a-Si:H films 
gefabriceerd bij 130°C, is er echter geen wezenlijke verandering in levensduur 
zichtbaar na een warmtebehandeling bij 200°C. Laatstgenoemde a-Si:H films zijn 
voor het eerst gefabriceerd door middel van een continu ‘in-line’ HWCVD proces.  
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Substraatreiniging voorafgaand aan a-Si:H depositie is een cruciale stap voor c-Si 
zonnecelfabricage. De gebruikelijke methode hiervoor is een dip in waterstoffluoride 
(HF dip), al dan niet gecombineerd met overige processtappen. Wij hebben de invloed 
van een additionele behandeling met atomair waterstof voordat het a-Si:H 
gedeponeerd wordt op het c-Si getest. Het atomaire waterstof wordt gecreëerd met 
behulp van HWCVD. De waterstofbehandelingen zijn uitgevoerd in een nieuwe, niet 
eerder gebruikte reactor om Si depositie van de reactorwanden uit te sluiten. Na deze 
behandeling hebben wij aan beide kanten van de n-type FZ <100> c-Si substraten 
a-Si:H lagen gedeponeerd en de levensduur van minderheidsladingsdragers en de 
geïmpliceerde VOC gemeten. Dit is gedaan voor verschillende tijdsduren van de 
waterstofbehandeling, variërend van 5 s tot 30 s. Langere waterstofbehandelingstijden 
leiden in ons geval tot lagere levensduren en geïmpliceerde VOC waarden. De 
resultaten laten zien dat een korte behandeling met atomair waterstof reeds een 
nadelige invloed heeft op de passivatie. Atomaire krachtmicroscopie (AFM) metingen 
tonen aan dat er geen verandering in oppervlakteruwheid van de substraten 
plaatsvindt. Modelleren van de gemeten levensduren van minderheidsladingsdragers 
laat zien dat de verminderde kwaliteit van de passivatie te wijten is aan een 
toegenomen defectendichtheid aan het grensvlak.  
 
Verschillende combinaties van a-Si:H houdende lagen (zowel intrinsiek als 
gedoteerd), evenals de eigenschappen en kwaliteit van SHJ zonnecellen zijn eveneens 
onderzocht. Zowel de passivatie van dunne intrinsieke a-Si:H lagen, als van 
intrinsieke gecombineerd met gedoteerde lagen (n- en p-type) a-Si:H zijn onderzocht. 
Na depositie zijn alle samples thermisch behandeld bij temperaturen variërend van 
150°C tot 300°C in stappen van 15°C. For de intrinsieke lagen en de combinatie 
intrinsiek/n-type is een verbetering in passivatiekwaliteit zichtbaar voor temperaturen 
tot respectievelijk 270°C en 255°C, een een verslechtering voor hogere temperaturen. 
De initiële verbetering kan worden toegeschreven aan de passivatie van losse 
bindingen door atomair waterstof. De verslechtering bij hogere temperaturen is te 
wijten aan de effusie van waterstof. Voor intrinsiek/n-type a-Si is een zeer hoge 
levensduur van 13.3 ms behaald bij 1015 cm-3, dankzij gecombineerde chemische en 
‘field effect’ passivatie. Voor intrinsiek/p-type a-Si:H is daarentegen een 
verslechtering in passivatiekwaliteit over het gehele temperatuursbereik waar te 
nemen. Dit verschil tussen n- en p-type a-Si:H lagen kan worden toegeschreven aan 
de asymmetrische Ferminiveau-afhankelijke formatie-enthalpie voor defecten, wat 
leidt tot hogere defectdichtheden in p-type dan in n-type materiaal. Bij het vergelijken 
van de levensduren en trends daarin bij verschillende temperatuurbehandelingen is te 
zien dat het intrinsiek/p-type a-Si:H de prestaties van SHJ zonnecellen limiteert. Op 
basis van bovengenoemde vindingen is besloten om SHJ zonnecellen te fabriceren in 
een aangepaste procesvolgorde. Met deze aangepaste procesvolgorde is een zeer 
veelbelovend rendement van 16.7% (VOC = 681 mV) bereikt op vlakke c-Si 
substraten, aanzienlijk hoger dan de 15.8% (VOC = 659 mV) in de ‘standaard’ 
procesvolgorde.   
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Tot slot zijn transparante geleidende oxide (TCO) lagen onderzocht voor gebruik in 
SHJ zonnecellen. Allereerst is een zowel technische als wetenschappelijke 
vergelijking uitgevoerd van verschillende typen TCO lagen die worden gebruikt in 
SHJ zonnecellen met hoog rendement die gefabriceerd zijn in verschillende 
laboratoria. In deze vergelijking zijn verschillende materialen onderzocht; in het 
bijzonder Indium Tin Oxide (ITO), ZnO:Al en ZnO:B, gefabriceerd met behulp van rf 
en dc magnetron sputtering en lage druk chemische damp depositie (LPCVD). Met 
alle onderzochte depositiemethodes zijn hoogkwalitatieve TCO lagen ontwikkeld, 
geschikt voor SHJ zonnecellen met een hoog rendement. Wat betreft weerstand en 
mobiliteit is ITO het meest geschikte materiaal, maar wat betreft kosten en 
beschikbaarheid, lijkt ZnO het meest geschikt. Verder laten 
Röntgendiffractiemetingen een sterke overeenkomt zien tussen de verschillende 
ZnO:Al en ZnO:B lagen. De ITO lagen, daarentegen, hebben een meer diverse 
kristalstructuur. Tot slot is de incorporatie van ITO en ZnO:Al lagen in SHJ 
zonnecellen onderzocht met het oog op mogelijke schade aan de 
oppervlaktepassivatie van het a-Si:H ten gevolge van het sputterproces. Hierbij leidt 
de depositie van beide soorten TCO lagen niet tot verminderde passivatie-
eigenschappen van de standaard emitterstructuur. Op vlakke c-Si substraten is een 
rendement van 16.7% behaald met ITO als TCO materiaal en een rendement van 
16.3% met ZnO:Al; een fractie lager dan voor ITO vanwege hogere elektrische 
verliezen.  
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