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Abstract

To advance the contribution of photovoltaic (PV) systems in a transition towards
fully sustainable energy generation, the costs of the associated systems need to
decrease. In particular, a constant evolution of their solar energy conversion effi-
ciency () is an effective way to reduce the overall costs of the energy production
of a solar cell. In the recent decade high n have been achieved by the silicon het-
erojunction (SHJ) solar cell technology, which allows for a very high open circuit
voltage (Vo.). However, the parasitic absorptance (Aparas) within the doped hy-
drogenated amorphous silicon (a-Si:H) layers still causes a significant reduction in
the short circuit current density (Js) of a SHJ solar cell. In contrast, thin films of
hydrogenated nanocrystalline silicon oxide (nc-SiOx:H) are significantly more trans-
parent. This is related to their advantageous microstructure, in which a conductive
network of crystalline silicon (¢-Si) is combined with a silicon dioxide (SiO2)-like
matrix at the nanoscale. Nevertheless, a trade-off between a high conductivity and
a high transparency has to be considered due to the conflicting properties of the two

phases.

Accordingly, the aim of this thesis was to develop doped nc-SiOy:H films at
an increased deposition frequency (very high frequency (VHF)) to improve the op-
toelectronic trade-off of the films. Furthermore, these layers were applied in SHJ
solar cells to achieve a low Aparas and, thereby, an enhanced Ji.. Additionally, a
continuous enhancement of 17 was accomplished by changes in the design of the solar

cells.

In detail, films of nc-SiO4:H were optimized at VHF using plasma enhanced
chemical vapor deposition (PECVD). By exploiting the increased atomic H den-
sity at VHF, an improved phase separation was achieved in comparison to films

deposited at radio frequency (RF) within the same deposition system and the devel-



Abstract

oped films were comparable to the best-performing nc-SiOy:H films deposited at RF
in literature. Within these variations four distinct regions of nc-SiO4:H deposition
were identified according to their microstructure and their properties. In particular
these are: a region of amorphous growth (“fully amorphous region”), a region with
low amounts of the nanocrystalline silicon (nc-Si) phase and the hydrogenated amor-
phous silicon oxide (a-SiOy:H) phase (“onset of ne-Si formation”), ne-SiOx:H films
of high nc-Si and a-SiOy:H phase contents (“O and ne-Si enrichment”), and a region
with a preferential incorporation of a-SiOy:H against nc-Si (“ne-Si deterioration”).
Particularly, films deposited at the transition between the “O and nc-Si enrichment”
and the “nc-Si deterioration” region exhibited a high optoelectronic performance.
A detailed investigation of the microstructure via atom probe tomography (APT)
revealed the intricate three-dimensional structure of the nc-Si network and indicated
a nearly homogeneous distribution of the dopant atoms across all phases in contrast

to thermally produced nc-Si in SiOs.

After the material development, the VHF nc-SiOy:H layers were applied in SHJ
solar cells. Starting with planar substrates passivated by intrinsic (<i>) a-SiOx:H
layers, n-type doped (<n>) nc-SiOx:H front-emitter layers led to an increase in Jy.
of the solar cells with an increasing a-SiO:H content in the nc-SiOy:H layers. At the
same time, highly transparent nc-SiOx:H layers severely limited the fill factor (F'F)
of the solar cells. A significant enhancement of 1 was achieved by substituting the
<i> a-SiOx:H by <i> a-Si:H, which increased the open circuit voltage (Voc) by
about 20mV due to a superior surface passivation of c¢-Si by the annealed a-Si:H
layers. Furthermore, an improved nucleation of nc-Si on a-Si:H for nc-SiOx:H in
comparison to hydrogenated microcrystalline silicon (pc-Si:H) layers was found by
the deposition of nc-SiOx:H front surface field (FSF) layers on a-Si:H passivated
solar cells. Simulations using a freeware program for the optical analysis of the
front surface of a solar cell (OPAL 2) indicated the thin nc-SiOx:H layers deposited
in solar cells to be more transparent than suggested by their optical properties

determined from significantly thicker films.

To enhance the effect of using a nc-SiOx:H FSF layer with a high optical band
gap (Ep4), the reflectance (R) of the planar solar cells was reduced by the implemen-

tation of an anti-reflection (AR) coating. In detail, nano-imprint lithography (NIL)



was employed to produce a Si random pyramid textured SiOs-like AR coating, which
enhanced the light incoupling significantly and resulted in an increase of Jg.. Overall,
a planar SHJ solar cell with an active area solar energy conversion efficiency (7act)
of 20.4% and a Jy of 37.7mA cm~2 was produced.

The combination of an increased light incoupling and increased light trapping
was achieved by Si random pyramid textured Si substrates. Here, the surface passi-
vation of the absorber by <i> a-Si:H was confirmed to be comparable to the planar
absorbers by considering the effect of the increased surface area and the absorber
thickness. However, the nc-SiOy:H films developed at VHF deteriorated the a-Si:H
passivation layer by etching due to a high amount of atomic H during the deposi-
tion. A successful implementation of nc-SiOx:H layers was possible by using RF and
a lower Hy flow to reduce the amount of atomic H. In total, a 7, of 21.4% was
achieved with V= 721mV, FF =75.4%, and Js = 39.4mAcm 2. Furthermore,
OPAL 2 simulations suggested an increase of Js. by about 0.3mA cm =2 for imple-
menting an inverted pyramid texture with a characteristic angle of 70° as compared
to the Si random pyramid texture. Lastly, the performance of a SHJ solar cell with
a nc-SiOx:H FSF and emitter layer was subjected to a stability test. It degraded
during storage in air for several months as well as under extended light exposure,

which was partially reversible.






Zusammenfassung

Um den Beitrag von Photovoltaiksystemen (PV) zum Ubergang zu einer vollstindig
nachhaltigen Energiegewinnung zu erh6hen, miissen die Kosten der entsprechenden
Systeme gesenkt werden. Insbesondere die stetige Steigerung der Solarenergiewand-
lungseffizienz (1) bietet einen effektiven Weg, um die Gesamtkosten der Energiege-
winnung einer Solarzelle zu reduzieren. In den vergangenen Jahrzehnten sind hohe
n mit der Siliziumheterostruktur (SHJ) Technologie erreicht worden, welche sehr
hohe offene Klemmspannungen (V) ermoglicht. Derzeit fithrt die parasitdre Ab-
sorption (Aparas) in den dotierten amorphen Siliziumschichten (a-Si:H) jedoch zu
einer erheblichen Verminderung des Kurzschlussstroms (Js.) einer SHJ Solarzelle.
Im Gegensatz zum a-Si:H sind Diinnschichten aus nanokristallinem Siliziumoxid
(nc-SiOx:H) deutlich transparenter. Dies geht auf ihr vorteilhaftes Gefiige zurtick,
in der ein elektrisch leitfahiges Netzwerk aus kristallinem Silizium (¢-Si) nanoskalig
in einer Siliziumdioxid-dhnlichen Matrix eingebettet ist. Allerdings ist hier wegen
der kontriren Eigenschaften der beiden Phasen eine sorgfiltige Abwigung zwischen

einer hohen elektrischen Leitfdhigkeit und einer hohen optischen Transparenz notig.

Entsprechend war es ein Ziel dieser Arbeit, nc-SiO4:H Schichten bei einer ho-
heren Depositionsfrequenz (very high frequency (VHF)) zu entwickeln, um die op-
toelektronischen Eigenschaften der Schichten zu verbessern. Des Weiteren wurden
diese Schichten in SHJ Solarzellen angewandt, um ein geringes Aparas zu erreichen
und so Jgc zu erhdhen. Zudem wurde durch Anpassungen des Solarzellendesigns eine
stetige Zunahme von 7 erreicht.

Zunéchst wurden nc-SiOy:H Schichten mittels plasmaunterstiitzter chemischer
Gasphasenabscheidung (PECVD) bei VHF optimiert. Durch Nutzung der erhohten
Dichte an atomarem H bei VHF wurde eine verbesserte Phasentrennung im Ver-

gleich zu Schichten erreicht, die im Hochfrequenzbereich (radio frequency (RF)) im
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gleichen Depositionssystem abgeschieden wurden. Auflerdem waren die entwickel-
ten Schichten auf vergleichbarem Niveau wie die besten RF nc-SiOx:H Schichten
in der Literatur. Innerhalb der variierten Parameter konnten vier einzelne Gebiete
der nc-SiOx:H Abscheidung nach ihren Schichteigenschaften und nach dem Gefiige
unterschieden werden. Dies sind im Einzelnen: Ein Gebiet rein amorphen Wachs-
tums (“fully amorphous region”), ein Gebiet mit geringen Anteilen an nanokristalli-
nem Si (nc-Si) und amorphem Siliziumoxid (a-SiOx:H) (“onset of ne-Si formation”),
nc-SiOx:H Schichten mit hohen Gehalten an nc-Si und a-SiOx:H (“O and ne-Si en-
richment”) und ein Gebiet mit bevorzugtem Einbau von a-SiOyx:H zu Lasten von
nc-Si (“nc-Si deterioration”). Insbesondere Schichten aus dem Ubergangsgebiet zwi-
schen den Gebieten “O and nc-Si enrichment” und “nc-Si deterioration” zeigten
vielversprechende optoelektronische Eigenschaften. Eine detaillierte Untersuchung
des Gefliges mittels Atomsondentomographie (APT) offenbarte die komplexe drei-
dimensionale Struktur des nc-Si Netzwerks und deutete auf eine nahezu homogene
Verteilung der Dotieratome iiber alle Phasen hinweg. Dieser Befund steht im Ge-

gensatz zu thermisch erzeugtem ne-Si in SiO.

Nach der Materialentwicklung wurden die VHF nc-SiOx:H Schichten in SHJ
Solarzellen eingesetzt. Ausgehend von flachen Substraten, die mit intrinsischen (<i>)
a-SiOx:H Schichten passiviert wurden, fiihrte n-typ dotiertes (<n>) nc-SiOx:H als
Frontemitterschicht zu einer Erhohung des Js. der Solarzellen mit steigendem An-
teil an a-SiOx:H in den nc-SiOx:H Schichten. Allerdings wurde der Fiillfaktor (FF)
von Solarzellen mit hochtransparente nc-SiOy:H Schichten erheblich durch letzte-
re limitiert. Eine deutliche Verbesserung von n wurde durch eine Substitution von
<i> a-SiOy:H durch <i> a-Si:H erreicht, welches Vi, um ca. 20mV erhohte. Dies
war Folge einer besseren Oberflachenpassivierung des c¢-Si durch die wiarmebehan-
delten a-Si:H Schichten. Weiterhin wurde eine verbesserte Nukleation von nc-Si auf
a-Si:H in ne-SiOx:H Schichten im Vergleich zu mikrokristallinen Si (pe-Si:H) Schich-
ten durch das Aufbringen von nc-SiOy:H als “front surface field” (FSF) Schichten auf
a-Si:H passivierten Solarzellen beobachtet. Simulationen mit Hilfe einer frei verfiig-
baren Software zur Simulation der Vorderseite von Solarzellen (OPAL 2) deuteten
darauf hin, dass diinne nc-SiO4:H Schichten, wie sie in Solarzellen angewandt wer-
den, eine hohere Transparenz aufweisen als die optischen Eigenschaften deutlich

dickerer Schichten es vermuten lieflen.
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Zur Steigerung der Wirkung von nc-SiOyx:H als FSF Schicht mit hoher opti-
scher Bandliicke (Ep4) wurde die Reflexion (R) der flachen Solarzellen durch die
Aufbringung einer Anti-Reflexionsschicht (AR) verringert. Hierbei wurde die Na-
noimprint Lithographie (NIL) genutzt, um eine SiO2-dhnliche AR Schicht mit einer
unregelméfigen Si Pyramidentextur herzustellen, die die Lichteinkopplung in erheb-
lichem Mafle verbesserte und zu einer Zunahme im Jg fiihrte. Insgesamt wurde eine
flache SHJ Solarzelle hergestellt, die sich durch einen auf die aktive Flidche bezo-
genen Wirkungsgrad der Solarenergiewandlung (7.ct) von 20.4% und ein Jy. von

37.7mA cm~2 auszeichnete.

Eine Kombination aus einer Erhohung der Lichteinkopplung und des Licht-
einfangs wurde durch Substrate mit unregelméfliger Si Pyramidentextur erreicht.
Fiir diese wurde gezeigt, dass die Oberflachenpassivierung des Absorbers durch das
<i> a-Si:H vergleichbar zu einem flachen Absorber ist, sofern die Erhéhung der
Oberfliche durch die Textur und die Anderung der Absorberdicke beriicksichtigt
werden. Allerdings schédigten die bei VHF entwickelten nc-SiOy:H Schichten die
a-Si:H Passivierschichten durch Atzen als Folge der hohen Dichte an atomarem H
im Zuge der Deposition. Eine erfolgreiche Implementierung von nc-SiOy:H Schich-
ten konnte jedoch bei RF und einem verminderten Ho Fluss erreicht werden, was in
geringeren Mengen an atomarem H resultierte. Insgesamt wurde ein 7, von 21.4%
mit Vpe = 721mV, FF = 75.4% und Js — 39.4mA cm™2 erreicht. Weiterhin zeigten
Simulationen mit OPAL 2 eine potentielle Erhéhung von Jy. um ca. 0.3mA cm ™2
auf, sofern eine Textur aus invertierten Pyramiden mit einem charakteristischem
Winkel von 70° anstelle der unregelméfigen Si Pyramidentextur realisiert wird.
Schliellich wurde eine SHJ Solarzelle mit einer nc-SiOyx:H FSF Schicht und einer
nc-SiOy:H Emitterschicht einem Stabilitdatstest unterzogen. Sie degradierte sowohl
bei mehrmonatiger Lagerung unter Luft als auch unter dauerhafter Lichteinwirkung,

was allerdings teilweise reversibel war.
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1. Introduction

An ever increasing global demand of energy and a concurrent catastrophic impact
on the environment dictate a transition to energy generation being chiefly supplied
by renewable energy sources. A crucial and strongly increasing contribution to this
energy generation is provided by photovoltaic (PV) systems. This was reflected in
an increase of the globally installed PV capacity from 177GW in 2014 to about
227GW in 2015, making it the fastest growing renewable energy source worldwide
[1]. Accordingly, electricity generated via PV systems is already available at a
price comparable to the electricity obtained from the grid in several countries [1-
3]. This development corresponds to the potential of PV systems as solar energy
alone could already provide a multiple of the current annual global energy demand
[4]. Nevertheless, the costs associated with PV electricity generation still need to
decrease to finally supersede fossil fuel based energy production and lower the energy

pay-back time associated with solar cell production [5].

A straightforward approach to decrease the overall costs of a PV system is
to enhance the solar energy conversion efficiency (7)) of the solar cells and modules
and, thereby, enhance their energy yield. The most common terrestrial PV systems
are based on Si solar cells. In particular, crystalline silicon (¢-Si) based solar cells
currently hold the main share in the PV market (93%) due the abundance of Si and
ample experience with the fabrication and maintenance of the associated systems
[6,7].

A highly promising technology among the c¢-Si based solar cells are the silicon
heterojunction (SHJ) solar cells. This technology is based on the combination of the
high quality Si absorber from common diffused Si solar cells and the various thin
layers employed in Si thin-film solar cell fabrication. This combination offers a high

n, while including the cost benefits of thin-film solar cells due to a low processing

13
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temperature and a simple fabrication sequence. The archetypical design of SHJ solar
cells is based on thin doped and intrinsic hydrogenated amorphous silicon (a-Si:H)
layers, which have resulted in an 1 up to 25.6 % in 2014 [8]. While the intrinsic a-Si:H
passivation layers have been attributed to the highest ever reported open circuit
voltage (Vo) of 750mV for a c-Si solar cell [9], the use of doped a-Si:H is debatable as
it is accompanied by significant optical losses due to parasitic absorptance (Aparas)
of light in these layers. Therefore, appropriate substitutes have to be found for
the doped a-Si:H layers to overcome this limitation and increase the short circuit
current density (Jy) and, finally,  of SHJ solar cells. A promising candidate for this
purpose is hydrogenated nanocrystalline silicon oxide (nc-SiOx:H). This material
combines the electrical conductivity of ¢-Si with the high optical transparency of
silicon dioxide (SiO2) through a phase mixture at the nanoscale. Thereby, these

layers provide a similar conductivity as a-Si:H, while being more transparent.

The aim of this thesis is to advance the development of SHJ solar cells in combi-
nation with layers of doped nc-SiOy:H to reduce the parasitic absorptance (Aparas)
in the cells and increase 1. Therefore, in a first part a detailed investigation is
performed on the interplay between the deposition conditions during the plasma en-
hanced chemical vapor deposition (PECVD) of ne-SiO:H films and the microstruc-
ture of the films. In detail, the deposition of nc-SiOy:H at very high frequency (VHF)
is selected to improve the optoelectronic properties and optimize the trade-off be-
tween the conductivity and the transparency of the films. In a second part the newly
developed nc-SiOy:H layers with their improved material properties are applied in
various functions in SHJ solar cells to explore the effects of these layers on the opti-
cal as well as the electrical performance of the solar cells. Furthermore, the effect of
intrinsic (<i>) hydrogenated amorphous silicon oxide (a-SiOx:H) passivation layers
is examined and the development of <i> a-Si:H passivation layers is briefly outlined.
Additionally, both, the material development and the solar cell results, are critically

reviewed with respect to literature data.

The following chapter, chapter 2, discusses recent results in the development
and application of nc-SiOx:H and presents the current research topics on SHJ solar
cells. In Sec. 2.1 nc-SiOx:H is introduced via a short historical summary. Next,

the schematic microstructure of nc-SiOy:H is presented and recent investigations

14



to reveal its true nature are discussed. Additionally, a short comparison to other
commonly used thin film materials highlights the main advantages of nc-SiOx:H
layers. Then, the numerous applications of ne-SiOx:H layers in Si thin-film (TF)
and SHJ solar cells are discussed. In Sec. 2.2 the basics of SHJ solar cells are
presented. Here, special focus is directed to the archetypical SHJ solar cell, based
on a-Si:H layers. Section 2.2.1 focuses on the material research for SHJ solar cells
with a special emphasis on the implementation of nc-SiOy:H. This section is followed
by Sec. 2.2.2 presenting current developments in general design aspects of SHJ solar

cells.

An introduction to the experimental methods employed in this thesis is given
in chapter 3. This chapter is divided in a section on the material and the solar
cell fabrication, a section on the characterization techniques of the material, and a

section devoted to the experimental techniques used for solar cell characterization.

The experimental results of this work are presented in chapter 4, chap-
ter 5 and chapter 6. First, the development of nc-SiOx:H at VHF is discussed
in chapter 4. This includes a variation of the deposition parameters during the
PECVD and their effect on the properties and the structure of the nc-SiOx:H films
(Sec. 4.1). The examined parameters encompass the deposition pressure (p), the
deposition power (P), the PHg gas flow fraction (fpm,), the B(CHs)s gas flow
fraction (fB(CH3)3), the Ha gas flow fraction (fm,), and the CO2 gas flow frac-
tion (fco,). Next, a microstructure model for the classification of ne-SiOy:H films
is introduced in Sec. 4.2 to facilitate the development of nc-SiOx:H films with an
optimal phase composition. Explicitly, four distinct types of nc-SiOx:H films are
described. Additionally, this section includes a detailed investigation of the mi-
crostructure of n-type doped (<n>) and p-type doped (<p>) nc-SiOx:H via atom
probe tomography (APT). Lastly, in Sec. 4.3 a concluding overview of the deposited
nc-SiOy:H films is presented and the properties of VHF nc-SiOy:H films are com-
pared to ne-SiOx:H developed at radio frequency (RF).

Chapter 5 then covers the implementation of the newly developed nc-SiOx:H
layers in planar SHJ solar cells. This chapter is divided into 3 sections. First, Sec. 5.1
comprises investigations on a-SiOy:H passivated SHJ solar cells including the effect

of variations in the <i> a-SiOx:H layer thickness on the solar cell performance. In

15
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a next step, the effect of varying nc-SiOx:H emitter layers is explored. The second
section (Sec. 5.2) describes the development of <i> a-Si:H passivation layers in
combination with annealing treatments, followed by their application in rear-emitter
SHJ solar cells with a varying nc-SiOy:H front surface field (FSF) layer. Additionally,
simulation results obtained from a freeware program for the optical analysis of the
front surface of a solar cell (OPAL 2) are presented and compared to experimental
results of SHJ solar cells using nc-SiOx:H layers. The third section discusses the use
of nano-imprint lithography (NIL) generated anti-reflection (AR) coatings with a
Si random pyramid texture for planar SHJ solar cells in combination with a varying
nc-SiOy:H FSF layer (Sec. 5.3).

Textured a-Si:H passivated SHJ solar cells are discussed in chapter 6. In
particular, the passivation of Si random pyramid textured Si wafers is examined
in Sec. 6.1 and related to the results obtained on planar substrates. Section 6.2
focuses on the combination of nc-SiOx:H layers with a-Si:H passivated textured
SHJ solar cells. This includes a detailed comparison of the best-performing cell
with similar SHJ solar cells reported in literature. Furthermore, the prospective
implementation of an inverted pyramid texture is explored via OPAL 2 simulations.
Then, the stability of the developed cells during storage and under extended light

exposure (LE) is briefly examined in the last section of chapter 6 (Sec. 6.3).

The final chapter 7 summarizes the main results obtained in this work and,
in addition, presents multiple suggestions for future investigations on nc-SiOy:H
films and the possibilities of enhancing n of the SHJ solar cells employing advanced

nc-SiOx:H layers.

16



2. Literature review

In this chapter a literature review is presented on recent investigations on hydro-
genated nanocrystalline silicon oxide (ne-SiOy:H) and current research topics in the
field of high efficiency silicon heterojunction (SHJ) solar cells. This includes the
development of the associated materials as well as the exploration of novel device

designs.

2.1. Nanocrystalline silicon oxide

Initial development Reports on a polycrystalline alloy of Si, N, and O were already
published in 1976 [10]. These semi-insulating polycrystalline silicon (SIPOS) layers
were introduced as a passivation layer in transistors and were produced via chemical
vapor deposition (CVD). The structure of SIPOS layers was found to be mainly
amorphous in the as-deposited state with very few regions of nanocrystalline silicon
(nc-Si) of 1 —2nm in size [11]. Upon annealing at temperatures of up to 1200°C
larger crystallites of nc-Si were found in an amorphous matrix and a phase separation
into Si and silicon dioxide (SiO2) was suggested. Later on, plasma enhanced chemical
vapor deposition (PECVD) was used to prepare doped hydrogenated amorphous
silicon oxide (a-SiOx:H) films [12-15].

In 1993, for the first time a combination of a-SiOy:H and hydrogenated micro-
crystalline silicon (pe-Si:H) films was deposited via PECVD by adding carbon diox-
ide (CO2) during the deposition of pe-Si:H films [16]. Accordingly, these as-deposited
films were termed hydrogenated microcrystalline silicon oxide (pe-SiOy:H) and pro-
vided an enhanced electrical conductivity (o) with respect to a-SiOx:H films due to
the crystalline Si phase as compared to the hydrogenated amorphous silicon (a-Si:H)

phase in the previously explored a-SiOy:H films. A simplified representation of the
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microstructure of pne-SiOx:H films is presented in Fig. 2.1 a). Usually, the microstruc-
ture of pe-SiOx:H films is illustrated as a highly conductive crystalline silicon (¢-Si)
phase being embedded in a matrix of an O-rich a-SiOx:H phase with bonding ar-
rangements resembling SiOg [17,18]. This phase separation into ¢-Si and an O-rich
phase is thermodynamically driven and kinetically facilitated by the Ho-plasma even
at a low substrate temperature (Ty,p) [18] in contrast to the thermally activated

phase separation in the SIPOS films.
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Figure 2.1.: a) Sketch of the microstructure of nc-SiOy:H films consisting of a nc-Si
phase and a SiOs-like phase. b) Absorption spectra of n-type doped films deposited on
glass substrates. The spectra were obtained via photothermal deflection spectroscopy (PDS)
and the electrical dark conductivity (op) of each layer is indicated in the bottom right.
The spectra of the a-Si:H and pe-Si:H were taken from [19] and the we-SiC:H spectrum
from [20].

Microstructure Investigations on the microstructure of pc-SiOx:H suggested the
existence of several tens of nm sized Si crystallites within the films [21]. More
recently, more detailed investigations have been performed on pc-SiOy:H films with
advanced characterization techniques. Here, chains of Si crystallites were found
to grow anisotropically during the PECVD, with percolating chains of crystalline
Si being oriented in the direction of film growth [17,18,22]. Conveniently, the
orientation of these filaments coincides with the main direction of the electrical

transport in solar cells. Additionally, the size of individual crystallites was found
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2.1. Nanocrystalline silicon oxide

to be less than 10nm in most of the studies. Ever since then several investigations
have found similar crystallite sizes for the crystalline Si phase [17,22 24]. That is
why, an increasing number of researchers have adopted the term of hydrogenated
nanocrystalline silicon oxide (nc-SiOy:H) for these films [22, 23,25 27|, although,

generally both names can be used interchangeably.

The existence of additional phases in the microstructure of nc-SiOx:H films
is still under debate. Even in a configuration of Si clusters embedded in a-SiOy:H
there would exist a low oxygen content (cg) a-SiOx:H “transition phase” due to the
gradual shift of bonding arrangements from Si-Si to O-Si-O [28]. Therefore, the
volume fraction of these low co regions is directly linked to the size and the number
of the Si crystallites in the SiOs-like phase. At a constant nc-Si volume fraction
smaller crystallites would result in an increasing volume fraction of the “transition
phase”. However, this predicted relation has not been examined yet, especially as
the nc-Si as well as the SiOz phase are difficult to identify unambiguously. Com-
monly, high resolution transmission electron microscopy (HRTEM) imaging is used
to identify the nc-Si via the lattice fringes of the ¢-Si, while the O-rich a-SiOy:H is
distinguished by the O distribution determined via energy filtered transmission elec-
tron microscopy (EFTEM) images [17,18,22,24]. However, these methods cannot
examine the intermediate regions, which might consist of low co a-SiOx:H or even
show a thin a-Si:H shell around the nc-Si phase following the structure of a-SiOx:H
films. Additional characterization techniques are required to investigate the mi-
crostructure of nc-SiOy:H films in more detail at the nm scale and complement the

currently employed techniques.

The amount of the nc-Si and the a-SiO4:H phase can be controlled by adjust-
ing the deposition parameters during the PECVD. Generally, an increase in the
O-precursor gas leads to an increase in the a-SiOx:H phase over the nc-Si phase,
thereby increasing the optical band gap (FEo4) and decreasing op [17,22,29]. Con-
trary, a high Ho-dilution can facilitate the O incorporation as well as enhance the
crystalline growth [30 32]. Furthermore, an increasing amount of Hy in relation to
the other gases has been reported to enhance the phase separation between the nc-Si
and the a-SiOx:H [22], but has also been related to a decrease of op for very high
Hs-dilutions [32]. The effect of a variation of the deposition pressure (p) and the
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deposition power (P) was investigated by Gabriel et al. [33]. These authors found
two different deposition regimes for n-type doped (<n>) nc-SiOy:H films depending
on the P/p ratio and achieved a simultaneous increase in c¢o and the Raman crys-
tallinity (I.) at a low P/p. This area of optimum properties was also related to a
moderate availability of atomic H [33]. Beyond this optimum amount of atomic H,
I decreased in combination with an increasing co, while for very low amounts of

atomic H a low I, as well as a low ¢ were reported.

Similarly to the SIPOS films, an alternative approach to produce nc-Si in
combination with a SiOs matrix is to deposit a film of sub-stoichiometric silicon
oxide (SiOyx) and achieve the phase separation via high temperature annealing [34
38]. These systems are often studied to investigate the relation between the size
of the crystallites and the properties of the films. Furthermore, they are used as
model systems for ab-initio modeling [38,39]. However, these structures do not show
the pronounced anisotropy of the nc-Si growth reported for nc-SiOx:H, which is a
significant advantage for the application of nc-SiOx:H in thin-film (TF) and SHJ

solar cells.

In Si TF or SHJ solar cells nc-SiOx:H layers mostly compete with layers of
a-Si:H, pe-Si:H, or pe-SiC:H. A comparison of their optical and electrical properties
is presented in Fig. 2.1 b). The presented a-Si:H and pc-Si:H filims have been success-
fully applied in TF solar cells [40], while the nc-SiOy:H and the pe-SiC:H films have
been used in SHJ solar cells [20,41]. In comparison to the a-Si:H and pc-Si:H films,
nc-SiOx:H exhibits a lower absorption coefficient () across the presented spectrum
due to the a-SiOy:H phase, while oy is still comparable owing to the nc-Si network.
In contrast, the pc-SiC:H film exhibits an even lower « than the nc-SiOx:H due to
the highly transparent SiC crystallites. However, op of these layers is relatively low
and still poses a considerable challenge in the implementation of nc-SiC:H layers
in high efficiency solar cells due to process compatibility issues [20]. Accordingly,
doped layers of nc-SiO4:H are a very promising material to substitute a-Si:H layers
in SHJ solar cells in order to enhance the short circuit current density (Js), espe-
cially when considering that nc-SiOx:H is also produced via PECVD and has been
successfully applied by the Si TF solar cell industry.
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Si TF multi-junction
solar cell

’_____| [ ]

SHJ solar cell
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Figure 2.2.: Common positions of doped nc-SiOy:H layers in various functions in silicon
heterojunction (SHJ) and Si thin-film (TF) solar cells: I) front or rear emitter layer, II)
front surface field (FSF), III) back surface field (BSF), IV) window layer, V) intermediate
reflector (IR), and VI) back contact (BC) layer.

Applications Doped layers of nc-SiOx:H have been applied in Si TF and SHJ solar
cells with multiple functions [42,43]. For TF solar cells they have been employed
at the industrial scale due to the process compatibility (PECVD). The positions of
these layers within the solar cells are sketched in Fig. 2.2. In a-Si:H and pc-Si:H
single-junction TF solar cells <n> and p-type doped (<p>) nc-SiOy:H layers can
serve as transparent window layers reducing the parasitic absorptance (Aparas) and
the reflectance (R) of the solar cells (IV in Fig. 2.2) [44]. For pc-Si:H TF so-
lar cells these window layers also serve as a nucleation layer for the c-Si phase
within the intrinsic (<i>) pc-Si:H absorber [44]. On the rear side of TF solar
cells doped ne-SiOx:H layers have been employed as back contact (BC) layers in
a-Si:H single-junction [19,45] and a-Si:H/pc-Si:H multi-junction TF solar cells (VI
in Fig. 2.2) [29,46]. Here, they enhanced the external quantum efficiency (FQFE) of
these cells towards the infrared part of the light spectrum and reduced the parasitic
absorptance (Aparas) in the metallic rear contact. Another application of ne-SiOx:H
for multi-junction TF Si solar cells was realized in intermediate reflectors (IR) (V
in Fig. 2.2). These allow for an effective current matching between the individual
sub-cells by adjusting the internal R within the multi-junction solar cell and can be

used to reduce the thickness of sub-cells [32,47].

Similarly to the Si TF solar cells, nc-SiOx:H layers have found various applica-

tions in SHJ solar cells. The most common implementation is as the emitter layer at
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the front of the solar cell (I in Fig. 2.2). <n> as well as <p> nc-SiOx:H layers have
been developed for this purpose and were shown to significantly enhance the inter-
nal quantum efficiency (IQE) of these solar cells in the short wavelength (\) region
of the solar spectrum [25,48,49]. A similar function can be fulfilled by nc-SiOyx:H
FSF layers in rear-emitter SHJ solar cells (IT in Fig. 2.2). Rattanapan et al. [50]
also investigated <p> nc-SiOx:H as a BSF (III in Fig. 2.2) layer and achieved an
open circuit voltage (Voe) of 659mV and a fill factor (FF) of 80.9% without any
additional passivation layer or even an transparent conductive oxide (T'CO) on the

rear of the solar cell.

Recently, novel applications of nc-SiOyx:H in ¢-Si solar cells have been sug-
gested and explored. A passivating scheme for c-Si solar cells has been developed by
Stuckelberger et al. [27]. Here, <n> nc-SiOx:H were deposited on SiO2 passivated
Si substrates and capped with a thin layer of pc-Si:H. Consecutively, a thermal
annealing at temperatures up to 950°C was applied to the symmetrically passivated
samples. With this approach an implied open circuit voltage (iVye) up to 723mV
was achieved and an indiffusion of PP was found from the nc-SiOy:H into the Si ab-
sorber. The annealing step also affected the microstructure of the nc-SiO:H film
by increasing I. and the crystallite size of the nc-Si phase [27]. Nevertheless, the
anisotropy of the nc-Si network was preserved. Even though the initial results are
promising, the effectiveness of this approach is still to be demonstrated in a c-Si solar
cell. Another application has been proposed by Chen et al. [51]. They employed a
combination of <i> a-SiOy:H and <n> nc-SiOy:H as passivating layers during the
anodic bonding of 1 pum thick c-Si absorbers. These layers were found to withstand
the harsh processing conditions (250°C, 1000 V) and effectively passivate the surface
of this ultrathin absorber, in contrast to a conventional passivating scheme based

on a-Si:H layers.

2.2. Silicon heterojunction solar cells
The basis of a heterostructure or heterojunction is the combination of two different

materials with different electron affinities and band gaps. The difference in the

electron affinity and band gap could arise from different chemical compositions or
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different states of matter and result in band offsets between the conduction band
edge (Ec) and the valence band edge (Ey) at the interface between the materials
(see also Fig. 2.3 b)).

The properties of the first heterostructure between a-Si:H and c-Si were re-
ported in 1974 by Fuhs et al. [52], followed by the first a-Si:H-based SHJ solar cell
produced by Hamakawa et al. in 1983 [53]. The most prominent developer of a-Si:H
based SHJ solar cells in the following decades was the company Sanyo, Japan. This
group also developed the concept of using a thin <i> a-Si:H layer to reduce the
defect density at the surface of the ¢-Si wafer [54]. They named the concept “het-
erojunction with intrinsic thin layer” (HIT®) and the related patent was filed in
1993 [55]. The basic layout of the most common SHJ solar cell concept with <i>
and doped a-Si:H layers is presented in Fig. 2.3 a). In principle, <p> as well as
<n> absorbers can be used, although commonly a higher solar energy conversion
efficiency (1) has been achieved on <n> Si wafers [56] (see also Sec. 5.1.3). After
a careful cleaning procedure the surface of the c-Si absorber is passivated by a thin
<i> a-Si:H layer on both sides. Thereby, the defect density at the interface between
the a-Si:H and the c-Si is reduced, resulting in a low recombination at this interface
and ultimately a high V,.. Doped a-Si:H layers are used at the front and the rear
side of the cells to create the p/n-junction or reduce recombination even further
by selectively repelling charge carriers from the interface (field effect passivation).
Furthermore, highly doped TCO layers are needed to provide a lateral collection of
the generated charge carriers and reduce optical losses [2,57]. Lastly, the charge

carriers are collected by the metal grid and transported to the contacts.

The corresponding band diagram is sketched in Fig. 2.3 b). Please note that
the valence band offset (AEy) is larger than the conduction band offset (AE¢) for
the a-Si:H/c-Si interface, especially for an increasing hydrogen content (cg) of the
a-Si:H layer, e.g. AFy increases from about 0.4eV to 0.6eV for an increase of cyg
from 12 to 25at. % as compared to a nearly constant AEg of about 0.3eV [58,59].

In an operating device, electron/hole pairs generated within the ¢-Si absorber
diffuse through the bulk until the holes are collected at the <p> a-Si:H side and
the electrons at the <n> a-Si:H side of the solar cell. At the interface between

the ¢-Si and the <i> a-Si:H band offsets affect the transport and recombination
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Figure 2.3.: a) Sketch of a typical silicon heterojunction (SHJ) solar cell. The individual
layer thicknesses are mot drawn to scale. b) Sketch of the corresponding band diagram,
following Descoeudres et al. [56]. Here, E¢ and Evy denote the conduction band edge and
the valence band edge, respectively, while AE¢c and AEy represent the band offsets. Ep
is the Fermi level and the directions of the electron and the hole collection are indicated
as well. For simplicity, the band bending within the doped a-Si:H layers was not included

and the TCO was approximated as a metallic layer.

of the charge carriers. In fact, numerical simulations by Fuhs et al. [59] suggested
that an increasing AFy increases n of SHJ solar cells on <n> wafers due to the
repelling effect of this band offset on the minority charge carriers (holes) from the
defect rich a-Si:H/c-Si interface. They also pointed out that this might constitute
an inherent advantage of <n> absorbers over <p> absorbers for SHJ solar cells
employing a-Si:H layers [59]. The transport of charge carriers through the barriers
imposed by the band offsets has been related to thermionic emission, direct or
trap assisted tunneling [56,60 62]. A limitation of the charge carrier transport has
especially been reported for passivation layers of <i> a-SiOx:H, which show an even
larger AEy than a-Si:H layers [61]. At higher operating temperatures, however, this
increased A Fy can be overcome by enhanced thermionic emission of charge carriers
and F'F of corresponding devices is enhanced [63,64]. Furthermore, the electrical
transport through the interface between the indium tin oxide (ITO) and the a-Si:-H
layers has been reported to strongly affect F'F' of SHJ solar cells, especially at the
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ITO/<p> a-Si:H interface [56,60,62].

In general, the presented SHJ solar cell concept has several advantages over
classical c¢-Si solar cells with diffused junctions. First, the processing temperature of
the SHJ solar cells is limited to about 200-220°C due to the a-Si:H layers, resulting
in a lower energy consumption during the production. Second, the fabrication is
simpler with less processing steps [5,57]. Third, SHJ solar cells show a better
performance than classical ¢-Si solar cells at elevated temperatures which increases
their energy yield under realistic operating conditions. Fourth, the application of
thin films allows for a high degree of freedom in the SHJ solar cell design. So,
that alternative doped materials (see Sec. 2.1) and cell designs, like interdigitated
back contact (IBC) [8] and bifacial [65] solar cell layouts, can be readily explored.
Lastly, the photovoltaic (PV) industry is constantly striving to reduce the absorber
thickness in ¢-Si solar cells to reduce the associated material costs per cell. Here,
SHJ solar cells particularly benefit from a reduction of the absorber thickness due
to the excellent surface passivation because the recombination of charge carriers at
the surface of the absorber is dominating the overall recombination towards thinner
absorbers. Therefore, SHJ solar cells could prove to be the relevant technology
to approach the solar energy conversion efficiency limit of ¢-Si solar cells (29.4%),
which has been predicted at a thickness of about 110 um [66], while an absorber

thickness of 180 um is being used for most of the current ¢-Si solar cells [5, 7].

Even today, the low surface recombination achieved by the well passivated
absorber surface is the main feature of SHJ solar cells. Accordingly, the highest ever
achieved Ve of 750mV for a c¢-Si solar cell [7] was reported by Taguchi et al. in
2013 [9] and an impressive world record n of 26.6 % for ¢-Si solar cells was achieved
by an IBC SHJ solar cell in 2017 [67,68]. Accordingly, these extraordinary results
led to an increasing interest in the research of SHJ solar cell. The current research
topics on the material and the cell level can be broadly devided into two groups. The
first focuses on detailed investigation of the common materials and the development
of new materials for SHJ solar cells, while the second group comprises research on
the solar cell design and includes novel light management concepts and alternative

contacting schemes.
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2.2.1. Material research

a-Si:H passivation layers A major part of the material research for SHJ solar cells
is dedicated to its most prominent aspect, the <i> a-Si:H passivation layer. The
passivation mechanism of these layers is attributed to a termination of Si dangling
bonds by atomic H [69].

Typically, a-Si:H passivation layers are deposited via PECVD from silane
(SiH4) and Hy at a temperature around 200°C and at a pressure between 10 and
100Pa [57]. Controlling the deposition conditions is crucial to achieve a high passi-
vation quality on ¢-Si with <i> a-Si:H. In fact, high effective carrier lifetime (7ef)
have been reported for a-Si:H films deposited with SiHs depleted plasmas [70]. A
high SiH,4 depletion can either be achieved by increasing the Hy dilution of the SiHy
or in pure SiHy plasmas by an appropriate adjustment of the deposition parame-
ters [70]. Generally, a high SiH4 depletion can be related to a deposition regime
close to the amorphous/crystalline transition region [71] and has been reported to
result in a high g in the as-deposited state of the <i> a-Si:H [70,72]. Further-
more, an atomically sharp interface between the a-Si:H and the ¢-Si is essential for
a high 7.g, while epitaxial growth of Si during the a-Si:H deposition deteriorates the
passivation quality [73,74], which can be revealed macroscopically by a decrease of

Teff upon annealing [75].

Hs-plasma treatments have been reported to increase 7.¢ for a-Si:H passivated
wafers. These treatments affect the microstructure of the deposited a-Si:H films.
Firstly, cg is increased. Secondly, the disorder within the a-Si:H layer is increased
by a transition towards more H being bonded to Si at internal voids or interfaces
in a mono-, di-, or trihydride configuration instead of a compact monohydride state
[76,77]. Similarly, the disorder in a-Si:H films has been reported to increase towards
the amorphous/crystalline transition region for pc-Si:H films [78]. So, Ha-plasma
treatments can transform the microstructure of the a-Si:H films towards a void-rich

structure, similarly to a-Si:H films deposited in SiH4 depleted plasmas.

In contrast to the Ho-plasma treatment, thermal annealing of the a-Si:H at
a constant annealing temperature (7,) leads to a more compact structure within
the a-Si:H as compared to the as-deposited state [73]. The accompanied increase

of 7o is observed for fully amorphous a-Si:H passivation layers, even at annealing
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temperatures below the deposition temperature [69]. Furthermore, thermal anneal-
ing has been reported to result in a relaxation of the amorphous network at the
a-Si:H/c-Si interface towards the structure of the a-Si:H bulk [79]. Therefore, the
(bulk) microstructure of the a-Si:H layers deposited close to the amorphous/crys-
talline transition region seems to be fundamentally different from the microstructure
of annealed a-Si:H layers, even though excellent 7.g of several ms have been achieved

with both approaches.

a-SiOy:H passivation layers An alternative to a-Si:H passivation layers has been
explored in <i> a-SiOy:H. These layers were reported to yield good passivation of
<n> and <p> Si wafers [80,81] and have been successfully applied in SHJ solar cells
with a Voo of 716mV for an <n> absorber [64]. The main benefit of <i> a-SiOx:H
lies in a higher Fp4 as compared to a-Si:H which results in a lower Aparas in the
short A range of light [49,64,82]. Additionally, a-SiOx:H has been reported to be
less prone to epitaxial growth of Si [83]. Correspondingly, a recent publication de-
scribed the use of a thin a-SiO4:H layer at the c-Si surface to prevent epitaxial
growth during the following <i> a-Si:H deposition [84]. Moreover, <i> a-SiOx:H
passivation layers were reported to exhibit a higher temperature stability than a-Si:H
layers [85]. Furthermore, <i> a-SiOyx:H layers were demonstrated to reduce the tem-
perature coefficient of 77 in comparison to <i> a-Si:H due to an increasing F'F’ with
increasing temperatures [64]. This is in turn due to the high AEy between the
c-Si and the a-SiOx:H layers, which impedes the hole transport at these interfaces
at room temperature [61,64]. Accordingly, F'F of solar cells with a-SiOx:H passi-
vation layers was reduced with respect to the reference SHJ solar cells employing
<i> a-Si:H [64]. Despite the numerous differences to the a-Si:H passivation layers,
the main mechanism of surface passivation for <i> a-SiOy:H layers is also attributed
to chemical passivation of the dangling bonds via H [85]. Even though, the (posi-
tive) fixed charge carrier density has been reported to be higher in a-SiOx:H films
with respect to a-Si:H and could, therefore, result in a superior passivation quality

on <p> wafers [81].

Doped layers Alternative materials to substitute the doped a-Si:H layers are being

extensively explored as well. The main goal is to reduce the substantial Aparas of
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the a-Si:H. A simple way to reduce Aparas is by depositing a thinner highly doped
a-Si:H layer. However, Vo and F'F of the solar cell can be affected by a radical

reduction in thickness and a lower limit of 3nm was found for <p> a-Si:H [86].

Therefore, alternative materials are being explored as well, most of which
have been mentioned in Sec. 2.1. However, a special emphasis should be directed
towards the implementation and development of nc-SiOx:H layers in SHJ solar cells.
Early on, the application of <n> and <p> nc-SiOx:H as emitter and BSF layers
in SHJ solar cells was performed by the Tokyo Institute of Technology between
2008 and 2011 [50,87,88]. By the optimization of the nc-SiOx:H layers an 7 of
18.5% was achieved by this group on a planar Si wafer. Later, Ding et al. [89]
from Forschungszentrum Jillich GmbH (FZJ) demonstrated the effectiveness of a
combined approach of a-SiOx:H passivation layers and a nc-SiOx:H emitter and
BSF layer resulting in n = 19%. Here, an optimal nc-SiOx:H emitter thickness of
20nm was found similarly to the results of Sritharathikhun et al. [88]. The optimized
<n> nc-SiOy:H emitter layer was characterized by Eoq = 2.2¢V, op = 1073Scem ™,
I. = 36%, and co = 24at.%.

More recently, <p> nc-SiOx:H emitters were used by the Helmholtz-Zentrum
Berlin fiir Materialien und Energie (HZB) to maximize Js. of SHJ solar cells and
a aperture area Jy. of 40.4mAcm—2 and 7 = 20.3% was achieved by the applica-
tion of a <p> nc-SiOy:H emitter layer with Eos = 2.2eV in combination with an
optical optimization of the front layer stack on textured wafers. However, the ap-
plied nc-SiOyx:H layer severely limited F'F of the solar cell to 73% due to a op of
107"Scm™L, even though a pe-Si:H contact layer was used towards the ITO in-
terface [25]. Therefore, this study highlighted the possible gains in Jg. achievable
by nc-SiOx:H layers and, simultaneously, described the challenges in implementing

highly transparent, especially <p>, nc-SiOx:H layers.

In a next step, several approaches were explored to improve F'F of the solar
cells by investigating the current transport at the ITO/<p> nc-SiOx:H interface [60]
and enhancing the nucleation of the nc-Si phase via a COs2-plasma treatment of the
a-Si:H passivation layer [90]. Furthermore, the effect of a nc-Si deposition on an
underlying <i> a-Si:H layer was investigated [91]. A high Hs dilution was found

to deteriorate the passivation quality of a-Si:H layers as soon as any epitaxial Si
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was present in the passivation layers. Therefore, a chemical annealing effect was
attributed to the H-rich deposition conditions, similarly to Ha-plasma treatments.
These results could also prove to be crucial for nc-SiOx:H layer depositions due to
the excellent optoelectronic properties achieved at high Hy dilution [40]. The highest
n of 21 % was achieved for a SHJ solar cell with a <p> nc-Si emitter, deposited after
a COg-plasma treatment of the <i> a-Si:H layer to enhance the nucleation of the
ne-Si [91].

A third approach to reduce Aparas in SHJ solar cells has been presented in a
recent study. Here, fully dopant-free heterocontact layers with high band gaps were
demonstrated in high efficiency SHJ solar cells. In particular the effectiveness of
molybdenum oxide (MoOx) and lithium fluoride (LiF) were demonstrated as a hole-
and an electron-selective contact layer, respectively [92]. Here, the carrier selectivity
was purely achieved by an appropriate energy band alignment at the heterointerfaces
due to the differences in the work functions of the materials. Another candidate for
an undoped hole-selective layer is tungsten oxide (WOy). However, a challenge still
lies in accurately controlling the amount of O-vacancies to achieve a suitable work
function and conductivity of the WO [93].

Transparent conductive oxides Another major challenge lies in the development
of the TCO layers. On the one hand, studies focus on optimizing the electrical and
optical properties of the most prominent TCO material for SHJ solar cells, ITO
[94 97]. Here, a trade-off between a low Aparas for a low electron density (ne) and a
high o for a high ne has usually to be considered, especially at the front of the solar
cell where lateral carrier transport within the ITO is crucial [96]. Contrary, optical
considerations are more important for a TCO that is part of a fully metallized rear
contact [97]. Tt is often argued that the use of In might limit the cost competitiveness
of the SHJ solar cell technology. However, a recent study attributed the In costs to
be only about 30% of the overall costs of the ITO deposition [5].

On the other hand, alternative TCOs with a higher Hall electron mobility (ue)
are being investigated in SHJ solar cells to achieve a lower ne while keeping o at
the same level. Potential candidates are Al- or B-doped zinc oxide [57] or hydrogen
doped indium oxide (IOH) [98]. Especially IOH has shown i, up to 120cm? (Vs) ™!
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and a significant reduction of Aparas in SHJ solar cells in comparison to I'TO. How-
ever, Barraud et al. [98] found that a thin contacting layer of ITO is needed towards
the screen printed Ag grid to achieve a good contact between the IOH and the
Ag grid. Another potential substitute for ITO without this disadvantage is indium
zinc oxide (IZO). Recently this amorphous material has been reported to yield
te up to 60cm? (Vs)~! even in the as-deposited state and has been demonstrated
to enhance Js. and FF of SHJ solar cells in comparison to reference cells using

ITO [99].

Metallization The a-Si:H films of SHJ solar cells limit their processing tempera-
tures to around 200°C. Accordingly, high curing temperatures to achieve a highly
conductive metal grid after screen printing are not feasible. Nevertheless, a F'F of
83.2% was achieved in a SHJ solar cell by a screen-printed low temperature Ag paste
by Panasonic, even though they admitted that the conductivity of their contacting
scheme was still inferior to a conventional metal grid used for diffused c-Si solar
cells [9]. To mitigate the resistance losses due to the low conductivity of the metal
grid additional busbars can be used [57]. More conductive metal grids for SHJ solar
cells can also be achieved via different metallization techniques like stencil printing,
electroplating or thin metallic wires [57]. For instance, an electroplated grid was
used for the high efficiency SHJ solar cell of Panasonic (n =25.6%) [8].

Another important aspect of the metallization are the high costs associated
with the Ag grid. A possible substitute is Cu. According to Louwen et al. [5],
replacing the Ag by a Cu paste could decrease the module costs of SHJ solar cells
by about 5%. Furthermore, the presented alternative metallization techniques might
result in an additional cost advantage by eliminating the need for the expensive low

temperature metallic pastes altogether [5].

2.2.2. Device design

Apart from the development of the applied materials, considerable effort has been

directed towards exploring novel design concepts of SHJ solar cells.
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Light management Effective light incoupling and light trapping are essential pre-
requisites for high efficiency Si solar cells. This is especially important for thin
absorber materials due to the low absorption of light by Si. An extremely effective
approach to minimize the reflection losses and, thereby, maximize the light incou-
pling is the so-called black silicon (b-Si). b-Si is the collective term for a nanostruc-
tured surface texture of Si with nanocones, nanorods or nanoscale pores [100]. This
nanotexture reduces R of the Si close to zero across the full sun spectrum without
the need for an additional anti-reflection (AR) coating. At the same time, the sur-
face area of the textured surface is greatly enlarged which results in an enhanced
recombination of generated charge carriers at the surface and a reduced Vy of the
solar cell [101]. Recently, however, an effective passivation of a b-Si texture was
achieved by AlyOgs-passivation via atomic layer deposition in a diffused c-Si solar
cell, yielding an n of 22.1% and a Vg of 665mV [100].

To increase the light trapping in Si solar cells, nanophotonic light trapping
contacts could yield a significant enhancement of Jy. for absorber thicknesses below
100 um without increasing the surface area of the absorber and, thereby, maintain-
ing the high V,. of SHJ solar cells. Prototype SHJ solar cells were successfully
demonstrated by Smeets et al. [102].

Alternative design concepts A straightforward method to increase Jy. of a solar
cell is to eliminate the shadowing losses of the metal grid at the front of the cell. Ac-
cordingly, the concept of interdigitated back contact (IBC) solar cells was developed
by Lammert and Schwartz in 1977 [103]. Initially developed for concentrator solar
cells, this design concept has recently gained renewed attention due to the impres-
sive results achieved by Panasonic (n = 25.6 %) [8] and Kaneka (1= 26.3%) [68,104]
for IBC SHJ solar cells.

A significant reduction in shadowing losses can also be achieved by the metal
wrap through (MWT) cell design. It is based on metal filled holes (“vias”) being
created in the cell and providing a way to contact the front grid at the rear side of the
solar cell. This leads to a reduced current in the busbars at the front of the solar cell
and, therefore, the option to use thinner busbars. Additionally, this concept benefits

from a lower cell to module loss in 1 due to the elimination of cell interconnecting
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tabs at the front. The successful implementation of the MWT concept in SHJ solar
cells has been demonstrated by Coletti et al. (n=23.1%) [105].

Another radical change in solar cell design is offered by the previously men-
tioned dopant-free heterocontacts. These layers, e.g. MoOy and LiFy, allow for
simpler deposition of the selective contact layers and could overcome the limitations
imposed by the doped a-Si:H layers, e.g. AEy [92,106]. Furthermore, they eliminate
the recombination active defects introduced via doping [2]. Especially in combina-
tion with the excellent passivating properties of <i> a-Si:H layers, promising results
were achieved with MoOy and LiFy layers in a concept referred to as the dopant-free
asymmetric heterocontacts (DASH) [92]. Therefore, the use of dopant-free hetero-
contacts could potentially help to approach the theoretical limiting efficiency of
29.4% for a 110 um thick Si solar cell [66].
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In this chapter the experimental methods to produce and characterize the materials
and the solar cells will be introduced and described. The first section deals with the
deposition systems which were used to fabricate the material samples and the vari-
ous components of the solar cells. In the second section a brief overview is given on
the material characterization techniques, their basic principles and measurement pa-
rameters. Then, the third section gives a description of the measurement techniques

used for the characterization of solar cells in this work.

3.1. Material and solar cell fabrication

Plasma enhanced chemical vapor deposition (PECVD) PECVD belongs to the
group of chemical vapor deposition (CVD) techniques. These have in common that
the precursor is supplied in a gaseous state and is decomposed by an external energy
supply to reform chemical bonds on a given substrate. For PECVD the energy to
decompose the gases is supplied by an alternating current (AC) discharge between

two electrodes creating a plasma.

In this study, PECVD was used to produce hydrogenated amorphous sili-
con oxide (a-SiOy:H), hydrogenated nanocrystalline silicon oxide (nc-SiOy:H), and
hydrogenated amorphous silicon (a-Si:H) films. The former two materials were de-
posited in a multi-chamber deposition system manufactured by MRG Inc. The same
PECVD chamber was used for n-type doped (<n>) and p-type doped (<p>) films
with a chamber volume of about 27dm®. The substrate electrode distance was
set to 16mm with an electrode area of about 150cm? and the gas was injected in
cross-flow configuration. Furthermore, the films were deposited at a heater temper-

ature (Ty) of 235°C, corresponding to a substrate temperature (Tg,,) of 200°C. A
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base pressure of at least 1079 Pa was targeted within the chamber prior to deposi-
tion. The process gases for intrinsic (<i>) layers were silane (SiHy), hydrogen (Hs),
and carbon dioxide (COg). In addition, phosphine (PHg), diluted to 5% in SiHy,
and trimethylborane (B(CHs)s), diluted to 2.54% in He, were supplied for <n>
and <p> doping, respectively. The a-Si:H passivation layers were deposited in a
PECVD chamber of a multi-chamber system manufactured by FAP GmbH and Von
Ardenne GmbH. This chamber (16 dm?’) was equipped with a 210cm? shower head
electrode, through which the gas precursors were injected, and was solely used for
the deposition of <i> a-Si:H layers. The electrode spacing (de) was set to 23mm
and the depositions were performed at a density of the deposition power of about
18mWem 2 and a deposition pressure (p) of 100Pa. Here, only SiHy4 and Hy were

used as precursor gases.

Magnetron sputtering Sputtering belongs to the class of physical vapor deposi-
tion (PVD) techniques. These encompass all deposition conditions where physical
processes are used to eject particles from a solid target to be transferred to a sub-
strate. Typically, no chemical reactions are taking place during these depositions.
Similarly to PECVD, an electrical discharge is used to provide energy to a gas,
which is mostly inert, thereby creating a plasma. However, a direct current (DC)
is used in combination with a high bias voltage (Vias) to accelerate ions from the
gas towards the target. Due to the collisions of these plasma particles with the solid
target material, some particles of the target material are ejected towards the sub-
strate and recondense on the surface of the substrate. In addition to the electrical
field, in magnetron sputtering, a magnetic field is applied around the target. This
magnetic field mainly controls the trajectory of the electrons within the plasma and
results in an increased electron density along these paths. With this technique the
ionization of the inert gas is enhanced, which leads to a higher sputtering rate and

allows for lower deposition pressures, which in turn yield less porous films.

In the course of this work, magnetron sputtering was used to deposit indium tin
oxide (ITO) as a transparent conductive oxide (TCO) on the silicon heterojunction
(SHJ) solar cells. Hereby, the ITO was sputtered after 10min of presputtering either
at room temperature (RT) or at a Ty of 125°C after 1h of preheating. An ITO target
with 5wt. % tin dioxide (SnO3) was used in an atmosphere of Ar (27sccm) and 1%
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oxygen (Og2) in Ar (3sccm) at a p of 50mPa. The deposition power (P) was set
to 100W and Wias to 120V. Additionally, the substrate was rotated at 5rpm to

provide a more homogeneous film deposition.

Thermal evaporation Another technique belonging to the group of PVD is ther-
mal evaporation. Here, the energy required to transfer material to the substrate is
provided by heating. For this, the target material was placed in a W boat in a vac-
uum chamber. At a pressure below 3 x 1073 Pa a high electrical current was driven
through the boat, heating it beyond the evaporation temperature of the target ma-
terial. From the gas phase the material is then deposited evenly on the interior of
the chamber including the substrate. A piezoelectrical crystal was placed close to
the substrate and used to monitor the deposition rate of the target material by a

change in the vibration frequency of the crystal due to the added mass.

In this work, evaporation was used to deposit silver contacts on the material
samples and the solar cells by using stainless steel shadow masks. For material
characterization two rectangular coplanar contacts of 5x3.5mm? were evaporated in
a distance of 0.5mm and with a thickness of 700nm. The evaporated Ag grid of the

solar cells is described in detail in Sec. 5.1.1.

Cell fabrication An overview of the processing steps of a front-emitter SHJ solar
cell is shown in Fig. 3.1. The first step is surface cleaning of the substrate. For
double side polished float-zone (FZ) wafers this comprises of a 10min oxidation of
surface contaminants by a mixture of hydrogen peroxide and sulfuric acid followed
by a removal of the oxide layer by 1% diluted hydrofluoric acid (HF) for 2min. For
the Si pyramid textured Czochralski (CZ) wafers the cleaning was reduced to the
HF treatment, while extending the cleaning time to 5min. Within the next 15min
the wafer was loaded into the PECVD system to prevent re-oxidation. Then the
front passivation layer was deposited, after preheating the wafer for at least 1h in
vacuum for a <i> a-SiO4:H passivation or a 5min preheat in a Hy atmosphere for
a <i> a-Si:H passivated cell. Subsequently, the wafer was quickly rotated in the
hot state in ambient air, followed by another preheat step and the deposition of the

back passivation layer. The <n> nc-SiOy:H layer was deposited next and the wafer

35



3. Experimental methods

clean wafer front passivation

-

back passivation

LD

emitter back surface field
'
1 — I
I
metallization

front grid

TCO--

emitter --
passivation -

c-Si substrate --
passivation ..
BSF -

TCO --
back metallization --

Figure 3.1.: Flow chart of the production of a front-emitter silicon heterojunction (SH.J)
solar cell. It includes the following steps: 1) Surface cleaning of the wafer substrate. 2)
Plasma enhanced chemical vapor deposition (PECVD) of the front passivation layer. 3)
PECVD of the back passivation layer after a hot turn. 4) PECVD of the nc-SiOy:H emitter
layer. 5) Second hot turning and subsequent PECVD of the back surface field (BSF) layer.
6) Sputtering of the indium tin oxide (ITO). 7) Evaporation of the Ag contacts.

was rotated without a cooling step once more to deposit the <p> nc-SiOy:H layer
after another preheating step. After the <p> nc-SiOx:H layer deposition the wafer
was left in vacuum for at least 1h to cool down before being unloaded from the
PECVD system. The PECVD was followed by sputtering ITO layers on both sides
of the solar cell precursor. Then, an Ag grid was evaporated on the front side of

the solar cell, while a full area Ag contact was applied to the back side. In a final
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Figure 3.2.: Basic processing steps of nano-imprint lithography (NIL). a) Creating a soft

mold from a master structure by hot embossing. b) Transfer of the soft mold texture on the

spin coated resist and ultraviolet (UV) radiation hardening of the resist on the substrate.

step, the solar cell was annealed for 2h at 220°C in ambient air to facilitate contact

formation.

Nano-imprint lithography (NIL) Nearly arbitrary structures can be replicated at
the nanoscale to a silicon dioxide (SiOg)-like material by using NIL. To achieve
this, a soft mold is created from a master structure in a first step as depicted in
Fig. 3.2 a). In detail, a polyolefin plastomer foil was pressed onto the master texture,
followed by a hot-embossing step at 90°C and 0.4MPa. Then the soft mold was
carefully separated from the master with the surface of the soft mold representing
a mirror image of the original master structure. In a second step a UV resist was
spin coated onto the substrate at 3000 rpm and the soft mold was pressed into the
resist (Fig. 3.2 b)). Next, the resist was hardened by UV radiation, transforming it
to a rigid SiOs-like material with the same surface structure as the master. More

details about the process can be found in Ref. [107].
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3.2. Material characterization

Thickness The thickness (d) of the material samples was determined using a step
profiling system (Vecco DEKTAK 6M Stylus Profiler), which mechanically scans
the surface of the sample with a fine probing tip. To create a step profile between
the substrate surface and the film surface, three dots were placed at well defined
positions on each glass and Si substrate with a permanent marker prior to deposition.
After deposition these dots were then removed by careful scratching and dissolving
the hydrophobic paint in an isopropyl alcohol (IPA) soaked lab tissue. Knowing d
of these films was essential to determine several deposition and material parameters
like the deposition rate (rqep), the electrical dark conductivity (op), the optical band
gap (Fo4), or the oxygen content (cq).

Conductivity A coplanar measurement setup was employed to determine the lat-
eral electrical dark conductivity (op) of the deposited films. The geometry of the Ag
contact layers was described in Sec. 3.1. The measurements were all performed in
the dark, at room temperature, and in ambient air. In a first step the samples, de-
posited on glass substrates, were probed in steps of 10V in a voltage range between
—100 and +100V. Afterwards, the voltage was set in a way that the resulting cur-
rent did not exceed the upper limit of the source measurement unit (SMU) (1mA).
Finally, using the thickness of the sample and the geometry of the contacts, the

measurement software calculated op of the sample according to Eq. 3.1.

(3.1)

<~
=ls

op =

Here, w represents the distance between the Ag contacts and [ their length. It
is worth noting here that the lateral electrical conductivity (o) can vary significantly
from the transversal o of the nc-SiOx:H films due to anisotropic current pathways in
its microstructure [108,109]. However, it is not trivial to determine the transversal o
as it can be dominated by the contact resistance between the Ag and the nc-SiOy:H
film. In contrast, for the lateral conductivity the contribution of the contact resis-
tance is negligible due to the large contact area between the Ag and the nc-SiOy:H

(lw) as compared to the cross section (dw) that the current is passing within the
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film due to [ > d.

Spectrophotometry Spectrophotometry is used to determine the wavelength ()
dependent interaction of a sample with photons. In this study a UV-vis-NIR spec-
trophotometer (Perkin Elmer LAMBDA 950) was used. It enables the fast measure-
ment of the diffuse and total spectral reflectance (R) and transmittance (T') of a
sample in a spectral range of 250-3300nm. The total T" and R of the material sam-
ples on glass substrates and the solar cells were typically characterized in a spectral
range of 300-1500nm, in which the optical response of the solar cell is important.
The front/film side of the samples was always facing the probing light and a shadow
mask was used during 7" measurements to ensure a similar probing spot size as for
R measurement. Using d of the films, the absorption coefficient () was determined

by applying the Hishikawa method [110]

T

vd

e —— 3.2
This relation eliminated the interference patterns observed in the T"and R spec-

tra for most of the samples and allowed to determine Fy4 of the material. Another,

more complex, relation for the interference free determination of o was suggested

by Ritter and Weiser [111]

i (1—R)?
DY

e

(1-R)*

R
+ 4772

(3.3)

A comparison of the a spectra obtained by these methods for a nc-SiOy:H film
is given in Fig. 3.3 a) with a photothermal deflection spectroscopy (PDS) spectrum
for reference. Overall, similar spectra are produced by both evaluation methods and
they compare well to the PDS spectrum. Nevertheless, for most samples Eq. 3.2 re-
sulted in the a spectra with less interference fringes, as can also be seen in Fig. 3.3 a).
In Fig. 3.3 b) Eg4 determined by the method of Hishikawa is generally closer to the
results obtained by PDS. Therefore, this method was used for all the nc-SiOx:H
samples investigated in this work, especially as it produced similar results compared
to the more time consuming and more sophisticated PDS measurements for the

investigated nc-SiO:H films.
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Figure 3.3.: a) Optical absorption spectra of a nc-SiOy:H sample determined by pho-
tothermal deflection spectroscopy (PDS) and with a UV-vis-NIR spectrophotometer. Two
different methods were used to determine absorption coefficient (o) from the transmit-
tance (I') and the reflectance (R) spectra according to Eq. 3.2 [110] and Eq. 3.3 [111]. The
optical band gap (Eo4) and the sub-band gap absorption at a photon energy of 1eV (aiev)
are indicated in the spectra as well. b) Epy values as determined by the three methods
for 20 nc-SiOy:H samples (stars - PDS, upward triangles - Ritter, downward triangles -
Hishikawa).

Photothermal deflection spectroscopy (PDS) PDS is a highly sensitive method
to determine the absorptance (A) of a given sample over several orders of magni-
tude. This is realized by submerging the material sample in a deflection medium
(typically CCly) for which the temperature dependent change in the real part of
the refractive index (n) is well known. Then a pump beam of monochromatic light
is directed towards the sample and the absorbed light causes heat to be generated
within the sample and consecutively to be transferred to the surrounding deflection
medium. A probing laser beam (632nm) is placed in parallel to the sample surface
and gets deflected by the local change in n of the deflection medium due to its
change in temperature. This deflection of the probing beam can be related to the
light absorbed in the sample and is used to determine . Furthermore, the pump
beam is frequency modulated to make use of the lock-in technology and significantly

increase the signal to noise ratio.

In this work, PDS was used for a few selected samples to evaluate the accuracy
of determining Fg4 by the faster but less sensitive spectrophotometer measurements.

For these samples PDS was also used to determine the sub-band gap absorption at
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a photon energy of 1eV (ajev) (Fig. 3.3 a)) as an estimate for the amount of active

dopants within the nc-SiOx:H films.

Fourier transform infrared spectroscopy (FTIR) FTIR is a standard technique
for the investigation of chemical bonds in compounds. The basic principle is pref-
erential absorption of photons at a specific A due to the interaction of the photons
with electric dipoles. This also implies that only molecular vibrations that cause a
change in the dipole moment of the bonded atoms are detectable via FTIR. Several
vibrational modes can exist for an identical chemical bond depending on the type
of motion that is being performed by the atoms. Additionally, the electronegativ-
ity of the bonded atoms, their immediate chemical environments (induction/ligand
effects), the bond angle, and the overall surrounding medium affect the energetic
state of the bond.

In this work a Nicolet 5700 FTIR spectrometer was used. A reference wafer,
taken from the same wafer as the substrate, was used to calibrate the device prior to
a measurement. All measurements were performed in a range of 400 to 4000cm ™! in
4cm™! steps. To eliminate interference effects, the background of the spectrum was
defined manually in a post-processing step by fitting the baseline to the peak free
regions of 1400 to 1900cm ! and 2400 to 4000cm ! and a valley around 600cm 1.
Next, d of the films was used to calculate « from the measured absorbance spectra
[112]. Additionally, a thickness correction factor was applied to a as described in
Ref. [113]. In Fig. 3.4 a) and b) the typical bending ((b)) and stretching ((s)) modes

present in nc-SiOy:H films are shown. Starting at low wavenumber (v) these are:

1. Si-H and Si-O (b) modes in the range from 600 to 700cm ! [114,115].

2. A Si-O (b) mode around 800cm ! [114].
It has also been attributed to a coupled mode between Si-H and Si-O-Si in
Ref. [116].

3. Si-H (b) modes at 840 and 880cm™".
These belong to two and three backbonded O atoms to the Si [114]. However,
these modes were also attributed to Si-Ha groups in Ref. [116].

4. An (0)Si-Hz (b) mode around 930cm™! [115].
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5. A (Si3)Si-O (s) mode at 970cm 1 [114].
It also contains a contribution from the (O2)Si-Ha (b) peak [115].

6. Two peaks in the region from 1000 to 1200cm™1.
Both peaks are related to Si-O-Si (s) modes. The first peak is generally at-
tributed to Si-O (s) vibrations in different chemical environments. Namely, as
the chemical environment is turning from a few isolated Si-O bonds towards a
SiOa-like environment, this mode is shifting from 980 to 1080cm™! [12,114].
Additionally, in SiOs-like environments the second peak can be clearly dis-

tinguished around 1150cm ™.

It is attributed to an out of phase vibration
of neighboring O, in contrast to the in phase (s) vibration of adjacent O for
the first peak [117]. These peaks have also been assigned to O in a terminal
position for the lower v peak and to a bridging position for the peak around

1150cm ! [118].
7. Two (Si3)Si-H (s) modes around 2000 and 2100cm™.

These are attributed to Si-H (s) vibrations in dense a-Si:H networks and on

inner surfaces, respectively [119].

8. An extended Si-H (s) band with three more O related modes.
They represent (s) vibrations with an increasing number of O bonded to the
Si-H group. These modes were reported at around 2120, 2190, and 2260cm ™!
[114,115,120].

The FTIR spectra were also used to determine cq of the individual nc-SiOy:H
films. In Fig. 3.4 ¢) different methods to determine cqo are sketched. Each of these
correlates either the peak height or a defined area of the Si-O- (s) peak(s) to co
by using an empirical correlation factor. The oxygen content determined via these
methods are displayed in Fig. 3.4 for six nc-SiO4:H samples deposited at different
CO3 gas flow fractions (fco,). All the methods produce similar trends for co, while
the absolute values differ greatly. For reference, a cg of 67at. % would imply a
perfectly stochiometric film of SiO, while 50 at. % would be found in SiO. Overall,
co obtained by the method of Lucovsky et al. [121] correlated well with ¢g obtained
by Rutherford backscattering spectrometry (RBS) for similar ne-SiOx:H films [89)].
Consequently, the method of Lucovsky et al. [121] was used to determine cq in this

work while restricting the peak area to 950-1300cm ™! as indicated in Fig. 3.4 c).
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Figure 3.4.: a) Typical Fourier transform infrared spectroscopy (FTIR) spectrum of a
nc-Si0y:H film in the spectral range of 600-1400cm ™. The most prominent stretching
((s)) and bending ((b)) modes and their positions within the spectrum are indicated. The
positions were taken from Refs. [114,115,117-119]. b) FTIR spectrum of the same sample
in the Si-H (s) band region of 1900-2200cm ™. Please note that a has been rescaled in
this region to be able to resolve the features in this band. c¢) The same spectrum as in
a) displaying the different regions around the Si-O-Si (s) peak used for determining co in
a-SiOy:H and nc-SiOz:H films by Refs. [118, 121, 122]. d) co of several nc-SiOy:H films
deposited at various COy gas flow fractions. co was determined by using different regions
around the Si-O-Si (s) peak and different proportionality factors. Arranging the methods
from top to bottom as indicated in the figure, the first method correlates the Si-O-Si (s)
terminal peak height with co [118]. The second method evaluates the integral of o from
900 to 1300cm™! [118]. The third method relates the height of the Si-O-Si (s) bridging
peak to co [118]. The fourth method uses the integral of a from 1000 to 1200cm™" [122].
Finally, the fifth method is again based on the area from 900 to 1300cm™", but is using a
different proportionality factor [121].
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Raman spectroscopy In Raman spectroscopy the sample is probed with a laser
and the injected photons interact with optical phonons within the material. A small
part of the photons is scattered inelastically and collected in the spectrometer. De-
pending on whether the scattered photon has gained or lost energy in the process,
the spectral shift is termed a Stokes shift or an Anti-Stokes shift, respectively. A
prerequisite for the inelastic scattering of photons is a change of the polarizabil-
ity of the bond. This makes Raman spectroscopy a complementary technique to
FTIR for the investigation of bond states in compounds [123]. For the research of
hydrogenated microcrystalline silicon (pe-Si:H) and ne-SiOy:H films, Raman spec-
troscopy is commonly used to evaluate the ratio of Si-Si bonds within the a-Si:H or
the a-SiOy:H phase and the nanocrystalline silicon (nc-Si) phase, which can be used
as a first approximation of the nc-Si volume fraction [32]. Due to the different Si-Si
bond angles and the small differences in bond lengths within the amorphous phases,
the transverse optical mode of the Si-Si vibration is shifted from a sharp peak at

520cm ! in crystalline Si to a broad peak around 480cm™~! [124,125].

A Renishaw inVia Raman Microscope was used to investigate the nc-SiOx:H
films. It was equipped with a 532nm laser, with its power set to 1.2mW. Raman
spectroscopy was used to determine the Raman crystallinity (/) of the nc-SiOx:H
films as described in Ref. [32,40]. The probing depth of the laser can extend to
a few hundred nm. Therefore, care has to be taken when evaluating either very
thin or highly transparent films because the glass substrate might contribute to the

measured signal and lead to an overestimation of the amorphous peak.

Atom probe tomography (APT) APT is a destructive, sub-nm imaging technique
that has been gaining attention due to its expanding applicability and steadily im-
proving accuracy. It is based on the effects of field evaporation and field ionization.
In brief, a sharp needle of the investigated material with a tip radius of around
50nm is subjected to a high electric field by a local electrode. This field is set up to
be slightly below the field evaporation limit of the atoms within the material. Then,
an additional voltage pulse or a laser pulse is added to cause surface atoms to ionize
and evaporate from the tip of the needle. By using a time-of-flight spectrometer and
a position-sensitive single atom detector, the mass to charge ratio of the evaporated

ion can be determined and its initial position within the specimen reconstructed.
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3.3. Solar cell characterization

However, a considerable fraction of the evaporated ions can not be detected due to
intrinsic design limitations of the microchannel plates, typically limiting the detec-
tion efficiency to about 60% [126]. Furthermore, some ions may de-ionize before
reaching the detector [127]. A more detailed introduction to APT can be found in
Ref. [128,129].

The APT results presented in this study were acquired by Keita Nomoto at
the Australian Centre for Microscopy and Microanalysis of the University of Syd-
ney [34]. The measurements were performed using a CAMECA LEAP 4000XSi with
a 3b5nm laser at a pulse energy of 50pJ and a pulse rate of 250kHz. The specimens
were prepared by using a Zeiss Auriga focused ion beam scanning electron micro-
scope. During measurements, the chamber pressure was kept below 10~ Pa and the

specimen holder was cooled to about 40 K. The detector efficiency was about 57%.

Scanning electron microscopy (SEM) SEM is a widely established imaging tech-
nique using electrons to go beyond the limitations in resolution imposed by \ of vis-
ible light. Tt is often used to visualize the surface topography of textured Si wafers.
Briefly, an electron beam is focused on the sample surface and the injected electrons
interact with the atoms in the material within an activation volume of several pm.
For topography imaging mostly the secondary electrons are used. They represent
electrons that are ejected from atoms within a few nm of the sample surface and due
to their low emission depth, they are well suited for topography imaging [130]. The
SEM images for this work were recorded on a Hitachi SU800, which also allowed to

tilt the investigated sample with respect to the electron beam.

3.3. Solar cell characterization

Photoconductance lifetime testing (PLT) PLT was applied to measure the ef-
fective carrier lifetime (7.g) of solar cell precursors. Teg is a combined measure of
the surface and the bulk recombination lifetime in a given semiconductor. 7. at

3 is usually taken as a reference point

an excess charge carrier density of 10'°cm™
for comparing different samples. PLT is based on the time dependent decay of the

excess charge carrier density in a Si wafer. For this, the cell precursor is illuminated
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by a decaying light pulse. The generated excess charge carriers within the sample
cause a change in its o, which is measured by an induction coil. The resistivity (p),
the dopant type, and the thickness of the sample are used as input parameters to
convert o to an excess minority charge carrier density. Additionally, the intensity
of the light pulse is monitored by a reference cell. This intensity can then be con-
verted to a carrier generation rate. Two modes of operation are distinguished for this
setup. First, during a quasi steady-state photo conductance (QSSPC) measurement
the light pulse is slowly decaying and o is measured simultaneously to the decay. In
this case the decay rate of the light pulse is long enough, so that the generation and
the recombination of charge carriers are balanced within the sample. Then, Teg can
be calculated from the ratio of the excess charge carrier density to the generation
rate at each point during the light pulse decay. This mode is applicable to low
Toff Samples, typically below 200ms. Second, a transient photo conductance (TPC)
measurement is used for high 7., commonly beyond 100ms. Here, the decay rate
of o is recorded in the dark after exposing the sample to a quickly decaying light
pulse. T is then calculated from the ratio of the excess charge carrier density to its
(negative) decay rate. Depending on the mode of operation slightly different values
for 7o can be obtained. Especially for samples with high surface recombination, the
transient measurement will result in a shift of 7.5 towards the bulk lifetime as excess
charge carriers close to surface recombine quickly and, unlike for the quasi-steady

state, are not replenished timely [131].

A Sinton WCT-120 Lifetime Tester was used in this study. Lifetime measure-
ments were typically done on the solar cell precursor after depositing the doped
layers and before the TCO depositions. d and p of the investigated Si wafers were
used as reported by the supplier. These were, d =280 um and p = 1-5Q cm for
the polished FZ wafers and d = 170 um and p =~ 3Q2cm for the textured CZ wafers.
In addition to T at an excess charge carrier density of 10'®cm ™3, the implied fill
factor (iF'F) and implied open circuit voltage (iVo.) are valuable parameters ob-
tained by PLT. They represent a series resistance (Rg) free upper limit for the fill
factor (F'F) and an upper limit of the open circuit voltage (V) of the solar cell,

respectively.
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Solar simulator A WACOM-WXS-140S-Super double source class A solar simu-
lator was used to characterize the solar cell performance by current-voltage (I-V)
measurements. The measurements were performed under standard test conditions
(AM1.5G, 1kW m™2, 25°C). The solar cell characteristics obtained by the illumi-
nated measurements are the open circuit voltage (Vo.), fill factor (F'F), and the
short circuit current density (Js). The solar energy conversion efficiency (n) was
calculated by multiplying Ve, F'F, and Js.. To exclude edge effects, the illuminated
area of 1x1cm? cells was restricted to 0.9x0.9cm? by applying a shadow mask and
the area of 2x2cm? cells to 1.9x1.9cm?, if not stated otherwise. Additionally, the
solar simulator setup allowed to determine the dark -V curve of a solar cell and to

adjust the cell temperature from 15 to 75°C.

In general, there are four distinct methods to report Jg. and thereby also 7.
First, the active area Jg, for which only the illuminated and current generating
parts of a solar cell are considered to calculate Jg. from the measured current. The
contacting grid and the surroundings of the cell are excluded. Second, the designated
area Jy., which includes some parts of the grid, but has a significant amount of
non-illuminated area, especially the contacting components. Third, the aperture
area Jge, which includes all of the essential parts of the solar cell, including the
busbars, fingers, and interconnects. And Forth, the total area Jy, for which the total
cell area including the surrounding substrate is illuminated and considered [132]. All
of the efficiencies and currents reported in this study are active area based, as long

as not stated otherwise.

active designated aperture total

illuminated area
metal grid

cell area
subsfrate

Figure 3.5.: Area classifications for reporting the short circuit current density (Js.) and
the solar energy conversion efficiency (n) of a solar cell, following Green et al. [182]. From
left to rigth these are: active area (act), designated area (da), aperture area (ap), and total

area (ta).
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Suns-Voc measurements A Suns-Voc measurement with a Sinton Suns-Voc stage
is useful to estimate the effect of Rg on the I-V curve. It is based on the principle of
determining V. and Jy of a solar cell at different illumination intensities. In detail,
the solar cell is contacted by a copper plate on the back and a contacting needle
on the front. Then a short light pulse is illuminating the solar cell. Meanwhile,
Ve of the probed solar cell is being measured. At the same time, a reference cell,
which is located next to the measured solar cell, records the intensity of the decaying
light pulse. The voltage of this reference cell is used to estimate Jy. of the probed
cell by supplying the real Js. at 1 sun to the measurement software. By combining
these Js-Voe pairs, an Ry free I-V curve can be obtained. Comparing this curve
to the J-V curve from the solar simulator reveals the effect of Rs on the solar cell
performance. Furthermore, the pseudo fill factor (pF'F') can be obtained from the
Suns-Voc measurement, which represents an upper limit for F'F' of a Rg free solar

cell.

Differential spectral response (DSR) The DSR measurement is a key tool to
evaluate the optical and (to some degree) the electrical response of a solar cell. Tt
provides access to the spectrally resolved external quantum efficiency (EQFE), which
is defined as the ratio of collected electron/hole pairs to the photons impinging on
the sample surface. By combining the EQFE and R of the solar cell, the internal
quantum efficiency (IQFE) was calculated. It is defined as IQF = EQFE (1— R)™*
and represents the ratio of the collected electron/hole pairs to the absorbed photons.
Therefore, it eliminates the reflection losses, which are included in FQFE spectra. A
particular feature of the employed DSR setup is the ability to investigate the angular
dependence of the EQFE by rotating the sample stage. Furthermore, an additional W
lamp was available as a white bias light source up to a lamp power of 250 W (approx.
0.1sun). All DSR measurements were performed in a A range of A = 320-1150nm
in steps of 10nm. The measured EQFE spectra were convoluted with the AM1.5G
spectrum to calculate the integrated short circuit current density from the FQFE
spectrum (Js; psr)- Three different areas of illumination were used during the DSR
measurements by varying the probing spot size. Most of the measurements were
performed with an optical lens installed immediately in front of the sample. By using

this lens the illuminated area was reduced to about 2mm?, which is sufficiently small
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3.3. Solar cell characterization

to fit between the Ag grid fingers. Thereby, the activea area EQFE of the solar cells
could be determined. For a designated cell without front metallization, a circular
spot of about 7mm in diameter could be used by removing the focusing lens. The
same cell was used to determine R representatively for all the solar cells on the
wafer. Furthermore, the spot size could be enlarged to about 50mm in diameter,
allowing to investigate the aperture area FQF by applying a shadow mask similarly

to the I-V measurements.

OPAL 2 This freeware program for the optical analysis of the front surface of a
solar cell (OPAL 2) provides means to simulate the parasitic absorptance (Aparas) of
arbitrary front layer stacks and their effect on R of a solar cell. The main advantage
of this software is a rapid simulation due to a statistical approach to simulate the
interaction of light rays with a given surface texture. In fact, there are only a limited
number of paths that an incident ray of light will take when intersecting a given
surface plane. As a first step these unique ray paths are determined via simplified
classical ray tracing of 10° rays for a given angle of light incidence and a given
surface texture. Then, R, A, and T are determined by solving the Fresnel equations
for each of these ray paths and they are combined according to their statistical
probability to obtain the total R, A, and T [133,134]. A limitation of the software
is the simulation of light-trapping within the solar cells, as only the front side is
simulated. So, after passing the front layer stack the light is considered transmitted
and any further interactions within the substrate or at the back side of the solar
cell are not included. Accordingly, the simulation results were only considered valid
up to A =~ 900nm, where almost all light passing the front layer stack is absorbed
within the Si wafer of d > 170 pm, as they were applied in this study.

Nevertheless, the simulations in this study were performed in a A range of
300-1150nm, in steps of 10nm, to be able to resolve trends in Ap,ms in the long
A range by changes in the front layer stack. For the initial ray tracing 10° rays
were used and the number of bounces was capped at 10. The unpolarized light was
approximated by combining light of seven different polarization angles. The angle
of incidence was set to 8°. The Si random pyramid texture was defined according
to the ideal case with a characteristic angle of 54.7° and no planar areas [134].

Moreover, the spectrally resolved n and imaginary part of the refractive index (k) of

49



3. Experimental methods

the nc-SiOy:H layers and their respective thicknesses were essential input parameters
for the simulations. The values for n and k were acquired by fitting the measured
R and T spectra in a software for the simulation and analysis of optical spectra
(SCOUT) by “W. Theiss Hard- and Software”.

50



4. Material development

The development of hydrogenated nanocrystalline silicon oxide (nc-SiOx:H) de-
posited via plasma enhanced chemical vapor deposition (PECVD) at very high
frequency (VHF) is described in detail in the following chapter. The goal of this
development is an improvement of the optoelectronic properties of nc-SiOy:H films
due to an enhanced selective etching and therefore increased crystallinity of higher
frequency depositions as compared to the more commonly used radio frequency (RF)
depositions [135,136]. The first section covers the influence of the deposition power
(P), the deposition pressure (p), the B(CHs)3 gas flow fraction (fg(cn,),), and the
COz2 gas flow fraction (fco,) on the properties of p-type doped (<p>) nc-SiOx:H
films. In the second section a classification of nc-SiOx:H films according to their
structural and optoelectronic properties is introduced and exemplified by discussing
the variation of the gas flows fractions for n-type doped (<n>) nc-SiOy:H films.
Lastly, the third section encompasses an overview of the deposited nc-SiOy:H films
and compares them to literature data as well as previously obtained results using

RF depositions at the same deposition system.

4.1. Development of <p> nc-SiO,:H at very high

frequency

The starting point for the development of the nc-SiOx:H films in this study was
the work of Ding et al. [49,89]. It provided the electrode spacing (der), the sub-
strate temperature (Tyyp,), and the initial p, P, and gas flow fractions (see also
Sec. 3.1). All nc-SiOy:H films described in the following were deposited in the depo-

sition system introduced in Sec. 3.1. The depositions were performed at very high
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4. Material development

frequency (VHF), denoting a specific deposition frequency of 81.4 MHz in this work.
The development in this section will be focused on the <p> nc-SiOy:H films as the
expected effect of the VHF depositions is an enhancement of the crystallinity, which
has previously been reported for hydrogenated microcrystalline silicon (pc-Si:H)
thin films [135]. In contrast to <n> nc-SiOy:H, a high crystallinity is difficult to
achieve in <p> nc-SiOx:H due to the crystallinity inhibiting effect of trimethylbo-
rane (B(CHz)s) [137,138].

To be beneficial in silicon heterojunction (SHJ) solar cells, certain requirements
need to be fulfilled by the nc-SiOy:H films. On the one hand, a sufficient electrical
conductivity (o) is required to ensure a low series resistance (Rg) and an ohmic
contact towards the transparent conductive oxide (TCO) and, thereby, a high fill
factor (F'F) for the device. On the other hand, the films need to be as transparent as
possible to provide a low parasitic absorption of light. Furthermore, the deposition
conditions have to be compatible to the passivation layer deposition and not affect
its passivation properties. A high homogeneity and a constant deposition rate over

the substrate area and throughout the deposition are favorable as well.

4.1.1. Effect of deposition power and deposition pressure

As a first step in the development of nc-SiOx:H at VHF, the influence of vary-
ing P and p on the properties of <p> nc-SiOx:H were investigated. The p-type
doped material was chosen as a starting point because achieving a high crystallinity
in <p> nc-SiOx:H is especially challenging due to the nanocrystalline silicon (nc-Si)
inhibiting effect of B(CHs)s [137 139]. The results of the P and p variation are

summarized in Fig. 4.1.

The deposition power was varied in a range from 20 to 80W at deposition
pressures of 50, 200, and 400Pa. Starting at the highest p, the Raman crystallinity
(I;) and co were increasing towards higher P (Fig. 4.1 a) and c)). The increase in
co with increasing P is due to an enhanced dissociation of carbon dioxide (COg)
[140,141]. An increase of I with P has also been reported in [33,136] and attributed
to an increased amount of atomic H promoting the growth of the crystalline phase.

The electrical dark conductivity (op) and the optical band gap (Eo4) of the films
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Figure 4.1.: a)-d) Effect of the deposition power on a) the Raman crystallinity (I.),
b) the electrical dark conductivity (op), ¢) the oxygen content (co), and d) the optical
band gap (Eos) of p-type doped (<p>) nc-SiOy:H films deposited at different deposition
pressures (p) using very high frequency (VHF). e)-h) Variation of the deposition pressure
from 50 to 700Pa and its effect on €) I, f) op, g) co, and h) Eys. The B(CHs)s gas flow
fraction (fB(CHg)S), Hy gas flow fraction (fm,), and COs gas flow fraction (fco,) for all
depositions were kept constant at 1.9%, 99.6%, and 20%, respectively. The added lines

serve as a guide to the eye.
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were hardly affected by these changes up to P=60W (Fig. 4.1 b) and d)). Ounly from
a co of about 20at. % a marked increase in Eos and a decrease in op was observed.
Apparently, ¢co within the hydrogenated amorphous silicon oxide (a-SiOx:H) matrix
phase was sufficiently low not to affect the conductivity through the nc-Si phase
up to this point. However, as the amount of nc-Si increased, cop within the matrix
phase increased steadily as well for a constant cg. This O-enrichment of the a-SiOy:H

matrix was further enhanced by an overall increasing cg.

Gabriel et al. [33] proposed two distinct deposition regimes for the deposition of
<n> ne-SiOy:H for varying p and P. The first deposition region (A) is characterized
by a dependence of all properties on p as well as P and it was observed at a high
ratio of P/p, so either low p or high P. In their publication the ratio of P to p was
taken as a measure of the energy available per plasma particle during deposition
and could also be related to the availability of atomic H during the deposition [33].
In region A a decrease in the real part of the refractive index (n), corresponding to
an increasing co, was accompanied by a decrease in I. with a low dependence of the
deposition rate (rqep) on P. The second deposition region (B) was characterized by
a stronger dependence of 74¢, and n on P, while the dependence on p was weaker as
compared to region A. This region was found at at a low ratio of P/p. The transition
between the two regions was reported to lie at a P/p ratio of about 0.3WPa~! and

displayed a weak dependence of I, on P as well as p [33].

For the presented results, the depositions at p = 400Pa can be assigned to the
deposition region B (low amount of atomic H) due to a strong dependence of I, and
co on P and the simultaneous increase of I. and co. Furthermore, 74¢, strongly
increased from about 3 to 8nmmin~! with increasing P, confirming the observations
in [33] for the region B. At a lower p of 200Pa, co and Eyy of the ne-SiOx:H films
were not affected by a change in P. Only a small increase in op due to an enhanced
I. was evident. In comparison to the depositions at p = 400Pa, the lower p led
to an increase of the P/p ratio and therefore a higher amount of atomic H in the
plasma, which characterizes the transition to the deposition region A [33]. Finally,
the material properties were notably different at p = 50Pa. Here, P had hardly any
influence on ¢ or I.. Moreover, no change was evident in the microstructure of the

nc-SiOx:H films judging from the Fourier transform infrared spectroscopy (FTIR)
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or the Raman spectra (not shown). Nevertheless, op decreased towards higher P,
while Ep4 increased. Due to the low p, these material presumably had the highest
amount of atomic H in the plasma during the deposition [33]. At 50Pa the high
P/p ratio may lead to enhanced H etching, which would lead to a decrease in the
crystallite size [24]. In [24] it was also reported that at lower p the crystallite
density slightly decreased as determined by energy filtered transmission electron
microscopy (EFTEM), even though no change in I, was evident from the Raman
spectra. Therefore, the enhanced Eg4 could be a consequence of a reduced volume
fraction of nc-Si or enhanced quantum confinement due to the smaller crystallite
size [18,38]. Another possible explanation for the decline in op and increasing Foq
is a reduced amount of the hydrogenated amorphous silicon (a-Si:H) phase [22,142]
at the interface between the nc-Si and the a-SiOx:H due to the high energy of
incident particles and their enhanced capability to break the weak Si-Si bonds in
a-Si:H. This reduction in a-Si:H would lead to an increase in the defect density at the
nc-Si/a-SiOx:H interface, reducing o, and an increase in Egyy due to the substitution
of a-Si:H by a-SiOx:H or nc-Si.

Increasing the deposition pressure at a constant deposition power led to a
continuous decrease in O-incorporation in the nc-SiOy:H films (Fig. 4.1 g)), inde-
pendently of the applied P. FEg4 decreased accordingly (Fig. 4.1 h)). This can
be attributed to a lower availability of O precursors during film growth at higher
p due to an increased number of gas phase collisions [24,140]. A minimum in I,
(Fig. 4.1 e)) was observed around 200-300Pa, which correlated with a minimum in
op. In the FTIR spectra the Si-O-Si stretching ((s)) mode significantly decreased
at 1130ecm™! by changing p from 50Pa to 200Pa and the overall peak maximum
shifted from 1090 cm™! to 1060cm ™! (not shown). This indicates less of silicon diox-
ide (SiO2)-like bonding environments in accordance with the overall decreasing cgo.
Additionally, the Si-H (s) peak at 2000cm ™! increased for the low I. samples when
p was increased to 200 Pa, indicating a rise in the amount of a-Si:H phase. In total,
this points at a decrease of SiOs in favor of a-Si:H for films with a low I.. Increasing
p beyond 300Pa resulted in an increase in I, and op. Here, the low incorporation
of O resulted in an enhanced I, up to a p of 600Pa. Beyond 600Pa, I. decreased
again. This was also reported by Kondo et al. [136] for pc-Si:H films and explained

by an increase of the annihilation reaction between H and silane (SiHy), leading to
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a decrease of the atomic H flux to the substrate surface and, thereby, impeding the
crystalline growth, which is facilitated by atomic H at low temperatures. Another
suggestion was that a decrease of the electron temperature with increasing p leads

to less dissociation of Hy [140] and, therefore, less atomic H at the film surface.

Overall, the deposition power and deposition pressure variation indicated two
different deposition regimes for the nc-SiOx:H films, similarly to the reports in [33].
First, a high p and low P regime with a low c¢o and a high I in the films. This regime
can be related to a low amount of atomic H in the plasma during the deposition.
Second, a high I. region at low p with a more SiOs-like matrix and similar I
independently of the applied P. This region is associated with an increased amount
of atomic H for nc-SiOx:H depositions at RF [33]. For the VHF nc-SiOx:H films,
the density of atomic H is enhanced even further [135,136] and additionally they
benefit from a reduced ion energy [135,143,144]. Therefore, the best optoelectronic
trade-off was achieved for <p> nc-SiOx:H films deposited in this regime (p =50Pa).
As P could be used to tune the trade-off between Eys and op in this deposition
regime, depositions at P =30W and at P =70W were considered for the following

gas flow optimization.

4.1.2. Optimization of the gas flows

In the next step of <p> nc-SiOy:H optimization at VHF, the gas flows were adjusted
with respect to each other. Only the Hs gas flow was kept constant at its maximum
value of 500sccm. With the gas flows represented by their molecular formula framed

by square brackets ([ ]), the gas flow fractions were defined as:

_ (€O,
feo, = S+ [COY] 100%, (4.1)
. [HY]
fu, = 7[81}14] + ) 100%, (4.2)
_ [PH;]
JpH; = L]+ [Py 100 %, (4.3)

and
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[B(CHs)s]
fcny, = a,y [B?03H3)3} 100%. (4.4)

The results of varying the B(CHg)s gas flow fraction (fp(cm,),) for the deposi-
tion regime, discussed in the previous paragraph, are summarized in Fig. 4.2. The
nc-SiOx:H films with fB(CH3>3 = 2% were used as a starting point. By adding more
B(CHs)s to the gas mixture I, of the nc-SiOy:H films strongly decreased up to the
amorphous state for fg(cm,), = 7% (Fig. 4.2 a)). This amorphization of nc-Si by
B has already been reported by several authors [46, 137,138] and presents an im-
portant factor in the development of highly conductive <p> nc-SiOy:H films. The
increased incorporation of B was accompanied by a small B-O (s) band appearing in
the FTIR spectra (Fig. 4.3) around 1350cm ! and an increase of the Si-H (s) peak
at 2000cm ™!, in accordance with [137]. Additionally, a small peak at 1270cm ™! was
evident that can be attributed to the Si-CHs (s) mode, which was accompanied by
Si-H (s) modes at 2330 and 2360 cm ™! [145]. This indicates a small amount of C be-
ing incorporated as methyl groups in the nc-SiO4:H films as a consequence of using
trimethylborane as the B-source. This incorporation of C reduces the crystallinity
in addition to B [139]. The fully amorphous state was reached at a higher fB(CH3)3
for the higher P depositions and can be related to the crystallinity enhancing effect
of depositions with an increased P. op followed the trend of I. and a drop of op
by five orders of magnitude was distinguishing the nc-SiOx:H from the a-SiOx:H
films. At lower fB(CH3)37 however, B-doping led to an enhancement of op, even
though I, was decreasing. Here, op was dominated by an increasing amount of free
charge carriers due to more active B-dopants being incorporated in the nc-Si phase.

Overall, a slightly higher op could be reached for the depositions at P =30W.

Surprisingly, co also steadily decreased for an increasing fi(cm,), (Fig. 4.2 b)).
The decrease in co mainly affected O-rich environments as evident from the strong
decrease of the (O3)Si-H (s) mode at 2260cm ™! (Fig. 4.3 b)). It might be related
to an increased amount of the incorporated oxygen being bonded to B or C from
the B(CHs)s instead of Si. In fact, co determined here is solely based on the Si-O
(s) band. So, the actual oxygen content within the films is expected to be higher
with some of the O being bonded to B or C. Nevertheless, Eyy decreased nearly
linearly for higher fB(CH3)37 matching the reduction in cg. The overall co and Eyy

were slightly higher for the depositions at 70 W due to the enhanced dissociation of
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Figure 4.2.: Effect of changing the B(CHs )3 gas flow fraction (fB(CHa)s) on the structural
(a), b)) and optoelectronic (c), d)) properties of <p> nc-SiOz:H films deposited at 50Pa
for a deposition power (P) of 30W and 7T0W. The COy gas flow fraction (fco,) was kept

constant at 20% for all depositions. Lines were added as a guide to the eye.

COg as discussed in Sec. 4.1.1. In total, the nc-SiOx:H films deposited at P =30W
with fB<CH3)3 =3.8% and at P =70W with fB(CH3)3 = 5.6% exhibited the highest

op and were taken as a basis for the variation of fco,.

The effect of various fco, on the properties of nc-SiOx:H films is summarized
in Fig. 4.4. The main objective of the fco, variation is to control ¢g within the
films by adjusting the amount of COy available as an O-precursor. An almost
linear dependence of co on fco, was observed for the deposited nc-SiOy:H films
(Fig. 4.4 b)) in accordance with reports from literature [17,85,89]. Furthermore,
both investigated deposition regimes showed a similar ¢g dependence. The same was
observed for Eg4 and it correlated well with the change in cg. This indicates that the
O incorporation was occurring in a similar way for both deposition regimes. Indeed,
a decrease of a-Si:H related and an increase of SiO9 related peaks was observed in

the FTIR spectra for the films from both deposition regimes (not shown).
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4.1. Development of <p> nc-SiOx:H at very high frequency
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Figure 4.3.: FTIR spectra of <p> nc-SiOy:H films deposited at 30W and varying
B(CHz)3 gas flow fraction (fpicn,),) (see also Fig. 4.2). The arrows indicate changes
in the spectra due to an increasing fB(CHg)g' a) FTIR spectra in the range of 600 to
1300cm™~t. b) The same spectra in the range from 1200 to 1500cm~! and 1900 to
2400cm™!.  There were no peaks detected in the intermediate range. Please note that

« has been rescaled in b) to show the lower intensity modes.

I, strongly dropped from 60-70% to 20-30% when just a small amount of COq
was added to the gas mixture (Fig. 4.4 a)). This is due to the incorporation of O
and thereby addition of a-SiOx:H to the films, which replaced the a-Si:H and nc-Si
phases. For higher foo, the decrease was less pronounced, but still significant. In
contrast to the fB(CH3)3 variation, a higher I. was achieved for all fco, for the
depositions at P =30W. This was due to the combination with a lower fB(CH3)3 of
3.8 %, which led to a higher crystallinity. op of the films was affected by the decrease
in I beyond fco, = 20%, which also marked the transition towards co > 25at. %
and I, <20at. %.

Overall, the increase in Eps and decrease of op was a consequence of the
gradual substitution of nc-Si by a-SiOy:H with increasing fco,. As a main result
from this optimization of <p> nc-SiO4:H, the VHF deposition regime at p = 50Pa,
P=30W, and fp(cn,), = 3.8% was identified to be well suited to produce material

with improved optoelectronic properties and a tunable op and Eys by fco, variation.
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Figure 4.4.: a) Raman crystallinity (I.), b) ozygen content (co), c) electrical dark con-
ductivity (op), and d) optical band gap (Eos) of <p> nc-SiOy:H films deposited at var-
ious COy gas flow fractions (fco,). Two deposition regimes were investigated, one at a
B(CH3 )3 gas flow fraction (fB(CH3)3) of 5.6% and a deposition power (P) of T0OW and
the other at a fgicn,), of 3.8% and a P of 30W. All depositions were performed at a
deposition pressure (p) of 50Pa. The lines are a guide to the eye.

4.2. Classification of nc-SiO,:H films

As might already be evident from the results discussed in the previous section, sim-
ilar optoelectronic properties for nc-SiOx:H can be achieved for different deposition
regimes (see also Sec. 4.3). Therefore, a microstructure model was developed in
this work to classify various nc-SiOyx:H films according to their optoelectronic and
their structural properties. It is meant to provide guidelines for the development of
nc-SiOx:H films by identifying the microstructure of the film and to aid in develop-
ing steps for further optimization. This model will be introduced in the following
on the basis of the results obtained on two series of nc-SiOx:H samples and then its
applicability will be demonstrated for a fco, and two PHs gas flow fraction (fpp,)

series.
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4.2. Classification of nc-SiOx:H films
4.2.1. The deposition regions

The model for the microstructure is based on four different classes of nc-SiOx:H
films. These classes or regions of nc-SiOy:H deposition are, sorted as region I-IV:
the “fully amorphous region”, the “onset of nc-Si formation”, the “O and nc-Si en-
richment”, and the “nc-Si deterioration region” In Fig. 4.5 a complete introduction
to all four classes is given by considering fy, variations for <n> nc-SiOy:H films
in a wide range. The schematic microstructure of a-SiOx:H films (Fig. 4.5 i)) was
initially proposed by Haga and Watanabe [142] and by Hohl et al. [146]. They
described the films as consisting of a-Si:H and an O-rich a-SiOy:H with a thin in-
termediate O-deficient a-SiOx:H region in between, which is a consequence of the
gradual interface between the O-free and the O-rich regions. This intermediate re-
gion was omitted for clarity in the sketches shown here, though it was evident from
the FTIR spectra. The thermodynamically favored phase separation to a-Si:H and
a-3i0x:H is facilitated by the high amount of H present during the low temper-
ature PECVD depositions [18]. H mediates the relaxation of strained bonds and
increases the diffusion length of film precursors by surface heating and H coverage
of the film surface [18,147]. Another approach to achieve this phase separation is

post-deposition annealing of homogeneous a-SiOy:H films [27,34].

Region | Figure 4.5 a)-d) show the changes in the film properties for varying fu,.
Starting at low fg,, the first region was denoted as the “fully amorphous region”,
which includes a-Si:H films as well. The films were characterized by having no de-
tectable nc-Si in them, as evident by I. = 0. The Eg4 and op showed typical values
for doped a-SiOx:H films with 0 < z < 2 [148]. In region I the atomic H density was
insufficient to facilitate nc-Si formation [136] or affect the O-incorporation [140].
fco, =40% resulted in a higher Eys and a lower op as compared to films deposited
at foo, =20%. This can be explained by a change in the ratio of a-Si:H to a-SiOx:H.
Two typical FTIR spectra of those films are shown in Fig. 4.5 e) and a sketch of
the microstructure is provided in Fig. 4.5 i). The FTIR spectra clearly showed
an a-Si:H related Si-H (s) peak around 2000cm ! and also exhibited several Si-H
(s) peaks for bonding environments related to a-SiOx:H. The a-Si:H related peak
decreased for the films grown at foo, = 40%, while the peak around 2250 cm 1
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4. Material development

strongly increased, indicating more oxygen rich a-SiOy:H. Contrary to the depo-
sitions of <p> nc-SiO4:H, no C-related peaks were observed in the FTIR spectra
of <n> nc-SiOx:H, even though CO2 was used as the O-source. Indeed, the incor-
poration of O from COs is unlikely due to the high dissociation energy of the CO
molecule [140]. For the <p> nc-SiOx:H films, however, the methyl groups of the

trimethylborane (B(CHgz)s) served as a major source of C.

Region Il For a fy, beyond about 98.2%, the films belong to the “onset of nc-Si
formation” region, which also includes pc-Si:H films for depositions without COs.
Here, some nc-Si was incorporated into the films and I, increased. The amount of
nec-Si is controlled by the availability of atomic H [18,147]. Therefore, I, increased
towards higher fg, [136]. op was enhanced due to the substitution of a-Si:H by
nc-Si and the much higher doping efficiency within the later. co in the nc-SiOx:H
films did not change in this region and Fy4 was reduced. This reduction in Fyq most
likely stemmed from a substitution of a-Si:H by nc-Si, which exhibits a higher « at
A > 700nm [40]. In contrast, @ in the wavelength (\) range of light below 700nm
steadily decreased for higher f, as expected by this substitution (not shown). The
decreasing amount of a-Si:H was also indicated by a decrease of the peak around
2000cm™! in Fig. 4.5 f). The amount of a-SiOyx:H did not change significantly as
compared to the fully amorphous films according to the FTIR spectra, which is also
in accordance with the overall decreasing o4 due to the substitution of a-Si:H by

ne-Si.
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Figure 4.5.: a)-d) Raman crystallinity (I..), electrical dark conductivity (op), oxygen con-
tent (co), and optical band gap (Eps) of <n> nc-SiOu:H films deposited at two different
COy gas flow fractions (fco,) with a varying Hy gas flow fraction (fm,). The deposition
pressure (p) and deposition power (P) were fized at 350Pa and 50W, respectively, with
fpa, =5%. The dashed vertical lines roughly separate different regions of nc-SiOy:H de-
position. Starting at low fg,, these are the “fully amorphous region” (I), the “onset of
ne-Si formation” (II), the “O and nc-Si enrichment” (III), and the “nc-Si deterioration”
(IV). The lines serve as a guide to the eye. e)-h) FTIR spectra in the Si-H (s) range
(1900-2400cm ™) of selected nec-SiOy:H films exemplifying the corresponding deposition
regions. i)-1) Sketches of the microstructure of nc-SiOy:H films for the four different de-
position regions. The following three phases are distinguished: hydrogenated amorphous
silicon (a-Si:H), nanocrystalline silicon (nc-Si), and O-rich hydrogenated amorphous sili-

con ozide (a-SiOy:H).
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4. Material development

Region Il For the fy, series the third region was observed from fy, ~99% on. It
was named the “O and nc-Si enrichment” region and is distinguished by an increase
in co and I, (Fig. 4.5 ¢), d)). The increasing co was accompanied by an increase
in Eps. Depending on the overall cg even op (Fig. 4.5 b)) may be affected by the
high amount of the electrically resistive a-SiOx:H. The increasing amount of O-rich
a-SiOy:H was evident from the increasing peak around 2250cm~! in Fig. 4.5 g),
while the peak around 2100cm ™! decreased. Similarly to the <p> nc-SiOg:H in
Sec. 4.1, op was reduced for c¢o beyond 20at. % independently of fco,. This would
correspond to a volume fraction of about 55 % of nc-Si, assuming a simple mixture
of Si and SiO2 with their respective mass densities and molar masses. This estimate
correlates well with the measured I for the onsets of the op decline. Here, a high
and still increasing amount of nc-Si is accompanied by a distinctive increase in the
amount of O-rich a-SiOx:H (Fig. 4.5 g)).

Region IV Lastly at fg, >99.5%, the region of “nc-Si deterioration” was reached.
This region is characterized by a high cg and a decreasing I. due to a large amount
of O-rich a-SiOx:H. Accordingly, the Fp4 of the films increased and op was re-
duced. The FTIR spectra showed no a-Si:H related peak in the Si-H region any
more (Fig. 4.5 h)) and a shift of the peak around 2100cm ! towards the (OSiz)Si-H
(s) peak around 2130cm™!. Overall, this indicated that the a-Si:H phase had been
fully substituted by nc-Si and a-SiOx:H (Fig. 4.5 1)). The high amount of H at
these fg,, especially in combination with the VHF deposition, probably resulted in
a strong etching of weak bonds during the deposition. The Si-Si bond has a lower
bond energy within a-Si:H than nc-Si and is overall lower than the bond energy of
the Si-O bond [149]. Therefore, the etching by H probably affected the a-Si:H more
than the nc-Si or the a-SiOx:H. However, an enhanced dissociation of COq by Ho
may also be responsible for the favorable formation of a-SiOx:H instead of a-Si:H or
nc-Si at high fy, [140]. The sharp decline in op can be attributed to the increase
of O-rich a-SiO:H and a disruption of the nc-Si percolation paths by it. However,
another possible explanation is a poor defect and grain boundary passivation of the
ne-Si [32], which might result from the decline of a-Si:H in the films. Overall, the
film properties were highly sensitive to small changes in fy, in this deposition region

and, therefore, fy, had to be adjusted carefully.

64



4.2. Classification of nc-SiOx:H films

In total, a wide range of optoelectronic properties has been achieved by the fg,
variation for the <n> nc-SiO4:H films and all four regions of nc-SiOy:H deposition
could be covered. This suggests the variation of fg, in combination with fco, as
an effective way to tune the microstructure and the optoelectronic properties of
nc-SiOy:H films. A variation of fy, has also been used for <p> nc-SiOy:H films
by Lambertz et al. [150], to obtain a high FEys in combination with a high op.
In fact, the deposition pressure and deposition power optimization in Sec. 4.1.1
on <p> nc-SiOx:H films can also be related to changes in the amount of atomic H.
Accordingly, the two deposition regimes that were found for the <p> nc-SiOy:H films
correspond to the “O and nc-Si enrichment” and the “nc-Si deterioration” region
(region IIT and IV) introduced here. In general, a phase mixture of conductive nc-Si
percolation paths and transparent O-rich a-SiOy:H is desired to achieve nc-SiOx:H
films with excellent optoelectronic properties. Therefore, the best trade-off between
Foy4 and op is expected for nc-SiOx:H films close to the transition between the “O
and nec-Si enrichment” (III) and the “nc-Si deterioration” (IV) region. Albeit, the
doping within the nc-SiOy:H and the distribution of the phases have a major impact

on the resulting properties and need to be considered and adjusted as well.

4.2.2. Microstructure of the nc-SiOy:H films

The microstructure of nc-SiOx:H at the nanoscale is accessible by atom probe to-
mography (APT). Consequently, this method allows to check the validity of the
microstructure model directly. For this purpose, a <p> and a <n> nc-SiO4:H film
from the region of “O and nc-Si enrichment” (region III) were investigated by APT.
The <n> nc-SiOy:H film showed an Eyy of 2.3¢V and op =~ 0.1Scm™! and the
<p> film Eps ~2eV and op ~0.2Scm™L. ¢q, as determined by FTIR, was approx-
imately 25at.% and 21at.%, respectively. These layers were chosen because they

proved to be well suited for SHJ solar cells (see also chapter 5 and 6).
The APT results are presented in Fig. 4.6, 4.7 and 4.8 for both films. The

iso density surfaces in Fig. 4.6 a) and ¢) were used to identify the nc-Si phase in
a first approximation. These iso density surfaces were created by estimating the
density of Si atoms within predefined volume portions of the reconstruction while

taking into account the detector efficiency of the APT setup [128] (see also Sec. 3.2).
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Here, the density of ne-Si was assumed to be 49.9nm 3. The individual regions are
clearly aligned along the direction of film growth and the lateral size of the columns
is mostly limited to a few nm. Additionally, the positions of P and B within the

microstructure are indicated by red and green dots in Fig. 4.6.

<p> nc-SiO:H

growth axis

Figure 4.6.: a) Atom map of a slice of 20x75nm? and 2nm thickness taken from the
reconstruction of a <n> nc-SiOy:H atom probe tomography (APT) tip. The blue dots
indicate positions of Si atoms and the red dots represent the positions of P atoms. The
blue areas show iso density surfaces of nc-Si. b) Combination of the nc-Si iso density
surfaces with a Si density map of the same sample slice. The color indicates the Si density
in the 2nm slice, with blue denoting the lowest and red the highest density of Si. ¢), d)
APT images of a 2027522nm? slice of a <p> nc-SiOy:H APT tip.

Figure 4.6 b) and d) show the density of Si ions detected within the nc-SiOy:H
slices. With decreasing Si density the areas could be related to the nc-Si, the a-Si:H,
or the a-SiOx:H phase. Overall, the density maps correlate well with the iso density
surfaces from Fig.4.6 a) and ¢). A more detailed view on the distribution of nc-Si is
given in Fig. 4.7. It shows strongly interconnected networks of individual nc-Si crys-
tallites with dimensions of a few nm. Comparing the <n> and the <p> nc-SiOx:H
film, the total amount of nc-Si seemed to be less in the <p> film and there seemed
to be less straight transversal nc-Si paths through the <p> nc-SiOy:H, which may
be related to the lower amount of nc-Si.

A proxigram (proximity histogram) analysis of each film is presented in Fig. 4.8
b) and d). Here, the iso density surface is taken as a reference point and the
distance of each detected ion to this surface is determined [128], with “negative

distances” resembling positions inside the Si nanocrystals. Thereby, an averaged
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4.2. Classification of nc-SiOx:H films

<n> nc-Si0,:H <p> nc-SiO,:H

sixe LHN\O.!

Figure 4.7.: Three-dimensional Si iso density surfaces of a <n> nc-Si0y:H film (a)) and
a <p> nc-Si0z:H film (b)) from the “O and nc-Si enrichment” region (region III). The
total volume is 30z30230nm?>. Turquoise dots indicate the positions of individual Si atoms,
while red spheres indicate the positions of P atoms and green spheres resemble B. The axis

of film growth is also included to illustrate the direction of the anisotropy of nc-Si growth.

concentration profile around the nc-Si surfaces was produced. This analysis showed
similar concentrations of B and P towards the matrix as well as towards the inner
nc-Si within a distance of 3nm in each direction. Furthermore, the proxigrams in
Fig. 4.8 a) and c¢) show significant amounts of O and H within the nc-Si phase as
defined by the iso density surfaces, even though a distinct decrease in O as well
as H was observed at the nc-Si surface. Furthermore, the proxigrams displayed a
peak in cg about 1nm from the nc-Si surface for both types of nc-SiOx:H films.
Additionally, the C content was confirmed to be elevated in the <p> nc-SiOy:H film
at about 1at.% as compared to about 0.4at.% for the <n> filn (see also Fig. 4.8 b),
d)), which is in agreement with the FTIR results from Sec. 4.1.2.

The columnar structure and the dimensions of the nc-Si network as determined
via APT correlate well with reports from transmission electron microscopy (TEM)
investigations on nc-SiOx:H films [17,18,22,23,33]. However, the anisotropy of nc-Si
growth and the three-dimensional network distribution were more apparent from

the APT representations. Accordingly, the extensive lateral interconnections can be
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Figure 4.8.: a) Prozigram of Si, O, and H for the <n> nc-SiO,:H film. The concentration
of each element is displayed at a specific distance from the nc-Si surface as defined in
Fig. 4.7 a). b) Prozigram of C, P, and B for the same film. c), d) Prozigrams for the
<p> nc-SiOy:H film.

related to the high op of the films. Nevertheless, the current flow through these
layers in a SHJ solar cell is mainly transversal and therefore the crucial o can be

expected to surpass the lateral op [108].

The crystalline volume fraction of nc-Si within this sample slices was esti-
mated from the ratio of atoms within the nc-Si volume to the total number of
atoms within the specimen. The, thereby determined, nc-Si volume fractions were
27vol.% and 20vol.% for the <n> and <p> nc-SiOy:H films, respectively. For
the <p> nc-SiOx:H film this corresponded well to I, = 20%. However, for the

<n> ne-SiOx:H an I of 47% seems to overestimate the difference in the crystalline
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4.2. Classification of nc-SiOx:H films

volume fraction between these two films, even though a higher crystallinity was
confirmed for the <n> film. This might be due to a thickness dependence of the
crystalline volume fraction (see also Sec. 4.3) and the different sample depths being
probed by the different methods, a few hundred nm towards the surface for Raman

spectroscopy and the middle of the sample for APT in this particular case.

The high O and H content within the approximated nc-Si phase (Fig. 4.8 a), ¢))
indicate that at least some of the regions enveloped by the specified iso density
surfaces probably do not contain nc-Si. Furthermore, different evaporation fields
and surface curvatures for different phases can lead to so called “local magnification
effects” and trajectory aberrations [126,128]. These effects distort the origin of
a given ion, and thereby affect the reliability of the determined atom densities.
In total, these effects impede the unambiguous determination of the nc-Si phase
by APT. The projection of O into nc-Si in APT has also been reported for Si

nanocrystals embedded in a SiO matrix [151].

Furthermore, an O-enriched shell is indicated around the nc-Si phase by the
proxigrams in Fig. 4.8. However, this feature may be related to the microstructure
of the nc-SiOx:H films and result from an average distance between the nc-Si phase
and O-rich a-SiOx:H of about 1nm. Accordingly, the distance between neighboring
regions of nc-Si is about 2-3nm in the Si iso density plots (Fig. 4.6).

The similar dopant concentrations within the nc-Si and the matrix phase in
Fig. 4.8 b) and d) are in contrast to simulation results, which predict the preferred
incorporation of dopant atoms at the interface of Si nanocrystals [39,152]. Further-
more, increased dopant concentrations were found by APT at the Si interface of
thermally grown Si nanocrystals embedded in glass [34]. This indicates either that
the growth conditions during the PECVD suppress a repositioning of the dopants
to their thermodynamically favored sites, or that the accumulation of dopants at
the interface is not energetically favored for the deposited nc-SiOy:H films due to
the large crystallite size of the nc-Si as compared to Si quantum dots, where a

self-purifying effect is expected.

Surprisingly, the P and B content within the <p> nc-SiOx:H film was very
similar, indicating a codoped film (Fig. 4.8 d)). This might be a consequence of cross

contamination from the chamber walls, even though a cover layer of about 70nm
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was deposited prior to the film deposition. Another source of P might have been the
sample carrier. This cross contamination raises the question whether active dopants
of P or B were responsible for the high op within the nc-SiOx:H film. Nevertheless,
this film still behaved like a p-type doped layer when applied in SHJ solar cells (see
also Sec. 5). Therefore, this effect can be related to cross contamination from the
named sources for this specific sample and should not be valid for <p> nc-SiOy:H in
general. However, cross contamination should be avoided by applying appropriate
cover layers whenever depositions of opposite doping type are performed that use

the same sample carrier or chamber.

The APT elemental density images for Si and O were combined and simplified
in Fig. 4.9 to investigate the distribution of O with respect to the nc-Si and directly
compare the APT images to the sketches from the microstructure model (Fig. 4.5).
Please note that the voxel size is smaller than in Fig. 4.6 and Fig. 4.9. In fact, slices
of 0.5nm thickness were used instead of the previously used 2nm. Consequently, the
apparent distribution of nc-Si is different for these two figures. A density threshold
was defined similarly to the Si iso density images to define areas of nc-Si, a-Si:H, and
O-rich a-SiO,:H. For a-Si an atomic density of 2% less as compared to crystalline
Si was assumed [153,154], which is even lower for a-Si:H [155]. The a-SiOy:H phase

was arbitrarily limited to areas of co > 10%.

For the <n> nc-SiOx:H film in Fig. 4.9 a), the areas of high co and the
nc-Si regions are well separated with only a few regions of co > 20%. The white
intermediate regions can be related to either a-Si:H or a-SiOx:H with a low cp. In
total, the distribution and ratio of the phases is well reproduced in comparison to the
sketch of the microstructure in Fig. 4.5 k), corresponding to a film within the “nc-Si
and O enrichment” region (region III). However, the overall amount of O was lower
than expected. A significantly underestimated co in SiO2 by APT has recently
been reported by Kinno et al. [127] and suggested to result from direct current
(DC) evaporation of atoms or desorption of neutral Oy. Therefore, the real ¢ can
be expected to be higher in the nc-SiOy:H films, as suggested by the FTIR results.
The amount of a-Si:H is nearly negligible according to the defined density criteria.
Similarly, only a low amount of a-Si:H was expected within both nc-SiOx:H films

from their FTIR spectra as they were deposited close to the “nc-Si deterioration”
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Figure 4.9.: a) Combination of a Si density map and a O concentration map for a
3022020.5nm? slice of <n> nc-Si0y:H. The black areas were adjusted to match the density
of ¢-Si. The red area represents non-hydrogenated a-Si, defined by a 2% lower density
as compared to nc-Si [158, 154] and the orange areas represent a-Si:H with a 5% lower
Si density as compared to nc-Si (at a cg of 9at.%) [155]. The O map shows areas of
medium co (from 10 to 20 at.%) in cyan and O-rich areas in blue. Consequently, the white
areas represent regions of a Si density below 47.4nm™=3 and co < 10at.%. b) Si density
map for a 3022020.5nm> slice of <p> nc-Si0,:H including the respective co map. The

areas were defined according to a).

(IV) region (for example see Fig. 4.10 a)). Nevertheless, an unambiguous distinction

of a-Si:H from nc-Si cannot be drawn by APT as pointed out before.

Similarly to the <n> nc-SiOx:H, the density maps of the <p> nc-SiOx:H
film in Fig. 4.9 b) correspond well to the microstructure model. However, there is
some overlap between the a-SiOx:H and the nc-Si phases, which led to a significant
co within the nc-Si phase in Fig. 4.8 a) and c¢). This can be attributed to the
effects discussed in the previous paragraph, which distort the positions of Si and O,

especially if they originated from different phases.

4.2.3. Practical use of the model

Effective doping of nc-SiOy:H films is an essential prerequisite for high performance
films. However, as already demonstrated for <p> nc-SiOx:H in Sec. 4.1.2, the
dopant gas may influence the structure of the films in addition to the doping effect.

In Fig. 4.10 two <n> nc-SiOy:H series of varying PH3 gas flow fraction (fpp,) are
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shown. Two disparate deposition regimes were chosen to investigate the effect of
changing fpm,. The films of the first deposition regime were deposited at P =50W,
p=350Pa, fco, =30%, and fy, = 99.65%. The second sample series was produced
at P=30W, p=>50Pa, fco, =20%, and f, =99.2%. The classification of the films
was carried out according to Sec. 4.2.1 by analyzing their FTIR spectra (Fig. 4.10 a)).
The first series can be assigned to the “nc-Si deterioration” region (region IV) due
to a strong (O3)Si-H (s) peak and a low intensity of the modes around 2100cm ™ *.
The films of the second deposition regime belong to the “O and nc-Si enrichment”
class (region I1I), characterized by a-Si:H related peaks, while displaying a high Fos
and op. Thereby, these two deposition regimes represent highly conductive as well
as highly transparent nc-SiO:H films, both of which might be suitable for SHJ solar

cells.

Films of both regimes showed similar I, and c¢o (Fig. 4.10 b)), which did not
change with varying fpp,. Likewise, the FTIR spectra of these films hardly changed
with fpu,. Therefore, an increase in fpy, does not seem to affect the microstructure
of the nc-SiOx:H films, in contrast to fB(CHs)s' Here, I. should not be taken as a
measure of the crystalline volume fraction, however, because for an overall cg of
30% even a pure mixture of SiOg and c¢-Si could only have a maximum crystalline
volume fraction of about 40vol. %. Therefore, I.. is overestimating the nc-Si volume
fraction for the presented films (see also Sec. 4.2.1). In contrast to I, and cg, op
increased by about one order of magnitude by raising fpp, from 2% to 5% for both
deposition regimes. This indicates an increased doping of the nc-Si and eventual
a-Si:H phase, which resulted in an increased density of active charge carriers [89)].
Eys was constant for the “O and ne-Si enrichment” ne-SiOx:H films (region III) and

was slightly reduced for the films in the “nc-Si deterioration” region (region IV).

Overall, an increasing fpy, mainly affected the conductivity of the nc-SiOx:H
films in both deposition regions by an increase of the charge carrier density without
affecting the microstructure. Similar results were reported for RF nc-SiOy:H films
by Ding et al. [89]. Consequently and in contrast to fB(CH3)3a fpa, should be

maximized to obtain material with improved optoelectronic properties.

In Sec. 4.2.1 high performance nc-SiOy:H films were postulated to lie between

the “O and nc-Si enrichment” (III) and the “nc-Si deterioration” (IV) regions. Ac-
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Figure 4.10.: a) FTIR spectra in the Si-H (s) band range (1900-2400cm™!) for two repre-
sentative <n> nc-SiOy:H films deposited at fpu, =4% in two different deposition regimes.
The films of the “O and nc-Si enrichment” region (region I11) were deposited at P =30W,
p=>50Pa, fco, =20%, and fu, =99.2% and the films of the “nc-Si deterioration” region
(region IV) were deposited at P =50W, p=350Pa, fco, =30%, and fg, =99.65%. b)
Raman crystallinity (I1.) and ozygen content (co) of the nc-SiOy:H films for different fpm,.
¢), d) Dependence of the electrical dark conductivity (op) and the optical band gap (Eos)

on fpuy for the two deposition regimes. The lines serve as a guide to the eye.

cordingly, two films were chosen from this area to optimize the optoelectronic proper-
ties of <n> nc-SiOx:H at a maximum fpp, of 5%. Furthermore, foo, was selected
as an effective way to adjust the amount of SiOs in the nc-SiOy:H films as has
been demonstrated for <p> nc-SiOx:H in Sec. 4.1.2. The films were deposited at
P =50W, p=350Pa, fpu, =5%, and fg, =99.4%.

The results of changing fco, for <n> nc-SiO4:H in this promising deposition
region are summarized in Fig. 4.11. Similarly to the results in Sec. 4.1.2, increasing
fco, from 10 to 60% led to a marked increase in c¢o. I. was not affected, however.

This is because, in contrast to the fco, variation for <p> nc-SiOx:H, fco, was
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4. Material development

varied at a constant fg, (Eq. 4.2) for this sample series. In Sec. 4.1.2, however, the
increase in fco, was being accompanied by a slight increase in fy, from 99.55%
to 99.65% for the samples deposited at P =70W and from 99.5% to 99.75% for
the samples deposited at P = 30W. The reason is that a different definition of
f,, which included the CO2 flow in the denominator [112], was used for these
depositions as compared to Eq. 4.2. Nevertheless, due to the small change in fg,
the main contribution to the observed changes in the film properties was assumed
to lie in foo, (see also Sec. 4.2.1), especially as the effect of fco, on co and Ey
was consistent with literature data [17,85,89]. Therefore, the slight reduction of I,

for increasing fco, beyond 10% in Sec. 4.1.2 is attributed to the steadily increasing
fu,-

Whereas, the nearly constant and fco, independent I in Fig. 4.11 a) corre-
sponds well to the observations in Sec. 4.2.1 for a constant fp, in the same deposition
region. The increased incorporation of O resulted in a decrease of the a-Si:H phase
and an increase of the O-rich a-SiOx:H phase as indicated by a change in the re-
spective peaks in the FTIR spectra (Fig. 4.11 ¢) and d)). This increasing amount
of a-SiOx:H led to a linear increase of Eos with increasing fco, (Fig. 4.11 b)), but
at the same time steadily reduced op as the depositions gradually shifted towards

the “nc-Si deterioration” region (region IV).

Altogether, these <n> nc-SiOy:H films exhibited excellent optoelectronic prop-
erties as compared to all other nc-SiOx:H films deposited in the course of this
work and compared to literature data (see also Fig. 4.14). This was achieved by
a controlled addition of O-rich a-SiOx:H through a variation of fco, in the “O and
ne-Si enrichment” region (region IIT), thereby exemplifying the usefulness of the

microstructure model for the development of high performance nc-SiOy:H films.
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Figure 4.11.: a) Relation between the Raman crystallinity (I.) and the oxygen content
(co) for varying the COy gas flow fraction (fco,) from 10 to 60% in <n> nc-SiOy:H films
deposited at P=50W, p=350Pa, fpy, =5%, and fu, =99.4%. b) Relation between the
optical band gap (Eps) and the electrical dark conductivity (op) for foo, =10..60%. ¢), d)
FTIR spectra of the nc-SiOy:H films in the range of 600-1300cm ™! and 1900-2400cm !

(enlarged tenfold), respectively. Arrows indicate the direction of increasing fco,-

4.3. Comparison of n- and p-type VHF/RF nc-SiO4:H

A wide range of <p> and <n> nc-SiO4:H films were deposited in the course of the
material development for VHF depositions. An overview of their optical and elec-
trical properties is given in Fig. 4.12 a) and b), respectively. At lower cg the VHF
nc-SiOy:H showed a similar dependence of Fgs on ¢o for <n> and <p> nc-SiOy:H
films. This is typically the region of “nc-Si onset” (region II) or even “fully amor-
phous” (region I) films where only low amounts of a-SiOx:H phase were present.
For ¢ beyond about 25at.% FEp4 of <n> nc-SiOy:H was significantly higher than
for the <p> material for any given cg. The lower Ey4 of the <p> films can be
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4. Material development

explained by the higher amount of a-Si:H in <p> nc-SiOx:H due to the B(CHgs)s,
which leads to an increase in « for A below about 700nm and thereby a shift of
Eqy4 to lower energies. This was confirmed by comparing a()) for several <n> and

<p> nc-SiOy:H films of comparable ¢o (not shown).

Similarly to co and FEyy4, op is closely linked to I of a nc-SiOy:H film. Gen-
erally, an increase in I. leads to an increasing op due to the correlation with the
amount of the highly conductive nc-Si phase. The <p> nc-SiOx:H films displayed an
overall lower I. compared to the <n> films due to the aforementioned crystallinity
inhibiting effect of B(CHgz)s [137 139]. Accordingly, the maximum achieved in op
was also higher for <n> nc-SiOy:H than for <p> nc-SiOy:H.
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Figure 4.12.: a) Relation between the optical band gap (Eps) and the ozygen content (co)
for all <n> and <p> nc-Si0,:H films deposited at VHF in this study including we-Si:H
films. b) Dependence of the electrical dark conductivity (op) on the Raman crystallinity
(I.) for all nc-SiOy:H films.

The thickness (d) of the nc-SiOy:H films is an important aspect not only for
their characterization, but also for the implementation of these films in SHJ so-
lar cells. Similarly to pe-Si:H [156 158] films, the properties of ne-SiOx:H films
were reported to depend on d due to the existence of an incubation layer towards
the substrate interface [109, 159]. This incubation layer may exceed 100nm and
should be considered when analyzing films in this thickness range. In Fig. 4.13
co and I, are displayed in dependence on the film thickness for all investigated
nc-SiOx:H films. Below a critical thickness of about 100nm co as determined by

FTIR rapidly increased, indicating predominant incorporation of O-rich a-SiOx:H
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Figure 4.13.: Film thickness (d) dependence of a) the oxygen content (co) and b) the
Raman crystallinity (I.) for the <n> and <p> nc-SiOy:H films produced in this study.

The dashed lines serve as a guide to the eye.

in the films (Fig. 4.13 a)). Also, I. decreased towards a lower d. All in all, these
findings imply the formation of an incubation layer with a thickness of at least sev-
eral tens of nm for the investigated nc-SiOx:H films. Similar results were found
by Smirnov et al. [17,109] by investigating the thickness dependence of I, for <n>
nc-SiOy:H films from 20 to 700nm [109] and observed in high resolution transmission
electron microscopy (HRTEM) images [17]. In comparison to pe-Si:H films the incu-
bation layer thickness was strongly reduced for nc-SiOy:H [109], implying significant
changes in the growth process of the nc-Si phase in the latter films. The existence of
an a-S310y:H rich incubation layer was also indicated by simulation results obtained
in Sec. 5.2.3.

The performance of the nc-SiOx:H films, developed at VHF, is compared to
current research results in Fig. 4.14 a). Here, Ep4 of each filn is combined with the
achieved ¢ and thereby provides a way to evaluate the optoelectronic performance
of the material. Ideally, a nc-SiOx:H film with a high Eys and a high op is desirable,
albeit a trade-off is observed between these two properties. Overall, nearly identical
results were achieved as compared to the best nc-SiO4:H films deposited at RF by
Lambertz et al. [32]. Furthermore, an extensive range of optoelectronic properties
was covered by the previously described optimization of the deposition parameters,

which allows for targeted tailoring of the properties towards the specific demands
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Figure 4.14.: The electrical dark conductivity (op) over the optical band gap (Eps) as
a measure of the optoelectronic performance of the <n> and <p> nc-SiOy:H films de-
posited in the course of this work. a) Comparison to literature data of nc-SiOy:H films.
The data was taken from [22, 29,582, 89, 160]. b) Comparison of the VHF <n> and <p>
nc-SiOy:H films to nc-SiOy:H films developed at RF (13.56 MHz) at the same deposition
system [49,89]. The VHF material is represented by filled symbols, while open symbols
indicate nc-Si0y:H films deposited at RF. The added lines mark the approzimate perfor-

mance limits of the films.

of the application. A comparison to the results obtained from RF development of
nc-SiOx:H films at the same deposition system is presented in Fig. 4.14 b). For the
<n> nc-SiOy:H films only a minor improvement of oy could be achieved at any given
E4 by increasing the deposition frequency to 81.4MHz. In case of <p> nc-SiOy:H,
however, op was significantly enhanced by the optimization at VHF as compared to
the RF material, especially for the highly transparent films. This can be attributed
to the crystallinity enhancing effect of the increased frequency [135,136].
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5. Planar silicon heterojunction solar

cells

Following the material development of hydrogenated nanocrystalline silicon oxide
(nc-SiOx:H) layers, they were applied in silicon heterojunction (SHJ) solar cells to
enhance the light response of these cells, especially in the short wavelength (\)
region. This chapter comprises the development of planar SHJ solar cells with
nc-SiOy:H layers serving as emitter, back surface field (BSF), and front surface field
(FSF) layers. The first section discusses the application of nc-SiOy:H layers in planar
solar cells, passivated by hydrogenated amorphous silicon oxide (a-SiOyx:H). The
second section covers hydrogenated amorphous silicon (a-Si:H) passivated planar
SHJ solar cells with nc-SiOy:H layers in a rear-emitter configuration. In the third
section the application of nano-imprint lithography (NIL) to produce anti-reflection

(AR) coatings on planar SHJ solar cells is presented.

5.1. a-SiO,:H passivated solar cells

Similarly to the optical advantage of nc-SiOx:H in comparison to a-Si:H, passi-
vation layers of intrinsic (<i>) hydrogenated amorphous silicon oxide (a-SiOx:H)
exhibit a higher optical band gap (Ep4) than <i> a-Si:H passivation layers and,
thereby, offer a way to reduce parasitic absorption in SHJ solar cells [61, 64, 85].
Furthermore, a-SiOx:H layers show a superior performance in SHJ solar cells at el-
evated temperatures [64] and are less prone to epitaxial growth of Si, which can
detrimentally affect the passivation quality [83]. The following <i> a-SiOy:H passi-
vation layers were deposited in the same chamber as the n-type doped (<n>) and

p-type doped (<p>) nc-SiOx:H layers and silane (SiHy4), carbon dioxide (CO2), and
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5. Planar silicon heterojunction solar cells

hydrogen (Hz) were used as precursor gases. The optimization of the deposition
parameters with respect to an optimum passivation quality had been carried out by
Einsele [161] and Ding [112].

In the first part of this section the effect of the a-SiOy:H thickness is in-
vestigated by exploiting the inhomogeneity in the deposition rate (rqep) during the
a-3i0x:H deposition. The second part focuses on the variation of the <n> nc-SiOx:H
emitter layers in fully SiOx:H based SHJ solar cells and its effects on the solar cell
properties. Furthermore, the effect of two different indium tin oxide (ITO) layers
on the solar cell parameters is discussed. Finally, a comparison between solar cells

in a front- and a rear-emitter design is given in the third part of this section.

5.1.1. a-SiO4:H passivation layers

The effect of the <i> a-SiOy:H passivation layers with an oxygen content (cg) of
about bat. % was investigated in planar SHJ solar cells with nc-SiOx:H emitter
and BSF layers. The complete stack of layers for the solar cells is presented in
Fig. 5.1 a). The optimal thicknesses of the doped layers and the ITO were taken from
[112]. Both doped nc-SiOy:H layers were deposited in the “O and ne-Si enrichment”
region to achieve a high optoelectronic performance as discussed in Sec. 4.2.1. The
<p> nc-SiOx:H was deposited at P=30W, p=>50Pa, fB(CH3)3 =3.8%, fco, =20%,
and fu, = 99.5%, thereby combining a high electrical dark conductivity (op) of
0.3Scm ™! with an Eps of 2.0eV. The <n> ne-SiOy:H at the front of the solar cell
was deposited at P =30W, p="50Pa, fpu, =5%, fco, =20%, and fu, = 99%,
which resulted in an Egy of 2.3eV with op =0.1Scm™'. The stepwise fabrication

of the solar cells is described in Sec. 3.1.

The cell layout on the 10cm wafer is shown in Fig. 5.1 b) and with a photograph
in Fig. 5.1 ¢). On each wafer eight 1x1cm? cells were defined. Cell number 6 was
designed to be without a contacting grid in order to determine the active area
external quantum efficiency (EQFE) and R of the solar cells. The Ag grid on the
other solar cells included 5 fingers of 9mm in length and 50 um in width. They
were connected by a busbar of 0.3x9mm?, which was externally accessible via a

1x2mm? contacting pad. Furthermore, the cell design included four 2x2cm? cells
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<i>a-SiO:H

<p>(100) c-Si

<i>a-Si0OH

<p> nc-SiO,:H \
ITO —

Ag

Figure 5.1.: a) Layer stack of the SHJ solar cells used for the a-Si0,:H thickness variation
(not to scale). A polished float-zone (FZ) Si wafer with a nominal resistivity of 1 —5Qcm
was used as the substrate. b) Layout of the cells on a polished Si wafer of 10cm in
diameter. The cells 1 to 8 are 1zlcm? and cells 9 to 12 are 222cm?. Cell 6 is designated
for differential spectral response (DSR) and reflectance (R) measurements and has no Ag
grid on it. Nominally 6.5% and 4.5% of the total cell area are covered by the Ag grid
for the 1zl cm? and the 222cm? cells, respectively. ¢) Picture of a complete planar silicon
heterojunction (SHJ) solar cell with the cell areas defined by locally deposited ITO through

a shadow mask.

on each wafer. Each of these cells had 10 grid-fingers on it and 2 contacting pads
per busbar. All Ag fingers were evaporated to a thickness of 2 um, while the busbars
and full area rear Ag contact were 0.7 um thick. In total, the grid coverage on the
front of the solar cells was about 8% for the 1x1cm? cells and 5% for the 2x2cm?
if a shadow mask of 0.9x0.9cm? and 1.9x1.9cm? was applied, respectively. In the

following, the results from the 1x1cm? cells are presented, unless stated otherwise.

The benefits of including <i> a-SiOx:H passivation layers in SHJ solar cells are
demonstrated in Fig. 5.2. The detailed deposition conditions for the a-SiOx:H layers
can be found in [112]. Without a passivation layer, a high defect density at the Si
wafer interface results in extensive recombination of charge carriers, resulting in a
low effective carrier lifetime (7.g) of about 10 pus at an excess charge carrier density of
10'% cm 3 and an open circuit voltage (Voe) below 600mV for the solar cell. Applying
passivation layers of <i> a-SiO:H to the solar cell led to a significant increase of V.
due to a reduced defect density at the Si wafer interface. The passivation mechanism
of <i> a-SiOx:H is mainly attributed to chemical passivation [162]. Moreover, H was

suggested as the main passivating species [85,162], similarly to <i> a-Si:H layers.
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Figure 5.2.: a) Current-voltage characteristics of two SHJ solar cells. One was produced
without any passivation layer (pl) and the other with a 4nm thick <i> a-SiOy:H layer on
the front and 8nm a-SiOy:H at the rear [49]. The inset lists the solar cell parameters for
each cell. b) Comparison of the active area external quantum efficiency (EQE) of the two

cells.

Accompanying the increase in Vy, the fill factor (F'F) of the solar cell was reduced
due to an increased series resistance (Rg). In fact, the highly insulating <i> a-SiOx:H
layer introduces a barrier to the electrical transport of charge carriers, especially for
holes, due to the large valence band offset of the a-SiOx:H layer towards the Si
wafer [61].

Figure 5.2 b) shows the effect of the passivation layer on the EQF of the solar
cell. The gain in short circuit current density (Jy) mainly stems from an increase
in the FQFE for A > 700nm. This is a combined effect of a reduced recombination
at the rear of the solar cell, where the interface between the <p> wafer and the
<p> nc-SiOx:H BSF is located, and a change in the R spectrum of the solar cell. The
change in R is due to the added a-SiOy:H layers with a low real part of the refractive
index (n) which is evident from a shift of the position of the EQFE maximum and
it led to a reduced EQFE for A < 600nm. Additionally, the introduction of the
front passivation layer is expected to have resulted in an increase of the parasitic
absorption at the front of the solar cell. In total, the gain in the long A range

overcompensated this loss.

Next, the passivation quality of the <i> a-SiOx:H layers was investigated and

compared to former results [112]. For this, B-doped (100)-oriented FZ Si wafers of
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5.1. a-SiOx:H passivated solar cells

280 pm thickness were cleaned (see also Sec. 3.1) and then symmetrically passivated
with <i> a-SiOy:H layers. The deposition time (fqep) Was varied with a nominal
Tdep Of 2.9As7 1, resulting in an a-SiOy:H thickness (d) from 4 to 17nm. The results
are presented in Fig. 5.3 a). 7.¢ was strongly affected below a tqe, of about 30s,
corresponding to an a-SiOy:H layer thickness of 9nm. Furthermore, 7o up to 3ms
were achieved for the highest #qe, in this as-deposited state of the a-SiOx:H. This
demonstrates the excellent passivation quality achievable by the a-SiOy:H layers.
Additionally, the previous results were well reproduced even after chamber cleaning

and after alterations to the inner chamber layout.

Typically the passivation layer thickness in a SHJ solar cell is around 5nm,
corresponding to a t4e, of about 17s. Accordingly, controlling the passivation layer
thickness is crucial to achieve well passivated surfaces without negatively affecting
the electrical transport through the solar cell because of the low conductivity of the
a-SiOx:H layers (op ~ 107 Scm™!). Therefore, the locally deposited thickness of
the a-SiOx:H layers was determined by depositing an a-SiOx:H film of nominally
550nm on a glass substrate of 10x10cm? and by measuring the film thickness at
40 positions (Fig. 5.3 b)). Consequently, the thickness of the <i> a-SiOy:H layer
could be related to the properties of each individual cell. The positions of the cells
with respect to the local rge, of the <i> a-SiOyx:H at the rear side are shown in
Fig. 5.3 b).

Three wafers with different #4e, of a-SiOx:H on the front and the rear side
were prepared to investigate the dependence of the solar cell properties on d of
the <i> a-SiOx:H layers. The resulting d of the individual cells are displayed in
Fig. 5.4. The wafers were turned and placed according to the inhomogeneity map
in Fig. 5.3 b) to achieve a similar a-SiOx:H layer thickness on the front and the rear
side of each cell. In contrast, the standard turning of the wafer led to a thicker
a-SiOy:H layer at the front of cell number 5 and 6, while having a thickness below
the nominal value at the rear. For cells 1 and 2 the thicknesses were reversed as
compared to 5 and 6. The effect of the a-SiOx:H layer d on the cell performance
was found to be similar to the results published by Ding et al. [49]. In brief, the
optimal front layer d was found to lie between 4 and 5nm for a high V. without

negatively affecting Js. or F'F. Furthermore, the thickness of the rear passivation
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symmetrically passivated by <i> a-SiOy:H layers with varying deposition time (tgep). The
dashed line indicates tqe, for a layer thickness of about 5nm, typically used in SHJ solar
cells. The depositions were performed at several points in time and the results from 2011
were taken from [112]. The line serves as a guide to the eye. b) Local deposition rate (T gep)
of <i> a-SiOy:H layers with respect to the solar cell layout on the wafer, for a deposition
at the rear side of the cells. The cell numbers are given in the background of the v 40, map.
Black dots indicate the positions where the thickness of the a-SiOy:H layer was measured

on the glass substrate.

layer needed to be higher than for the front as V. was dominated by the rear side
recombination. At the same time, the total d of the a-SiOy:H had to be kept below
11nm to achieve a high F'F.

5.1.2. <n> nc-SiOx:H emitter layers

Various <n> nc-SiOy:H layers were applied as emitter layers in front-emitter SH.J
solar cells. The structure of the solar cells was shown in Fig. 5.1 a) and the deposition
conditions for the nc-SiOx:H layers were identical except for a variation of the CO2
gas flow fraction (fco,) for the emitter layer on the front of the solar cells. The
impact of foo, on the solar cell properties is presented in Fig. 5.5 and the correlation
with the emitter layer properties is compiled in Fig. 5.6. FF of the solar cells
was strongly affected by an increasing fco, due to a decreasing amount of the

nanocrystalline silicon (nc-Si) phase in the FSF layer. F'F was reduced especially for
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Figure 5.4.: Ezpected a-SiOy:H layer thickness for different deposition times (taep). The
first number indicates the deposition time (tgep) of the front layer and the second number
taep of the a-SiOy:H layer at the rear of the solar cell. The numbers inside the symbols
indicate the cell number on each wafer. The wafers had to be turned in an appropriate

way during the hot turning to consider the local r4ep of the a-SiO,:H layers. The resulting

layer thicknesses for a 14s deposition in standard orientation are included for comparison.

fco, >20%, which marked the transition towards a Raman crystallinity (I.) <40%
and op < 1073Sem™! (Fig. 5.6 a)). Vpe of the solar cells steadily decreased for
increasing fco, (Fig. 5.5 b)) due to a decrease of the free charge carrier density
(Fig. 5.6 b)) in the emitter layer, which affected the built in voltage (Viui) of
the solar cells, which represents the upper limit of V.. Accordingly, the implied
open circuit voltage (iVq) of the solar cells prior to the ITO deposition followed a
similar trend. The differences between Vi and iV, are probably related to the ITO
deposition and the subsequent annealing of the solar cells, which might affect the
properties of the nc-SiOy:H layers as well as the a-SiOy:H layers. The integrated
short circuit current density from the EQE spectrum (Js.pgr) of the SHJ solar
cells was strongly influenced by the variation in fco,, which affected the amount
of transparent a-SiOx:H in the nc-SiOx:H emitter layer. Accordingly, the initial
increase can be attributed to an enhancement of Epg of the ne-SiOx:H (Fig. 5.6 ¢)).
In addition to Ey4, n of the emitter layer changed and thereby affected the reflectance
of the solar cell (Fig. 5.6 d)).
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Figure 5.5.: a) Dependence of the mean fill factor (FF) on the COy gas flow frac-
tion (fco,) of <n> nc-SiOy:H emitter layers in a-SiOy:H passivated SHJ solar cells on
<p>(100) Si wafers. The deposition range of the emitter layers extended from wc-Si:H
to highly transparent nc-SiOy:H with a high amount of O-rich a-SiOz:H. b) Effect of the
<n> nc-SiOy:H layer on the implied open circuit voltage (iV,.) and the mean open circuit
voltage (Vo). ¢)-d) Impact on the integrated short circuit current density from the EQE
spectrum (Jse,psr) of cell 6 and the active area solar energy conversion efficiency (Nact).

The added lines serve as a guide to the eye.

The detailed optical response of the solar cells is presented in Fig. 5.7. The
internal quantum efficiency (IQF) was enhanced for A < 600nm due to a reduced
parasitic absorption with an increasing En4 of the <n> nc-SiOx:H emitter layer.
At the highest Fy4 the IQF decreased in the short A of light. This was probably
due to an increased recombination at the front of the solar cell, which might be
connected to a poor junction formation between the highly resistive emitter layer
and the <p> Si wafer. The lower concentration of charge carriers could have led to
a larger space charge region in the nc-SiOx:H, which had a high defect density, and
an overall lower electrical field to separate generated charge carriers. For this cell,

the EQFE was reduced as well.
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Figure 5.6.: a) Relation between the mean fill factor (FF) of the solar cells on each
wafer and the electrical dark conductivity (op) of the nc-SiO,:H emitter layer. b) Effect
of the sub-band gap absorption at a photon energy of 1eV (aiev) in the emitter layer, as
a measure of the free charge carrier density, on the mean open circuit voltage (Vo) of the
front-emitter solar cells. ¢) Effect of the optical band gap (Eoa) of the <n> nc-SiOy:H on
the integrated short circuit current density from the EQE spectrum (Jsc,DSR) of cell 6. d)
The influence of n at A = 600nm of the emitter layer on Jg of the SHJ solar cells.

For the other cells, however, improvements in the IQF were not always ac-
companied by an increase in the EQE/Js psr because of a changing real part of
the refractive index (n) of the emitter layer and the, thereby, altered R of the solar
cells (Fig. 5.6 d)). Towards lower n the maximum in R was shifted to longer wave-
lengths of the spectrum. This was also evident in an increasing FQFE of these solar
cells with an increasing fco, in the range of 600nm < A < 1000nm (Fig. 5.7 a)).
So, effectively, the short A EQFE was the product of two competing effects, the re-
duced parasitic absorption due to the enhanced Eps and an increased R due to the

decreasing n with increasing fco,.

Overall, the highest 7,5t was achieved for the SHJ solar cells with a <n>
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Figure 5.7.: Effect of varying the optical band gap (Eos) of the <n> nc-SiOy:H emit-
ter layer a) on the external quantum efficiency (EQE) and b) on the internal quantum
efficiency (IQE) of front-emitter SHJ solar cells.

nc-SiOx:H emitter layer deposited at fco, = 20% (Fig. 5.5 d)). This ne-SiOx:H
layer offered the best trade-off between high optical transparency and sufficient

electrical conductivity with Fos = 2.3eV and op = 0.1Scem ™ L.

Further improvement of the solar cell performance could be achieved by in-
creasing the heater temperature (7y) during the I'TO deposition. For the application
in SHJ solar cells an ideal transparent conductive oxide (TCO) exhibits a low elec-
tron density (n.) and a high charge carrier mobility (i) to minimize the parasitic
absorption of light due to free charge carriers and to provide a high electrical con-
ductivity (o) for a high FF, respectively [94,96,98]. A high p has been reported
for ITO layers deposited at a substrate temperature (Tyyp,) of 125°C by Hotovy et
al. [163]. Therefore, ITO layers deposited at room temperature were compared to
layers deposited at a Ty of 125°C. An increased Ty during the ITO deposition
resulted in a decrease of ne by almost 50 % (Fig. 5.8 a)). However, the simultaneous
increase in the Hall electron mobility (ue) of the ITO by about 30% counteracted

the decrease in n.. So, the overall o only decreased by about 30%.

The J-V curves of the respective solar cells are presented in Fig. 5.8 a) and
showed an increase in Jg by about 0.5 mAcm—2 and even an increase in FF by
2% absolute. The increase in F'F was surprising because the overall o of the ITO
layer decreased. However, the contact resistance towards the <p> nc-SiOx:H layer

might have been decreased due to a change in the work function of the ITO. The
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5.1. a-SiOx:H passivated solar cells

reason for the increase in Jy is evident from the FQFE spectra in Fig. 5.8 b). On the
one hand, the EQF slightly decreased in the short A range below about 500nm due
to an apparent narrowing of the band gap of the ITO (Burstein-Moss effect [96]).
On the other hand, the parasitic absorption of free charge carriers for A > 700nm
decreased, as evident from the decrease of the difference between the 1—R and
the FQE, which can be related to the reduced ne [96,98]. The difference in Vo
between the two cells, however, was not related to the ITO deposition. Instead, this
difference could be attributed to small changes in the passivation quality because
1V of the solar cells was similar to the measured V. even before the ITO deposition
for both cells. In total, an increased pe and a reduced ne of the ITO deposited at
Ty = 125°C led to an increase of the active area solar energy conversion efficiency
(Nact) by 0.5% absolute, ultimately resulting in V,, = 675mV, FF = 78.3%, and
JeeDSR = 35.8mA cm? (1aey = 18.9%).
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Figure 5.8.: a) J-V curves of SHJ solar cells with indium tin ozide (ITO) layers de-
posited at room temperature (RT) and at a heater temperature (Ty) of 125°C. The elec-
trical properties of the ITO layers, deposited on a glass substrate and characterized via
HALL measurements, are summarized in the inset. Here, |, is the Hall electron mobility,
n. denotes the electron density, and o the electrical conductivity. b) Comparison of the

external quantum efficiency (EQE) and 1—reflectance (R) of the solar cells with different
I1TO layers.
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5. Planar silicon heterojunction solar cells

5.1.3. Rear-emitter SHJ solar cells

In contrast to the commonly used <p> Si wafers for monocrystalline Si solar cells
with diffused emitters, SHJ solar cells are often produced on <n> Si wafers. In fact,
several advantages endorse the use of <n> Si wafers. First, the bulk carrier lifetime
is usually higher in <n> wafers due to impurities like transition metals having a
larger capture cross section for electrons than for holes, which are the minority charge
carriers in <n> wafers [2]. Futhermore, under light exposure or high charge carrier
injection the formation of B-O complexes leads to lower bulk carrier lifetimes, which
is especially detrimental in Czochralski (CZ) <p> wafers [2]. Second, the capture
cross section of defects at the wafer surface, mainly Si dangling bonds, is larger for
electrons. This results in a lower implied fill factor (iF'F) for <p> wafers due to
an increased charge carrier recombination at low minority carrier densities [56,57].
In total, higher 7. and therefore increased V;. and FF' can be expected especially

from CZ <n> Si wafers.

The use of <n> Si wafers for the solar cell design presented in Fig. 5.1 a)
could easily be achieved by depositing the <p> nc-SiOx:H on the front of the solar
cell and placing the <n> nc-SiOy:H at the rear. However, as was demonstrated in
Sec. 4.3, <n> nc-SiOy:H films usually show a better optoelectronic performance than
<p> nc-SiOy:H films. Therefore, to exploit the higher Ey4 of the <n> nc-SiOy:H at
the front and simultaneously employ <n> Si as the absorber, the solar cell design
can be changed from a front- to a rear-emitter layout. Additionally, this layout has
the advantage of transferring some of the lateral current from the TCO at the front
to the Si absorber, enabling the use of a less conductive ITO at the front for an

improvement in Jy, [164].

With respect to Fig. 5.1 a), switching to a rear-emitter layout was achieved by
substituting the <p> Si wafer with an <n> wafer. In contrast to the front-emitter
design, however, it was essential to define the cell area at the rear of the solar cell as
well. Otherwise the full area at the rear is contributing to the dark saturation current
density (Jp) of the solar cell, thereby deteriorating F'F' and Js psr [56]. Therefore,
the rear side of the cells was patterned by depositing the ITO and the Ag layer at
the rear through the same shadow mask that was used for the ITO at the front. The

solar cell parameters for SHJ solar cells with a-SiOy:H passivation layers in a front-
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and a rear-emitter design are summarized in Tab. 5.1. V. was slightly superior in
the rear-emitter cells, probably due to the <n> absorber. At the same time, FF
and Js psr were highly similar for both cell layouts. Altogether, the transition to
a rear-emitter design allowed to exploit the benefits of an <n> Si wafer without
sacrifices in F'F' or Jy psr and even some additional opportunities for optimization

as suggested in [164].

Table 5.1.: Solar cell parameters of a-SiO,:H passivated SHJ solar cells in a rear- and a

front-emitter design (mean values and standard deviation for 7 cells each).

emitter absorber FF Voe Jse,DSR n
type position [%] [mV]  [mAcm™2] [%]
<n> ne-Si0x:H  front <p>(100) | 73+3 681+4 358+0.2 17.9+1.0
<p> nc-SiOx:H rear <n>(111) | 73+2 686+4 357+0.2 18.0+0.7

5.2. a-Si:H passivated solar cells

Passivation layers of <i> a-Si:H are the most commonly used passivation scheme
for SHJ solar cells. Their exceptional passivation quality has been demonstrated by
a Vie of 750mV in a heterojunction with intrinsic thin layer (HIT®) solar cell on
a 98 um <n> Si wafer by Sanyo/Panasonic [9]. There are two common approaches
to maximize the passivation quality of a-Si:H passivated crystalline silicon (c-Si)
interfaces. The first is by Ha plasma treatment [76,77], also called “chemical an-
nealing” [147]. The second method is thermal annealing, typically at temperatures
around 200°C [69,165]. The latter will be covered in the first part of this section.
Explicitly, this part briefly outlines the development of <i> a-Si:H passivation layers
on polished wafers. The second part of the section then covers the application of
<i> a-Si:H in rear-emitter SHJ solar cells with nc-SiOx:H FSF and emitter layers.
Furthermore, the optical response of these solar cells is modeled by using OPAL 2
in the third part.
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5.2.1. Passivating crystalline Si wafers with <i> a-Si:H

Teff at an excess charge carrier density of 10" cm™ and the Fourier transform in-
frared spectroscopy (FTIR) spectra of <i> a-Si:H passivation layers, deposited at
varying heater temperature (Ty) and Ho gas flow fraction (fg,), are presented in
Fig. 5.9. After deposition, thermal annealing at 220°C was performed in air for
annealing times (¢,) up to 100h. First of all, f, was optimized at a Ty of 200°C
(Fig. 5.9 a)). The bonding arrangement within the a-Si:H films in the as-deposited
state was analyzed via FTIR (Fig. 5.9 b), ¢)). Starting at a SiH4 plasma with-
out additional Ha, Teg in the as-deposited state was very low and the (Si3)Si-H
bending ((b)) mode around 650cm ! as well as the (Si3)Si-H stretching ((s)) mode
around 2000cm ™! indicated a high amount of H in the films. Furthermore, a distinct
shoulder was evident at a wavenumber v ~ 2090cm™!, which points at a void rich
a-Si:H film [119]. H that is contained in these voids can easily be rearranged [69,73].
Accordingly, upon annealing 7. of wafers passivated with these a-Si:H layers in-
creased from about 200 us beyond 1ms. This change in 7.g is related to a reduction
of the dangling bond density [69] by mobile H and a transfer of the (Siz)Si-H (s)
mode around 2090cm ™! towards the (Si3)Si-H (s) mode at v = 2000cm™!, which
represents the transition to a more dense structure of the a-Si:H film [69,73]. A sim-
ilar effect can be achieved in the as-deposited state by increasing fy, (Fig. 5.9 ¢)) as
evident from a decreasing number of voids and a lower hydrogen content (cg) within
the films. Accordingly, 7. of Si wafers with a-Si:H layers increases with increasing
fu, (Fig. 5.9 a)) and an even higher g could be achieved by annealing. At the
highest fg,, however, 7o only slightly improved with longer ¢, and even decreased
from about 3h on. This is an indication for partial epitaxial growth of Si at the
a-Si:H/wafer interface [75,165].

The overall highest 7. in the annealed state was achieved with fr, = 90%,
which was then used to optimize Ty (Fig. 5.9 d), e), f)). An increasing Ty had a
similar effect on 7. in the as-deposited state as an increase of fy,. For low Ty a low
initial T was observed in combination with a high 7. after annealing. However,
for a Ty of 290°C 7. was lowered in the initial state in comparison to T = 260°C
and subsequent annealing only resulted in a further decrease of 7.g. Similarly to

a high fh,, the decrease in 7.4 at a high Ty can be related to epitaxial growth

92



5.2. a-Si:H passivated solar cells

<&
230 °Cogep <
200 °C
F 200 °C
[ 170 °C

—_

effective carrier lifetime t_ [ms]
absorption coefficient a. [10° cm™]

0.1 140 °co-a

10° 10' 10° 10° 10° 600 800 2000 2200
annealing time £, [min] wavenumber v [cm™]

Figure 5.9.: a) Evolution of the effective carrier lifetime (T¢g) at an excess charge carrier
density of 10" em™3 for polished <n>(111) wafers (280 um, 3Qcm) passivated with 5nm
of <i> a-Si:H on both sides. The a-Si:H depositions were performed at various Hy gas flow
fractions (fm,) with a constant total gas flow of 100 scem. Afterwards, the samples were
annealed at 220°C in air. The lines are a guide to the eye. b) FTIR spectra of <i> a-Si:H
layers in the range of the Si-H (b) mode. The layers were deposited on a Si substrate at
the same deposition conditions as the layers in a) with a thickness of 100 —300nm. c)
FTIR spectra in the range of the (Si3)Si-H (s) modes for a variation of fg,. d) Effect of
to on Teg of <n>(111) wafers passivated with <i> a-Si:H layers deposited at a different
heater temperature (T'y). e) Effect of Ty on the FTIR spectra of <i> a-Si:H films in the
Si-H (b) region. f) FTIR spectra in the (Si3)Si-H (s) region for a variation of Ty.

of Si at the a-Si:H/c-Si interface [74], which can be controlled by adjusting fu,,
Ty, deposition power (P), and deposition pressure (p) [74]. Correspondingly, the
total cpy decreased towards increasing T3y and the (Si3)Si-H (s) mode shifted towards
2000cm ! (Fig. 5.9 e), f)). In fact, similar values for the absorption coefficient (a)
of the (Siz)Si-H (s) mode as well as the (Si3)Si-H (b) mode were observed for both
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samples series around the transition towards epitaxially grown Si. Therefore, the
FTIR spectra of the passivation layers might be useful to identify the proximity of
the deposition regime to the region of epitaxial growth, which is detrimental to the

passivation properties.

Overall, high 7. could be achieved by depositing the <i> a-Si:H at low Ty
in a state of high cy, far from the region of epitaxial growth, in combination with
a long t,. Following the deposition of the a-Si:H passivation layers, harsh pro-
cessing conditions can damage the a-Si:H/c-Si interface and diminish 7.g (see also
Sec. 6.2.1). Conversely, a-Si:H layers prepared in the presented manner were suited
to withstand the deposition conditions for the subsequent doped nc-SiOy:H layers
on polished wafer substrates. However, the oxide, which formed during the anneal-
ing, might present a strong barrier to the charge carrier transport in a solar cell
and has, therefore, to be removed prior to depositing subsequent layers. Commonly,
hydrofluoric acid (HF) is used to remove the native oxide from Si wafer surfaces.
Furthermore, it was reported to result in a surface recombination velocity (S) of
0.25cms ™! at the surface of (111) oriented wafers by nearly perfect termination
of dangling bonds with H [166]. This would correspond to a “surface lifetime” of
about 18 x 10%ms for a Si wafer with d = 280 um (Eq. 6.3). Therefore, HF could be
expected to enhance or at least preserve 7.g if used to remove the post-annealing
oxide for the <i> a-Si:H passivated wafers. In fact, similar 7.4 were achieved on
each half of a passivated wafer with and without an HF-dip after depositing <n>
and <p> nc-SiOy:H.

5.2.2. <n> nc-SiOyx:H front surface field layers

Following the development of the <i> a-Si:H passivation layers, they were applied in
rear-emitter SHJ solar cells. The processing sequence is similar to the one depicted in
Fig. 3.1, with the exception that <n>(111) Si wafers were used. After the deposition
of 5nm of <i> a-Si:H, the wafers were thermally annealed between 40 and 90h to
achieve a high 7. and then dipped in 1% HF for 2min prior to the deposition of
the <n> nc-SiOx:H front surface field (FSF) and the <p> nc-SiOx:H emitter layer.
The total layer stack is depicted in Fig. 5.10.
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Figure 5.10.: Layer stack of the intrinsic (<i>) hydrogenated amorphous silicon (a-Si:H)
passivated rear-emitter SHJ solar cells with varying n-type doped (<n>) nc-SiO,:H front
surface field (FSF) layers. A polished <n> float-zone (FZ) Si wafer in (111) orientation

and with a nominal resistivity of 1 —5Qcm was used as the substrate.

The solar cell parameters of the best cells on each processed wafer with different
<n> nc-SiOx:H FSF layers are presented in Fig. 5.11. Furthermore, the best cells of
the nc-SiOy:H emitter layer variation of the front-emitter a-SiOy:H passivated SHJ
solar cells are added for comparison (see also Sec. 5.1.2). Except for the passivation
layers, the same sequence of layers with the same thicknesses were used for both
series of cells. By varying foo, during the deposition, Fyy of the FSF layer was
adjusted. According to investigations on a-SiOy:H passivation layers, the change
in Ep4 should mainly affect the valence band offset (AEy) of the nc-SiOyx:H FSF
layer [61]. This would increase the transport barrier for holes at the interface between
the nc-SiOx:H and the passivation layer. In the investigated configuration of the
rear-emitter solar cells an increase in A By would not affect the electronic transport
due to holes being repelled by the <n> FSF layer towards the absorber. Still, F'F
of the solar cells decreased for an increasing Egg of the FSF layer (Fig. 5.11 a)).
This was the result of an overall decreasing op of the FSF layer due to a decreasing
fraction of nc-Si, which affects the amount of active dopants in the overall film. At
very high fco,/Foa this can result in a negative space charge region being induced in
the nc-SiOy:H layer in contact to the ITO and the <n> absorber [167]. This would
essentially lead to an n/n™ diode in reverse to the p/n junction and produce an
S-shaped I-V curve, as observed for the highest Eg4 of the FSF layer with FF =12%.
Furthermore, i F'F" and the pseudo fill factor (pF'F’) of the solar cells are compared
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to FF in Fig. 5.12 b). Independently of the applied FSF layer a high iF'F prior
to the ITO deposition and a high pFF for the complete solar cell were observed.
This indicates that the reduced F'F is purely a result of an increasing R, which is

related to the decreasing I..
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Figure 5.11.: Effect of changing Eos of the <n> nc-SiOg:H front surface field (FSF) layer
for a-Si:H passivated rear-emitter SHJ solar cells (black diamonds). The properties of the
FSF layers were adjusted by changing fco, similar to the variation in Fig. 5.5. Interdepen-
dence of Eoy of the FSF layer and a) the fill factor (FF'), b) the open circuit voltage (Voc),
c) the integrated short circuit current density from the EQE spectrum (J psr), and d)
the solar energy conversion efficiency (n) of the best solar cells on each wafer. The ITO
layers of the a-Si:H passivated solar cells were deposited at Ty =125°C. The best cells of
the nc-SiOy:H emitter layer variation for the a-SiOy:H passivated front-emitter SH.J solar
cells (Fig. 5.5) are added for comparison (orange squares). The lines serve as a guide to

the eye.

A notable exception is the pc-Si:H FSF layer, deposited at fco, = 0 with
Epq ~ 1.8eV and I, =~ 80% for a 400nm thick layer deposited on a glass substrate.
Here, a low F'F indicates a highly resistive FSF layer in contrast to the high I..

In literature, layers of 20nm pc-Si:H with a high op have been deposited on glass
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substrates, while the same deposition conditions resulted in fully amorphous films
when grown on a-Si:H layers [158]. The poor nucleation of ne-Si on a-Si:H substrates
has also been reported in [91, 139,156, 168]. To facilitate the crystallite growth, a
short CO2 plasma treatment step can be applied to the a-Si:H substrate [25,91,158].
Similarly, the low F'F for the pc-Si:H FSF layer grown on the <i> a-Si:H layer could
be explained by an inhibited nucleation of the nc-Si phase. Contrary, for passivation
layers of <i> a-SiOy:H, which should be similar to the a-Si:H films subjected to the
CO2 plasma, nucleation of nc-Si could still take place and a high F'F' was achieved.
This poor nucleation even affected Vo of the solar cells, including iV, (Fig. 5.12 a)).
Accordingly, the contribution of the FSF layer to the passivation of the front surface
via field effect also decreased due to the lowly doped a-Si:H FSF layer. However,
a small addition of CO2 at foo, = 10% led to an increase in F'F as well as Vi,
indicating an improved nucleation. This might stem from a surface treatment of
the a-Si:H passivation layer similarly to a COs plasma treatment. At the same
time, it might indicate a different nucleation mechanism of the nc-Si phase during
the deposition of nc-SiOx:H as compared to pe-Si:H films. The reduced incubation
layer thickness reported for nc-SiOx:H on glass substrates in comparison to pe-Si:H
films would support the latter statement [109]. Additionally, transmission electron
microscopy (TEM) images have indicated the nc-Si to exist in a globulitic fashion
in ne-SiOx:H [22,24] in contrast to a cone-like growth in pe-Si:H films [157].

In addition to F'F, the reduction in I, also affected V. (Fig. 5.11 b)) due
to a decrease of the free charge carrier density, as discussed in Sec. 5.1.2 for the
front-emitter cells. Furthermore, Js. psr was increased by the decrease in parasitic
absorption due to an increase in Fy4 of the FSF layer. The overall n of the solar cells,

however, was dominated by the influence of the FSF layer on FF (Fig. 5.11 d)).

Comparing the a-Si:H passivated rear-emitter solar cells and the a-SiOx:H
passivated front-emitter solar cells in Fig. 5.11, all a-SiOx:H passivated solar cells
showed an enhanced F'F', which might be related to an improved nucleation of nc-Si
on the a-SiO4:H layers. However, V. of the a-Si:H passivated cells is up to 40mV
higher than for the a-SiOx:H passivated cells for any given nc-SiOx:H FSF layer,
which can mainly be attributed to the superior passivation quality provided by the

<i> a-Si:H. A minor contribution might also stem from the different doping types
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5. Planar silicon heterojunction solar cells

of the Si wafers, as higher 7o are expected for <n> wafers as compared to <p> (see
also Sec. 5.1.3). The improvement in Jy, pgr for the a-Si:H passivated solar cells is
mainly due to the application of the higher pe ITO layers (see also Sec. 5.1.2), which
resulted in reduced parasitic absorption in the range of A > 800nm. Due to a similar
layer stack being employed, the effect of the FSF layer variation on the FQFE and
the IQFE was highly similar to the emitter layer variation in Fig. 5.7, except for the
improved response in the infrared due to the different ITO. However, a white bias
light of about 0.1sun had to be applied to the a-Si:H passivated solar cells with the
FSF layer deposited at fco, = 0 and 40% to achieve full charge carrier extraction.

In summary, the best performance for the <i> a-Si:H passivated rear-emitter
solar cell was achieved with a similar nc-SiOx:H FSF layer as for the emitter layer
of the a-SiOy:H passivated solar cells in Sec. 5.1.2. Optically similar results were
observed for both solar cell designs. However, nucleation of nc-Si may be affected
by the a-Si:H passivation layers and can lead to a lower ¢ of the FSF layer, thereby
reducing F'F of the solar cell. Nevertheless, passivation layers of <i> a-Si:H can be
considered superior to <i> a-SiOy:H due to a significant improvement of the surface

passivation and thereby Vo by about 20mV.
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Figure 5.12.: Variation of the Raman crystallinity (I.) in the <n> nc-SiOy:H FSF
layer in the a-Si:H passivated rear-emitter SHJ solar cells. a) Relation between I, of the
<n> nc-Si0,:H and the implied open circuit voltage (iV,.) determined from photoconduc-
tance lifetime testing (PLT) and Vo, measured via the Suns-Voc stage and the solar sim-
ulator. b) Interdependence of I, with the implied fill factor G(F'F) from PLT, the pseudo
fill factor (pFF) from Suns-Voc, and the real FF from the solar simulator measurements.

The lines serve as a guide to the eye.
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5.2. a-Si:H passivated solar cells
5.2.3. OPAL 2 simulations of the front layer stack

So far, the solar cell properties were related to the nc-SiOx:H layer properties of
thick films, deposited on glass, while the deposited layers in the solar cells were only
a few tens of nm thick and deposited on an a-Si:H passivated surface. To investigate
whether the optical properties of the solar cell can be adequately described by the
determined film properties, optical simulations with a freeware program for the
optical analysis of the front surface of a solar cell (OPAL 2) were performed. A
limiting factor to these simulations is that they only consider the front of the solar
cell as described in Sec. 3.3. Therefore, they can only be used to investigate the
reflectance losses of the solar cells and the parasitic absorptance (Aparas) in the front
layer stacks in a A range in which the incident light is fully absorbed during the first

passage through the absorber material.

Figure 5.13 and 5.14 summarize the results of the optical simulations of the
<i> a-Si:H passivated rear-emitter SHJ solar cells with <n> nc-SiOy:H FSF layers
and a <p> nc-SiOx:H emitter layer. The effect of varying the nc-SiOx:H FSF layer
on the R spectra of the solar cells is evaluated in Fig. 5.13. The experimental data
in a) shows a shift of the R minimum towards higher A with a decreasing n of the
FSF layer. At the same time, R around A\ = 400nm was strongly affected by the
high n of a-Si:H and ¢-Si in this A range and, thereby, by the phase composition
within the nc-SiOx:H FSF layer. The simulated spectra in Fig. 5.13 b) replicate the
changes in R accurately. To achieve a good resemblance of the experimental results
the thicknesses of the ITO and the nc-SiOx:H FSF layer had to be slightly adjusted
in a range of 65-69nm and 17-20nm, respectively, for each solar cell. This variation
of the thicknesses is well within the range of the error margin during the deposition
due to minor changes in the deposition rates of the films. In contrast, fixing the
thicknesses at the nominal values of 70nm and 20nm resulted in a poor fit to the
experimental data as exemplified by the position of the absorptance (A) maximum
in Fig. 5.13 c¢). With slightly adjusted thicknesses, however, a good fit was achieved.

Ideally, the A maximum (R minimum) of a planar solar cell should be engi-
neered towards the maximum of the solar irradiance spectrum around A = 600nm.
This is also evident from the current density loss due to reflexion (JR) in Fig. 5.13 d),

which represents a convolution of the AM1.5G spectrum with the R spectrum of
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Figure 5.13.: OPAL 2 simulations of the <i> a-Si:H passivated rear-emitter SHJ solar
cells with varying the <n> nc-SiOy:H front surface field (FSF). a) Measured reflectance
(R) of the grid-less cells on each wafer (cell 6). b) Simulated R of the front layer cell
stack with varying the real part of the refractive index (n) of the nc-SiOy:H FSF layer.
¢) Position of the absorption mazimum in the R spectra with changing n of the FSF
layer. The experimental results are compared to two sets of simulated results. The first
(“std. sim.”) used fized ITO and nc-SiOy:H thicknesses at T0nm and 20nm, respectively,
while the second (“opt. sim.”) allowed for a variation of the thicknesses in 65-69nm
and 17-20nm, respectively. d) The current density loss due to reflexion (Jgr) in 350 <
A <900nm for the experimental and the simulated results in dependence on n of the FSF

layer. The added lines serve as a guide to the eye.

the solar cells in 350 < A < 900nm. Again, a good correlation is found between the
simulated and the experimental data and the trends due to a changing n of the FSF
layer are well reproduced. The offset between the simulated and the experimental
data can be explained by an offset in the minimal value of R. While all the simu-
lated spectra reached R =0 at some A, the minimum R for the experimental spectra

was around 1%, which lies within the accuracy of the measurement setup of 1%.
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5.2. a-Si:H passivated solar cells

This offset of 1% would result in a Ji of about 0.33mA cem 2 for 350 < X\ < 900 nm,
corresponding well to the observed offset in Jg in Fig. 5.13 d).

In addition to the R spectra, the transmittance (7") through the front layer
stack can be considered as an approximation of the FQF of the solar cell. However,
this is only valid for light at wavelengths, which get predominantly absorbed in
the wafer during the first passage. Here, A = 900nm was chosen as the critical
wavelength of single passage because for the smallest Si absorber thickness used in
this work (170 um) only about 0.6% of the transmitted light would reach the rear
of the absorber at this A. This was estimated by using the Lambert-Beer law and
a=303cm ! of <i> Si at A =900nm [169]. The simulated “EQE” is compared
to the real FQE in Fig. 5.14 a). Overall, the experimental EQFE spectra were
well reproduced by the simulation even up to about A =980nm due to the thick
Si absorber (280um). Beyond this value, the light exited the solar cell after being
reflected at the rear of the solar cell and passing it a second time. Contrary, in
the simulation an infinite Si absorber is assumed to follow the front layer stack,
producing a high FQFE beyond A = 1000nm in Fig. 5.14 a).

Furthermore, noticeable differences between the simulated and the experimen-
tal spectra were evident for A < 450nm, especially for solar cells with a nc-SiOx:H
FSF layer with a high Egs. This was also reflected in an overestimated Aparas in the
front layer stack by the simulation as shown in Fig. 5.14 b). Here, the experimental
Aparas Was approximated by the difference between A and the EQE. Therefore,
Aparas includes absorbed light that does not create electron/hole pairs, as well as
loss of generated charge carriers due to recombination. The overestimated Aparas
by the simulation might be a result of different layer properties between the several
hundred nm thick samples deposited on glass, which provided the input data for the
simulation, to the 20nm thick layers deposited on <i> a-Si:H in the solar cell. As
was shown in Sec. 4.3, c¢o of the nc-SiOx:H increases towards a lower layer d, while
I, decreases due to the existence of an incubation layer [109,159]. As a consequence
of the increased cq, this incubation layer can be expected to have a higher Eg4 than
the reference film deposited on glass. Therefore, Aparas by the 20nm thick nc-SiOx:H
layer is less in the solar cell as compared to the simulation. This effect seemed to

increase as fco, during the deposition of the ne-SiOx:H was increased (higher Eo4
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Figure 5.14.: a) Experimental EQE spectra and simulated transmittance (T') through the

front layer stack of the <i> a-Si:H passivated rear-emitter SHJ solar cells with varying

the <n> nc-SiOgz:H front surface field (FSF). b) Simulated and experimental spectra of

the parasitic absorptance (Apares) for varying nc-SiOy:H FSF layers. ¢) Generated current

density in the solar cells in 350 < A < 900nm in relation to Eyy of the FSF layer. The

lines serve as a guide to the eye.

FSF layer). For the FSF layer deposited at foo, =10% (red curve in Fig. 5.14 b))
Aparas s underestimated probably due to an increased amount of a-Si:H instead of
nc-Si in the 20nm layer as compared to the highly crystalline 350nm thick film on
glass. However, the parasitic absorption of the pc-Si:H FSF layer is surprisingly
low if one assumes a much more amorphous structure due to the deposition on the
a-Si:H passivation layer as compared to the crystalline film on glass. Nevertheless,
Fig. 5.14 ¢) shows a good agreement between the generated current density in the
range of 350 < A < 900nm for the simulations and the experimental FQFE spectra.
The slight overestimation by the simulated current density is likely due to the de-

creased R as compared to the experimental R spectra, which resulted in a slight
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5.3. Nano-imprint lithography for anti-reflection coatings

increase of the FQFE in the long A\ range.
Overall, the calculated R, T' (EQFE) and Aparas were well suited to repro-

duce the changes in the optical properties of the rear-emitter solar cells due to the
variation of the nc-SiOx:H FSF layer. Therefore, OPAL 2 simulations represent a
fast and reasonably accurate method to predict and optimize the layer stack at the
front of the SHJ solar cells. Especially, when combined with the favorable n of the
nc-SiOx:H layers for AR purposes. Additionally, the simulations support the results
in Sec. 4.3, which indicated an O-rich incubation layer with a low I in the nc-SiO:H
films towards the substrate. Here, this was shown to result in a stronger reduction
of Aparas With increasing Eys than expected from the material data acquired from
thicker nc-SiOx:H films. This also infers that op of the 20nm layers are likely lower
than for the thick films, which is probably partly compensated by the anisotropic
growth of the nc-Si phase (see also Sec. 4.2.1).

5.3. Nano-imprint lithography for anti-reflection

coatings

The previous sections established nc-SiOy:H emitter layers and FSF layers as an
effective way to reduce Aparas at the front of SHJ solar cells. However, to fully
utilize the optical benefits of the nc-SiOx:H the light incoupling into the planar solar
cells has to be increased. Here, nano-imprint lithography (NIL) excels at providing
countless possible textures to enhance the incoupling of light at the front [107,170]
or provide light trapping at the rear [171 173] of a solar cell. Especially, the amount
of recombination active area is not increased as compared to direct texturing of the
Si wafer. Furthermore, this approach is suitable to substitute wet-chemical texturing
for ultra-thin or multi-crystalline Si absorbers. In the following, a Si random pyramid
textured anti-reflection (AR) coating was applied to planar rear-emitter SHJ solar
cells to enhance the light incoupling and assess the interplay with various nc-SiOx:H
FSF layers.

Figure 5.15 a) shows the layer stack of the investigated SHJ solar cells. As
depicted there, the NIL step was applied subsequently to the fabrication of the solar
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5. Planar silicon heterojunction solar cells
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Figure 5.15.: a) Schematic structure of a rear-emitter SHJ solar cell with a Si random
pyramid tezture anti-reflection (AR) coating applied via nano-imprint lithography (NIL).
The layer thicknesses are not to scale and are the same as in Fig. 5.1 except for the
<i> a-Si:H passivation layers, which are 5nm thick. b) SEM image of the NIL AR layer

on a polished Si substrate.

cells and covered the Ag grid of the solar cell as well. Only above the contacting pads
small openings were carefully scratched into the AR layers to electrically contact
the solar cells. OrmoComp® from “micro resist technology GmbH” was used as the
imprint resin. In the cured state its optical properties are close to silicon dioxide
(SiO2) with n =~ 1.5. A wet-chemically textured Si wafer was used as the master
structure and the random pyramid texture was well reproduced with nearly perfect
coverage and smooth facets. Figure 5.15 b) demonstrates the high quality of the

transferred texture.

The effect on R of the solar cell is shown in Fig. 5.16. The planar solar
cells displayed a high total reflectance (T'R) that mainly stemmed from specular re-
flectance (SR) with a diffuse reflectance (DR) below 5%. By applying the AR im-
print layer, TR was strongly reduced across the full A range and the main mode
of reflection was DR due to scattering of the incoming light at the pyramid sur-
faces. SR was reduced below 5% across most of the spectrum and the remaining
part is probably related to a small planar fraction within the AR imprint, which
can also be seen in Fig. 5.15 b). Overall, the Si random pyramid textured AR im-
print drastically reduced R of the solar cell. The changes in FQFE of a planar solar
cell due to the AR layer are displayed in Fig. 5.17 a). Most of the gain in A (as
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Figure 5.16.: a) The total reflectance (TR) (full symbols) and diffuse reflectance (DR)
(open symbols) of a planar SHJ solar cell in a spectral range of 300 —1200nm. The
difference between TR and DR represents the specular reflectance (SR) (colored area).
The measurements were done in an aperture area configuration including the front Ag grid.

b) TR, DR, and SR of a SHJ solar cell with a Si random pyramid texture anti-reflection
(AR) imprint.

1—R) is transferred to an increase in the EQFE across the full spectrum. Albeit,
the FQFE around the A maximum of the bare solar cell is slightly reduced. This
is because the planar layer stack provided a nearly ideal AR at a specific A due
to destructive interference of the incoming light, whereas the AR imprint disrupts
this interference by the random pyramid texture. Nevertheless, a net gain of about
2mA cm ™2 was achieved by applying the AR imprint. Furthermore, the IQFE of the
solar cell (Fig. 5.17 b)) was hardly affected by the AR imprint, demonstrating the
high transparency of this layer. A slight decrease in the IQE was only detected for
A > 1000nm, which is attributed to an increased length of the light path through
the front ITO layer and a thereby increased Aparas due to free charge carriers (see
also Sec. 5.1.2). In contrast, the light path enhancement in the ITO at the rear
of the solar cell is expected to be negligible as the gradual increase of n from the
imprint surface towards the Si absorber led to a gradual redirection of the light ray

path towards the geometric normal of the layer stack.

In a next step, the rear-emitter SHJ solar cells with varying nc-SiOx:H FSF

layers from Sec. 5.2.2 were investigated in combination with the AR imprint. The
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Figure 5.17.: a) EQFE of a planar SHJ solar cell in a spectral range of 320 — 1150 nm

before (orange) and after (green) applying a Si random pyramid texture anti-reflection
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Figure 5.18.: a) Jy,psgr, b) Vo, ¢) FF, and d) naet of rear-emitter SHJ solar cells
with varying <n> nc-SiOy:H FSF layers (see also Sec. 5.2.2) before and after applying
a Si random pyramid texture anti-reflection (AR) imprint. The points represent the cell
parameters of the best cell for each FSF layer within the series. The added lines are a

guide to the eye.
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resulting solar cell parameters are presented in Fig. 5.18. Here, a gain of up to

3mA cm 2

was observed depending on the FSF layer of the solar cell. This cor-
responds to an average increase of about 6% in the active area Jy for each cell.
The aperture area Jy. of the solar cell was enhanced even more with about 7% as
determined by DSR. This could be attributed to light that is reflected from the grid
towards the surface of the imprint and then partially reflected back towards active
areas of the solar cell. Furthermore, V. of the solar cells increased by a few mV
due to the enhanced photocurrent. An increase of Jy. from about 35 mAcm 2 to
37mA cm™? would result in an increase of Vo by about 1.4mV [174], which is within
the measurement error, but could still be observed for all cells. F'F of the solar cells
was maintained with only minor losses of about 0.5% absolute (Fig. 5.18 ¢)), which
might be due to a slightly increased voltage loss by Rs due to the enhanced current
at the maximum power point (mpp). However, the effect of the AR imprint on FF
and Vi was minute in comparison to its effect on Jy psr. In total, an increase in
Tact Dy over 1% absolute was achieved by the Si random pyramid AR imprints for
cells which are not limited by a poor F'F'.

The detailed optical response of each solar cell is presented in Fig. 5.19. fco,
during the deposition of the <n> nc-SiOx:H FSF layer was increased from the top to
the bottom figures and led to an increase of Ey from 1.8 to 2.5e¢V and a reduction of
n at A=600nm from 3.7 to 2.3. The AR imprint led to an increase of A beyond 80 %
for A < 1000nm for all of the cells due to the enhanced light incoupling. Thereby,
very similar A spectra were achieved for all cells, in contrast to the strong variation
in A for the solar cells without the AR imprint. Consequently, the AR imprint
mitigated the effect of a shift in the A spectra on the FQE. The amount of Aparas
in the FSF layer then determined how effectively the increase in A was transferred
to an increase in the EQE (Fig. 5.19 f)-j)). For the cells with a FSF layer of
Epy < 2.3eV only a small gain in the EQFE was observed in the short A range, even
though A was increased significantly. Albeit, a FSF layer with Epq > 2.2eV granted
an improved enhancement of the FQF in 400nm < A < 600nm. However, part of
the gain in the short A range is due to a shift in the A maximum of the pre-imprint
solar cell (see also Fig. 5.13). In the cell without an imprint layer, a lower n of the
FSF layer led to a shift of the A spectrum towards longer A\. With the AR imprint,

however, this shift in the A spectrum was equalized. Therefore, the gain in the
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Figure 5.19.: a)-¢) A spectra of rear-emitter SH.J solar cells with varying <n> nc-SiOy:H
FSF layers without (light, full) and with (dark, dashed) a Si random pyramid testure
anti-reflection (AR) imprint. The optical band gap (Eoy) of the nc-SiOy:H FSF layer
is increasing from a) to e). f)-j) EQE spectra of the solar cells in a spectral range of
350 —1150nm.

EQF due to the AR imprint increased in the short A range with a decreasing n of
the nc-SiOx:H FSF layer, while it gradually decreased in the long A range.

All in all, a significant enhancement of Jy. was achieved by the application of
a Si random pyramid AR imprint layer at the front of the planar solar cells. Mean-
while, F'F and V, were maintained. The optical benefit from the improved light in-
coupling was strongly affected by the optical properties of the applied nc-SiOy:H FSF
layer in the SHJ solar cells. Here, the AR imprint also provided a way to diminish the
shift in the A spectrum with varying optical properties of the FSF layer of the planar
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Figure 5.20.: a) J-V curve and cell parameters of the best rear-emitter SHJ solar cell
with a <n> nc-SiOy:H FSF layer and a NIL Si random pyramid texture AR imprint. The
FSF layer was deposited at fco, = 20%, resulting in Egy =2.3eV and op=0.1Scm™t. b)
EQE and A spectra of the best solar cell with an AR imprint.

layer stack. The performance of the best <i> a-Si:H passivated planar rear-emitter
SHJ solar cell with an AR imprint produced in this work is presented in Fig. 5.20.
A high V5. due to the optimized a-Si:H passivation layers was paired with a high Js.
by applying a transparent nc-SiOx:H FSF layer in combination with the improved
light incoupling due to the AR imprint. In total, this resulted in a 7,¢; of 20.4%. A
of the cell was kept above 90% up to A = 1000nm with an IQF close to unity from
600 to 1000nm. Ultimately, yielding a high Js. psr of 37.7mA cm 2 in a planar SHJ
solar cell. This corresponded to an aperture area Ji. of about 35.7mA cm~2 and an

aperture area solar energy conversion efficiency (1,p) of 19.3%.
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solar cells

Surface texturing is a common and industrially applied technique to enhance the
optical properties of a solar cell. For crystalline silicon (c-Si) based solar cells
Si wafers in (100)-orientation are, typically, wet-chemically textured in solutions
of potassium hydroxide (KOH), sodium hydroxide (NaOH) or tetramethylammo-
nium hydroxide (TMAH) with isopropyl alcohol (IPA). Thereby, the wafer sur-
face is anisotropically etched, so that the resulting surface is mainly comprised of
(111)-oriented facets [175]. These facets generate randomly distributed and ran-
domly sized pyramids on the wafer surface with a characteristic angle of 54.74° for
purely (111)-oriented facets [134]. Depending on the applied etchant and the pro-
cessing parameters, the pyramid size distribution and the fraction of planar area
can be varied [175 177]. On the one hand, textured solar cells offer a significantly
higher solar energy conversion efficiency in comparison to planar solar cells due to
an increased light incoupling in combination with efficient light trapping, both of
which result in an increase in the short circuit current density (Js) of the solar
cell. On the other hand, the surface area is enlarged which leads to an enhanced

recombination of generated charge carriers at the surface of the solar cell absorber.

This chapter covers the results on textured silicon heterojunction (SHJ) so-
lar cells with doped hydrogenated nanocrystalline silicon oxide (nc-SiOy:H) layers.
The first section describes the passivation of textured wafer surfaces with intrin-
sic (<i>) hydrogenated amorphous silicon (a-Si:H) layers and relates them to the
results on planar wafer surfaces. The second part comprises the successful implemen-
tation of nc-SiOx:H layers in textured SHJ solar cells and a comparison to current

literature data. Furthermore, it includes simulations of varying surface textures to
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6. Textured silicon heterojunction solar cells

further minimize optical losses in the textured solar cells. Lastly, a short investi-
gation on the stability of the best performing SHJ solar cell with nc-SiOy:H layers

during storage and under extended light exposure is presented in the third section.

6.1. a-Si:H passivation for textured solar cells

The wafers used in this study were bought as-textured using a KOH solution, pro-
ducing a Si random pyramid texture (Fig. 6.2 b)). As implied earlier, the increased
surface area and changes in the surface morphology as a consequence of the wafer
texturing, may lead to changes in the passivation quality. Accordingly, the achieved
effective carrier lifetime (7.4) on a textured wafer surface can be expected to vary

from the results obtained on a polished wafer substrate.

To investigate these differences in detail, the heater temperature (Ty) varia-
tion during the deposition of <i> a-Si:H layers from Sec. 5.2.1 was repeated on the
textured Si wafers and the results are presented in Fig. 6.1 a). However, the deposi-
tion time (f4ep) had to be increased by a factor of 1.7 to account for the angle of the
pyramid facets and to achieve the same thickness (d) orthogonally to the pyramid
surface as on the planar substrate [57,178]. Overall, the dependence of 7or on Tx
in the as-deposited state is very similar to the results on the polished substrates.
Although, the achieved 7. in the as-deposited as well as the annealed state were
significantly lower than on the polished wafers. This can be attributed to an increase

in the surface area and will be discussed in more detail in a later paragraph.

Nevertheless, similarly to the results in Sec. 5.2.1, an increase in Ty led to
an increasing 7o, which was strongly enhanced by annealing, especially for wafers
utilizing a-Si:H layers deposited at low Ty and, thereby, with a high hydrogen content
(cu). However, 7og in the as-deposited state decreased at Ty = 260°C already in
contrast to Ty = 290°C for the polished wafers. Similarly, a decrease in 7.4 after
about 1h of annealing was observed for Ty > 200°C, which only occurred at a
higher Ty of 290°C on the planar (111)-oriented substrates. The decrease in Teg
with increasing annealing time (¢,) and at high Ty in the as-deposited state, can be
explained by epitaxial growth of Si (see also Sec.5.2.1) [179]. For textured wafers the

onset of epitaxial growth was evidently lower than for the polished (111)-oriented
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Figure 6.1.: a) Effect of varied heater temperatures (Ty) and annealing times (t,) on the
effective carrier lifetime (Tog) at an excess charge carrier density of 10 cm =3 for textured
<n>(100) wafers (FZ, 280 um, 3Qcm) passivated with 5nm of <i> a-Si:H on both sides.
The a-Si:H was deposited at a fg, of 90%. The samples were annealed at 220°C in air
and they were briefly taken out in between to determine Tog. b) Annealing results on a
planar (111)- and a (100)-oriented Si wafer (FZ, 280 um, 3Qcm) with 5nm of <i> a-Si:H
deposited at Ty =140°C on both sides. The added lines serve as a guide to the eye.

substrates, despite the surface of the textured wafers being mainly comprised of
(111)-oriented pyramid facets. However, at the pyramid edges and grooves the
atomic environment of a Si atom deviates from the ideal (111)-surface, resulting in
a different bonding configuration and stress. Accordingly, epitaxial growth of Si has
been predominantly observed at the edges and grooves of the Si pyramids and was
related to stress induced defects [91,180, 181].

The effect of epitaxial growth on the annealing behavior of a-Si:H passivation
layers can also be demonstrated on planar substrates. A solely (111)-oriented sur-
face can be well passivated by a-Si:H. In contrast, (100) surfaces typically yield a
lower passivation quality for a a-Si:H layers [77] and are more prone to epitaxial
growth of Si [181]. This is exemplified in Fig. 6.1 b) by a deposition of <i> a-Si:H
on a (111)- and a (100)-oriented polished Si wafer. While a 7o of about 5ms was
achieved on the (111)-oriented substrate, the same deposition conditions and anneal-
ing treatment resulted in a poor passivation of the (100)-oriented wafer, even though

similar 7.4 were observed in the as-deposited state. After a few minutes of annealing
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Figure 6.2.: a) Mean effective carrier lifetime (Tey) achieved by 5nm of <i> a-Si:H
layers on polished (111)-oriented Si wafers (FZ, 280 pum, 3Qcm) and on wet-chemically
textured (100)-oriented Si wafers (CZ, 170um, 3Qcm). 7eg of 14 planar and 11 textured
wafers were statistically evaluated and the error bars represent the standard deviation of
Tefr. The a-Si:H layers were deposited at Ty =140°C and fy, =90% and each sample was
annealed for 40-70h. b) SEM image of the textured wafer surface.

Teff decreased with increasing t, similarly to wafers passivated with a-Si:H that was
deposited in the regime of epitaxial growth (high Ty or fu,). On the Si pyramid
textured surface, epitaxial growth was observed at lower Ty as compared to a planar
(111) wafer. Nevertheless, at a Ty of 140°C the deposition regime was sufficiently
far away from the a-Si:H/c¢-Si transition region and no epitaxial growth of Si on
the textured wafer was evident from the annealing behavior (Fig. 6.1 a)). Conse-
quently, a high quality a-Si:H passivation on textured wafers could be achieved in the
same way as for the polished wafers, at Ty = 140°C in combination with extended

annealing.

The thus obtained g is compared for the two different substrates in Fig. 6.2 a).
The mean 7o for the textured wafers, symmetrically passivated with <i> a-Si:H,

was reduced to about a third of 7. of polished wafers.

In general, 7. of a passivated substrate can be divided into a bulk and a

surface component

1 1 1
— = . (6.1)

Teff  Thulk  Tsurface

For a symmetrically passivated sample with an equal surface recombination velocity
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(S) at the front and the rear surface, the surface component of 7. can be expressed

as [182]
d 1 .d
Tsurface — ﬁ + 5 (;)2 (62)
Here, D denotes the charge carrier diffusion coefficient and d the wafer thickness. D
is typically in the range of 10-30cm?s™! [182]. Consequently, the first term of Eq. 6.2
dominates Tuyrface s long as S is smaller than about 100cms™!, which is readily

achieved by <i> a-Si:H layers [183,184]. Accordingly, Tyurface can be simplified to

d
surface — 5 a9 6.3
Tourface = 5 g (6.3)

An increase in the surface area would result in a proportional increase in S according

to [101, 180]
Atext
Stext = Splan 2
text plan Aplan

(6.4)

In combination with Eq. 6.3 and assuming that 7, > Turface, this leads to

dtext Aplan
— Ctext Zplan 6.5
Tefftext 2 Splan Atext ( )

for the textured wafer, and to

dpl
Teff,plan = 9 g:i:n (6-6)

for the planar reference. Finally, combining Eq. 6.5 and 6.6, a comparison of 7.g
for both wafers can be made, considering the effect of the surface area enhancement

and the different wafer d

dtext A 1

plan
Teff,text = Teff,plan Ao A . (67)
plan ‘ltext

The surface area enhancement factor is v/3 ~ 1.73 for an ideal Si pyramid surface
texture [180]. With this, a simple estimation via Eq. 6.7 gives Teff text = 0.35 Teff,plan-
So, the determined mean 7o of 5.29ms on polished wafers would correspond to
Toff = 1.86ms on the textured wafer, which relates well to the observed mean 7.g of
1.80ms in Fig. 6.2 a). Therefore, the reduced 7og for the textured substrates can
be mainly attributed to the enlarged surface area and the reduced d of the wafer.
In contrast, epitaxial growth of Si does not seem to have a significant effect on 7o
of the textured wafers for the given deposition conditions in combination with the

thermal annealing treatment.
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6. Textured silicon heterojunction solar cells
6.2. nc-SiO,:H in textured SHJ solar cells

After a passivation scheme had been established for the textured Si wafers, <n> and
<p> nc-SiO:H layers were used to produce high performance SHJ solar cells. In
detail, this section covers the results for a textured SHJ solar cell with a nc-SiOx:H
emitter and front surface field (FSF) layer. Furthermore, the distinct features of the
solar cell are highlighted and a comparison to similar SHJ solar cells in literature
is made to determine opportunities for future development. In the last part of this
section OPAL 2 is used to investigate the potential for an optical optimization of

the wafer texture by inverted pyramids.

6.2.1. Successful implementation of nc-SiOy:H

The implementation of the nc-SiOy:H layers, developed at very high frequency
(VHF) in Sec. 4, turned out to damage the <i> a-Si:H passivation layers. Es-
pecially due to the deposition of the <n> nc-SiOx:H, 7. was reduced from a few
milliseconds to below 100 us even for <i> a-Si:H passivation layers as thick as 15nm.
The main reason for this is believed to lie in the high f, in combination with the
VHF deposition process, both of which contribute to a high density of atomic H,
which has been ascribed to an enhanced etching of the growing film [135,136]. Fur-
thermore, the existence of a growth zone that extends more than 10nm into an
underlying a-Si:H layer has been proposed [185]. Within this region the a-Si:H is
transformed by interactions with particles from the plasma. Similarly, a deteriora-
tion of the a-Si:H passivation layers has also been reported during the deposition of
doped hydrogenated microcrystalline silicon (uc-Si:H) layers in SHJ solar cells by
Mazzarella et al. [91].

Unfortunately, the very same conditions that enable a high optoelectronic per-
formance of nc-SiOx:H films by reducing the amount of the a-Si:H phase in favor
of O-rich hydrogenated amorphous silicon oxide (a-SiOx:H) and nanocrystalline sil-
icon (nc-Si) seem to affect an underlying a-Si:H passivation layer as well, which
imposes additional restrictions on the development of high performance nc-SiOy:H
films. Surprisingly, the a-Si:H passivation layers were only harmed by the nc-SiO:H

deposition on textured wafers, while no evidence of severe damage to the passiva-
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6.2. nc-SiOx:H in textured SHJ solar cells

tion layers was found on planar substrates. Accordingly, the surface geometry might
result in weak points within the deposited a-Si:H film at the edges and valleys of the
pyramids, so that they are more prone to etching than their counterparts deposited
on flat substrates. Consequently, the surface texture should have an impact on the

etching of the passivation layer.

Another solution for the etching issue was found in switching to similar ne-SiOx:H
layers deposited at a different plasma enhanced chemical vapor deposition (PECVD)
system (“6K system”). Here, the nc-SiOyx:H layers had been developed at a lower
Hj flow (200scem instead of 500scem) and at radio frequency (RF) [32]. The “softer”
deposition conditions for these layers were reflected in a fourfold increase in the depo-
sition rate (r4ep) as compared to the best performing nc-SiOy:H layers from Sec. 5.2.
Nevertheless, they exhibited similar optoelectronic properties and are expected to

yield a similar performance in the SHJ solar cells.

The layer stack of the SHJ solar cells on the textured wafers is presented
in Fig. 6.3 a). In comparison to the cells in Sec. 5, the deposition times had to
be adjusted (x1.7) to ensure a sufficient coverage of the Si pyramid facets in the
direction of their normal vector. The solar cell parameters and the J-V curve of the
best SHJ solar cell are shown in Fig. 6.3 b). For a total cell area of 4cm? an active
area solar energy conversion efficiency (7act) of 21.4% was achieved with an active

area current density (Jact) of 39.4mA cm™2.

The development of the presented SHJ solar cell is combining various techno-
logical aspects to provide the presented solar energy conversion efficiency (7). The
gradual implementation of these features can be discussed via the evolution of the
best performing solar cells in this study. These are summarized in Fig. 6.4. Starting
at a a-SiO4:H passivated front-emitter solar cell with n = 18.9%, a significant im-
provement of the open circuit voltage (Vo.) was achieved by substituting a-SiOx:H
with a-Si:H. Furthermore, a rear-emitter design was employed to replace the <p>
absorber by a <n> Si wafer and still be able to benefit from the higher optoelectronic
performance of <n> nc-SiOx:H. With this, the external quantum efficiency (EQFE)
and reflectance (R) of the solar cell were only slightly changed by an increase of R
in the short wavelength (\) range, leading to a decrease in the EQE, which was
partially offset by an increase of the EQFE in the long A range (Fig. 6.4 b)).
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Figure 6.3.: a) Layer stack of the <i> a-Si:H passivated SHJ solar cell on a Si random
pyramid textured wafer with a <p> nc-Si0,:H emitter layer and a <n> nc-SiOy:H FSF
layer. All the deposition times were multiplied by 1.7 with respect to the planar solar
cells. b) J-V curve of the best performing 2a2cm? SHJ solar cell. The current density
was rescaled to an active area current density (Jaet) to match the integrated short circuit

current density from the EQE spectrum (Js, psr).

In the next step, Js of the solar cell was improved by enhancing the light
incoupling via an anti-reflection (AR) coating with a Si random pyramid texture.
This led to a significant reduction of R in the short as well as the long A region
and equally resulted in an increase of the FQFE. Finally, using a textured Si wafer
enhanced Jy. even more due to the additional light path enhancement within the
absorber. This was mainly evident in a decrease of R and an increase of the FQF
for A > 600nm (Fig. 6.4 b)). Additionally, a thinner absorber of 170 um increased
Ve of the solar cell due to a higher photo-generated charge carrier density within
the smaller absorber volume, while the passivation quality at the surface was kept

at a similar level as for the planar solar cells.

Figure 6.5 presents a detailed optical comparison of the textured SHJ solar
cell and a planar cell with a Si random pyramid textured imprint on the front
side. All layer depositions for both solar cells were performed in the same way
except for the increased tqep on the textured wafer. The EQE (Fig. 6.5 a)) of
both solar cells was similar for A < 600nm. Apparently, the reduction of the front
side R (Fig. 6.4 b)) is dominated by the geometrical shape of the texture and less
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Figure 6.4.: a) J-V curves and solar energy conversion efficiencies (1) of the best SHJ so-
lar cells, realized within this study. Included are an a-SiOy:H passivated front-emitter (fe)
solar cell, an a-Si:H passivated rear-emitter (re) solar cell with and without a nano-imprint
lithography (NIL) anti-reflection (AR) coating, and an a-Si:H passivated rear-emitter so-
lar cell on a textured 170 pum Si wafer. b) The external quantum efficiency (EQE) and
reflectance (R) for each of the solar cells. FEach integrated short circuit current density

from the EQE spectrum (Js psr) is also included.

influenced by the real part of the refractive index (n) of the textured material.
For A > 600nm, however, the EQFE of the textured solar cell was notably higher
than for the imprinted cell, which indicates an improved light incoupling in this A
range. Furthermore, light trapping led to an increase of the FQFE in the infrared
region, even though a significantly thinner absorber was used for the textured solar
cells. However, the improved light incoupling and light trapping also resulted in
an increase in parasitic absorptance (Aparas) for the textured as compared to the
imprinted solar cell (Fig. 6.5 b)). Especially, the weakly absorbed part of the light
with A > 1000nm showed a significant increase in Aparas which can be related to an
increased light path length within the indium tin oxide (ITO) and the nc-SiOx:H
layers and the, thereby, increased Aparas by their free charge carriers and defects.
However, a slight increase in Aparas at shorter wavelengths (A < 600nm) was observed
as well, designating an increase in A within the front ITO, the nc-SiOx:H FSF layer

and the a-Si:H passivation layer due to longer path lengths in these layers.

Figure 6.6 shows the direct and diffuse components of R for both types of solar
cells. Again, the lower R of the textured solar cell for A > 600nm was evident in the

total reflectance (TR) (Fig. 6.6 a)). Furthermore, the textured solar cell showed a
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Figure 6.5.: a) Comparison of the EQE of rear-emitter SHJ solar cells on a planar
St wafer with an anti-reflection (AR) coating produced via nano-imprint lithography (NIL)
and on a Si random pyramid teztured wafer. The same layer stack was used for both cells.

b) The parasitic absorptance (Apares) of both cells, as estimated by Apgres =1—R—EQE.

nearly perfect overlap of TR and the diffuse reflectance (DR), indicating that all
light was scattered off the incident angle. This was also expressed in the specular
reflectance SR~ 0 in Fig. 6.6 b). In contrast, a few percent of SR were still visible
for the solar cells with a NIL AR coating, which could be related to a small fraction

of planar area for the imprinted texture (see also Fig. 5.15 b)).

6.2.2. Comparison to literature

The solar cell parameters of the best textured SHJ solar cell are compared to re-
ported values of similar SHJ solar cells in literature in Tab. 6.1. For a direct compar-
ison, Jy¢ psr was evaluated from the EQFE spectra from literature by using the same
solar spectrum and the same A range for all cells. The first cell, used for comparison,
from the Helmholtz-Zentrum Berlin fiir Materialien und Energie (HZB) was employ-
ing <p> nc-SiOx:H as the emitter layer with a <n> a-Si:H back surface field (BSF)
on a 270um FZ wafer. Furthermore, Al-doped zinc oxide (AZO) was used at the
rear to reduce Aparas by the free charge carriers in the case of the more commonly
used ITO. Further optimizations included the application of a <p> pc-Si:H contact
layer between the ITO and the nc-SiOx:H emitter on the front and a plasma treat-
ment of the a-Si:H passivation layers to enhance the nucleation of nc-Si within the

<p> nc-SiOx:H [25]. The second cell from Ecole Polytechnique Fédérale de Lau-

120



6.2. nc-SiOx:H in textured SHJ solar cells

D

o
T
»

N

specular reflectance SR [%]

dashed - DR
full -TR

N

N
o

o

total reflectance TR,
diffuse reflectance DR [%]
N
o

ST ore=EY textgred m\lv-vvv—vvv AT A |
M PR | 1 1 1

400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
wavelength A [nm] wavelength A [nm]

Figure 6.6.: a) Comparison of the total reflectance (T'R) and the diffuse reflectance (DR)
for a rear-emitter SHJ solar cell with a Si random pyramid textured wafer and a cell
with a planar Si absorber with an anti-reflection (AR) coating, produced via nano-imprint
lithography (NIL). b) Calculated specular reflectance (SR) for both types of solar cells.

sanne (EPFL) can be considered a classical SHJ solar cell with doped and <i> a-Si:H
layers on each side of a 280 um thick FZ absorber. Here, the ITO and the front side

<p> a-Si:H layers were optimized extensively to maximize Jy. of the solar cell [96].

In comparison to the nc-SiOx:H SHJ solar cell of the HZB, a superior fill fac-
tor (FF) and an improved V. could be achieved at the Forschungszentrum Jiilich
GmbH (FZJ) by the application of a more conductive <n> nc-SiOx:H with a sim-
ilar optical band gap (Ep4) in comparison to the <p> ne-SiOx:H, even though a

contacting layer towards the ITO was used in the latter case. However, some part

Table 6.1.: Solar cell parameters of selected recent SHJ solar cells from literature in
comparison to the best performing cell from this study. The cell results were published
by the EPFL and the HZB in 2012 and 2015, respectively [25, 96]. Js. and n denote the

aperture area values, while Jg. psr and 14t represent the active area values.

institute cell size waferd FF | Vg Jsc n Jse,DSR Nact

[cm?] [nm] (%] | [mV] mAem 2 [%] mAcem 2] | [%]
F7J 4 170 75.4 | 721 36.5 19.8 39.4 21.4
HZB 1 270 72.9 | 688 40.4 20.3 40.6 20.4
EPFL 4 280 75.3 | T27 38.1 20.8 39.5 21.6
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of the superior Vo, was also due to the thinner absorber layer. At the same time,
a thinner absorber led to a lowered Js. due to a decrease of A in the long A range
(Fig. 6.7). Nevertheless, the higher Js. of the HZB cell could be mainly attributed
to an optimized front layer stack and a very low R in combination with a lower
Aparas at the rear transparent conductive oxide (TCO) of the solar cell (Fig. 6.7).
Nevertheless, without the effect of grid shadowing and by using an identical method
to determine J psr, a higher 7,. was obtained with the presented solar cell due

to the excellent electronic performance.

With respect to the a-Si:H SHJ solar cell from the EPFL, a similar F'F and V.
were achieved with the presented cell design. This is an essential prerequisite for the
substitution of a-Si:H layers by nc-SiOx:H as the main objection to its application is
a reduced electronic performance. Nevertheless, the surface passivation of the a-Si:H
cell seemed to be superior due to a higher Vo despite the thicker Si absorber. In
fact, a multi-step <i> a-Si:H deposition was applied for that cell with intermittent
Ha-plasma treatments to produce a high quality passivation with a 7. of 7ms on a
textured wafer [77]. Considerable effort was also directed towards an optimization of

the front layer stack of this solar cell. This included a reduction of the <p> a-Si:H

L]

—_ [ J

1 sc,DSR,320-1150 nm L]
g —0.8} . 39.4 mA cm” 08
= W A this work 39.5 mA om? o
C O .

2

S o6} 40.6 mA cm 063
Sz 1 =
© c04F 045
E () nC-SiOx:H, HZB :]jRgzorMASOnmﬂ 8
O © [ . 9 mA cm™* =
">-<' = 02 a-Si:H, EPFL 0.2 9
[ORNO]

600 800
wavelength A [nm]

1000

Figure 6.7.: Comparison of the active area EQFE spectra and R of the textured SHJ
solar cell with nc-SiOy:H layers and SHJ solar cells from literature [25, 96]. The literature
data was rescaled to the active area by using the fraction of shadowed area provided in the
publications. The integrated short circuit current density from the EQE spectrum (Jsc psr)

and the current density loss due to reflexion (Jr) are included for each cell.
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thickness to 10nm and an optimization of the ITO properties. With this, a high
Jsc,pSR Was achieved with a very similar FQE for A < 600nm as compared to the
nc-SiOx:H based SHJ solar cell of this study (Fig. 6.7). However, with a similar
optimization, a front layer stack employing nc-SiOx:H should outperform the a-Si:H
at least optically as demonstrated by the HZB solar cell. In the long A range beyond
1000nm the a-Si:H solar cell surpassed the EFQF of the FZJ cell due to the optimized
ITO layers at the front and the rear of the a-Si:H solar cell, which minimized Aparas
within the ITO layers. In total, .. of the HZB and of the FZJ solar cell were highly

similar, even though a vastly different layout was used.

From the comparison to the discussed solar cells, several optimization steps
towards a higher 1 can be inferred. First, a detailed optimization or even a replace-
ment of the ITO layers needs to be performed to reduce the significant Aparas in the
long A region. Possible candidates to substitute the ITO are AZO [186] or hydrogen
doped indium oxide (IOH) [98]. Second, the a-Si:H passivation could be improved
further by following the approach of Descoeudres et al. [77] and alternating between
an <i> a-Si:H deposition step and a Hz-plasma treatment step. This would also
eliminate the need for a post-deposition annealing of the passivation layers. Third,
an optimization of the front layer thicknesses towards a minimal Jr could provide
a straightforward way to increase Jy.. OPAL 2 has been successfully used for this
purpose in SHJ solar cells [25,96]. Moreover, Jg could be reduced even further by
applying a different texture for the absorber layer instead of the Si random pyramid

texture. This approach will be discussed in the following section.

6.2.3. Surface texture optimization via OPAL 2

The OPAL 2 simulation of the 1-R and Aparas of the textured solar cell from
Fig. 6.3 a) is presented in Fig. 6.8 a). Similarly to Sec. 5.2.3, the experimental
results were well reproduced by the OPAL 2 simulations. A significant difference
in Aparas Was observed for A < 400nm, which resulted in an overestimation of the
parasitic loss in Ji of about 0.1mAcm ™2 for 320nm < A < 400nm. An offset in Jg
between the simulated and the experimental spectra had also been found for the
planar solar cells and can largely be attributed to the accuracy of the spectropho-

tometer (see also Sec. 5.3). To evaluate the accuracy of the predictions made by
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the simulations, a 70nm thick layer of magnesium fluoride (MgFs) was added to
the solar cell. The resulting 1—R and Aparas spectra are shown in Fig. 6.3 b) and
compared to the expected changes according to OPAL 2. The general shape of the
spectra were well reproduced. Furthermore, a decrease in Jg by about 0.2mA cm=2
due to the MgFs layer was predicted by the simulation and observed experimentally.
At the same time, the current loss due to Aparas increased by about 0.3mA cm—2
also in accordance with the simulations. Therefore, OPAL 2 simulations can be ex-
pected to yield a good prediction of the relative change in the R spectra and Jy. psr

for changes in the front layer stack.
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Figure 6.8.: a) 1—reflectance (R) and parasitic absorptance (Aparas) of the textured SHJ
solar cell. Full lines indicate the results from OPAL 2 simulations of the front side layer
stack with a front ITO thickness of 7T5nm and a <n> nc-Si0y:H thickness of 24nm. Apgrgs
was determined by calculating 1 — R— EQE. The losses in Js. due to R and Apgras for
350nm < A < 900nm are indicated in mAcm™2 as well. b) Simulated and experimental
1—R and Aparas of the textured solar cell with an additional magnesium fluoride (MgFs)
layer of T0nm.

The simulated R spectra of SHJ solar cells with different surface textures are
displayed in Fig. 6.9 a). The overall shape of the spectra is very similar. However,
the absolute values of R change with different textures. For a typical texture of
random upright pyramids 68% of the normally incident light rays bounce twice
on the textured surface before escaping, while 26% bounce three times and the
remaining 6% bounce more than three times [187]. In contrast, for a texture of

regular upright pyramids 89 % of the normally incident light rays bounce twice on
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6.2. nc-SiOx:H in textured SHJ solar cells

the textured surface and only 11 % bounce three times [187]. Ultimately, this resulted
in an increase of R and Ji (Fig. 6.9 d)) for the regular upright pyramid texture. At
the same time, however, the amount of Aparas decreased slightly (Fig. 6.9 ¢)) due
to the decreasing total number of reflections. Nevertheless, a small net loss in the

generated current density was observed in Fig. 6.9 b).

Inverting the regular pyramid texture led to a reduction of R in comparison
to the random pyramid texture. This is because for an ideal inverted pyramid tex-
ture 42% of the normally incident light rays bounce three times, while only 58 %
bounce twice [187]. This led to a decrease of Jg by about 0.05mAcm~2 and a
similar increase in the generated current density. Now, this constitutes the ideal
case of no planar area in between the individual inverted pyramids. For a planar
fraction of about 10%, which has been found experimentally by Branham et al. for
example [188], R was increased significantly and the generated current density de-

2 even falling below the generated current

creased accordingly by about 0.2mA cm™
density of the regular upright pyramid textured solar cells. In total, the inverted
pyramid texture led to the lowest Ji and highest generated current density, slightly

outperforming the common random upright pyramid texture.

Further optimization of the promising inverted pyramid texture is presented
in Fig. 6.10. Here, the characteristic angle of the pyramids was adjusted from 40°
to 70° to investigate the influence on R and the generated current. The same front
layer stack as in Fig. 6.3 a) was applied to the Si wafer and the silicon solar cell with
a Si random upright pyramid texture is included for reference. R in Fig. 6.10 a)
decreased strongly with increasing the pyramid angle to 70° due to an increasing
fraction of light rays being reflected multiple times at the steep pyramid facets of
the textured solar cell surface [134]. At a characteristic angle of 70° R did not
exceed 0.4% at any point of the R spectrum with the ITO and the ne-SiOx:H FSF
layer providing the AR effect. With this configuration all of the incident light rays
were reflected at least four times within the pyramids before emerging. Accordingly,
Jr in Fig. 6.10 d) was nearly zero, while it amounted to about 2mAcm~2 for a
characteristic angle of 40°, corresponding to an obtuse pyramid tip. Then again,
the losses due to Aparas increased towards larger characteristic angles due to the

increasing number of reflections and an increasing path length in the front layers
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Figure 6.9.: a) Simulated reflectance (R) spectra for different pyramidal teztures of a
SHJ solar cell. An ideal pyramid angle of 54.7° was adopted for all textures. An inverted
pyramid texture with a planar area fraction of 10% was considered as well. b) Generated
current density in the SH.J solar cells in 350nm < A < 900nm for different surface textures.
c¢) Loss in Js due to parasitic absorptance (Aperas) in 350nm < A < 900nm. d) current
density loss due to reflexion (Jg) in 350nm < A < 900nm.

for the steeper pyramid facets. In total, however, the increase in parasitic loss
amounted to just about 0.4mAcm~2 (Fig. 6.10 c)). Therefore, a significant gain
in the generated current density was observed in Fig. 6.10 b) with decreasing Jg.
Overall, switching from a texture of random upright to regular inverted pyramids
could result in an increase of Jy by at least 0.35mA ¢cm 2 with a layer stack of 75nm
ITO and 24nm nc-SiOy:H due to a reduced R. However, the full impact on the light
trapping within the wafer still needs to be investigated as the rear side of the solar
cell was not included in the simulations. Furthermore, the effect of these atomically
poorly defined pyramid facets on the passivation quality needs to be examined and

considered as well.
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Figure 6.10.: OPAL 2 simulations of SHJ solar cells with regular inverted pyramid tez-
tures. The characteristic angle of the pyramids was varied. The properties of the Si random
pyramid testured solar cell are included for comparison. a) R spectra, b) generated current
density in 350nm < A < 900nm, c¢) parasitic loss in 350nm < A < 900nm, and d) current
density loss due to reflexion (Jg) in 350nm < A\ < 900nm. The lines serve as a guide to
the eye.

6.3. Stability of nc-SiO,:H SHJ solar cells

The stability of the best performing SHJ solar cell with a nc-SiOx:H FSF and emit-
ter layer will be tentatively investigated in this section. Here, the textured solar
cell with the additional MgFs layer was used for the experiments. The results are
summarized in Fig. 6.11. Please note the different scales used in Fig. 6.11 a)/c)
in comparison to b)/d). Some of the measurements were done at different solar
simulators, but for simplicity the presented values were individually rescaled to the
values obtained on the initial simulator, which was also described in Sec. 3.3. In a
first step, the solar cell was stored in the dark for 4 months in air. This mainly led
to a degradation of F'F, while V,. also slightly decreased. This might be a result
of physical adsorption of atmospheric species (reversible) [189] or chemical changes,
e.g. oxidation or Hy-effusion (irreversible) [190]. Afterwards, a 2 hours annealing
step at 220°C was again performed in air to mitigate the changes due to the ex-
tended storage. This step caused a decrease in V. by about 2% (15mV) and a

similar decrease of F'F'. This might be related to a restructuring of the H at the
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Figure 6.11.: Relative solar cell parameters of a textured nc-SiO,:H based SHJ solar cell
with respect to the initial state of the solar cell. The solar cell was subjected to extended
storage in air, extensive light exposure (LE) and annealing treatments in air. The solar
cell parameters were measured after each step. The measured parameters include a) the
open circuit voltage (Vo ), b) the fill factor (FF ), c) the aperture area short circuit current

density (Jsc), and d) the aperture area solar energy conversion efficiency (1qp).

<i> a-Si:H/c-Si interface, which has also been observed for extended annealing of
passivation test samples with <i> a-Si:H layers.

Next, the solar cell was subjected to extensive light exposure (LE) by two tung-
sten halogen lamps set to an illumination intensity of 1kWm~2 (1 sun). Meanwhile
the solar cell was kept at 50°C by a water cooling system. Furthermore, the cell
temperature was reduced to 25°C for 30min to determine the cell properties at the
following time steps: 1h, 5h, 10h, 25h, 50h, 100h, 200h, 300h, 400h, 500h, 600h,
700h, and 800h. Selected measurements of this sequence are included in Fig. 6.11.
During the first 50h of the LE a decrease in Js. as well as F'F was observed, while
Voe slightly increased. Kobayashi et al. [191] reported on the degradation behavior

of a-Si:H based SHJ solar cells under extended LE. They found a small increase in
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6.3. Stability of nc-SiOy:H SHJ solar cells

Voe and F'F within the first 50h of LE and tentatively attributed it to a reversal of
the Staebler-Wronski effect (SWE) [192] by a shift of the Fermi-level closer to one
of the band edges due to the doped a-Si:H layers [191]. Furthermore, they observed
a decrease in defect density with increasing LE for lifetime test structures. For the
presented cell, this reversal of the SWE might also have caused the slight increase
in Vo. during the initial stage of the LE (Fig. 6.11 a)). However, no increase in
FF was evident (Fig. 6.11 b)). Up to the final LE time of 800h Vo slightly de-
creased again and F'F was drastically reduced to about 78% of the initial value,
indicating a degradation of the electrical transport in contrast to a recombination
related degradation. Overall, these changes in F'F" dominated the degradation of n
(Fig. 6.11 d)).

The changes were almost fully restored by a subsequent annealing step, which
indicates a partial reversibility of the light induced degradation beyond the first 50 h
of LE, similarly to the SWE. Apart from major changes in FF, J; was reduced
by about 1.5% (0.5mA cm~2) during the LE. This could mainly be attributed to a
decrease in the IQFE of the solar cell across the full A range by about 5% relative
(Fig. 6.12 b)). Furthermore, R of the solar was reduced by about 3% absolute
(Fig. 6.12 a)), which could not compensate the loss in IQF, so that the overall
EQFE decreased. The reason for the change in R is unclear so far. After annealing,

the IQFE recovered only partially: no change was observed for A < 500nm and almost
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Figure 6.12.: a) Aperture area R spectra of the discussed textured SHJ solar cell before
the light exposure (LE) (“pre-LE”), after 800h of LE, and after a 2h thermal annealing
treatment at 220°C following the LE. b) IQE spectra of the same solar cell.
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full recovery was achieved beyond 1000nm. This indicates that the changes due to
LE were only reversible at the rear of the solar cell, while the changes at the front
could not be recovered. This finding implies a distinct degradation behavior for
each of the absorber interfaces. In contrast to the IQFE, R was not restored by
the annealing treatment, so that the total Jy. slightly increased in comparison to
the initial state (Fig. 6.11 ¢)). Figure 6.11 a) shows that V5 of the solar cell was
increased by the annealing treatment after the LE, even though the changes to Vg

during the LE were marginal.

Further investigations are necessary to reveal the specific reasons for the degra-
dation of the SHJ solar cells with functional nc-SiOx:H layers, especially to distin-
guish between the different effects of R reduction and the partial reversibility of
the properties. Nevertheless, the presented findings already indicate that storage,
extended LE, and excessive annealing can be detrimental to the performance of SHJ

solar cells with nc-SiOy:H layers, especially affecting the FF.
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Solar cells play an essential part in facilitating a worldwide transition from fossil
energy fuels towards renewable sources. However, a substantial contribution by
photovoltaics (PV) can only be provided if the costs of PV systems are reduced to
a minimum. An important driver for a reduction in the levelized costs of electricity
of PV systems is the solar energy conversion efficiency (n) of the individual solar
cells. Here, Si solar cells based on the silicon heterojunction (SHJ) technology
are advancing to become the highest n technology due to their superior open circuit
voltages (Vo). Nevertheless, several loss mechanisms diminish the ratio between the
generated power and the incident solar energy for this technology. One of them is
the parasitic absorptance (Aparas) of light in the most commonly used hydrogenated
amorphous silicon (a-Si:H) layers. Aparas of the a-Si:H contributes significantly to a
reduction of 77, but can be reduced by a substitution with more transparent materials
like hydrogenated nanocrystalline silicon oxide (nc-SiOx:H). nc-SiOx:H is a hybrid
material that combines the high transparency of a hydrogenated amorphous silicon
oxide (a-SiOx:H) matrix with the electrical conductivity of nanocrystalline silicon
(nc-Si). Usually, a trade-off between these two contradictory properties has to be

tolerated and adjusted according to the specific application.

Accordingly, the first objective of this thesis was to develop nc-SiOy:H films via
plasma enhanced chemical vapor deposition (PECVD) at very high frequency (VHF)
in order to improve its optoelectronic trade-off and achieve a reduced parasitic
loss in SHJ solar cells. The second objective was to establish a link between the
material properties and the solar cell performance and advance the development
of ne-SiOx:H based SHIJ solar cells. In detail, p-type doped (<p>) and n-type
doped (<n>) nc-SiOx:H films were extensively optimized and categorized according

to their properties and their microstructure. In a next step, they were applied in
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SHJ solar cells in combination with different passivation layers and varying Si wafer
absorbers. A summary of the main results and conclusions of this thesis is pre-
sented in this chapter. Furthermore, a pathway towards further optimization of the

nc-SiOx:H layers and the SHJ solar cells is devised.

7.1. Summary

A short summary of the main results from each section is presented in the following,
spanning from the development of nc-SiOy:H films at VHF to their application in

various SHJ solar cells.

Material development

Parameter optimization In the first part of the thesis doped layers of nc-SiOx:H
were optimized by adjusting the deposition conditions during the VHF PECVD of
these films. The optimization included variations in the deposition pressure (p), the
deposition power (P), the CO2 gas flow fraction (fco,), the Ho gas flow fraction
(fu,), the B(CHs)3 gas flow fraction (fp(c,),) and the PHs gas flow fraction (fpmy).
For the variation of p and P two distinct regimes were identified according to the
P/p ratio as adapted from [33]. Especially the Raman crystallinity (I.) and the
electrical dark conductivity (op) of the nc-SiOx:H layers depended strongly on p
and P. Generally, an increase of P had the opposite effect as an increase in p. At
50Pa a high I.. region with improved phase separation between the nc-Si and O-rich
a-Si0x:H was identified. Next, an increasing amount of trimethylborane (B(CHjz)3)
as a boron-source for <p> nc-SiOx:H led to increased doping at the expense of the
nc-Si phase. This amorphization was accompanied by an incorporation of carbon
in the ne-SiOx:H films from the methyl groups of the B(CHs)s. An important
parameter to adjust the amount of a-SiOx:H in the films was fco,, the increase of

which was usually accompanied by a reduction in the amount of nc-Si.

A concluding overview of the deposited nc-SiOx:H films indicated the exis-
tence of an incubation layer of 100 —200nm thickness with an increased amount

of a-SiOx:H for the nc-SiOy:H films. Furthermore, the overview demonstrated
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the superior optoelectronic performance of the <n> nc-SiOx:H in comparison to
<p> nc-SiO:H. Overall, the properties of the VHF nc-SiOy:H were found to match
the best performing films in literature, developed at radio frequency (RF). Never-
theless, a significant improvement of the <p> nc-SiOx:H films was achieved at the

employed deposition system by the optimization at VHF.

Classification of nc-SiOx:H films For all optimizations of the nc-SiO4:H films a
trade-off between the optical band gap (FEo4) and op was found and only a careful
adjustment of the deposition parameters in the correct deposition regime provided
an increase in Fy4 at a given op. Therefore, a microstructure model for the classi-
fication of nc-SiO4:H films was developed to supply guidelines for the deposition of
an optimal phase composition, namely, nc-SiOy:H films with high amounts of O-rich
a-3i0x:H in combination with conductive nc-Si. In detail, the films were divided in

four distinct deposition regions:
e the “fully amorphous region”, defined by films containing no nc-Si phase,
e the “onset of nc-Si formation” region, encompassing films with a low amount
of ne-Si and a-SiOy:H,
e the “O and nc-Si enrichment” region, characterized by a high amount of nc-Si
and a-SiOy:H in the nc-SiOy:H films,

e the “nc-Si deterioration” region, which exhibits a preferred incorporation of
a-Si0y:H against nc-Si in the films.

The optimal optoelectronic trade-off for the nc-SiOx:H films was identified between
the “O and nc-Si enrichment” and the “nc-Si deterioration” region. The utility of the
classification was demonstrated for a variation of fpm, and fco,. fpm, Was shown to
mainly affect op via doping and have no significant influence on the microstructure
in either the “O and nc-Si enrichment” region nor the “nc-Si deterioration” region of
nc-SiOy:H deposition. The subsequent variation of fco, in the optimal deposition

regions resulted in nc-SiOy:H films with excellent optoelectronic properties.

Microstructure A detailed investigation of the microstructure was performed via
atom probe tomography (APT) which confirmed the phase distribution that was

proposed by the microstructure model. Furthermore, for the first time a three di-
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mensional distribution of the interconnected nc-Si network within <n> and <p>
nc-SiOx:H was presented, confirming the anisotropic growth of nc-Si, first revealed
by transmission electron microscopy (TEM). This electrically conductive 3D net-
work of nc-Si was surrounded by an O-rich a-SiOx:H phase providing the high trans-
parency of the films. Moreover, a nearly uniform distribution of the dopant atoms

across the phases was found for the <p> as well as the <n> nc-SiO,:H film.

Planar solar cells

Passivation layers In the first part of the solar cell development, the reproducibil-
ity of intrinsic (<i>) a-SiOy:H was tested and the homogeneity of the deposited films
was investigated. The thickness distribution of the passivation layers was related to
the performance of the individual SHJ solar cells and thereby a maximal total thick-
ness of 11nm was suggested to maintain a high fill factor (FF). Furthermore, the
a-SiOy:H thickness at the rear side of the solar cell, namely at the <p> nc-SiO:H
back surface field (BSF), was found to limit Voe. Thereby, demanding a higher
<i> a-SiO«:H thickness at the rear interface.

A superior passivation quality could be achieved by <i> a-Si:H passivation
layers. These were optimized by adjusting the substrate temperature (Tyyp,) via the
heater temperature (T) and by adjusting f,. High effective carrier lifetime (7e)
of up to b5ms were achieved by depositing the a-Si:H in the amorphous region with
a high hydrogen content (cy) and extended thermal annealing to rearrange the
mobile H and effectively saturate the Si dangling bonds at the absorber surface.
The superior passivation quality of the a-Si:H led to an increase in V,,. of about

20mV as compared to <i> a-SiOy:H passivation layers.

Doped nc-SiO4:H layers In a next step, the doped nc-SiO4:H layers developed
at VHF were applied in SHJ solar cells. Here, the nc-SiOx:H was applied as an
emitter layer, a BSF, and a front surface field (FSF) layer. A limitation of F'F by
the <n> nc-SiOy:H emitter layer was found for nc-SiOy:H layers with low amounts
of nc-Si by a variation of the nc-SiOy:H emitter in front-emitter solar cells with
a-SiOx:H passivation layers on <p> wafers. At the same time, Aparas at the front

decreased towards an increasing amount of a-SiOy:H within the nc-SiOx:H and a,
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thereby, increased FEps of the nc-SiOy:H. The best trade-off between F'F and the
short circuit current density (Js) was achieved with an <n> nc-SiOx:H emitter

layer with Egs=2.3eV and op=0.1Scm™ '

A similar variation of an <n> nc-SiO,:H FSF layer was performed in rear-emitter
solar cells with a-Si:H passivation layers on <n> wafers with a <p> nc-SiOy:H emit-
ter layer. Here, a poorer nucleation of the nc-Si within the nc-SiOx:H was found for
the a-Si:H passivation layers in comparison to a-SiOy:H. This effect was especially
prominent for hydrogenated microcrystalline silicon (puc-Si:H) films and indicated a
different growth mechanism of the nc-Si phase for pc-Si:H films in comparison to
nc-SiOx:H films. These implications were in accordance with findings during the ma-
terial development which pointed at a lower incubation layer thickness for nc-SiOx:H
and reports from literature which found the nc-Si in a globular arrangement in
nc-SiOy:H in contrast to a cone-like growth in pc-Si:H. Despite this, a similar effect
of the nc-SiOy:H FSF layer variation was found as for the nc-SiOy:H emitter lay-
ers and an overall active area solar energy conversion efficiency (7act)= 19.3% was

reached mainly due to the improved passivation quality by the <i> a-Si:H.

Further insights into the properties of nc-SiOy:H layers at a device relevant
thickness of 20nm were gained by simulations of the optical solar cell properties via a
freeware program for the optical analysis of the front surface of a solar cell (OPAL 2).
Overall the experimental reflectance (R) and external quantum efficiency (EQE) of
the rear-emitter SHJ solar cells were well reproduced by simulations with nc-SiOy:H
layer properties extracted from several hundreds of nm thick films. However, Aparas
in the short wavelength (\) range of light was overestimated. Accordingly, the thin
nc-SiOy:H layers in the solar cells show an increased optical transparency in agree-
ment with the increased oxygen content (co) in the ne-SiOx:H incubation layer and
can be expected to contain an increased amount of a-SiOx:H and reduced amount

of nc-Si as compared to thick nc-SiOy:H films.

Solar cell design optimization Improvements in the solar cell design were achieved
by switching to a rear-emitter design to benefit from the innately higher 7.¢ of
<n> Si wafers while still exploiting the increased optoelectronic performance of

<n> nc-SiOx:H films at the front of the solar cell. Additionally, the rear-emitter
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design offers some potential in the optimization of the front indium tin oxide (ITO)
layer. Furthermore, increasing Ty during the ITO deposition resulted in a reduced
electron density (ne) of the ITO which in turn significantly reduced Aparas in the

long A range.

The low Aparas in ne-SiOx:H could not be fully exploited in planar SHJ solar
cells due to the poor light incoupling. Therefore, a novel approach was implemented
to produce anti-reflection (AR) coatings via nano-imprint lithography (NIL), fabri-
cating SiOo-like imprint layers with Si random pyramid textures. These AR coat-
ings effectively increased the absorptance (A) across the full light spectrum which
translated to an increase in the FQF, especially for solar cells with a transpar-
ent nc-SiOx:H FSF layer. In total, this yielded an 1, of 20.4% and a Js. pgr of
37.7mAcm2 for a planar SHJ solar cell.

Textured solar cells

Effect on passivation Wet-chemically texturing a Si wafer offers the advantage
of strongly increasing light incoupling in combination with efficient light trapping.
However, passivation of the textured surface can be an issue. Therefore, part of the
<i> a-Si:H optimization was repeated on textured Si substrates. The onset of the
decrease of 7o in the as-deposited and the annealed state was found at lower Ty in
comparison to the planar Si wafers and explained by epitaxial growth of Si at the
pyramid grooves and edges. Nevertheless, by the low Ty deposition in combination
with annealing, a high 7.g could be achieved which corresponded to about 35% of
Tof ON the planar reference. This difference was shown to be due to the increase
in surface area and a reduced wafer thickness. Therefore, the surface passivation
quality by the deposited and annealed <i> a-Si:H on textured and planar wafers

was found to be comparable.

The application of the novel VHF nc-SiOx:H layers led to a deterioration of
the passivation quality which was explained by the high density of atomic H during
the deposition because similar nc-SiOy:H layers deposited at a lower H flow and RF
did not deteriorate the a-Si:H passivation. The atomic H is essential to produce
high performance nc-SiOx:H films with a low a-Si:H content and O-rich a-SiOy:H

and nc-Si as the main components. Albeit, it presumably lead to a strong etching
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of the a-Si:H passivation layers. However, this etching was only found for textured
surfaces and was not observed on planar a-Si:H passivated surfaces. Accordingly,
weak points within the passivation layer due to the surface geometry (e.g. edges,

vertices) might result in a stronger sensitivity to H etching than planar areas.

nc-SiOy:H in textured solar cells A rear-emitter SHJ solar cell on a textured
<n> absorber with a nc-SiOx:H FSF and emitter layer was successfully produced.
Thereby, yielding a 222cm? solar cell with the highest 7, of 21.4% developed in
this thesis. The electrical performance with Vo = 721mV and FF = 75.4% was com-
parable to the parameters reported on a-Si:H based SHJ solar cells by the EPFL [96]
and outperformed an optically optimized nc-SiOx:H based SHJ solar cell reported
by the HZB [25]. However, the optical performance was inferior to the latter cell.
Accordingly, optimization steps towards even higher n were derived from a detailed
comparison to these solar cells. Nevertheless, even in the non-optimized state a high

active area current density (Jucs) of 39.4mA em~2 was achieved.

Simulation An optical optimization of the front side texture was performed for
the deposited layer stack via simulations in OPAL 2. An inverted pyramid texture
was found to show a slight decrease in R in comparison to the Si random pyramid
texture, resulting in a decrease of the current density loss due to reflexion (Jg) by
about 0.05mA cm™2. Furthermore, the angle of the inverted pyramids was varied
and almost no R was found for a characteristic angle of 70°, indicating an increase

in Js by about 0.35mA cm ™2 with respect to the Si random pyramid texture.

Stability Lastly, the stability of the nc-SiO:H based SHJ solar cell was examined.
Storage for several months resulted in a decrease of V. and especially F'F' which
were not recoverable by annealing. Similarly, extended light exposure (LE) up to
800h led to a decrease in V., Js. and FF. Here, the changes in V. and F'F were
recovered by a subsequent annealing. Albeit, the internal quantum efficiency (IQFE)
was only recovered in the long A range of light, designating a different degradation
at the front and the rear. Overall, the cell degradation was governed by changes in

FF, indicating a predominant effect on the electrical transport.
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7.2. Outlook

Several directions for further improvement emerge from the presented results in
the development of nc-SiOx:H films and the SHJ solar cells employing them in
various functions. Accordingly, some recommendations are presented in the following

grouped in material investigations and device optimization.

nc-SiOy:H development

Taking the optoelectronic properties of nc-SiOx:H to its limits necessitates the co-
existence of a silicon dioxide (SiO2)-like phase with a highly conductive network of
nc-Si. Ideally, any a-Si:H should be fully substituted by nc-Si which has a higher
conductivity and a higher transparency in the short A range. To achieve this, a high
amount of atomic H in the plasma can be used. However, this may also damage the
passivation layer and deteriorate V,. of the SHJ solar cell. The detailed reasons for
the damage to the passivation layer and appropriate countermeasures still need to
be investigated to be able to make use of these high performance nc-SiOy:H films.

Especially, the role of the surface texture is still unclear.

Furthermore, alternative and more stable passivation layers like SiOs might
be resistant to the harsh processing conditions during the deposition of high per-
formance nc-SiOy:H layers. A similar approach has already been used in case of
hydrogenated microcrystalline silicon carbide (pnc-SiC:H) layers to prevent damage
by atomic H to the absorber surface [193]. The combination with a SiOy passivation
layer would also allow to explore high temperature depositions of nc-SiOx:H and ex-
amine the annealing behavior of the material at elevated temperatures which could
provide access to unique microstructures, e.g. by increasing the nc-Si crystallite size

through Ostwald ripening.

Another topic of material research for nc-SiOy:H is a dedicated and system-
atic study of the nc-Si network within the films. Here, APT could provide means
to characterize the nc-Si network for films deposited at vastly different deposition
conditions but with similar optoelectronic properties. Especially the detailed phase
distributions would be accessible by this method and allow for a correlation with

the nc-SiOx:H properties. For example the nc-SiOx:H films developed at lower H
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flows and RF could be compared to films deposited at high fy, and VHF.

Moreover, the nucleation behavior of nc-SiOy:H, especially on a-Si:H covered
substrates, needs to be investigated and optimized to be able to reduce the thickness
of the nc-SiO4:H layer below 20nm. Highly doped layers of a-Si:H are only 5 —
10nm thick in high-n SHJ solar cells and thereby show a low Aparas. To compete,
nc-SiOx:H layers have to be reduced to similar thicknesses which might even improve
the electrical properties of the solar cell due to the superior dopant efficiency in nc-Si
as compared to a-Si:H. Alternatively, the dopant concentration could be increased
to reduce the size of the space charge region within the nc-Si and prevent a full
depletion of the material. Whereas in the present study fpp, was limited to 5%
due to the phosphine (PH3) precursor gas being diluted in silane (SiH4). Another
approach might be to employ a thinner highly crystalline nc-SiOy:H with a nominally
low FEp4, considering that the formation of the incubation layer will result in an

increased co and therefore Eyy in the solar cell.

nc-SiO,:H based SHJ solar cells

The effects of nc-SiOy:H layers should be discussed in high-performance devices to
access the full impact of the substitution of a-Si:H by nc-SiOx:H, especially regarding
the electronic properties of the solar cells. Furthermore, the ever increasing n at the
industrial scale necessitates a constant improvement of 7 at the research level as
well, to provide relevant insights into the operation of these solar cells. Therefore,
a further optimization of the solar cell design presented in this study is highly
desirable. Some steps towards an improved n were derived from a comparison to

similar SHJ solar cells in Sec. 6.2.2. These include:

e a detailed optoelectronic optimization of the ITO layers and their thicknesses
to reduce Aparas due to the free charge carriers, especially considering the

rear-emitter design of the solar cells

e a replacement of the ITO layers by another transparent conductive oxide
(TCO) with lower Aparas like hydrogen doped indium oxide (IOH) or Al-doped
zinc oxide (AZO)

e an optimization of the a-Si:H passivation quality in the as-deposited state
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a reduction of the current density loss due to reflexion by optimization of the

front layer stack and wafer texture

Additionally, the following adjustments and research activities could result in a

higher n:
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the implementation of alternative textures to enhance the light incoupling and
light trapping within the cells, e.g. inverted pyramid textures
an optimization of the <i> a-Si:H passivation layer thicknesses at the front

and the rear of the solar cells to achieve an improvement in F'F or V.

switching to a screen-printed metal grid on the front side to reduce shadow
losses and achieve a competitive aperture area solar energy conversion effi-
ciency (7ap)

an optimization of the rear-emitter layer in the rear-emitter solar cells

the application of <i> a-SiOy:H at the front of the solar cells to enhance the
hole-repelling effect of the <n> FSF layer due to its high valence band offset

upscaling of the solar cell size to reduce edge effects and become more indus-

trially relevant



A. Symbols and abbreviations

Nact

77ap

A

n

pe-Si:H
pe-SiC:H
pe-SiOx:H
He

14

P
o

oD
Teft

A

Aparas

bending

stretching

intrinsic

n-type doped

p-type doped

absorption coefficient

sub-band gap absorption at a photon energy of 1eV
conduction band offset

valence band offset

solar energy conversion efficiency

active area solar energy conversion efficiency
aperture area solar energy conversion efficiency
wavelength

charge carrier mobility

hydrogenated microcrystalline silicon
hydrogenated microcrystalline silicon carbide
hydrogenated microcrystalline silicon oxide
Hall electron mobility

wavenumber

resistivity

electrical conductivity

electrical dark conductivity

effective carrier lifetime

absorptance

parasitic absorptance
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A. Symbols and abbreviations

a-Si:H hydrogenated amorphous silicon

a-SiOx:H  hydrogenated amorphous silicon oxide

AC alternating current
APT atom probe tomography
AR anti-reflection

AZ0O Al-doped zinc oxide
b-Si black silicon

BC back contact

B(CHs)s trimethylborane

BSF back surface field

c-Si crystalline silicon

CH hydrogen content

co oxygen content

COq carbon dioxide

CVD chemical vapor deposition
CZ Czochralski

d thickness

D diffusion coefficient

DC direct current

de electrode spacing

DR diffuse reflectance

DSR differential spectral response
Fos optical band gap

Ec conduction band edge
Ep Fermi level

EFTEM energy filtered transmission electron microscopy

EPFL Ecole Polytechnique Fédérale de Lausanne

EQFE external quantum efficiency
Evy valence band edge

fa(cn,), B(CHs)s gas flow fraction
fco, CO2 gas flow fraction

FF fill factor

fa, Hy gas flow fraction
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frH;
FSF

FTIR
1V4
FZJ
Ho
HF
HIT®
HRTEM
HZB
1

IBC
I
FE
I0H
IPA
IQE
IR
ITO
iVoc
170
Jo
Jact
Jr

Jse
Jse,DSR
k
KOH
LE
LiFy
MgFs
MoOy
mpp

PHj3 gas flow fraction

front surface field

Fourier transform infrared spectroscopy
float-zone

Forschungszentrum Jiillich GmbH
hydrogen

hydrofluoric acid

heterojunction with intrinsic thin layer
high resolution transmission electron microscopy
Helmholtz-Zentrum Berlin fiir Materialien und Energie
electrical current

interdigitated back contact

Raman crystallinity

implied fill factor

hydrogen doped indium oxide

isopropyl alcohol

internal quantum efficiency
intermediate reflector

indium tin oxide

implied open circuit voltage

indium zinc oxide

dark saturation current density

active area current density

current density loss due to reflexion
short circuit current density

integrated short circuit current density from the EQFE spectrum
imaginary part of the refractive index
potassium hydroxide

light exposure

lithium fluoride

magnesium fluoride

molybdenum oxide

maximum power point
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A. Symbols and abbreviations

MWT metal wrap through

n real part of the refractive index
NaOH sodium hydroxide
ne-Si nanocrystalline silicon

nc-SiOx:H hydrogenated nanocrystalline silicon oxide

Ne electron density

NIL nano-imprint lithography

02 oxygen

OPAL 2  freeware program for the optical analysis of the front surface of a solar
cell

P deposition pressure

P deposition power

PDS photothermal deflection spectroscopy

PECVD  plasma enhanced chemical vapor deposition

pFF pseudo fill factor

PH3 phosphine

PLT photoconductance lifetime testing

PV photovoltaic

PVD physical vapor deposition

QSSPC  quasi steady-state photo conductance

R reflectance

RBS Rutherford backscattering spectrometry

Tdep deposition rate

RF radio frequency

Ry series resistance

RT room temperature

S surface recombination velocity

SCOUT  software for the simulation and analysis of optical spectra

SEM scanning electron microscopy
SHJ silicon heterojunction

SiHy silane

SiO9 silicon dioxide

SiOy sub-stoichiometric silicon oxide
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SIPOS
SMU
SnOsy
SR
SWE

ta

TCO
tdep
TEM
TF

TMAH
TPC
TR
Tsub
Uuv
|4
Vbias
Vibuilt
VHF
Voc
WO,

semi-insulating polycrystalline silicon
source measurement unit

tin dioxide

specular reflectance
Staebler-Wronski effect
transmittance

annealing time

annealing temperature
transparent conductive oxide
deposition time

transmission electron microscopy
thin-film

heater temperature
tetramethylammonium hydroxide
transient photo conductance
total reflectance

substrate temperature
ultraviolet

voltage

bias voltage

built in voltage

very high frequency

open circuit voltage

tungsten oxide
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