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Summary

Silicon heterojunction (SHJ) technology is gaining increasing attention due to its low-
temperature and simple fabrication process. Intrinsic hydrogenated amorphous silicon
((9a-Si:H) serves as a passivation layer, providing excellent chemical passivation, while
doped a-Si:H offers good field passivation and selective contact. Thanks to these features,
SHJ has achieved a high conversion efficiency of 27.09%, approaching the theoretical
limit for silicon-based solar cells. However, achieving excellent passivation performance
results in optical and electrical losses, as the band gap of doped a-Si:H causes parasitic
absorption. One strategy to address this issue is to replace the doped layer with transition
metal oxides (TMOs), which can enable selective contact due to their high or low work
functions. Few researchers have integrated TMOs in silicon-based solar cells to replace
silicon-based doped thin films as selective contact layers. Wide-bandgap TMOs improve
the optical performance of the cells. However, interface reaction between TMOs and the
silicon substrate becomes an issue limiting the electronic properties of the device.

In this research, we first present three different interface engineering methods: no
plasma treatment (noPT), plasma treatment (PT), and plasma treatment with boron
(PTB). We applied these methods to SHJ solar cells with MoOy (2.9 < x < 3) as the hole
transport layer (HTL). MoOy thin-film is deposited by thermal evaporation. The methods
were implemented at the MoOy/ (i)a-Si:H interface. Additionally, to address sustainability
concerns related to indium consumption and fully exploit the optical advantages of
MoOy, we propose bifacial SHJ solar cells with MoOy as the HTL to reduce the thickness
indium doped tin oxide (ITO) films. Furthermore, to test the capability of these interface
engineering methods with other TMO materials, we used WOy (2.9 < x < 3) and V,0x (2.9
<x < 3) as the hole transport films in SHJ solar cells. The TMO thin-films are deposited by
thermal evaporation. The specific results are summarized as follows.

Chapter 3 explores using MoOy as a HTL to address these issues. By tailoring the
interface between MoOy and (7)a-Si:H using interface engineering methods, the oxygen
content in MoOy layers has been successfully optimized. The PTB method reduces
the formation of SiOy layer resulting in improved electronic properties and low contact
resistivity. PTB treated samples showed the best performance, with high open-circuit
voltage (Voc) and fill factor (FF). This approach achieved a certified conversion efficiency
of 23.83% with an ultra-thin MoOy layer of 1.7 nm. Notably, a short-circuit current density
(Jsc) above 40 mA/cm? has been achieved.

Chapter 4 explores reducing indium consumption by optimizing n-contacts as elec-
tron collector layer and MoOy as a hole collector layer. Bifacial SHJ solar cells with MoOyx
as the HTL and various electron transport layers (ETL) were fabricated and optimized
using optical simulations. The results showed that bilayer ((n)nc-Si:H/a-Si:H) and trilayer
((mnc-SiOx:H/nc-Si:H/a-Si:H) better than monolayer (a-Si:H) in electronic and optical
performance. The use of ultra-thin transparent conductive oxide (TCO) layers combined
with MgF, as double layer antireflection coatings (DLARC) significantly reduced TCO con-

ix



X Summary

sumption while maintaining high performance. Devices exhibiting 10-nm thick indium
tungsten oxide (IWO) on both side and bilayer n-contact achieved certified efficiencies
of 21.66% and 20.66% when measured from the MoOy and n-contact side, respectively.
This device realizes 90% TCO-reduction. The best-performing bifacial cells exhibited
conversion efficiencies of 23.25% and 22.75% measuring from front and back side, re-
spectively. The bifaciality factor of the champion device is 0.96. It demonstrates over 67%
reduction in TCO usage compared to traditional SHJ solar cells. This study successfully
shows that reducing TCO thickness and optimizing the interface with MoOx can lead to
high-efficiency bifacial SHJ solar cells, contributing to sustainability challenges related to
indium consumption.

Chapter 5 investigates the application of TMOs like WOy, and V, Oy as HTLs combined
with interface engineering methods in SHJ solar cells. The study aims to investigate the
applicability of interface engineering methods to other TMOs. X-ray photoelectron
spectroscopy (XPS) is employed to measure oxygen content and defects within TMO films.
The XPS results demonstrate that PTB resulted in higher oxygen content and fewer oxygen
vacancies. The optimal WOy thickness was found to be 2 nm, achieving a champion
cell with 23.30% efficiency with PTB and improved FF of over 80%. Similarly, with PTB
method, the highest efficiency of 22.04% has been realized with 3-nm thick V,Ox layer.
The PTB method effectively controlled interface reactions, leading to better electronic
properties of TMOs. The study concludes that the PTB method offers suitable interface
conditions for depositing TMOs, enhancing SHJ solar cell performance.

Our findings in this study may provide valuable insights into applying TMOs in SHJ
solar cells to achieve high performance. With optimized interface engineering methods,
we can significantly reduce the optimal thickness of TMOs and achieve world-record
efficiency. Furthermore, by applying TMOs in bifacial SHJ solar cells, we can decrease the
thickness of indium-based TCOs, realizing both high efficiency and high bifaciality factor.
This approach makes it possible to develop sustainable and efficient solar cells.



Samenvatting

Dutch translation by Google translate and modified by Peer Sluijs.

De technologie van silicium-heterojunctie (SHJ) krijgt steeds meer aandacht vanwege
het lage temperatuur en het eenvoudige fabricageproces. Intrinsiek gehydrogeneerd
amorf silicium ((7)a-Si:H) fungeert als een passivatielaag, die uitstekende chemische
passivatie biedt, terwijl gedoteerd a-Si:H goede veldpassivatie en selectief contact biedt.
Dankzij deze eigenschappen heeft SHJ een hoge conversie-efficiéntie van 27,09% bereikt,
wat dicht in de buurt komt van de theoretische limiet voor siliciumgebaseerde zon-
necellen. Het bereiken van uitstekende passivatieresultaten leidt echter tot optische en
elektrische verliezen, aangezien de bandkloof van (p)a-Si:H parasitaire absorptie veroorza-
akt. Een strategie om dit probleem aan te pakken is het vervangen van de gedoteerde
laag door overgangsmetaaloxiden (TMO?s), die selectief contact kunnen mogelijk maken
vanwege hun hoge of lage werkfuncties. Veel onderzoekers hebben TMO’s geintegreerd
in siliciumgebaseerde zonnecellen om siliciumgebaseerde dunne gedoteerde films te
vervangen als selectieve contactlagen. TMO’s met een brede bandkloof verbeteren de
optische prestaties van de cellen. Echter, de interface-reactie tussen TMO’s en het silici-
umsubstraat wordt een probleem dat de elektronische eigenschappen van het apparaat
beperkt.

In dit onderzoek presenteren we eerst drie verschillende interface-engineering meth-
oden: geen plasmabehandeling (noPT), plasmabehandeling (PT) en plasmabehandeling
met boor (PTB). We hebben deze methoden toegepast op SHJ-zonnecellen met MoOy (2.9
<x < 3) als de gatentransportlaag (HTL). De methoden werden geimplementeerd op de
MoOy/(i)a-Si:H interface. ovendien, om de zorgen over de duurzaamheid in verband met
het indium gebruik aan te pakken en volledig te profiteren van de optische voordelen van
MoOy, stellen we bifaciale SHJ-zonnecellen voor met MoOy, als de HTL. Verder, om de ca-
paciteit van deze interface-engineeringmethoden met andere TMO-materialen te testen,
hebben we WOy (2.9 <x< 3) en V»0x (2.9 < x < 3) gebruikt als de gatentransportlagen in
SHJ-zonnecellen. De specifieke resultaten worden als volgt samengevat.

Chapter 3 onderzoekt het gebruik van MoOy als een HTL om deze problemen aan
te pakken. Door de interface tussen MoOx en ()a-Si:H aan te passen met interface-
engineering methoden, is het zuurstofgehalte in MoOy-lagen met succes geoptimaliseerd.
De PTB-methode vermindert de vorming van SiOy-lagen, wat resulteert in verbeterde
elektronische eigenschappen en een lage contactweerstand. PTB-behandelde monsters
vertoonden de beste prestaties, met een hoge open-klemspanning (Voc) en vullingsfactor
(FF). Deze aanpak behaalde een conversie-efficiéntie van 23,83% met een ultradunne
MoOxy-laag van 1,7 nm. Opmerkelijk is dat een kortsluitstroomdichtheid (Jsc) boven 40
mA/cm? is bereikt.

Chapter 4 onderzoekt het verminderen van het indiumverbruik door de n-contacten
te optimaliseren als elektronenverzamelaarlaag en MoOy als een gatverzamelaarlaag.

xi



xii Samenvatting

Bifaciale SHJ-zonnecellen met MoOy als de HTL en verschillende elektronentransportla-
gen (ETL) werden vervaardigd en geoptimaliseerd met behulp van optische simulaties.
De resultaten toonden aan dat de dubbellaags ((n)nc-Si:H/a-Si:H) en drielaag ((n)nc-
SiOx:H/nc-Si:H/a-Si:H) beter presteren dan een enkele laag (a-Si:H) in elektronische en
optische prestaties. Het gebruik van ultradunne transparante geleidende oxide (TCO)-
lagen in combinatie met MgF, als dubbele laag antireflectiecoatings (DLARC) vermin-
derde het TCO-verbruik aanzienlijk, terwijl de prestaties hoog bleven. Apparaten met een
10-nm dikke indium-wolfraamoxide (IWO) aan beide zijden en een dubbellaag n-contact
bereikten gecertificeerde efficiénties van 21,66% en 20,66% wanneer er gemeten wordt
vanaf respectievelijk de MoOx- en n-contactzijde. Dit apparaat realiseerde een vermin-
dering van 90% van het TCO-verbruik. De best presterende bifaciale cellen vertoonden
conversie-efficiénties van 23,25% en 22,75% gemeten vanaf de voor- en achterkant, respec-
tievelijk. De bifacialiteitsfactor van het best presterende apparaat is 0,96. Dit demonstreet
dat er meer dan 67% TCO-verbruik is gereduceerd in vergelijking met traditionele SHJ-
zonnecellen. Deze studie toont met succes aan dat het verminderen van de TCO-dikte en
het optimaliseren van de interface met MoOy kan leiden tot bifaciale SHJ-zonnecellen
met hoge efficiéntie, wat bijdraagt aan duurzaamheidsuitdagingen met betrekking tot het
indiumverbruik.

Chapter 5 onderzoekt de toepassing van TMO’s zoals WOy en V,0y als HTLS, gecom-
bineerd met interface-engineeringmethoden in SHJ-zonnecellen. Het onderzoek richt
zich op de toepasbaarheid van interface-engineeringmethoden voor andere TMO’s. Ront-
genfoto elektronspectroscopie (XPS) wordt gebruikt om het zuurstofgehalte en defecten
in TMO-films te meten. De XPS-resultaten tonen aan dat PTB resulteerde in een hoger
zuurstofgehalte en minder zuurstofvacatures. De optimale WOy-dikte bleek 2 nm te zijn,
waarbij een kampioenscel een efficiéntie van 23,30% bereikte met PTB en een verbeterde
FF van meer dan 80%. Evenzo werd met de PTB-methode de hoogste efficiéntie van
22,04% gerealiseerd met een 3 nm dikke V,0y-laag. De PTB-methode controleerde effec-
tief interface-reacties, wat leidde tot betere elektronische eigenschappen van TMO’s. Het
onderzoek concludeert dat de PTB-methode geschikte interfaceomstandigheden biedt
voor de depositie van TMO’s, wat de prestaties van SHJ-zonnecellen verbetert.

Onze bevindingen in dit onderzoek kunnen waardevolle inzichten bieden in de
toepassing van TMO’s in SHJ-zonnecellen om hoge prestaties te bereiken. Met geop-
timaliseerde interface-engineeringmethoden kunnen we de optimale dikte van TMO'’s
aanzienlijk verminderen en een wereldrecordefficiéntie bereiken. Bovendien kunnen we
door TMO's toe te passen in bifaciale SHJ-zonnecellen de dikte van indiumgebaseerde
TCO’s verminderen, waardoor zowel een hoge efficiéntie als een hoge bifacialiteitsfac-
tor wordt gerealiseerd. Deze aanpak maakt het mogelijk om duurzame en efficiénte
zonnecellen te ontwikkelen.



Nomenclature

Abbreviations
AZ0O aluminum doped zinc oxide
DLARC  double-layer anti-reflection coating
EDX energy dispersive X-Ray spectroscopy
EQE external quantum efficiency
ETL electron transport layer
FBC front/back-contacted
GHG greenhouse gase
GISS Goddard Institute for Space Studies
HTL hole transport layer
IBC interdigitated back contact cell
ITO indium tin oxide (or, tin-doped indium oxide)
WO tungsten-doped indium oxide
LiF lithiumfluoride
MF monofacial
MgF, magnesium fluoride
MoO3 molybdenum oxide
noPT without plasma treatment
PECVD  plasma enhanced chemical vapour deposition
PERC passivated emitter and rear cell
PT plasma treatment
PTB plasma treatment with boron
PV photovoltaic
SHJ silicon heterojunction
STC standard test condition
TAT trap-assisted tunnelling
TCO transparent conductive oxide
TEM transmission electron microscope
TiO, titanium oxide
T™O transition metal oxide
TOPCon tunnel oxide passivated contact
V,05 vanadium oxide
WEF work function, eV
WO3 tungsten oxide
XPS X-ray photoelectron spectrometer
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xiv
Letters
p resistivity, Q cm
o conductivity, S/cm
U carrier mobility, cm?V~1s7!
T carrier relaxation time
A wavelength, nm
a absorption coefficient, cm!
n power conversion efficiency, %
Pc contact resistivity, mQ cm?
¢ bifaciality factor
N carrier density, cm™
A absorptance, %
R reflectance, %
T transmittance, %
n refractive index, -
k extinction coefficient, -
Eg band gap, eV
Ey Urbach energy, meV
Eyac vacuum level energy
Er Fermi energy, eV
E. conduction band energy, eV
An excess carrier density under illumination, cm™
Voc open-circuit voltage, mV

i-Voc implied open-circuit voltage, mV

Jimplied  implied photocurrent density, mAcm>

Jsc short-circuit current density, mAcm™?

Jsceqe  EQE integrated short-circuit current densidy, mAcm 2
FF fill factor, %

Ry sheet resistance, Q/0



Introduction

1.1. Sustainable energy: an urgent path forward

oncerns over climate change are increasing. There are two notable factors: the con-

tinuous increase in global temperatures and the rising intensity of extreme weather
events [1]. Human activities are the primary reason for the events. The activities include
burning of fossil fuels, deforestation, industrial processes and etc. The concentration of
greenhouse gases (GHGs) like carbon dioxide (CO;), methane (CH,4), and nitrous oxide
(N20) in the atmosphere is increasing because of the human activities [2]. Climate change
will result in rising global temperatures, melting ice caps and glaciers, more frequent and
severe weather events, rising sea levels, and disruptions to ecosystems and biodiversity
[3]. Figure 1.1 shows the current global surface temperature compared to the tempera-
tures observed from 1951 to 1980. The cooling areas in Figure 1.1 result from complex
interactions between ocean currents [4], atmospheric circulation [5], aerosol effects [6],
and natural climate variability [7], which can create localized cooling despite the overall
trend of global warming.

The transition from transitional fossil fuels to sustainable energy source is urgent. The
urgent need also drives the development of technologies that utilize sustainable energy. It
is important to reduce GHG emissions to alleviate climate change. Achieving the balance
between emitting carbon and absorbing carbon from the atmosphere is ideal solution to
control the greenhouse gas in the atmosphere. The balance is named as carbon neutrality
or 'net-zero’ carbon emissions [10]. The stated goal in the Paris Agreement is to limit
global warming to 1.5 °C [11]. Achieving carbon neutrality is essential to realize the goal.
There are several strategies that can be adopted to reduce carbon emission. For instance,
this can be achieved through improved insulation of buildings, the adoption of energy-
efficient appliances, and the electrification of industrial processes [12]. Carbon capture
and storage (CCS) technology can help reduce the amount of carbon in the atmosphere.
CCS captures and stores CO; from industrial processes and power generation. So, it may
help to achieve net-zero emissions [13]. Furthermore, sustainable energy is a feasible
alternative to replace traditional energy sources [14]. Renewable energy is obtained from
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Figure 1.1: Goddard Institute for Space Studies (GISS) surface temperature analysis [8] [9].

nature sources. It can be regarded as unlimited energy compare to human time scale. The
renewable energy includes sunlight, wind, rain, tides, waves, and geothermal heat [15].
Unlike fossil fuels, such sustainable energy sources produce little to no greenhouse gases
or pollutants. This property makes them necessary for alleviating climate change and
reducing environmental impact of mankind activities.

1.2. Photovoltaic cell technology

1.2.1. Innovations in photovoltaic cell technologies

There are various technologies to convert sustainable energy into the forms of energy
needed by humans. But Photovoltaic (PV) technology is the dominant technology in
the field. This is because it is easy to realize industrial production at low cost level. The
most important factor is that solar energy as the supply for PV technology is abundant.
The PV effect converts sunlight directly into electricity through solar cells. It was first
discovered in 1839 by Alexander Edmond Becquerel [16]. Over the years, the development
of photovoltaic technology has made remarkable progress. Early solar cells were relatively
inefficient and costly, but huge advances in materials science, manufacturing processes,
and cell design have dramatically increased efficiency and reduced costs.

Among various photoabsorbing materials, crystalline silicon (c-Si) has risen as the
dominant semiconductor for PV applications. The evolution of c-Si solar cell technology
from aluminum back surface field (Al-BSF) to advanced tandem cells with ITI-V and per-
ovskite materials highlights significant strides in enhancing efficiency and performance.
The evaluation of the increasing in the cell efficiency is presented in Figure 1.2.

Initially, Al-BSF cells [18, 19] improved performance with a rear aluminum layer,
achieving efficiencies around 20.29% [20]. While the production process of Al-BSF so-
lar cells is simple, their efficiency is limited by insufficient rear-side passivation. This
was followed by passivated emitter and rear cell (PERC) technology [21], which intro-
duced passivation layers on the rear surface, boosting conversion efficiencies to 22.61%
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Figure 1.2: Best Research-Cell Efficiency Chart [17].

[22]. The world record efficiency of 24.06% has been achieved by LONGi using a bifacial
monocrystalline silicon PERC solar cell [23]. The bifaciality of PERC cell is around 70%.
The development of tunnel oxide passivated contact (TOPCon) cells [24], incorporating a
thin tunnel oxide layer and doped poly-Si, further improved passivation and efficiencies
to 26.89% [25]. Additionally, the bifacial TOPCon cell, with approximately 80% bifaciality,
can generate more electricity than a bifacial PERC cell. Subsequently, silicon heterojunc-
tion (SHJ) cells [26], using amorphous silicon layers for excellent passivation, reached
efficiency up to 27.09% [27]. However, higher manufacturing costs compared to the before
mentioned cells limit its mass production. Interdigitated back contact (IBC) cells [28],
with all electrical contacts at the rear side, minimized shading losses, achieving up to
27.3% efficiency [29]. The most recent development in solar cell technology is c-Si based
tandem solar cells. This technology significantly improves conversion efficiency. The
tandem solar cells combine two photoabsorbing materials with different bandgaps to
minimize thermalization losses. III-V/silicon tandem exhibit conversion efficiency up
t0 36.1% [30]. The most widely studied tandem solar cell device contains perovskite top
cell and a c-Si bottom cell. The absorption spectrum of perovskite/c-Si tandem device is
presented in Figure 1.3.

Perovskite materials are ideal for tandem solar cells due to their high efficiency, tun-
able bandgaps, excellent opto-electronic properties. Besides, perovskite materials can
be produced at low costs, and perovskite film can be deposited on various substrate
[32-34]. Perovskite/silicon tandems have achieved around 34.6% efficiency [29], while
perovskite/organic tandems have reached above 24% [35]. Each technological develop-
ment builds upon the previous innovations. The progresses push the improvement of
photovoltaic efficiency and the reduction of production-cost.

The market shares of various c-Si PV technologies for 2023 and predictions for future
market distribution are presented in Figure 1.4 [36]. In 2023, PERC technology dominates
the market. However, its share is projected to decline steadily over time. Conversely,
TOPCon and SHJ technologies, which start with moderate shares, are expected to maintain
and increase their market presence, respectively. SHJ, in particular, shows a significant
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Figure 1.3: The absorption spectrum of a tandem solar cell based on a c-Si absorber (blue) and a perovskite
(yellow). The AM 1.5G solar spectrum is the background (black line) [31].

growth trend, becoming one of the dominant technologies by 2034 due to its higher
efficiency and better compatibility with perovskite-bottom tandem PV technology. IBC
cells maintain a smaller but steady market share throughout the period. Additionally, Si-
based tandem cells begin gaining market share around 2028 and continue to rise through
2034.
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Among the abovementioned technologies, SHJ solar cells offer many advantages
compared to other silicon solar cells. The advantages make them increase the portion
in the PV industry. One of the key benefits is their high efficiency. The world record
efficiency of single junction c-Si solar cells which is 27.09% has been achieved by SHJ solar
cells [27]. The impressive achievements is due to excellent surface passivation [37] and
high open-circuit voltages of SHJ technology [38]. The thin intrinsic and doped hydro-
genated amorphous silicon (a-Si:H) layers used in SHJ cells provide excellent passivation,
significantly reducing recombination losses. Additionally, SHJ cells can be fabricated
at relatively low temperatures (below 200 °C). The low temperature process minimizes
thermal stress on the silicon wafers. Beside, SHJ technology allows to use thinner wafers,
which can reduce material costs and energy consumption during manufacturing [39-41].
Furthermore, SHJ solar cells are compatible with bifacial structure. The high bifacility
factor of SHJ solar cells enable them to generate more power from light incident on both
the front and back surfaces [42]. They also exhibit excellent long-term stability. Their
resistance to potential-induced degradation and other environmental factors make them
sustained high performance over their life [43]. These benefits make SHJ technology as a
competitive and promising option for the future of PV.

However, despite these advancements, several challenges still limit the mass produc-
tion of SHJ solar cells. These challenges include initial high production costs, mostly
come from the equipment which require working at vacuum condition. Besides, the
high production cost comes from the high consumption of rare materials like silver. The
low-temperature silver paste is widely used in SHJ technology for metallization [44]. A lot
of efforts has been put on reducing production costs by optimizing cell processing, such
as lowering indium and silver consumption and using thinner wafers [44]. Transitioning
to copper metallization has been proposed as a solution to reduce costs and improve
cell efficiency due to copper’s lower cost and better performance, which reduces shading
losses and increases the fill factor [45]. Material and processing challenges involve the
need for materials such as indium doped transparent conductive (TCO) layers [46]. De-
veloping alternatives like aluminum-doped zinc oxide (AZO) and optimizing deposition
techniques can help mitigate these issues [47]. Reducing the thickness of the indium-
doped TCO layer is also a solution to decrease the rate of indium consumption in mass
production of SHJ solar cells [48-50].

Additionally, the conventional silicon-based doped layers are not optically transparent,
especially when applied on the illuminated side of the solar cell. The doped a-Si:H layers
induce parasitic absorption due to their bandgap (~1.7eV). Parasitic absorption in the
intrinsic layer, doped layer, and TCO films results in a current density loss up to 2.1
mA/cm? at the illumination side of solar cells [51]. Additionally, the doping process
itself can be complex and costly, introducing complex deposition optimizations [52].
Concurrently, it is a challenge to achieve p-type hydrogenated silicon thin-films exhibit
high conductivity using plasma enhanced chemical vapour deposition (PECVD). This
is because it requires precise control over deposition conditions [53]. The degradation
caused by the dopant atoms impacts the long-term stability and performance of solar
cells [54]. Furthermore, while hydrogenated nanocrystalline silicon oxide (nc-SiOx:H)
film is essential for achieving high-efficiency SHJ solar cells [55-57], its low deposition
rate limits its feasibility for SHJ mass production [58, 59].
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1.2.2. Dopant-free materials applied in silicon solar cell

A notable advancement within SHJ technology is the use of dopant-free materials that can
act as carrier-selective contacts. Energy band alignment in SHJ solar cells is important
to ensure that photogenerated charge carriers are efficiently separated and collected.
For a successful use of dopant-free material a proper energy band alignment is essential
for efficient charge transport. Dopant-free materials align well with the silicon valence
and conduction bands, minimizing energy barriers and facilitating carrier extraction.
For example, molybdenum trioxide (MoOs3) and divanadium pentaoxide (V,0Os) create
favorable energy band alignments with silicon, enabling efficient hole transport and
collection. These materials have low or high work functions (WFs) that selectively allow
one type of charge carrier (either electrons or holes) to pass while blocking the other. As
an example, MoOs has a high WF (~6.9 eV) that effectively selects holes, while blocking
electrons, forming an efficient hole-selective contact [60].

Aside MoO3 and V,0s, several transition metal oxide (TMO) layers (e.g. titanium
oxide (TiO), tungsten trioxide (MoOs), nickel oxide (NiO,)) along alkali metal fluoride
(AMF) layers (e.g. lithium fluoride (LiF) and magnesium fluoride (MgF,)) have been used
or tested in solar cells. Figure 1.5 illustrates the significant evolution in the conversion
efficiencies of c-Si solar cells through the development and optimization of various HTLs
and ETLs from 2012 to 2024 [61-103].
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Figure 1.5: Evolution of record efficiencies in c-Si solar cells with various non-Si-based hole transport layers
(HTL) on the left and electron transport layers (ETL) on the right. The graphs detail the specific materials used
for HTL and ETL. [61-103]

1.3. Motivation

The integration of TMOs into silicon solar cells is driven by many factors aimed at en-
hancing conversion efficiency. These materials provide compatible benefits in several
perspective. They are becoming an option for advancing solar cell technology.

e Improved optical properties. Dopant-free materials often exhibit high transparency,
reducing parasitic absorption and enhancing light management within the solar cell [41].
The wide band gap of MoOs (~3 eV) ensures high transparency, contributing to higher
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short-circuit current densities (Jsc) by allowing more light to reach the silicon absorber
[104].

* Low-temperature processing. Dopant-free materials can be deposited at low tem-
peratures, making them compatible with the thermal budget of SH]J solar cell fabrication
[105]. This reduces energy consumption. The use of thermally evaporated MoOs as a
hole-selective contact can be processed at temperatures < 200 °C, simplifying fabrication
compared to traditional doping methods [106].

* Cost reduction. A significant benefit of using TMOs in silicon solar cells is cost
reduction. Many TMOs are abundant on earth. In this case, application of TMOs can
reduce the overall manufacturing costs of silicon solar cells. Additionally, TMOs make
them attractive for large-scale production [107, 108]. Beside, many deposition technolo-
gies are compatible to deposit TMOs films. Especially, thermal evaporation exhibits less
complexity. While it involves an additional step, it compensates for the time-consuming
nature of depositing the p-type layer. Compared to PECVD, thermal evaporation offers a
more straightforward and efficient process. These technologies can be easily merged into
existing silicon solar cell fabrication processes [109].

 Simplified device architecture. Dopant-free materials allow for simplifying solar
cell fabrication process, such as IBC designs [110]. These architectures reduce optical
and electrical losses associated with front-side contacts. IBC-SHJ solar cells using MoOs3
and MgF, as dopant-free contacts have achieved efficiencies up to 22% [111]. These
results indicate the potential of TMOs to simplify fabrication process and achieve high
performance solar cells.

* Integration with different solar cell technologies. TMOs are also attractive for their
compatibility with different solar cell technologies. They can be integrated into high
thermal budget solar cells like PERC and TOPCon and low thermal budget solar cells like
SHJ as selective transport layers [112]. TMOs play a crucial role in perovskite tandem
solar cells. They serve as the transition interface between different layers to guarantee
better band alignment and efficient carrier transport [113, 114].

* Tunable opto-electronic properties. The opto-electronic properties of TMOs can be
tailored through modifying the oxygen content in TMOs. The different oxygen content cor-
responding to different WF of TMOs. This characteristic provide the opportunity to design
customized TMO-interfaces and layers that optimize solar cell performance according to
specific needs or applications [115, 116]. This tunability expands the application of TMOs
to meet various requirements of solar cells.

In conclusion, TMOs enhance light management of solar cells and allow for low-
temperature manufacturing. They are abundant, cost-effective, and work well with
existing solar cell technologies, making them suitable for a wider range of applications.
TMOs can be customized for various applications and improving efficiency of solar
cells. Overall, TMOs are important for the future of solar technology because of their
abovementioned advantages.

1.4. Outline of this thesis

This chapter provides a general introduction of the climate change and the request for
sustainable energy source, development of photovoltaic technologies and the current
state of high efficiency silicon heterojunction solar cells. Beside, dopant-free materials




8 1. Introduction

such as TMOs are introduced for application in SHJ solar cells.

Chapter 2 discusses fundamentals of SHJ solar cells including the optical and electrical
properties of TMOs, the most widely utilized deposition approaches and their comparison,
and the challenges that need to be considered when practically integrating TMOs into
solar cells.

Chapter 3 introduces a suitable interface treatment, developed for application of
MoOy in SHJ solar cells, and reports a word record efficiency with 2-nm thick MoOy as
hole transport layer.

Chapter 4 discusses strategies to lower indium consumption by utilizing thinner TCO
and realize high efficiency MoOx-based bifacial SHJ solar cells.

Chapter 5 provides insights on a universal interface engineering method developed
for WOy and VO to realize high efficiency SHJ solar cells integrated with 2-nm thick
WOy or 3-nm thick V,0Ox.

Chapter 6 summarizes this thesis and gives an outlook for the future research on high
performance of SHJ solar cells integrating TMO materials as well as the application of
TMO materials in other fields.

1.5. Main contributions to the field

This work contributes to the SHJ solar cells field in the following aspects:

1. Exploring universal interface engineering method for TMO materials applied
in SHJ solar cells. We explored different interface engineering methods to alleviate the
interface reaction between TMO and (i)a-Si:H via plasma treatment performed in the
same PECVD chamber after the passivation layer deposition. It is worth to note that the
optimized interface engineering method offers a novel approach to control these reactions
and optimize TMO deposition conditions. Using the optimized method, we achieved
record efficiencies for MoOx-, WOx- and V,Ox- based SHJ solar cells, demonstrating its
effectiveness in improving fill factor and conversion efficiency. Additionally, controlling
the oxygen content and WF of TMOs through the optimized method ensures sustainable
and efficient material use, essential for the scalability and economic viability of SHJ solar
cells. The successfully application of optimized method with several TMOs, such as MoOx,
WOy and V, 0Oy indicates its potential applicability to other TMO materials, paving the
way for further high-efficiency solar cell innovations. Moreover, the compatibility of the
plasma treatment with boron (PTB) method with industrial SHJ production lines ensures
these advancements can be adopted in large-scale manufacturing.

2. Unveiling mechanism of the reaction of MoOy and silicon based films. Through
electrical simulations and a series of characterizations of the MoOy/ (i)a-Si:H interface,
we investigated the interface reaction and the impact on the electronic properties of SHJ
devices. We found that a SiOy thin film is found as a result of the interface reaction setting
up a dipole layer, which is the primary contributors to the degradation of electronic
properties of the device. Our research elucidates the underlying reaction mechanisms
and proposes potential strategies to mitigate this degradation.

3. Reducing the use of indium-based TCO in bifacial copper-plated SHJ devices.
Through the innovative use of MoOy as a hole transport layer and the optimization of
n-contact layers, the study achieved conversion efficiencies of over 23% while reducing
IWO layer thickness by more than 67% (from total 225 nm to total 100 nm). This reduc-
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tion addresses the critical issue of indium scarcity, making large-scale production more
sustainable and cost-effective.

4. Demonstrating high bifaciality of MoOy based bifacial SHJ solar cells. By integrat-
ing MoOy as a hole transport layer and optimizing Si-based n-contact layer in bifacial SHJ
solar cells, we maximize the bifaciality factor, highlighting the potential for these cells to
achieve higher energy yields under real outdoor conditions, leading to more efficient and
ecofriendlier solar energy solutions.






TMO in c-Si solar cells:
mechanisms and challenges

2.1. Working principle of TMO materials in SHJ solar cells

s mentioned in the previous chapter, there are several kinds of dopant-free materials.

In this work, we focus on TMOs as the dopant-free materials applied in SHJ solar cells.
TMOs can realize selective carrier transport based on different WFs [109, 117].

ETL materials normally have low WFs [52, 118-120], as indicated by the red dashed
line in Figure 2.1. Band diagram of c-Si/TMOs interfaces are presented in Figure 2.2.
Additionally, ETL materials exhibit a low conduction band offset with c-Si (Ec = 4.1 eV
[121]), while the valence band offset is relatively higher, as presented in Figure 2.2a. With
this property, electrons can be transported from the conduction band of c-Si to the ETL
materials while holes are blocked, thereby selective carrier selectivity [122].
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Figure 2.1: The approximate band alignment between c-Si and TMO materials is illustrated. HTLs are labelled
in green, while ETLs are labelled in red. The WF positions are indicated by green dashed lines for HTLs and
red dashed lines for ETLs, respectively. For reference, the band edges of c-Si are represented by a gray bar
[61, 64, 75, 76, 86, 96, 123-125, 125-139].
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Figure 2.2: Band diagram of different c-Si/TMOs interfaces: (a) n-c-Si/low WF TMO (ETL), (b) n-c-Si/ high
WEF (p-type) TMO (HTL), (c)n-c-Si/high WF (n-type) TMO (HTL), (d) as (c) but with realistic gap states at the
interfaces. This allow in (d) indicates as selective contact layer. The red and green arrows indicate the movement
direction of electrons and holes, respectively. The dashed line indicates the Fermi level.

On the other hand, HTL materials with relatively higher WFs than ETL materials are
classified into two categories: n-type and p-type materials [140]. p-type materials, such
as CoO, NiO, and Cu0, as shown in Figure 2.1, have a large conduction band offset
and a lower valence band offset compared to c-Si. Thus, p-type HTL materials align
with bands of c-Si, enabling selective hole transport from the valence band of c-Si to the
valence band of HTL materials [141]. The transport mechanism is shown in Figure 2.2b.
Conversely, n-type HTL materials, including MoOy [106], V2O [142], WOy [143], ReO3
[130], and CrOs, possess high WFs (> 5.2 eV). The high WF of these materials induces
band bending in c-Si [144], accumulating holes at the TMO/c-Si interface, as depicted
in Figure 2.2c. The conduction band of these TMOs is close to the valence band of c-Si,
ensuring recombination of electron and holes at the interface to generate electricity [145].

Typically, TMO materials tend to react with the substrate [109], such as c-Si, creating
gap states at the interface. Figure 2.2d shows that these gap states facilitate carrier
transport at the interface [146]. Consequently, trap-assisted tunneling (TAT) is utilized
for carrier transport in this context [147].

2.2. TMO materials choice for devices

2.2.1. Original passivation of TMO materials in silicon solar cell
The passivation of silicon surfaces plays an important role in the efficiency of solar cells,
as it minimizes recombination losses and improves charge carrier transport. TMOs have
been investigated as they can provide effective passivation effects and selective carrier
transport properties [148]. This chapter explores the original passivation effects of TMOs.
TMOs provide both chemical and field-effect passivation [140]. Chemical passivation
occurs when TMOs interact with the silicon surface, reducing the density of dangling
bonds that act as recombination centers. This results in enhanced minority carrier
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lifetimes which is critical to achieve high open-circuit voltages. On the other hand, field-
effect passivation generates from the large WF differences between TMO and Si substrate.
These differences generate strong electric fields at the silicon interface and results in
selective transport of electrons or holes while blocking the opposite charge carrier.

Different TMOs exhibit unique properties that make them suitable for specific func-
tions within a solar cell. For instance, MoOx is widely recognized for its high WE making
it an excellent hole-selective contact [69]. V» Oy, another prominent TMO, balances chem-
ical and field-effect passivation effectively, contributing to superior carrier dynamics
in silicon heterojunctions [69]. Similarly, TiOx, with wide bandgaps and high electron
mobility, is ideal for electron-selective contacts.

2.2.2. Electron transport materials

TiOy (2.9 < x < 3) has been studied as the most promising dopant-free ETL [149-151]. The
moderate conduction band offset between TiOy and c-Si supports the selective transport
of electrons. The large valence band offset between TiOx and c-Si blocks holes from
moving towards c-Si/TiOy interface [152]. Figure 1.4 presents the notable conversion
efficiency achieved by silicon solar cells endowed with TiOy as ETL materials. Moreover,
other TiOx-based compound act as ETL also showing favorable electronic properties.
Promising result has been realized with TiOxNy based solar cells. It improves the conver-
sion efficiency by reducing the interface recombination [153]. Other TMOs, including
Zn0 [90], Tay 05 [62], and Nb,Os [154], listed in Figure 2.1, have also been investigated as
ETLs. These materials also have suitable band alignment with c-Si.

2.2.3. Hole transport materials

More options for HTL materials are available compared to the ETL materials listed in
Figure 2.1. These HTL materials can be categorized into n-type and p-type materials. As
mentioned in Section 2.1, p-type HTLs are potential candidates due to their small valence
band offset with c-Si. Currently, only CoO [131], NiOy [155], and Cu,Ox [156] exhibit
promising potential in this scenario. However, the performance of working devices is still
limited by insufficient surface passivation at the TMO/c-Si interface [157].

For n-type TMO materials, promising choices include MoOy [158], WOy [159], and
V,0x [160]. They are also the focus of this thesis. Currently, the record conversion
efficiency of SHJ solar cells featuring a dopant-free HTL, specifically a MoOy hole collector,
is 23.83% [102]. This will be presented in Chapter 3. While the reported conversion
efficiencies regarding other HTL materials are still not satisfied [161].

2.2.4. Interaction of TMO and Si substrate

The most prominent issue limiting the conversion efficiency is the interface reaction
between TMO materials and the substrate [162]. The reaction can be simplified and
express as follow:

TOq+Si=TOq4pp+SiO) @.1)

where T stands for transition metal, TO, stands for stoichiometry TMO, TO,_p, stands
for the non-stoichiometry oxide formed after the reaction, SiOy stands for the silicon
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and oxide compound formed because of the reaction. This issue is due to the inherent
thermodynamic sensitivity of TMO materials [163]. After contacting with c-Si, TMOs
would react with c-Si at the interface. The reaction results in the formation of a thin SiO
layer at the interface and introducing gap states in TMOs as well [164]. The formation
of the SiOy film at the interface is shown in Figure 2.3. When (i)a-Si:H is applied as the
passivation layer in SHJ solar cells, the TMO layer comes into contact with the (i)a-Si:H
layer, leading to a reaction at the TMO/ (i)a-Si:H interface [140]. Furthermore, the oxygen
vacancies created by the interface reaction reduce the average cation oxidation state of
the transition metal elements [165], decreasing the WF of TMO materials and hindering
carrier extraction from the c-Si absorber [166].

(a) (b)

d=22-25nm

(d) - (e)
7
E o
§° é
Bt
3 8 OMo0O,
x4t AMoO, 4 oW
o oMo
= 3 PR el
0 2 4 6 8 0 2 4 6 8

Average Cation Oxidation State

Figure 2.3: HR-TEM images of the TMO/ n-Si heterostructures showing SiOy interlayer between n-Si and (a)
MoOyx, (b) WOx and (c) V2Ox [140]. Plots of WF versus nominal average oxidation state of metal atoms in (d)
MoOx, (e) WOy and (f) V2 Ox [162]. Images from [140, 162]

Prior TMO deposition, there are three solutions to address this issue. First, growing
a SiOy layer is a promising solution to alleviate the interface reaction. A pre-grown
high-quality SiOy layer significantly enhances the performance and thermal stability of
MoOx-passivated contacts in Si solar cells by improving surface passivation, reducing
interfacial defects, and maintaining stoichiometry during thermal treatments. However,
this improvement results in an increase in contact resistivity, indicating the need for
further optimization [167]. Li et al. report that inserting an ultra-thin SiOx tunneling
layer between V,0x and the c-Si surface by suppressing recombination, enhancing the
open-circuit voltage and fill factor, resulting in a power conversion efficiency (PCE) of
21.60% [168].

Another alternative solution is to employ a multilayer of TMO materials as HTL. This
multilayer structure improves electrical and optical properties, enhances carrier transport,
and reduces recombination losses [169, 170]. The V,04/SiOx/NiOyx contact structure
greatly enhances the efficiency and performance of c-Si solar cells by improving hole
selectivity, reducing contact resistivity, and maintaining high surface passivation quality.
The incorporation of an ultra-thin SiOy interlayer is key to these enhancements, leading
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to a record PCE of 22.03% for V,0x-based selective contacts [67]. CrOy is an effective
hole-selective contact material for p-type Si solar cells. It offers low contact resistivity
and improvement in conversion efficiency. The CrOy/Ag/CrOx multilayer structure is
an effective solution as well. The device integrated the structure has achieved a power
conversion efficiency of 20.3% with excellent stability and passivation quality [75].

Last but not least, prior to TMO deposition, (i)a-Si:H is deposited to provide surface
passivation in SHJ solar cells. However, the reaction between TMO and (i)a-Si:H will harm
the passivation quality. Besides, the H inside (i)a-Si:H will cause the O defects in TMO
materials. Annealing the cell precursors improved the cell efficiency to 23.5% [66].

2.3. The opto-electrical properties of TMOs

TMOs are attractive to SHJ solar cells due to their unique optical and electronic properties.
MoOy is particularly notable for its high WF (> 6 eV) and wide bandgap (~ 3 eV). The
wide bandgap contributes to high transparency and low absorption coefficient [171-173].
These properties make MoOy an excellent hole extraction layer to replace traditional
p-type hydrogenated silicon based layers. The electronic structure of MoOs is presented
in Figure 2.4a. It illustrates the local coordination environment around a molybdenum
center in MoOs [174]. The molybdenum atom is surrounded by three nonequivalent types
of oxygen atoms which labeled O(1), O(2), and O(3). The oxygen atoms occupy distinct
crystallographic positions and exhibit different bonding geometries. These unique oxygen
positions give rise to the characteristic wide bandgap and influence the material’s opto-
electronic properties in applications [175]. MoO3, WO3 and V,05 which are the main
focus of this work share similar key features in electronic structure and opto-electronic
properties [176, 177].

The extinction coefficient of several TMO materials is presented in Figure 2.4b. In this
plot, the extinction coefficients (k) of various TMO thin films are shown as a function
of wavelength from the ultraviolet (UV) to the near-infrared (NIR). The transparent n-
type and p-type nc-SiOy are included as well as references. Overall, large k values in
the UV region (around 300 — 400 nm) illustrate strong absorption near the onset of
each material’s bandgap, while orders-of-magnitude decrease in k reveals significant
transparency extending into the visible and NIR regimes. Notably, Nb,Os, Ta,O5 and
TiO, exhibit particularly low k beyond 400 nm, demonstrating their ability as transparent
electrodes and antireflection layers. ZnO and WOj3; also exhibit moderate absorption
and drop at longer wavelengths. Meanwhile, the () and (p) SiOx:H curves generally
underscore higher absorption than TMO films. Comparing to transitional doped nc-
SiOy, these TMO materials are transparent at wavelengths above 500 nm, indicating their
excellent transparency in the visible light range.

Another promising TMO is vanadium oxide (V,Oy), which can also serve as a hole-
selective contact due to its high WF [80, 92, 133]. The performance of V, 0Oy, along with
other TMOs like WO3 and ReO3, is primarily influenced by the presence of oxygen vacan-
cies and the resulting electronic structure. These vacancies can modulate the electronic
properties, improving the hole conductivity and carrier selectivity, which are crucial for
the efficiency of SHJ solar cells [69]. Additionally, the ability to deposit these TMOs at low
temperatures further reduced costs. The combined effect of high WE wide bandgap, and
low-temperature processing makes TMOs as a potential candidate in high-efficiency SHJ
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Figure 2.4: (a) The electronic structure of MoO3 molecule [174]. (b) The extinction coefficient of TMO materials
[178-183].

solar cells [184].

The application of TMOs in silicon solar cell are influenced by many factors during
deposition and post-processing. For instance, the deposition angle influences TMO
properties [173]. The TMO films exhibit increased surface roughness at the condition
of tilted deposition angles of substrate. The changes in surface morphology affect the
TMO’s optical and electronic properties [173, 185]. Additionally, the substrate temper-
ature plays an important role in determining the stoichiometry of TMO materials and
affects the passivation quality at the Si/TMO interface [186]. Furthermore, the deposition
rate and pressure affect their stoichiometry and properties as well. TMOs change to
substoichiometry because of variations in deposition conditions. The sub-stoichiometry
state is attributed to the oxygen vacancies in TMOs [69, 112, 187-189]. Besides, the stoi-
chiometry and WF of TMOs are significantly influenced by film-thickness. Thinner films
may exhibit more defects and a lower WE whereas thicker films can achieve a higher WF
but also have increased resistivity [66, 93, 102, 190, 191].

Moreover, TMOs are highly sensitive to post-treatments. Annealing as commonly
used as post-treatment to influence the properties of TMOs [192-198]. The ambient
environment is another essential condition to be considered. Interactions with humidity
and atmospheric gases from environment can further degrade electronic property of
TMOs over time. The ambient temperature may accelerate these changes [194]. In
addition, TMOs tend to react with substrate materials such as silicon thin films during
or after deposition. This reaction can lead to the formation of silicon oxide, which may
impact the electronic properties of the TMO layer [142, 199]. So, inserting a buffer layer is
crucial to mitigate interface reactions and support the formation of more stoichiometric
TMOs. [167, 200]. Understanding and controlling these factors is crucial for optimizing
the performance of TMOs applied in SHJ solar cells.

TMOs are a great opportunity to enhance the performance of SHJ solar cells due
to their high WFs, wide bandgaps, and transparency in the visible light range. These
properties make TMOs as carrier-selective contacts and enable low-temperature deposi-
tion, reducing fabrication costs. However, their application is limited by factors such as
sensitivity to processing and environmental conditions, which can affect their electronic
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properties. Understanding and controlling these factors are essential for optimizing
TMOs’ performance and reliability in SH]J solar cells.

2.4. TMO deposition technology

Various deposition methods are compatible with TMO materials which can be applied
in SHJ solar cell fabrication process, including vacuum-based techniques like physical
vapor deposition (PVD) and chemical vapor deposition (CVD), as well as atomic layer
deposition (ALD), solution processing, and more recent development such as hot wire
oxidation-sublimation deposition (HWOSD). Each offers distinct benefits regarding film
quality, process scalability, process speed, and cost.

PVD includes thermal evaporation and sputtering. It can provide uniform films with
strong adhesion, and high deposition rate. Most of the TMO films can be deposited with
PVD method [199]. This method enables the fabrication of MoOy layers, which act as HTL
with high transmittance and low absorption [102][66]. Nevertheless, the requirement
for high vacuum levels substantially increases capital and operational expenses, and
upscaling to large-area substrates can be challenging.

CVD is another applicable method to deposit TMO thin films with gas-phase precur-
sors [201]. CVD is recognized for its highly conformal coatings, making it particularly
appealing for flat and textured silicon surfaces in SHJ devices. Plasma enhanced CVD
allows the growth of high-quality TMO thin films directly onto silicon substrates at low
temperatures [202]. However, CVD can be limited by the toxicity and instability of TMO
precursors, in addition to the cost and complexity of the reactor systems required.

Similarly, ALD is another effective method used for depositing. This method is at-
tractive for its excellent conformal and uniform thickness, even on complex or textured
substrates [203]. ALD deposited V,Ox films can provide excellent surface passivation and
low contact resistance in SHJ solar cells [98, 204]. However, the disadvantages of ALD
comes from its low growth rate and high precursor costs, which makes it less favorable for
large-area and high-volume manufacturing.

By contrast, solution-based processing like spin coating is outstanding by low invest-
ment and simple instrumentation [205]. It offers a low-cost method for depositing TMO
films [206, 207]. Besides its scalability for large-area deposition, solution processing often
struggles with film uniformity and may required post-deposition thermal treatments to
improve crystallinity and conductivity [208]. Moreover, issues like film defects, cracking,
and pinholes can arise during solvent evaporation and annealing.

Innovative approaches such as HWOSD are also employed for the deposition of TMOs
in SHJ solar cells [88]. The HWOSD technique has been developed to prepare MoOy thin
films, achieving a power conversion efficiency of 21.10% in SHJ solar cells with a 14-nm
thick MoOx layer as HTL [209]. HWOSD requires lower vacuum demands. Yet it remains
limited by material versatility, stoichiometry control, and scalability.

In summary, the choice of TMO deposition method exerts a profound influence on the
performance of SHJ solar cells. Vacuum-based methods like PVD, CVD, and ALD tend to
yield higher-quality, more uniform layers with well-controlled properties at the expense
of higher costs and more stringent processing conditions. Alternatively, spin-coating
offer a lower-cost route yet may require careful engineering to match the performance of
high-vacuum processes.
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2.5. Architecture of SHJ solar cells with dopant-free HTLs

SHJ solar cell as one of the latest technology exhibit great advancements. It has achieved
high efficiencies through the use of passivating contacts [40]. The front junction and rear
junction are two different configurations. These two designs both present unique benefits
and challenges that influence their performance and industrial applicability [37].

Front junction (FJ) SHJ solar cells position the minority charge carrier collecting
contact at the front of the solar cell absorber [210]. The sketch of FJ-SH]J solar cell is
presented in Figure 2.5a. This configuration has proven effective in simplifying the
manufacturing process and lowering initial costs. One of the primary challenges of this
design is the high parasitic absorption in the front contact layers, especially in case of
(p)a-Si:H due to its high absorption coefficient in the visible spectrum [211]. Despite
these challenges, FJ-SH] solar cells can achieve high efficiencies when high-quality wafers
and excellent surface passivation are utilized.

(a) FJ-SHJ (b) RJ-SHJ
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Figure 2.5: The typical architectures of SHJ solar cells: (a) front junction SHJ; (b) rear junction SHJ; (c) front
junction SHJ exhibiting TMO as HTL.

Rear junction (RJ) SHJ solar cells, on the other hand, place the minority charge carrier
collecting contact at the rear of the solar cell [212]. This allows for the use of less conduc-
tive but more transparent TCOs at the front side, reducing the need for high transparency
in the rear contact materials [213]. Consequently, rear emitter configurations can use
different materials for the rear contact, which can be thicker or more highly doped, po-
tentially improving contact formation and band alignment without affecting the optical
response of the device [214]. In case of monofacial devices, R] is the go-to architecture to
ensure excellent hole collection. Additionally, Si-based n-type layers can easily balance
the trade off between optical and electronic properties. Currently, the RJ structure is
mainstream in industrial production. In conclusion, both front emitter and rear emitter
SHJ solar cells offer distinct advantages and face unique challenges.
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Dopant-free TMOs as the potential carrier selective contacts have been integrated in
SHJ solar cells and achieved promising results [92, 102, 215]. To fully exploit the optical
advantages of TMO materials, the HTL-TMO material is applied at the front side of
the device, resulting in FJ-SHJ structure [66, 123, 216]. The architecture of SHJ solar
cells integrated TMO as HTL is presented in Figure 2.5c. The use of HTL-TMOs in SHJ
solar cells has several advantages. These materials avoid the doping process, thereby
simplified the manufacturing process and reducing the risks of performance degradation
associated with doped layers [217, 218]. High WF TMOs like MoOyx and WOy facilitate
efficient hole collection and significantly lower recombination losses [219]. Moreover,
their high transparency (see Figure 2.4) ensures minimal parasitic absorption losses
[100]. This property is particularly beneficial for front junction configurations where
light management is crucial. The band diagram of the SHJ solar cell integrated TMO as
hole collector (see Figure 2.5¢) is presented in Figure 2.6. This diagram illustrates the
energy band alignment across the different layers of the solar cell. The valence bands
and conduction bands of each layer are highlighted in black and pink, respectively. The
Fermi level (EF) is represented by the dotted line. TMO exhibits high WF which facilitates
efficient hole extraction while blocking electron flow. The band bending at the interfaces
between different layers indicates built-in electric fields which are essential for driving
charge carriers towards their respective electrodes.

n-type c-Si
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i
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Figure 2.6: The band diagram of the front side of SHJ solar cells integrated TMO as HTL. The band diagram was
numerically generated using Sentaurus by Dr. Paul Procel.
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2.6. Conclusion

This chapter gives an overview of the working principles and advantages of TMOs in SHJ
solar cells. TMOs serve as dopant-free selective contact layers due to their high or low
WFs relative to n-type c-Si bulk, enabling efficient selective transport of charge carriers.
High WF TMOs act as hole transport layers (HTLs) could selectively transport holes and
block electrons. On the contrary, low WF TMOs serve as electron transport layers (ETLs)
could selectively transport electrons and block holes.

TMO materials, like MoOx, V2 Oy, WOy, TiOy, ZnO, and Ta, Ox have been explored for
their well band alignment with c-Si. TMOs provide passivation effect by reducing surface
recombination through chemical interactions and field-effect mechanisms. Besides,
these materials help selective carrier extraction, which is important for high-efficiency
solar cells. For instance, MoOy and V,0x have shown promising results as HTLs due to
their high WFs and wide bandgaps. These materials improve carrier selectivity and reduce
parasitic losses in the device.

The opto-electrical properties of TMOs are outstanding. Their high transmittance
and ability to facilitate efficient hole transport while reducing recombination losses in
combination with excellent surface passivation enabled by (i)a-Si:H are crucial for high-
efficiency solar cells.

Various deposition technologies are compatible with TMOs, such as thermal evap-
oration, ALD, PECVD, sputtering, and spin coating. Each method can be incorporated
into existed mass production line. In order to fully exploit the optical potential of TMO
materials, the typical architecture of SHJ solar cells endowed with TMO-HTL is a FJ
architecture.

In conclusion, TMOs are applicable in SHJ solar cells due to their excellent opto-
electronic properties. They can improve efficiency by reducing parasitic absorption and
improving hole transport. These materials are promising candidate for the development
of high-performance solar cells.



23.83% efficiency SH]J solar cells
with ultra-thin MoOy layer
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Abstract

Thin films of transition metal oxides such as MoOy are attractive for application in silicon
heterojunction solar cells for their potential to yield large short-circuit current density.
However, full control of electrical properties of thin MoOy layers must be mastered to
obtain an efficient hole collector. Here we show that the key to control the MoOy layer
quality is the interface between the MoOy and the hydrogenated intrinsic amorphous
silicon passivation layer underneath. By means of ab-initio modeling, we demonstrate a
dipole at such interface and study its minimization in terms of work function variation to
enable high performance hole transport. We apply this knowledge to experimentally tailor
the oxygen content in MoOy by plasma treatments (PTs). PTs act as a barrier to oxygen
diffusion/reaction and result in optimal electrical properties of the MoOy hole collector.
With this approach we can thin down the MoOy thickness to 1.7 nm and demonstrate
short-circuit current density well above 40 mA/cm? and a champion device exhibiting
23.83% conversion efficiency.

*Cao, L., Procel, P, Alcaiiz, A., Yan, J., Tichelaar, E, Ozkol, E., Zhao, Y., Can, H., Yang, G., Yao, Z., Zeman,
M., Santbergen, R., Mazzarella, L. and Isabella, O. (2023). Achieving 23.83% conversion efficiency in silicon
heterojunction solar cell with ultra-thin MoOx hole collector layer via tailoring (i)a-Si:H/MoOx interface.
Progress in Photovoltaics: research and applications, 31(12), 1245-1254. https://doi.org/10.1002/pip.3638
**Cao, L., Procel, P. contribute equally to this work.
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3.1. Introduction

ilicon based solar cells dominate the market of photovoltaics, which hold the highest
S potential for green electricity production [42, 220]. A front/back-contacted architec-
ture combined with silicon heterojunction (SHJ) concept realized a world record efficiency
of 27.09% [29]. However, conventional silicon-based doped layers, which work as carrier-
selective transport layers, are not ideally transparent [51]. Furthermore, misalignment of
the band structure at doped a-Si:H/c-Si interface and doped a-Si:H/transparent conduc-
tive oxide (TCO) interface translates into fill factor losses [221, 222].

Transition metal oxide (TMO) materials have been investigated to circumvent this
fundamental limitation [63, 64, 75, 94, 96, 215]. The interest in TMO thin films stems
mainly from their wide-range tunable work function (WF), electronic properties, and
good transparency, all of which are important for application in SHJ solar cells [105, 223].
Molybdenum oxide (MoOy) as one of the most promising hole transport layers (HTL) has
been well examined [61, 68, 104, 224, 225]. In this respect, different processing methods
have been investigated to exploit the potential of MoOy layers. For instance, MoOy films
have been produced by a solution process using organic precursors followed by thermal
treatment [226], atomic layer deposition [189, 227, 228] and thermal evaporation [189,
229]. Furthermore, SHJ solar cells using MoOy have achieved above 22% efficiency [16],
[19] and, so far, a record performance of 23.5% with the potential for further improvements
[66].

However, several issues occurring at a-Si:H/MoOy interface have been reported
[230, 231]. Most prominently, the formation of a thin SiOy layer during the deposition of
MoOxy has been shown in [66, 68, 224, 232]. Some research reported that the electronic
properties of MoOy are regulated by its oxygen content [120, 164, 233] and by the interfa-
cial condition with its growth substrate. Controlling these aspects is thus crucial for the
effective application of MoOy in high-efficiency solar cells. In particular, several works
attempted to limit the reaction between the MoOy and the intrinsic hydrogenated amor-
phous silicon, (7)a-Si:H, underneath by annealing [66] and by pre-growth of a SiOy layer
[167, 234]. Specifically, a surface treatment on the (i)a-Si:H layer before MoOy deposition
improves solar cell performance [225]. Nevertheless, the fundamental knowledge of the
phenomena occurring at the (i)a-Si:H/MoOy interface and its application for achieving
efficient solar cells devices is not well understood yet.

This work presents a complete study of SH]J solar cells based on MoOx hole collector
from fundamental theory up to device-level integration. We first present a theoretical
framework of MoOy properties depending on silicon-based substrates (i.e. (i)a-Si:H).
Accordingly, we investigate an industry-appealing plasma treatment method to control
the growth of high quality MoOy thin films by achieving an optimal oxygen content. Then,
we evaluate the transport properties of the whole hole contact stack by measuring its
contact resistivity. Finally, we showcase high efficiency heterojunction solar cells with
ultra-thin MoOy films, achieving short-circuit current density equal to 40.2 mA/cm? and,
in the same device, a champion conversion efficiency of 23.83%.
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3.2. Methodology

3.2.1. Experimental
Figure 3.1 shows the flow chart for the manufacturing of MoOy based SH]J solar cell. The
samples were prepared using 4-inch double-side polished n-type FZ wafers with <100>
orientation. The resistivity and thickness of the wafers are 3 + 2 cm and 280 + 20 pum,
respectively. Wafer texturing process was conducted in a TMAH solution with ALKA-
TEX as an additive [235]. Next, the wafers were cleaned using wet-chemical cleaning and
dipping them in 0.55% hydrogen fluoride (HF) for 5 min [235]. Afterwards, the wafers were
loaded into a multi-chamber PECVD equipment for thin-film silicon layers deposition.
Rear side layers consist of (i)/(n)a-Si:H layers stack deposited according to ref [236] [237]
[238] and same deposition conditions were used for all the samples within this work.
Subsequently, (i)a-Si:H layer was deposited on the front side of the samples. In order
to control the growth of high quality MoOy thin films by achieving an optimal oxygen
content, different (i)a-Si:H/MoOy interface treatments were employed to investigate
their effect on MoOy properties. Accordingly, two different conditions were adopted
after depositing (i)a-Si:H: using a highly hydrogen diluted (~170 sccm) gas mixture of
(1) SiH4, Hy, and CO2 namely PT (Plasma Treatment) or (2) SiHy, Hy, CO, and B,Hg
namely PTB (Plasma Treatment with Boron radicals). The inclusion of boron is optimal
for deposition MoOy as successfully demonstrated in our previous work [225]. As it will
be shown in Section 3.3.3, these plasma treatments introduce two layers on top of porous
(i)a-Si:H consisting of a-SiOx:H/a-Si:H. PT and PTB processes used the same pressure
(2.2 mbar) but different power density (76 and 90 mW/ cm?, respectively). Note that we
also fabricated a sample without plasma treatment (i.e. noPT). Then, MoOx layers were
thermally evaporated at a base pressure of 5 x 10~ mbar from a stoichiometric MoO3
powder source at a deposition rate of about 0.1 nm/s. We used a reference front-junction
SHJ sample for comparison purposes featuring 21-nm thick p-layer as reported elsewhere
[58]. After that, optimized 50-nm and 150-nm thick tungsten-doped indium oxide (IWO)
layers were sputtered through a hard mask at front and rear side, respectively, defining six
2x2 cm? solar cells per wafer [239]. The front metal electrode consists of electroplated Cu
fingers at room temperature on top of 200-nm thick thermally evaporated Ag seed layer
[240] [241]. The rear metal electrode was formed by 500-nm thick thermally evaporated
Ag. Finally, 100-nm thick MgF, was e-beam evaporated on the front side as an additional
antireflection coating layer. All abovementioned layer thickness were calculated from the
nominal thickness applying the geometrical factor of 1.7 for a textured surface [242].
Effective minority carrier lifetimes were measured at different steps of the fabrication
by Sinton-120 equipment. Current-voltage characteristics of solar cells were determined
using an AAA-rated Wacom WXS-90S-L12 solar simulator under standard test conditions.
In-house external quantum efficiency (EQE) equipment, operated with photodiode cal-
ibrated at Fraunhofer ISE, was employed to obtain the Jsc gqor. Measuring the spectral
response was performed on a dedicated cell w/o metal grid. Compositional investigation
of MoOy layers was carried out with a ThermoFisher K-Alpha X-ray photoelectron spec-
trometer (XPS) [243] [244]. The XPS uses an Al Ka X-ray source with an energy of 1486.68
eV. The base pressure of the processing chamber is 2x10~° mbar. The measurement was
carried out at room temperature after the high vacuum was obtained. Note that sam-
ples for XPS analysis were prepared using 280 + 20 um flat <111> n-type float-zone (FZ)
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Figure 3.1: Flow chart of solar cells fabrication and cross-sectional sketches of the studied devices.

wafers with the identical processes as reported in Figure 3.1 to mimic the same surface
orientation available at the pyramid facets in solar cells and adapting the deposition time
to achieve the same thicknesses as in textured samples. High-resolution transmission
electron microscope (HR-TEM) combined with energy dispersive X-Ray spectroscopy
(EDX) was employed to evaluate the structure and composition of the contact stack on
lamellas taken from solar cells with higher performance (i.e. cells endowed with 1.7-nm
thick MoOx layers). Finally, contact resistivity (p.) of the contact stack was measured in
samples using double textured p-type <100> FZ wafers (260 + 20 um thick after texturing)
[58]. The schematic structure of these stacks of layers can be found in Figure A.1.

3.2.2. Simulations

We investigated the atomistic phenomena at the Si/MoOy interface by means of first-
principle density functional theory (DFT) calculations via Vienna Ab initio Simulation
Package (VASP). We analyzed the thermodynamically stable orthorhombic a-phase of
molybdenum trioxide. a-MoOj3 crystallizes with four formula units of MoOs in an or-
thorhombic cell with symmetry Pbnm [245]. This makes the unit cell to be composed of 4
Mo atoms and 12 O atoms, with lattice constants a=3.96 A, b =13.85 A and ¢ = 3.70 A. The
structure of molybdenum oxide is based on bilayers oriented perpendicular to the y axis
fastened across that axis by weak van der Waals forces. Each bilayer consists of two sublay-
ers of distorted MoOg octahedra that form edge-sharing zigzag rows along the z direction,
and corner sharing rows along the x direction [246]. These internal interactions are held
by strong covalent and ionic bonds. For silicon, we considered crystals in a cubic diamond
structure with a lattice constant of 5.43 A [247], corresponding to the Fd3m space group
[248]. Its structure can be seen as two interpenetrating face centered cubic sub-lattices
with one sub-lattice displaced from the other by one-quarter of the distance along the
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body diagonal of the cube [121]. All Si atoms are bonded to four equidistant neighbors to
form a tetrahedron. Accordingly, Si is simulated in combination with ¢-MoQOj3 to mimic
the interface between the two materials, based on the Perdew-Burke-Ernzerhof (PBE)
functional. We then calculated the WF of MoOy structures as the difference between the
vacuum potential and the Fermi energy [249]. For the calculation of the dipole formed at
Si/MoOy interface we used the lattice coincidence method [250].

Electrical simulations of SHJ solar cells were carried out using TCAD Sentaurus [251].
The input optical generation profile was obtained by raytracing simulations executed in
GenPro4 [252]. Therefore, a two-dimensional domain of the solar cell (see Figure 3.1) is
considered for the solution of drift-diffusion equations consistently coupled with charge
transport models at heterointerfaces. We accounted models and parameters reported in
ref [147] [253] for c-Si and thin-film silicon. Note that in TCAD we took into consideration
a virtual layer to mimic the interface phenomena resulted from DFT simulations (i.e.
dipole formation) [225][254].

3.3. Results and Discussion

3.3.1. Significance of Si/MoOy interface

Electronic properties of MoOy strongly depend on the oxidation states [164]. Moreover, by
controlling the oxidation-reduction reaction between a substrate and MoOy it is possible
to adjust the WF of MoOy [164]. Accordingly, we theoretically evaluate the Si/MoOy
interface [250]. Figure 3.2a reports the differential charge as function of the position
after the formation of such interface for different oxygen content in MoOy (x in MoOy)
from 3 to 2.875. The curves indicate the charge variation due to the interaction between
the two adjacent materials. We observe that there is an interface region, which does
not accomplish the lattice conditions for Si or MoOx materials. Such a region exhibits
differential charge variation due to interaction between Si and O atoms forming the Si-O
bonds at the interface between Si and MoOy. Interestingly, we observe that the largest
peaks are at the edge of Si lattice (6 A) and MoOx lattice (8.5 A), respectively. Such peaks
exhibit similar magnitudes but opposite charge fulfilling the conditions to form a dipole
[255]. Eventually, the dipole implies potential drops across the interface attenuating the
WEF of MoOy. The magnitude of such dipole decreases for lower oxygen content in MoOy
as shown in the Table A.1. We then calculate the WF of MoOy for different x by simulating
different oxygen deficiencies, that is removing O3 or O2 states. Figure 3.2b shows that
the WF strongly increases as x in MoOy gets closer to 3. In fact, we observe a 2 eV rise
in WF when x in MoOy changes from 2.85 to 3. Looking at experimental evidence in
literature, it is worth noting that the oxygen state of MoOy depends on oxidation potential
of the adjacent layer [166] and deposition conditions [194]. In addition, although the
thickness of MoOy does not directly denotes its oxidation state, there is a clear correlation
between layer thickness and x in MoOy, for which the thicker the MoOx layer is, the
more stoichiometric the resulting material is. This was experimentally observed in MoOy
deposited on different substrates as reported in ref [164].

In this work we are specifically interested in the (i)a-Si:H/MoOy interface. Ideally,
given the abovementioned dependencies, a MoOy film should straightaway exhibit a
certain WF value (anywhere between 5.8 and 7 eV [172] [256] [257] [258] as long as the
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Figure 3.2: (a) Differential charge at the interface between Si and MoOx for different stoichiometry in MoOx.
The inset depicts the cross-sectional view of the Si/MoOy interface and the arrow indicates the 2.5-A thick
interface in which the dipole forms (silicon is represented by light blue atoms while MoOy is represented by
grey atoms for Mo and red atoms for oxygen). (b) Calculated work functions of MoOx as a function of x in MoOx
for different oxygen deficiencies: O3 and O2 removal. The inset depicts the unit cell of MoO3 as modeled in
DFT simulations. (c) Work function profile used to emulate different (i)a-Si:H/MoOy interfaces: reactive (blue
squares) and less reactive (black circles). (d) Simulated conversion efficiency (n) of SHJ with MoOx hole collector
using WF profiles taken from (c) as input. Simulated FF, Jsc and V¢ are shown in Figure A.2.

dipole is formed between the MoOy film and its substrate. That is, a step-like function
for WF as function of MoOy thickness should be ideally established (WF = 0 for thickness
~0 nm and WF = constant for thickness > 0 nm). However, this is not what happens
as the MoOy material grows on a substrate. The approach reported in [225] links the
dependence of MoOy WF on its thickness to the (i)a-Si:H WE the built-in potential at
the (i)a-Si:H/MoOy interface and the attenuation of MoOyx WF due to the presence of
the abovementioned dipole. Based on that approach, we expect that the dependency of
MoOyx WF on its thickness reaches a saturation value which depends on (i) the deposition
process, (ii) the growth condition of MoOy and (iii) the reactivity of the substrate with
oxygen states. In case of silicon substrate, silicon indeed reacts with the oxygen diffused
from MoOy leading to the formation of a thin SiOy layer film at Si/MoOy interface [166].
We illustrate this concept in Figure 3.2c, where a less reactive interface prior the MoOx
deposition would saturate the WF within a 3-nm thick MoOy films [166], while a reactive
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interface would achieve similar WF only for 9-nm thick MoOx films [225]. The reported
trend of the less reactive interface is one of the several possibilities that could be experi-
mentally feasible between the reactive interface case on the one hand and the previously
mentioned ideal WF step function on the other hand. We chose that specific trend with its
saturated WF value at 6.2 eV because, once used in our TCAD-based simulation campaign
to validate our simulation framework, it could explain well both our experimental trends
as well as those in [225] and [66].

So, to evaluate the effect of different (i)a-Si:H interface conditions on SHJ solar cell
performance, we performed TCAD simulations accounting for these two different WF
profiles. After considering the interface dipole and SiOx formation as reported in ref
[225], we obtained the conversion efficiency (1) trends reported in Figure 3.2d as function
of the MoOx thickness. The simulated FF, Jsc and V¢ trends are provided in Figure
A.2. We observe a bell-shaped 1 which is dominated by the FF trend as shown in Figure
A.2 and discussed in [225]. The trend of n demonstrates a maximum value of 24.2%
and 24.9% at around 4 nm and 2 nm MoOx for reactive and less reactive WF profiles,
respectively. Maximum values in each curve result indeed from the trade-off between
WF and interfacial dipole [225]. The interfacial dipole leads to an attenuation of MoOy
WE Accordingly, increasing MoOy thickness amplifies WF but also the WF attenuation.
Note that WF attenuation has a negative impact on the c-Si band bending and energy
alignment within c-Si/ (7)a-Si:H/TCO and thus affects the FF of solar cells as discussed in
[225]. It is possible to achieve the best trade-off between WF and WF attenuation with
thinner MoOx in case of a less reactive surface. We observe that the highest 1 0f 24.9% is
achieved by means of a less reactive interface and for 2-nm thick MoOy. Indeed, interfaces
that are less reactive with oxygen have the potential to improve 77 and minimize the MoOy
layer thickness. To mitigate such oxygen reactivity with silicon molecules and therefore
to control MoOyx WF and dipole formation at Si/MoOy interface, we then proposed in ref
[225] the approach to modify the interface before MoOx deposition by applying a PECVD
plasma treatment on top of (i)a-Si:H layer.

3.3.2. Modification of (i)a-Si:H to control the properties of MoOy

We used two different plasma treatments (PT and PTB) to modify (i)a-Si:H before MoOx
deposition as described in Section 3.2.1. Accordingly, we evaluate the oxygen (O) vacan-
cies in MoOxy films for three different interface conditions: without treatment (noPT),
PT and PTB. Among these interface conditions, we also evaluate oxygen vacancies in
samples with different MoOx thickness: 1, 1.7, 2, 2.9 and 4.1 nm. Additionally, we included
a 20-nm thick MoOy sample as reference. Then, we conducted XPS to evaluate the ele-
mental composition of these samples. Figure 3.3a shows the valence band photoemission
spectra of MoOy. We relate this parameter with the gap states between the Fermi level and
valence band [164] and they are indicated as d1 and d2. The idle oxidation state of Mo
is +6, corresponding to MoOs (see Figure A.2). Instead, the gap states are the dominant
defect resulting in degradation of Mo cation state from +6 to +5 [120] [259]. In general,
we observe that (i) samples with noPT show the highest gap states concentration and
(ii) the gap states signal decreases for samples with thicker MoOy layer. Note that the
20-nm thick MoOy sample exhibits almost no signal of gap states. This is consistent
with observation from Mo core-level spectra as shown in Figure A.2. In fact, according
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to the Mo core-level spectra, we confirm the presence of different Mo oxidation states
(Mo*® and Mo™*9) in different MoOx-thickness films. These results are in agreement with
observations reported in [244] by evaluating Mo oxidation states in MoOx layers grown
onto different reactive substrates [166]. As the Mo*® decreases when the thickness of
MoOx film increases, we can correlate such a reduction to an increase in MoOy WE Thus,
we expect a rise in the WF for thicker MoOy samples [223] [224]. We notice that all three
interface conditions (noPT, PT and PTB) show a similar trend. Also, we see that gap states
signal is lower for PT than PTB and noPT in case of samples with MoOy layer thinner than
2.9 nm. Figure 3.3b shows the O and Mo content calculated from XPS as a function of the
thickness of MoOy samples. In particular, the atomic concentration of O and Mo under
three conditions and for 1-nm thick and 1.7-nm thick MoOy are provided in Table A.2.
In general, we observe that molybdenum content remains the same independently of
the interface condition. However, the O content increases with the layer thickness for
the three different treatments. We noted that O content is the lowest for noPT samples
which indicates that MoOy layers is less stoichiometric compared to PTB and PT cases.
MoOy samples treated with PT exhibit higher oxygen content. This trend is observed
systematically up to 2.9 nm, after this value the effect of PT or PTB is not detectable.
This suggests that noPT samples exhibit interface features allowing oxygen to diffuse
from MoOy. Instead, PTB and PT processes modify the interface preventing the oxygen
diffusion from the MoOy layer. Moreover, looking at the oxygen content of MoOy films
and its relation to the WF reported in ref [260], we expect that samples with PT provide
the highest WF followed by those with PTB and noPT.

3.3.3. The role of oxygen at (i)a-Si:H/MoOy interface

To evaluate the element composition and the morphology of the (i)a-Si:H/MoOy interface,
we conducted HR-TEM and EDX measurements for solar cells fabricated under different
interface conditions (i.e. noPT, PT and PTB) with nominal 1.7-nm thick MoOy layer and
including the IWO as TCO layer. As this thickness yields the best performing solar cells
(see Section 3.3.4), it was chosen for this evaluation. Figure 3.3c shows the EDX map
and the element composition profile of Si, O, Mo, In and W. The origin of depth profiling
analysis was set at the interface between c-Si bulk and the (i)a-Si:H layer (see detailed
cross-sectional TEM images in Figure A.3) and EDX raw data in Figure A.7. Note also that
we evaluate the thickness of each (sub) layer in the supporting information Figure A.3.

We observe that samples with PT and PTB exhibit a thicker Si-rich layer than the
sample with noPT. This suggests that PT and PTB form on the original (i)a-Si:H layer an
interlayer with different interface conditions with respect to the sample with noPT . In case
of PT, as observed in [261] too, we speculate that oxygen radicals do not incorporate in
film incubation phase (~2 nm) under the aforementioned plasma processing conditions.
In case of PTB, the presence of boron radicals in the plasma leads to faster reaction [262]
with oxygen atoms that are incorporated in the film nucleation phase. In this scenario
boron atoms act no longer as a dopant, but as oxidation agent [263]. This is consistent
with XPS and TEM measurements in which boron cannot be detected (see Figure A.4
and Figure A.5). For the noPT sample, we note in both Figure 3.3c and Figure A.4 that
oxygen is extended inside (i)a-Si:H forming an oxygen-rich interlayer at (i)a-Si:H/MoOx
interface. We ascribe the origin of such a sub-layer to the O diffusion from MoOy to the
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Figure 3.3: (a)Valence band spectra of as-deposited MoOy surface for variable thicknesses and noPT, PTB and
PT. d1 and d2 indicate the gap states caused by O vacancies (the inset zooms out these spectra in a wider
binding energy range); (b) the Mo and O content as a function of MoOx thickness under different treatment
calculated from XPS spectra (see Supp.info Figure A.2); (c) EDX and atomic profile of noPT sample (top), PT
sample (middle) and PTB sample (bottom).

interface resulting in 2.2-nm thick SiOy interlayer. The MoOy thickness mentioned later
was calculated from the Mo and In atomic profiles, because these two atomic distributions
have clear boundaries as shown in Figure 3.3c. The overlap area in the Mo and In atomic
profile are ascribed to the intermixing layer [68] formed during IWO-sputtering process.
In this sample, we observe the formation of ~2-nm thick MoOx layer. In the sample with
PT, we note instead the formation of 2-nm thick SiOy interlayer and a ~2-nm thick MoOy
film. The sample with PTB exhibits the formation of a thinner SiOy interlayer (1 nm) at
(9)a-Si:H/MoOy interface and ~2.2-nm thick MoOy film. However, there is an additional
1.5-nm thick a-Si:H and 1.8-nm a-SiOy:H layer above (i)a-Si:H formed during PTB. The
atomic fraction of O, Si and Mo of such interlayers are shown in Figure 3.3c. As mentioned
earlier, we note that Mo diffuses also inside IWO (W-rich) layer for all samples, for which
the element profiles of Mo, O and In (see Figure 3.3c) reveal the formation of a transition
interlayer at the MoO/IWO interface. We suppose the mixing layer is formed during the
IWO deposition process due to the sputtering process. These observations are consistent
with findings reported in ref [68]. Ultimately our elemental process indicates that the
MoOxy layer is affected by two main interfaces - (i)a-Si:H/MoOy and MoOy/IWO - that
concurrently affect the electronic properties of MoOx.

H
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3.3.4. Solar cells’ performance

Finally, we evaluate the solar cell parameters using the nominal 1.7-nm thick MoOy layer
with different interface treatments (noPT, PT and PTB). The external parameters are
reported in Figure 3.4a. We observe that Vo and FF exhibit the highest (719 mV, 80.66%)
and lowest (715 mV, 79.16%) for samples with PTB and noPT, respectively. This result is
consistent with p. values reported in Figure 3.4b and with findings in ref. [167]. In fact,
we observe the lowest p value of 177 mQ-cm? for sample with PTB. NoPT and PT result in
pc in the range of 600 to 1400 mQ-cm?. We can relate that a-Si:H and a-SiOy:H interlayer
formation during PTB process, together with higher oxygen content in MoOy layer, leads
to transport improvement in the contact stack with PTB. We infer that samples with PT
MoOy could exhibit higher WF than samples using PTB due to the higher oxygen content
(see Figure 3.3b). However, we suspect that PTB samples result in the lowest p. due to the
best trade-off between WF and interfacial dipole [225]. Samples with noPT exhibit high
pc due to high oxygen reaction at (i)a-Si:H/MoOy interface together with lower oxygen
content in MoOy (relatively low MoOy WEF) as discussed in the previous section.

We note that the trend is opposite for short circuit current (Jsc) as Figure 3.4a illus-
trates. The samples without any treatment (noPT) yield the highest Jsc). This is ascribed
to the fact that interface modification (i.e. PT and PTB) leads to the growth of ~3-nm thick
interlayer (see Section 3.3.3) which increases the parasitic absorption in samples with
PT and PTB. Such interlayer causes Jsc losses of 0.2 - 0.4 mA/cm? compared to samples
with noPT. Note that XPS and EDX measurements show that PTB does not result in boron
incorporation. In general, 7 follows the trend of V¢ and FF with highest value of 23.83%
for samples with PTB.

As PTB solar cells exhibit the highest efficiency in our study (Figure 3.4c), we evaluate
the effect of MoOy thickness for such treatment. Solar cell performance of devices fabri-
cated with noPT for variable MoOy thickness were investigated in the early development
of this method. Related results reported in our previous work [225] were not encouraging.
To do so, we variate the MoOx layer from 1 to 4 nm. The results are reported in Figure
3.4c. Voc of the devices increases as the thickness of MoOy reaches 1.7 nm and remains
constant at around 719 mV for samples with MoOy thicker than 1.7 nm. FF exhibits a
bell-shape trend with a maximum average value of around 81.5% for 2-nm thick MoOx.
This trend is consistent with theoretical findings in Section 3.1 and p. measurements
reported in Figure 3.4d.

As anticipated, increasing MoOy thickness, Jsc slightly decreases from 40.2 to 39.8
mA/cm? due to parasitic absorption. Furthermore, the EQE of the best MoOy cell com-
pared to the the SHJ counterpart is shown in Figure 3.4e. We observe that the EQE
spectrum exhibits an improvement in light response at wavelength range from 300 nm
to 800 nm corresponding to a gain of 2.77 mA/cm?. We observe that the 7 trend is domi-
nated by the FF. Indeed, the best trade-off between optics and electrical behavior (Jsc vs
FF*Vc) results in an optimal solar cell with 1.7 nm MoOy. Figure 3.5 shows the certified
J-V curve of our best performing solar cell.

3.4. Conclusion

In this work, we identified the fundamental mechanisms for tailoring properties of MoOx
and for its integration in high efficiency SHJ solar cells. Our simulation results revealed
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Figure 3.4: (a) The parameters extracted from J-V curve of solar cells with various interface treatments at 1.7-nm
thick MoOx (the error bar is calculated from 12 solar cells on 4 wafers for noPT, 9 solar cells on 3 wafers for PT and
18 solar cells on 6 wafers for PTB); (b) contact resistivity of different treatments applied before depositing 1.7-nm
thick MoOy; (c) The parameters extracted from J-V curve of solar cells with PTB and various MoOx-thickness
(the error bar is calculated from 6 solar cells on 2 wafers for Ref., 1 nm and 2 nm cases; from 3 solar cells on
1 wafer for 2.9 nm and 4.1 nm cases; from 18 solar cells on 6 wafers for 1.7 nm case); (d) contact resistivity of
different MoOx thickness with PTB, including a p-type layer as reference. (The empty symbols stand for the
standard average value and the standard error bar is calculated from multiple samples; the red star symbol
represents the external parameters of the champion cell). (E) EQE spectra of the reference SHJ solar cell and
champion MoOx solar cell.

that the oxygen content inside MoOy strongly affects the WF and additionally leads to the
formation of a strong dipole at the interface with silicon. Therefore, thickness dependent
WEF profile depends on the diffusion of oxygen from MoOy through (i)a-Si:H. Then, by
controlling the oxygen content in MoOy, we calculated that optimal solar cells are possible
for ~2-nm thick ultra-thin MoOy films because of the trade-off between dipole and MoOy
WE With this observation, we investigated the effect of PT and PTB on MoOx film oxygen
content. By evaluating XPS measurements, we observed that oxygen content in MoOx
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Figure 3.5: ISFH CalTeC certified J-V and P-V curves of our champion cell based on 1.7-nm thick MoOx and
PTB.

layers deposited after PT and PTB conditions is higher than that in MoOy layers deposited
in noPT condition. This finding suggests adjustable WF for PT and PTB samples as
WEF increases with oxygen content in MoOy. HR-TEM and EDX images confirmed the
formation of a SiOy interlayer at (i)a-Si:H/MoOx interface. We noted that samples with
PT and PTB exhibited thinner SiOy interlayer compared with samples with noPT, thus
confirming that PT and PTB indeed reduce the reaction of the (i)a-Si:H/MoOy interface
with oxygen from MoOy. We evaluated the transport of the contact stack in terms of
pc of samples with noPT, PT and PTB. Our measurements revealed a minimal p. = 177
mQ-cm? for a contact stack with PTB and 1.7 nm MoOy. Then, we studied the impact
of the interface treatment and MoOy-thickness on the performance of MoOy-based SHJ
solar cells. Overall, we applied optimal PTB at (i)a-Si:H/MoOy interface and realized a
champion cell with 1.7-nm (2.2-nm measured by TEM) thick MoOy as a hole transport
layer. With 23.83% conversion efficiency and a FF equal to 82.18%, we push further the
performance of TMO materials integrated in c-Si solar cell architectures. Furthermore,
plasma processes applied here (PT and PTB) for reaching high performance solar cells
are compatible with industry SHJ production lines.



Indium reduction in bifacial SHJ
solar cells with MoO, collector
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Abstract

Reduction of indium consumption in transparent conductive oxide (TCO) layers is crucial
for scaling up silicon heterojunction (SHJ) solar cells. We designed and optimized SHJ
solar cells using MoOy hole collectors and ultra-thin TCO layers with optical simulations.
First, bifacial SHJ solar cells with MoOy as the hole transport layer (HTL) and three types
of n-contacts were fabricated with 50-nm thick ITO on both sides. Bilayer (nc-Si:H/a-Si:H)
and trilayer (nc-SiOx:H/nc-Si:H/a-Si:H) n-contacts performed better than monolayer
(a-Si:H) in bifacial SHJ cells. Next, using optical simulations, we optimized SHJ solar cells
with tungsten-doped indium oxide (IWO) and MgF, layers on both sides. Devices with 10-
nm thick IWO and bilayer n-contacts achieved certified efficiency of 21.66% and 20.66%
from MoOy and n-contact sides, respectively. When illuminated from the MoOy side, the
short-circuit current density and fill factor were above 40 mA/cm? and 77%, respectively.
This results in over 90% TCO reduction compared to standard SHJ solar cells. For bifacial
cells with 50-nm thick IWO layers, a champion device with bilayer n-contact achieved a
certified efficiency of 23.25% and 22.75% from MoOy and n-layer sides, respectively, with
a bifaciality factor of 0.98. Using a n-type bilayer stack, the bifaciality factor is above 0.96
and can reach up to 0.99 with a n-type trilayer stack. This results in a TCO reduction of
more than 67%.

*Cao, L., Zhao, Y., Procel Moya, P, Han, C., Kovacevi¢, K., Ozkol, E., Zeman, M., Mazzarella, L., and Isabella, O.
(2024). Indium Reduction in Bifacial Silicon Heterojunction Solar Cells with MoOy Hole Collector. Advanced
Energy and Sustainability Research, 2400105.https://doi.org/10.1002/aesr.202400105
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4.1. Introduction

F ront/back-contacted (FBC) silicon heterojunction (SHJ) solar cells have achieved a
remarkable conversion efficiency of 26.81% [55]. However, the use of critical raw mate-
rials such as indium, silver and bismuth represent a challenge to realize mass production
of SHJ solar cells at the multi-terawatt scale [46]. Especially, the sustainable production
capacity of SHJ solar cells is limited to only 37 GW due to the scarcity of indium supply
[46]. Therefore, mitigating or minimizing the utilization of indium in SHJ solar cells is
crucial to ensure their sustainability for mass production.

Conventionally, the front/rear thickness of transparent conductive oxide (TCO) layers
in SHJ solar cells is between 75 nm and 150 nm, respectively [236]. A TCO layer provides
both lateral and vertical transport for charge carriers and protects the underlying layers
from metal contact. From an optical point of view, TCO ensures light in-coupling for
its thickness-tuneable anti-reflective effect. Furthermore, TCO works as a barrier layer
against copper diffusion when applying copper plating as the metallization method [45].

As reported in the literature, there are three main strategies to reduce In consumption.
The most straightforward solution is to utilize In-free TCOs, such as aluminum-doped
zinc oxide (AZO) [264-266]. However, more efforts are required to reduce the degradation
of FF and to improve the stability of AZO films [267-269]. A second approach is to
develop TCO-free SHJ solar cells [270, 271]. However, the passivation degrades during
metallization process due to lack of a buffer layer. Besides, as the TCO layer contributes
to charge transport, the carrier collection efficiency will decrease in absence of a TCO.
Both passivation degradation and carrier collection require more research effort to fully
optimize this structure [272]. Researchers have worked on minimizing the passivation loss
induced by metallization process through the utilization of a rather thick doped silicon-
based layer. However, this approach resulted in the significant parasitic absorption losses
[270]. Instead of completely removing the TCO layers, a third solution is to reduce the
thickness of TCO layers as compared to typically used TCO thicknesses [49]. Notably,
simply reducing the thickness of the TCO layer, which also serves as the anti-reflection
coating (ARC) and rear reflector in monofacial SHJ solar cells, will result in increased
optical losses in SHJ solar cells. To maintain the good optical response of the solar
cells, thinner-than-standard TCOs on the illuminated side are to be combined with an
additional transparent layer (e.g., magnesium fluoride, MgF,), forming a double-layer
anti-reflection coating (DLARC). The use of DLARC would significantly reduce reflection
losses and improve the current density of the solar cells [37, 48]. Moreover, by inserting a
dielectric layer between the TCO and the metal electrode on the rear side, an efficient back
reflector can be also formed [273]. This is beneficial when reducing the TCO thickness on
the rear side of monofacial SHJ solar cells. In the case of TCO reduction in bifacial SHJ
solar cells, use of DLARCs on both sides of the SHJ solar cells is essential to maintain good
optical response of solar cells [37, 48, 274, 275].

Moreover, it was reported that TCO reduction can be more effectively realized in
bifacial SHJ solar cells as compared to monofacial SHJ solar cells [48, 49], as the thickness
of both front and rear TCO layers can be decreased to at least 50 nm. So, it will reduce the
TCO consumption by 67%. Remarkably, bifacial solar cells could achieve higher annual
energy yield compared to monofacial devices [230], benefiting from the property that
light can be absorbed from both sides of the cells. Therefore, in order to achieve better-



4.2. Experiment 35

performing bifacial solar cells, the optical response of the window layers on both sides of
the solar cell need to be considered. To achieve both high transparency and conductivity
simultaneously, materials such as transition metal oxides (TMO) could be one of the
options [271]. For example, MoOy exhibits higher transparency than silicon-based doped
layers [102] and has proven to be an efficient hole transport layer (HTL) in monofacial SHJ
solar cells [225]. Therefore, MoOy can be used at the front side in bifacial SH]J cells. Besides,
it is also important to minimize parasitic absorption losses originating from the rear sides
of the cells. Silicon-based materials such as doped hydrogenated nanocrystalline silicon
(nc-Si:H) and its alloyed version with oxygen (nc-SiOx:H) are preferred as the electron
transport layer (ETL) on the rear side of SHJ solar cells as compared to typically used
(n)a-Si:H [188, 276-280].

Aiming at reducing indium consumption, we explore the possibility of lowering the
thickness of indium based TCO layer while avoiding degradation in cell performance.
First, we evaluate the performance of bifacial SHJ solar cells featuring various rear-side n-
contact, namely, monolayer (a-Si:H), bilayer (nc-Si:H/a-Si:H), and trilayer (nc-SiOx:H/nc-
Si:H/a-Si:H), combined with MoOy at the front side. Then, the optical and electrical
properties of thin-film IWO deposited on glass substrates with varied thicknesses from 10
nm to 50 nm are assessed. Subsequently, optical simulations are carried out to investigate
the optical potential of bifacial SHJ solar cells utilizing ultra-thin IWO films in combination
with MgF, films to form DLARCs. Eventually, bifacial SHJ solar cells with ultra-thin IWO
films are manufactured and analyzed.

4.2. Experiment

4.2.1. Solar cells with different n-type layers

The samples were prepared using 4-inch double-side-polished n-type float zone (FZ)
wafers with <100> orientation. The resistivity and thickness of the wafers were 3 + 2
Q-cm and 280 + 20 um, respectively. The wafer texturing process was conducted in a
TMAH solution with ALKA-TEX as an additive [240]. Next, the wafers were cleaned using
wet-chemical cleaning and subsequent dipping in 0.55% hydrogen fluoride (HF) for 5
min [235]. Afterwards, the wafers were loaded into a multi-chamber plasma enhanced
chemical vapor deposition (PECVD) equipment for the deposition of thin-film silicon
layers. (i)a-Si:H layers were deposited on both sides of the wafers and three different types
of electron transport layers (ETL) were deposited at the rear side: (i) 4-nm monolayer (n)a-
Si:H, (ii) bilayer with 3 nm (n)nc-Si:H / 2 nm (n)a-Si:H [236], (iii) trilayer with 8nm (n)nc-
SiOx:H / 3 nm (n)nc-Si:H / 2 nm (n)a-Si:H in [58, 238]. Subsequently, (i)a-Si:H layer was
deposited on the front side of the samples. An interface treatment, namely PTB[46], was
introduced during the Plasma-Enhanced Chemical Vapor Deposition (PECVD) process.
This treatment involved the utilization of a gas mixture containing SiH,, H,, CO,, and
B,Hg, which was highly diluted with hydrogen (~170 sccm). PTB was applied prior to the
thermal evaporation of MoOy, more detailed information can be found in our previous
work [225]. After that, optimized TCO layers were sputtered through a hard mask at front
and rear side, respectively, defining six 2 x 2 cm? solar cells per wafer [239]. The front
and rear metal electrode consists of simultaneously electroplated Cu fingers at room
temperature on top of 200-nm thick thermally evaporated Ag seed layer [241]. The width
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of the fingers was 15 um and the pitch between two fingers was 915 um. Finally, MgF»
films were e-beam evaporated on both sides as additional anti-reflection coating layers.

4.2.2, Deposition of IWO films

Corning glasses were used as the substrate for the deposition of IWO films; and they were
cleaned by isopropyl and acetone in a supersonic bath for 10 min each. IWO films were
deposited on cleaned Corning glasses by RF magnetron sputtering technique (Polyteknic
AS) at room temperature. Ar was used as the sputtering gas with a flow of 20 sccm (mixed
with 0.25% O,). The pressure of the deposition chamber was 4.0 x 10~ mbar and the
power density was around 0.8 W/cm?. The target composition of IWO was 95 wt% In, O3
and 5 wt% WO3. The base pressure of the chamber before deposition is below 1 x 1077
mbar. The deposition rate was around 2 nm/min on flat surface. Since the surface of
wafer-based substrates was textured, the deposition time is calculated by multiplying
a geometrical factor of 1.7 based on the deposition time on the flat surface. To cure
the passivation quality damaged by ion bombardment during the sputtering, a post-
annealing treatment was performed in an oven with air atmosphere at 180 °C for 5 min.
Carrier concentration, Hall mobility, and resistivity of the samples were obtained from
Hall Effect measurements.

4.2.3. Characterizations

Effective minority carrier lifetime was measured at different steps of the fabrication flow
chart by Sinton WCT-120 equipment. Current-voltage characteristics of solar cells were
determined using an AAA-rated Wacom WXS-90S-L2 solar simulator under standard test
conditions (STC). A specially designed chuck for bifacial solar cell measurement was
in-house design and realized for bifacial solar cell measurements. In this chuck, a spe-
cialized substrate was utilized which displayed a reflectance of less than 3.5% across the
wavelength range of 700-1200 nm. The substrate’s reflectance and transmittance curves
have been presented in previous work of our lab [241]. By mounting the wafer directly
on this substrate during the J-V measurements, the influence of rear-side illumination
on the front-side measurements was effectively mitigated, with the controlled amount
remaining below 3 W/m? [275]. The J-V data was obtained separately from both sides of
the SHJ devices. In this work, the bifaciality factor (¢) is defined as ¢=nn/ 17p. 1 is the
efficiency measured from the N-side and 7, is the efficiency measured from the P-side.

4.3. Results and discussion

4.3.1. The influence of different n-type layers on cell performance

We first investigated the performance of solar cells fabricated with three different n-
contact depicted in Figure 4.1a, consisting of (i) a monolayer (a-Si:H), (ii) a bilayer (nc-
Si:H/a-Si:H) or (iii) a trilayer (nc-SiOx:H/nc-Si:H/a-Si:H). At this initial stage, we applied
50-nm thick ITO on both sides of bifacial FBC-SH] solar cells. The external parameters
are reported in Figure 4.1b. We measured the solar cells without and with an additional
100-nm thick MgF, to form a DLARC with ITO on both sides of the solar cells. The results
obtained by illuminating the solar cells from MoOy and n-contact are marked as P-side
and N-side, respectively. The results are presented in Figure 4.1b and 4.1c.
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As depicted in Figure 4.1b, prior to the application of MgF,, the open-circuit voltage
(Voc) of the solar cells when illuminated from the P-side is quite similar. However, the
data measured for illumination from the N-side are different due to different n-type layer
stacks. Specifically, the bilayer structure provides better passivation effect compared to
the other two n-contacts [236]. The short-circuit current densities (Jsc) measured from
the P-side share similar values for bilayer and trilayer samples and slightly higher than
the values measured from monolayer samples. The Jsc values measured from N-side are
quite different, which the trilayer samples exhibiting the highest Jsc, followed by bilayer
and monolayer samples. This is attributed to the nc-SiOy:H layer displaying significantly
lower parasitic absorption in comparison to nc-Si:H and a-Si:H layers [236, 280]. On
the other hand, the FF values measured from bilayer samples achieved highest value,
followed by monolayer and then trilayer samples. This may be attributed to the better
electronic properties of the nc-Si:H layer compared to other two layers [236].

After applying the additional MgF, layers, similar trends on V¢ are found for all three
n-contacts. Nevertheless, when solar cells were illuminated from the N-side, their FFs
were slightly higher compared to those illuminated from P-side within each group. These
results demonstrate that the carrier transport property of the N-side is better than the
P-side.

To be more specific, as shown in Figure 4.1b, the bilayer n-type stack exhibits the
highest FF among all n-contacts investigated, then followed by the monolayer (n)a-Si:H,
and lastly, by the trilayer stack. This is mainly due to the rather thick (~ 10 nm) and the less
favorable electrical properties of (n)nc-SiOx:H [236, 237]. The FF is negligibly influenced
by the deposition of MgF,. There is a noticeable variation in Jsc when solar cells were
illuminated from N and P sides within each group. Specifically, the Jsc is generally higher
when the cells are illuminated from the P side compared to when illuminated from N-
side. This can be explained by better transparency of MoOx. When comparing cells with
different n-contacts, we note that the trilayer-stack delivers the best light response of solar
cells, which exhibits average gains of 0.8 and 1.2 mA/cm? as compared to bilayer-stack
and monolayer (n)a-Si:H, respectively.

The ¢ of the devices is calculated and shown in Figure 4.1c. Solar cells with monolayer-
and trilayer-stack exhibit the best bifaciality factor of 0.99, indicating the capability of
realizing higher power generations as compared to monofacial cells. It is noticeable
that the ¢ of few samples featuring monolayer are above 1 which suggest the efficiency
measured from N-side is higher than the P-side. This could be attributed to fluctuations
during fabrication and measurement process. While the ¢ of cells with bilayer-stack is
around 0.96, which is mainly caused by higher FF for the P-side illumination and slightly
lower Jsc for the N-side illumination as compared to the other two types of n-contact.
The champion cell with bilayer-stack exhibits a conversion efficiency of 23.62% when
measured from the Pside (Voc = 715 mV, Jsc = 40.98 mA/cm?, FF = 80.6%) and 22.83%
efficiency from the N side (Voc =714 mV, Jsc = 39.67 mA/ cm?, FF = 80.6%). According
to our findings, bilayer and trilayer stacks exhibit higher conversion efficiency for the
application in bifacial solar cells. Therefore, we will utilize these two n-contact in the
following experiments.
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Figure 4.1: (a) Schematic illustration of bifacial SHJ solar cells with three types of n-layer stacks. (b) The external
parameters of bifacial cells with different n-layer stacks, and (c) the bifaciality factors. All the cells are measured
by illuminating either the MoOx or the n-layer side indicated as P and N, respectively. 12 cells with 50-nm thick
ITO on both sides are included in each box plot.

4.3.2. Optical and electrical properties of IWO
In comparison to ITO films, IWO films demonstrate better light response due to lower
absorption in the wavelength range of interest [239]. As the TCO properties are influenced
by the layer’s thickness [281], to eventually implement ultra-thin TCO layers into solar
cells, the opto-electrical properties of IWO with different thickness are evaluated. The
carrier density (N,), mobility (i), and resistivity (p) of the IWO film exhibit variations
as a function of thickness, as illustrated in Figure 2. The results show that, the N, and p,
increase and the p decreases as the IWO thickness increases.

The correlation between a decrease in p and an increase in thickness could be eluci-
dated by the crystalline structure of the film. According to reported research, an increase
in film thickness is associated with a growth in the grain size of the IWO, resulting in a
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decline of electrical resistivity through more effective doping and a reduction in grain
boundary scattering [282, 283]. Additionally, the enhancement in film crystallinity that oc-
curs with increased thickness is believed to contribute to an increase in p, [282, 284, 285].

After the annealing process step, which was required to recover passivation after
sputtering in our SHJ cell fabrication process, the mobility of IWO layers improved [286]
while the N of these films showed slight decrements. For instance, the N, of 50 nm
thick IWO film decreased from 3.0 x 10%° cm™3 to 2.5 x 10%2° cm™3. The N, decreases
after annealing could be caused by oxygen incorporation [239]. On the other hand, the
Ue increased after annealing especially for 10 and 20-nm thick IWO samples. The p, of
10-nm thick IWO increases significantly from 29 to 34 cm?V~!s™! after annealing. This
phenomenon could be explained by that thinner layer is more sensitive to annealing
[287].The improvement may be more significant when annealing the thin IWO films.
However, p is also increased after annealing. We notice that the p of 10-nm thick IWO
sample increased from 34 x 10™% Q-cm to 62 x 10™% Q-cm. An increase in p and a decrease
in N, will lead to decreased carrier transport efficiency in the device, ultimately affecting
FF values [284, 288].

Furthermore, the electrical properties of the IWO relate to the optical properties [289].
Figure 4.2d shows the complex refractive index (n) and the extinction coefficient (k) as
a function of IWO thickness. Both as-deposited (solid lines) and thermally annealed
(dashed lines) IWO films are plotted.

In terms of the n, the curves generally start at relatively high values for shorter wave-
lengths, followed by a decrease toward longer wavelengths. Such dispersion behavior is
common in TCOs, reflecting both band-to-band transitions and free-carrier contributions
[284, 290]. The samples exhibit generally similar n across the measured spectral range.
Compared with the as-deposited samples, the annealed thicker films (> 20 nm) typically
display a slightly increase in n, indicating reduced porosity and improved crystallinity by
the annealing process [291].

The kis plotted on a logarithmic scale. It reveals the absorption characteristics of IWO
films. At short wavelengths , k can be larger due to band-edge transitions or free-carrier
effects, whereas at longer wavelengths it often drops to very low values (below 1073),
signifying minimal absorption in the near-infrared range [289]. Film thickness also plays
arole, with thicker layers generally showing a slightly higher k in the short-wavelength
region, probably coming from the greater total volume of absorbing material [292]. Cru-
cially, post-deposition annealing tends to reduce k at most wavelengths, reflecting a lower
optical loss. This improvement in transparency is attributed to the passivation of defect
states, improved crystallinity, and a reduction in free-carrier absorption [293].

4.3.3. Optical simulation results with ultra-thin IWO

To investigate the optical potential of our bifacial SHJ solar cells while reducing the
thickness of In-based TCO layers, I performed optical simulations using GenPro4 [252].
The simulation results, shown in Figure 4.3, are based on the schematic structure of the
bifacial SHJ solar cell in Figure 4.1a. To reduce the parasitic absorption losses induced
by ITO films on both sides of solar cells, optimized IWO layers were used instead [48].
Besides, as already demonstrated in [48], bifacial SHJ solar cells with good electrical
performance can be achieved with only 25-nm thick TCO layers when combined with




40 4. Indium reduction in bifacial SHJ solar cells with MoOy collector

(a) B as deposited (b) 36 (C) ES @ asdeposited
3| = annealed ] % 60 <@ annealed
= ]
— = o34 # ) 2 E‘SO
e " 5
G 2 ™ b L 1 -~ 40
o > c
S o N L 4
T A R
< B Q)p
“ 30 ¢
. ‘ @ as deposited 10 ? PN 6
- @ annealed 0
0 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Thickness [nm] Thickness [nm] Thickness [nm]
(d) 1000
IWO thickness [nm] 10 20 30 40 50
2.5 7\ as deposited _— Y — — — 100
annealed
10
2.0 ~
< Bl
X =31 3
S S
£ 15 01 %
o
g :
5] kel
© =1
& 1.0 3]
I 0.001 é
i
1E-4
0.5
1E-5
1 1 1 1 1E_6
400 600 800 1000 1200

Wavelength [nm]

Figure 4.2: (a-c) Carrier density (Ne), mobility (ue) and resistivity (p) as a function of IWO thickness measured
before and after annealing. (d) Complex refractive index of IWO layers with different thicknesses (left axis:
refractive index; right axis: extinction coefficient).

around 100-nm thick SiOx on both sides, forming double-layer anti-reflection coatings
(DLARC). MgF, as an alternative DLARC with lower refractive index comparing to SiO»,
was applied in optical simulation. In the optical simulations, we varied IWO thickness
from 10 nm to 50 nm on both sides of the device as well as the MgF, layer thickness.
The incident light intensities at the P side and N side are 1000 W/ cm? and 200 W/cm?,
respectively [294]. The implied photocurrent density of bifacial cells Jimplied-bifi) was
calculated by summing up the implied photocurrent densities’ (Jimpiiea) contributions
obtained from both sides.

To elucidate the increase of Jimplied (AJimplied) from monofacial to bifacial structures,
we conducted simulations on implied photocurrent density of front side (Jimplied-front) and
implied photocurrent density of the bifacial solar cell with 1.0 Sun illumination at the front
side and 0.2 Sun illumination at the rear side. Results of that simulation campaign are
reported in Figures B.1-B.3. The white star in Figure 4.3 indicates the highest Jinpiied-bifi
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Figure 4.3: Optical simulation results of bifacial solar cells with (a) bilayer n-type stack and (b) trilayer n-type
stack. The white star represents the optimal combination of MgF, thickness on the front and rear side in
combination with fixed front/rear IWO thickness.

and the x and y axis regard the thickness of MgF» on the front and rear side, respectively.

As illustrated in Figure 4.3, the highest Jimplied-bii increases with the increasing of IWO
thickness for both bilayer and trilayer types of (n)-contacts. When using 10-nm thick IWO,
MgF; layers of 110 nm (front) and 120 nm (rear) are needed to maximize the Jimplied-bif
of the bifacial solar cells, reaching a value of 47.8 mA/cm? as shown in Figure 4.3a and
4.3b. The lower maximum Jimplied-bifi Of cells with 10-nm thick IWO as compared to those
with 50-nm thick IWO is due to higher reflectance. Measured reflectance of bifacial solar
cells is presented in Figure B.4. Based on simulation results, we fabricated solar cells with
varying IWO front/rear thickness (10 nm through 50 nm) and correspondingly optimized
MgF, layers on both sides.

Itis noticeable that the thickness of MgF, layer on the front side dominates the current
contribution to the bifacial device, so thickness of MgF, layer on front side should be
carefully optimized. As shown in Figure 4.3, there is much more tolerance in the rear side
MgF, and IWO use.

4.3.4. Ultra-thin IWO layers for bifacial silicon heterojunction solar cells

The external parameters of bifacial solar cells with bilayer n-type stack are reported in
Figure 4.4a. The V¢ of the cells increases with the increase of IWO thickness. A similar
trend is found also for Jsc, FF and 7. The TCO in SHJ solar cells serves a dual purpose. It
does not only function as anti-reflection coating for optical purpose but also facilitates
lateral transport for carriers [147, 267]. IWO is a n-type material, so it might also provide
field effect passivation in solar cells [295]. Consequently, increasing IWO thickness may
potentially enhance V¢, Jsc, FF and 1. However, the FF measured when illuminating
the device through the N-side is slightly higher than the values measured from the P-
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side, demonstrating once more that the carrier transport property of the N-side is better
than that of the P-side [239]. The higher Jsc measured from P-side can be attributed to
better transparency of MoOy [102]. It is worth noting that the Js¢ varied with different
IWO-thickness, consistently with optical simulation results. Thicker IWO provided better
light response. Nevertheless, a decrease in Jsc was observed at 50-nm thick IWO samples.
According to the external quantum efficiency (EQE) measurement as shown in Figure B.5,
we assume this is due to the insufficient MgF, thickness on the rear side.

The external parameters of bifacial solar cells with trilayer n-type stack are plotted
in Figure 4.4b. FF and n have the same trends as the case for bilayer stack samples. The
resistivity and sheet resistance of IWO across various thicknesses are presented in Figure
B.6, where a consistent trend with FF is observed. Consequently, the variations in FF
across different IWO thicknesses can be attributed to changes in resistivity and sheet
resistance. The lower V¢ values measured in this series are most probably caused by
different passivation qualities of the cell precursors. The enhancement of V¢ in 50 nm
case could be ascribed to the higher lifetime of the cell precursor as provided in Figure
B.7. The passivation quality of trilayer samples is generally lower than that of the bilayer
stack samples. This could be linked to a less conductive n-layer close to the c-Si/(i)a-
Si:H interface due to the use of less conductive nc-SiOx:H layer; therefore, field-effect
passivation or the band bending is less efficient. The deposition condition of trilayer is
more aggressive compared to that of bilayer and monolayer samples. As in the bilayer-
stack case, here we also note a decrease of Js¢ value for 30 and 50-nm thick IWO, due to
the insufficient MgF, thickness.

When comparing the N-side-Jsc between the two n-contact, it was observed that
the trilayer-stack had a better light response, showing an average gain of 0.3 mA/cm?
as compared to cells with the bilayer-stack. This gain might be attributed to reduced
reflected light as shown in Figure B.4. However, as previously mentioned, mainly due
to the rather thick stack (~ 10 nm) and the less favorable electrical properties of (n)nc-
SiOx:H, the samples with trilayer-stack exhibit lower FF as compared to those with bilayer
n-type stack.

The optical simulation and experimental results exhibited a strong correlation. The
Jsc increased with thicker IWO layer. It was observed that even with a thickness of only
10 nm for IWO, a decent Jsc can be maintained. However, the FF of the device with
10-nm thick IWO was found to be below 78%, which can be attributed to the high contact
resistivity as illustrated in Figure 4.2 (c) and as well as in reference [281].

The ¢ of the devices is shown in Figure 4.4c and 4.4d. Solar cells with trilayer n-type
stack exhibit the best average bifaciality factor of 0.99, while the bifaciality factor of cells
with bilayer n-type stack is around 0.96. This difference was mainly caused by a larger
variation in Jgc when illuminated from N-side due to the better light response of trilayer
stack comparing to bilayer stack. The champion cell with bilayer n-type stack exhibits
23.25% conversion efficiency when measured from the P-side (Voc =716 mV, Jgc = 39.74
mA/cm?, FF = 81.7%) and 22.75% efficiency from the N-side (Voc =716 mV, Jsc = 38.87
mA/cm?, FF = 81.9%). Figure 4.5 shows the independently certified efficiencies of our
best performing solar cell.
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Figure 4.4: (a) cells exhibit bilayer n-contact and (b) cells exhibit trilayer n-contact are measured by illuminating
either the MoOx layer or the n-contact side corresponding to P-side and N-side, respectively (the gray and
red bars indicate the data measured from the P-side and the N-side of the bifacial cells, respectively). The
conversion efficiencies at N-side and P-side illuminations are used to calculate the bifaciality factor of bifacial
cells with (c) bilayer or (d) trilayer n-contact.

4.4. Conclusion

This study aims to reduce TCO consumption by minimizing TCO thickness in bifacial solar
cells while preserving high solar cell performance. Our study investigated the impact of
different n-contacts and various thicknesses of IWO films on the performance of bifacial
solar cells. We found that bilayer and trilayer stack exhibited higher efficiency compared
to monolayer stack mainly due to better (i) electronic properties of bilayer stack and
(ii) optical properties of trilayer stack. The optical simulation demonstrates that the
integration of thinner IWO layers into bifacial solar cells combined with bilayer and
trilayer stack yields a promising enhancement in light response. Even with only 10-nm
thick IWO, the cells achieve Jsc over 40 mA/cm?. Additionally, by symmetrically applying
IWO and MgF, layers on both sides of the solar cells and reducing the thickness to 10
nm, we achieved certified conversion efficiencies of 21.66% and 20.66% when measured
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Figure 4.5: (a) and (b) certified power conversion efficiency for 50-nm thick IWO cells from N and P side,
respectively.

from the MoOy and n-contact side, respectively, with Jsc and FF values remaining above
40 mA/cm? and 77%. In this way, a reduction of 90% in the usage of IWO compared to
monofacial SHJ solar cells was demonstrated. The certified results are shown in Figure
B.8. For 50-nm thick IWO samples, the champion device within a bilayer-stack achieves
certified conversion efficiencies of 23.25% and 22.75% when characterized from the MoOx
side and the n-layer side, respectively, with a bifaciality factor of 0.98. In general, a bilayer
stack can result in a bifaciality factor above 0.96, which can be further enhanced to 0.99
by switching to a trilayer stack. These findings demonstrate the potential of bilayer and
trilayer stack with IWO films as promising candidates for high-performance bifacial solar
cells sporting more than 90% reduction in usage of TCO.
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This chapter was published in Solar Energy Materials and Solar Cells* [103]

Abstract

Transition metal oxide (TMO) thin films exhibit large bandgap and hold great potential for
enhancing the performance of silicon heterojunction (SHJ) solar cells by increasing the
short-circuit current density significantly. On the other hand, achieving precise control
over the electrical properties of TMO layers is crucial for optimizing their function as
efficient carrier-selective layer. This study demonstrates a general and feasible approach
for manipulating the quality of several TMO films, aimed at enhancing their applicability
in silicon heterojunction (SHJ) solar cells. The core of our method involves precise
engineering of the interface between the TMO film and the underlying hydrogenated
intrinsic amorphous silicon passivation layer by managing the reaction of the TMO on
the surface. X-ray photoelectron spectroscopy spectra demonstrate that our methods can
modify the oxygen content in TMO films, thereby adjusting their electronic properties.
By applying this method, we have successfully fabricated WOx-based SHJ solar cells with
23.30% conversion efficiency and V,Ox-based SHJ solar cells with 22.04% conversion
efficiency, while keeping n-type silicon-based electron-transport layer at the rear side.
This research paves the way for extending such interface engineering methods to other
TMO materials used as hole-transport layers in SHJ solar cells.

*Cao, L., Procel, P, Zhao, Y., Yan, J., Ozkol, E., Kovacevi¢, K., Zeman, M., Mazzarella, L. and Isabella, O. (2024).
Universal method for applying transition metal oxides in silicon heterojunction solar cell. Solar Energy
Materials and Solar Cells, 278 (2024): 113170. https://doi.org/10.1016/j.solmat.2024.113170.
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5.1. Introduction

T he photovoltaic industry is predominantly powered by crystalline silicon-based solar
cells, with silicon heterojunction (SHJ) solar cells achieving world-record conversion
efficiency [55]. In the quest for even higher efficiency and more cost-effective production,
researchers are exploring novel materials whose optical and electrical properties are
comparable or superior to the traditional boron- and phosphorus-doped silicon-based
thin films [61]. Such materials, also known as dopant-free materials, include organic films
[296, 297], metal alkali [73, 298, 299] and transition metal oxides (TMOs) [98, 102, 300—
305]. The dopant-free concept is to state that there is no intentional doping in the
materials. Dopant-free materials have been successfully integrated into silicon solar cells
and have shown promising results. The primary benefit of using dopant-free materials is
their low parasitic absorptance which ascribe to their wide band gap [230]. Additionally,
their deposition rate is faster than that of p-type Si layers [59] and SHJ solar cells can work
efficiently with ultrathin TMO materials, unlike p-type Si layers that require much thicker
films [102]. In recent developments, silicon solar cells featuring dopant-free materials
as carrier-selective layer have achieved efficiencies beyond 23% [64, 66, 92]. Meanwhile
mainstream front/back-contacted (FBC) SHJ solar cells are based on the rear junction
(R]) structure, implying the deployment of the electron-transport layer (ETL) on the front
side [37, 40] and n-type bulk c-Si wafer. However, to profit from the enhanced optical
performance of TMO materials, a TMO-based hole-transport layer (HTL) is used at the
front side of (monofacial) SHJ solar cells, known as the front junction (FJ) structure. We
obtain a notable achievement in Jsc (40.2 mA/cm?) resulting in a 23.83% efficiency by
integrating an ultra-thin MoOy as HTL in FJ-SH]J solar cells [102]. Further, substituting
traditional Si-based carrier-transport layers with MoOx for holes and LiF for electrons
yielded 21.4% efficiency in FBC architecture [100], which was further increased to 23.61%
when integrated into an interdigitated back contact (IBC) architecture [306]. Recently,
22.8% efficiency has been achieved for an FBC RJ-SH] cell featuring MgOx/ZnO:Al and
V,0y as ETL and HTL, respectively [92].

However, the significant potential for improving further cell performance remains
unexplored. Simulation results indicate that under optimized conditions, a SHJ solar
cell featuring doped silicon-based thin films as charge-transport layers can achieve a
conversion efficiency well above 27% [307]. Also using TMOs as charge-transport layers
could increase this efficiency to 26.96% [212] or even more than 27% considering the
deployment of high resistivity wafers [307]. This advantage is primarily attributed to
the wider bandgap of TMO materials, which facilitates an increased Jsc. Nonetheless,
in experimental scenarios, the peak efficiency achieved is still limited to 23.83% [102].
The thermolytic instability of TMOs presents a significant limitation [105, 120]. Although
some tested materials, such as TiNy, exhibit chemical stability [97], most dopant-free
materials tend to be unstable and are adversely affected by neighboring materials [166,
186]. Particularly, in SHJ solar cells, the critical issue involves the reaction between the
TMO and the Si-based layers underneath, forming a thin SiOy film [68, 140, 224, 232]. This
interaction results into (i) an additional dielectric barrier for charges to cross and (ii) an
uncontrolled decrease of the TMO work function, consequently impairing the electronic
performance of the device [120, 164, 167].

Some groups reported on approaches to alleviate the interface reaction of TMOs
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which results in higher conversion efficiency. For instance, the use of a pre-annealing
step can be applied to reduce the hydrogen content from the intrinsic passivation layer,
alleviating the reaction between MoOy and the passivation layer [123]. Notably, inserting
a less reactive layer is another solution. Li et al. show that the efficiency can be improved
by inserting a CrOx buffer layer to protect MoOy [308]. Tong et al. apply a pre-growth
SiOy thin film to prevent the reaction between MoOy and the substrate [167]. Multilayer
structure including AlyTiOx /TiyZnOy/TiOx/ZnO builds up resilience against moisture and
therefore improves the stability of TiOx-based electron-selective contact [309]. Other
works apply thicker TMO (V,04 and WOy) films to realize an appropriate high work
function, but as a downside effect the resistivity of the TMO films increased significantly
resulting in poorer electronic performance of the device [60, 310, 311]. Finally, in our
previous work we proposed a plasma treatment with or without boron (PTB or PT) before
the deposition of MoOy. These treatments have been proven to not be harsh against
(i)a-Si:H [225]. The boron atoms may act as a catalyst to form a favourable interface
layer improving the electronic property of devices. These methods improve the efficiency
significantly in both monofacial [102, 225] and bifacial SHJ solar cells [50].

This contribution aims at showing the applicability of our plasma treatment method
to other TMO materials, namely WOy and V, Oy, to act as HTLs in SHJ solar cells. Initially,
we measure the oxygen content of the TMO films under different interface engineering
methods (noPT, PT and PTB). Subsequently, we study the impact of those methods on the
performance of SHJ solar cells as function of WOy and V,0Ox thicknesses. We ultimately
showcase high-efficiency FJ-SH]J solar cells (23.30% and 22.04%) integrating 2-nm thick
WOy and 3-nm thick V, Oy films, respectively, and n-type Si-based ETL.

5.2. Experimental methods

Figure 5.1 presents the structure of TMO-based FJ-SH]J solar cells. These samples were
fabricated using <100> n-type, double-side polished, 4-inch float-zone (FZ) wafers. The
wafers exhibited a thickness of 280 + 20 um and a resistivity of 3 + 2 Q-cm. For texturing,
the wafers were processed in a tetramethylammonium hydroxide (TMAH) solution, with
ALKA-TEX serving as an additive. The cleaning process entailed a wet chemical treatment,
followed by immersion in a 0.55% hydrogen fluoride (HF) solution for 5 minutes. Sub-
sequently, the wafers were placed into a plasma-enhanced chemical vapor deposition
(PECVD) system for the deposition of thin-film layers. The (i)a-Si:H/(n)a-Si:H stack at
the rear side was kept constant across all solar cells involved in this study [236, 237]. We
used 7-nm thick and 5-nm thick (i)a-Si:H on the front and rear side, respectively. The
(m)a-Si:H on the rear side was 4-nm thick. Subsequently, the deposition of the (j)a-Si:H
and the application of different plasma treatment methods were performed on the front
side. These methods were processed in the PECVD chamber. Three methods were tested
namely, noPT (no treatment), PT (plasma treatment) and PTB (plasma treatment with
boron), which used a gas mixture comprising SiH,, H, CO,, and B,Hg, as provided in
Table C.1. For detailed information on the interface engineering process, readers are
referred to our previous work [102, 225]. Then, TMO thin films (WO and V,0y) were
thermally evaporated under a vacuum pressure of 5x 10~ mbar with thicknesses of 1, 2, 3,
4, and 5 nm. The deposition rate of both TMOs was 0.1 nm/s. The substrate rotated at the
speed of 10 rpm. For comparative analysis, a reference FJ-SHJ solar cell featuring a p-type
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Silayer at the front side was also included; more experimental details about that can be
found elsewhere [58]. Following the TMO deposition, layers of optimized tungsten-doped
indium oxide (IWO) were sputtered onto both the front and rear sides, with thicknesses of
50 nm and 150 nm, respectively [239]. A hard mask was employed to define six 2x2 cm?
solar cells on each wafer during the IWO deposition process. The samples were annealed
at 180 °C for 5 min to recover from the sputtering damage. Following this step, a 100-nm
thick layer of silver was sputtered onto the front side, which was then followed by copper
plating to establish the metallic contact grid [240, 241]. The fingers were 15-um wide with
a pitch of 915 pm. 500 nm of silver was sputtered as the rear metal electrode. Subsequently,
the front side was coated with a 110-nm thick layer of MgF,, serving - together with the
front IWO - as a double antireflection coating. The specified thicknesses were derived
using a nominal calculation, modified by a geometrical factor of 1.7 to consider the lower
deposition rate on textured surface [242].

The effective minority carrier lifetime was measured after each step of the fabrication
process using a Sinton WCT-120. To evaluate the current-voltage (J- V) performance under
standard test conditions an AAA rated Wacom WXS-90S-L2 solar simulator was utilized.
Additionally, in-house external quantum efficiency (EQE) equipment was used to measure
Jsc,eqe- The absorptance spectra were measured on TMO layers deposited on Corning
glass using a PerkinElmer Lambda 1050 system. The sketch of the samples for absorbance
measurement is shown in Figure C.1. Spectral response analyses were conducted on
dedicated cells on the same wafer as other solar cells but without the front metal grid.
For the compositional analysis of the TMO layers, we employed a ThermoFisher Ko X-ray
photoelectron spectrometer (XPS) [244, 312], utilizing an Al Ko X-ray source (1486.68 eV)
within a chamber maintaining a base pressure of 2x10~? mbar. These measurements
were executed at room temperature following the attainment of a high vacuum. Notably,
the XPS sample prepared with identical processes depicted in Figure C.2, using 280 +
20 pm flat <111> n-type float-zone (FZ) wafers to replicate the surface orientation of
the pyramid facets observed in solar cells, with deposition times adjusted to align the
thicknesses with those of textured samples.
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Figure 5.1: Cross-sectional sketch of a TMO-based FJ-SHJ solar cell.
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5.3. Result and discussion
5.3.1. Control the oxygen content of WOy and V,Oy

TMOs exhibit similar properties, particularly where oxygen content influences their work
function [166]. Drawing from observations in prior research [69, 80, 102, 120, 225, 313,
314], we speculate that the influence observed in other TMO materials, such as MoOx,
would similarly affect WOy and V,0y. To demonstrate our speculation, we conduct XPS
analyses to explore the oxygen vacancies in these films. The high-resolution spectra and
the full XPS survey spectra of W and V are reported in Figure C.3 and C.4, respectively.
Additionally, the boron atoms have not been detected through XPS high resolution scan
as shown in Figure C.5. For our experiments, we use films with thicknesses of 2 nm for
WOy and 3 nm for V,0y. These thickness values were chosen based on our previous study,
where we achieved a champion device with 2 nm MoOy [102]. The corresponding valence
band spectra are plotted in Figure 5.2. The shoulder peaks noticeable between 1 eV and
2 eV in the valence band spectra of WOy and V, 0Oy indicate the presence of defects in
the films. The observed defects stem from the TMOs’ instability, leading to interface
reactions between (i)a-Si:H and the TMOs, which result in the formation of a thin SiOyx
film [102]. This process extracts oxygen from TMO molecules, creating oxygen vacancies
in the material and thereby changing their work function [225].
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Figure 5.2: Valence band spectra of as-deposited 2-nm thick WOx and 3-nm thick V, Ox films deposited after
noPT, PTB and PT methods. The inset shows a zoomed view of the spectra between 1 eV and 2 eV binding
energy.

Valence band spectra as provided in Figure 5.2 reveal that V,O-films exhibit higher
peak heights compared to WOy, suggesting that V,Oy contains a larger number of defects,
i.e. oxygen vacancies. This phenomenon can be attributed to the fact that the binding
energy of the W-O bond (> 5.0 eV) [315] exceeds that of the V-O bond (~ 4.3 eV) [316].
Consequently, the V-O bond is weaker resulting in easier oxygen reactions with the
substrate. Defects within TMO films present a dual-edged sword. On the one hand, these




50 5. Universal interface engineering method for applying TMO in SHJ solar cell

defects significantly impact the electronic properties of the device. On the other hand,
these vacancies endow the films with semiconductor properties, specifically facilitating
carrier-selective layer [317, 318]. Nonetheless, an overabundance of oxygen vacancies
may impair carrier transport efficiency [314]. Therefore, it is crucial to identify a TMO
material that establishes a balance between the quantity of oxygen vacancies and its
capacity for selective transport.

To elaborate further, within each category of TMOs, the distinctions in oxygen vacan-
cies may initially appear subtle as shown in Figure 5.2. However, upon closer examination
at an enlarged scale in Figure 5.2, it becomes evident that the PT method results in fewer
oxygen vacancies within the films followed by PTB and noPT cases. To substantiate these
observations, we report the oxygen content within these films extracted from the XPS
survey spectra. The tungsten, vanadium and oxygen content of the films expressed in
percentage are presented in Figure 5.3a and 5.3b, offering quantitative insights into the
variations of oxygen content across different methods. We observe that interface engi-
neering methods significantly affect the oxygen ratio within the films. Specifically, for
both WOy and V,Ox films, the PT samples exhibit the highest oxygen concentrations. The
presence of increased oxygen concentrations in the films correlates with fewer oxygen
vacancies, aligning with the insights obtained from the valence band spectra analysis
discussed above in Figure 5.2.
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Figure 5.3: (a) W and O content, (b) V and O content under different interface engineering methods calculated
from XPS spectra (see Figure C.3 and C.4).

5.3.2. Performance of WOx-based SHJ solar cells

The efficiency of carriers transport within TMO materials is critically dependent on their
work function [319], which is influenced by the internal oxygen content [120]. Moreover,
the thickness of the film plays a crucial role in determining this oxygen content [102, 320,
321]. To understand these dynamics, we have examined the effects of film thickness and
interface engineering methods on solar cell performance. Figure 5.4 shows the external
parameters derived from the J-V curve of solar cells with variable WOy thicknesses and
noPT, PT and PTB methods.

For the devices with noPT as shown in Figure 5.4a-d, we observe that V¢ drops with
thicker WOy films. It is important to mention that the 2-nm samples exhibited a significant
decline in performance, which can be attributed to the reduced minority carrier lifetime
(7) of the cell precursor as shown in Figure C.6. The 7 measured after the deposition of
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WOy dropped more than half of the 7 measured after the PECVD process. The drop may
be attributed to the reaction between WOy and the passivation layer deposited by PECVD.
The higher V¢ measured for the 1-nm thick WO, might be explained by the higher initial
passivation quality (higher 7, see Figure C.6) for this specific precursor. For the fill factor
(FF) we observe a linear increase from 65% up to 78% for a WOy thickness from 1 to 4 nm.
For 5-nm thick WOy the FF drops to 70%. This trend suggests a critical balance between
WOy-thickness and FF, identifying 4 nm as the optimal thickness. The Jsc decreases as
the WOy thickness increases. The absorbance data, shown in Figure C.7a, indicate that
WOy layers absorb short-wavelength light more effectively, with increased absorptance in
thicker layers. For the 5-nm thick sample, the rise in Jsc might be attributed to optimal
combination of antireflection coating. The conversion efficiency (1) is mostly dominated
by the FF trend with the highest 17 of 21.29% measured for 4-nm thick WO film.

For the solar cells fabricated with PT method, we observe an opposite trend with
respect to the V¢ as provided in Figure 5.4e. V¢ increases with thicker WOy films
and arrives at the optimal point at 4 nm with a subsequent decline for 5-nm thick WOx.
During the PT process, thin layers of ())nc-Si:H and (i)nc-SiOx:H are deposited under
rather aggressive PECVD conditions, which may degrade passivation quality [58, 102].
Consequently, V¢ is lower in the case of 1-nm thick WOy for PT compared to noPT.
With increasing WOy thickness, there is an enhancement in the work function of WOy,
which contributes to better carrier selectivity at the interface between c-Si and (i)a-Si:H
[102, 322]. However, the decrease in V¢ for samples featuring WOy thicker than 4 nm
can be ascribed to a dipole formation at (i)a-Si:H/WOy, which penalizes V¢ and FF,
similarly to what was observed on samples using MoOy [102]. Indeed, V¢ and FF exhibit
similar trends as depicted in Figure 5.4e and 5.4f, peaking for an optimal 4-nm thick
WOy layer. This trend, observed also for the noPT case, indicates that the film’s work
function gets higher for thicker WOy layers. However, further thickening the WOy layer
to 5 nm caused a decrease in FF, highlighting the need to balance the work function
and the contact resistivity [66, 102]. Similarly to what was observed for noPT, in Figure
5.4g, the Jsc decreases with the increase of WOy thickness. For the 5-nm thick sample,
the observed rise in Jsc could be attributed to the optimal combination of antireflection
coatings. The 7 trend aligns with those of V¢ and FF, with the highest conversion 7 of
22.27% realized for a 4-nm thick WOy layer.

Finally, we discuss the impact of PTB, shown in Figure 5.4i-1. Voc remains generally
stable but is slightly higher at a thickness of 2 nm. From lowest to higher thickness value,
the FF slightly increases, reaches the highest value at 3 nm, and decreases with further
increased thickness of WOy. The champion FF is over 80%. Compared to noPT and PT
cases, the FF is improved significantly and shows less dependence on the thickness of
WOy. Similarly to the previous cases, Jsc decreases for thicker layers. The optimal 1 of
23.30% is observed at 2 nm. The trend of 1 suggests that the working windows of the
thickness of WOy with PTB is wider than the other two methods.

We can conclude that, across different conditions, V¢ performance differs depend-
ing on the interface engineering method used. The FF generally rises for thicker layers
before decreasing for the thicker film tested demonstrating a trade-off between work
function and contact resistivity. Interestingly the variations of V¢ and FF are much
less impacted by the WOy thickness for the samples with PTB. This could be due to
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Figure 5.4: The parameters extracted from J-V curve of solar cells with different interface engineering methods
and WOx thickness. (a-d) represent the noPT method with black circles; (e-h) represent the PT method with
blue diamonds; (i-1) represent the PTB method with green stars. The horizontal lines indicate average values.

the interface becoming less reactive with WOy after being modified by the PTB method.
Generally, Jsc decreased as the WOy film thickness increased because of parasitic ab-
sorptance. Still,  follows the trend of FF. With PTB and 2-nm thick WOy, we achieve
a champion cell with a conversion efficiency of 23.30%. Similarly to our previous work
[102], it is worth noting that no boron atom is detected through XPS measurement for
PTB samples. The thinner optimal thickness of WOy with PTB comes from the optimal
interface engineering and achieves a good balance between work function and defects of
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the WOy film. We also present the external quantum efficiency (EQE) and J-V curves of
the champion WOy-based and MoOx-based FJ-SHJ devices [102] in Figure 5.5. Addition-
ally, Figure 5.5 showcases the champion RJ-SH]J solar cell with doped layers from our lab
[31]. Remarkably, there is a gain in Jsc (indicated by the green area in Figure 5.5a at short
wavelengths when using TMOs, attributed to reduced parasitic absorptance on the front
side as compared to SHJ solar cells with doped layers.
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Figure 5.5: (a) EQE and (b) J-V curves of champion WOx-based (red), V2 Ox-based (green), MoOx-based (blue)
FJ-SHJ solar cell and RJ-SHJ solar cell with doped layers (black). The green shaded area in (a) represents the
photocurrent density gain when switching solar cell structure from RJ-SHJ endowed with silicon transport layers
to FJ-SHJ endowed with TMO as HTL. In (b) the detailed layer structure of RJ-SH]J solar cell with doped layers is
depicted.

5.3.3. Performance of V,Ox-based SHJ solar cells

We now examine the impact of V,O-thickness and interface engineering methods on
the performance of solar cells, whose parameters, extracted from J-V measurements, are
plotted in Figure 5.6.

As provided in Figure 5.6a-d, a gradual decrease in V¢ with V2O thickness is ob-
served in noPT condition. As previously discussed, TMOs will react with the substrate
which is (9)a-Si:H in this case, forming a SiOy layer. This reaction degrades the passivation
quality provided by the (i)a-Si:H layer. As we observed in WOy samples with noPT method,
we suppose the reaction is related to the thickness of VoOy as well. The thicker layer
may cause a more significant reaction resulting in lower Vc. The higher V¢ at 4 nm
case could be attributed to the high lifetime of the precursor as shown in Figure C.8. Jsc
shows a decline with increased V,Ox thickness. Figure C.7b provides the absorptance
spectra for different thicknesses of VoOy. The absorptance of V,Oy films increases as the
film thickness increases. The increase of Jsc at 5 nm for noPT samples might be caused
by the optimized combination of antireflection coating. The FF decreases with V,0y
thickness, which could be due to increased sheet resistance as the V,Ox layer gets thicker.
7 increased slightly and peaked at 4 nm before decreasing at 5 nm.

Like PT-treated WOy-based SHJ devices, the V¢ of Vo,Ox samples in Figure 5.6e shows
a slight increase with V,0y thickness, except for the 2-nm case, peaking at 4 nm and
then decreasing at 5 nm. The decrease at 5 nm may be ascribed to thicker V,Oy film
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Figure 5.6: The parameters extracted from J-V curve of solar cells with different interface engineering methods
and V;Ox thickness. (a-d) represent the noPT method with black circles; (e-h) represent the PT method with
blue diamonds; (i-1) represent the PTB method with green stars. The short lines indicate average values.

blocking the carrier transport. In Figure 5.6f, FF shows a peak at 4 nm. This phenomenon
can be attributed to the same reasoning as in the WOy case, representing the balance
between carrier selectivity and contact resistivity [66, 102]. Additionally, the increase in
layer thickness leads to a decrease in Jsc due to parasitic absorptance as shown in Figure
5.6g. PT samples show 1 peak at 4 nm thickness, pointing to an optimal thickness for
device performance.

The data of devices manufactured with the PTB method are presented in Figure 5.6i-1.
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Voc shows a slight increase with increasing V, Oy thickness. The interlayer deposited dur-
ing PTB maintains a good balance between passivation degradation caused by interface
reaction and the passivation effect introduced by V»Ox. Jsc decreases with thicker layers.
PTB samples achieve their peak FF at 3 nm, demonstrating improved control of interface
reactions and the electronic properties of the V,Ox layer. 1 follows a similar trend to FF.
The champion cell with n of 22.04%, was obtained for a V,Ox thickness of 3 nm.

The general trends observed in the parameters of V,Ox-based cells resemble those
of WOx-based cells, as discussed in Section 3.2. This similarity suggests that the applied
methods to different TMOs yield comparable results. At the device level, FF is identified
as the predominant factor affecting solar cell performance. PTB samples exhibit the
highest FF at thinner TMO-thickness compared to PT and noPT methods, leading to the
champion devices being achieved using the PTB method for both WOy and V»Ox cases.
Specifically, the ) of V,O-based SHJ solar cells is generally lower than that of WOx-based
cells, primarily due to material properties [171, 312]. The weaker V-O bond contributes
to more severe interface reactions between V,0Oy and substrate [315, 316]. The reaction
generates more defects at the interface which harm the carrier transport. This aligns with
our findings from the valence band spectra analysis as provided in Figure 5.2. Additionally,
we provide the EQE of the champion V,0x-based SH]J solar cells and the SHJ solar cell
with doped layers in Figure 5.5. At short wavelengths, a notable Js¢ gain is observed. This
gain (shown by the green shaded area in Figure 5.5a) is achieved with V, 0Oy, attributed to
reduced parasitic absorptance on the front side compared to SHJ solar cells with doped
layers.

5.4. Conclusion

In this work, we utilized different interface engineering methods (noPT, PT and PTB) to
alleviate the interface reaction of TMO with the substrate. We investigated the effect of
different methods by estimating the TMOs’ oxygen content. From XPS survey spectra,
we observed that oxygen content in TMO layers deposited after PT is higher than that in
TMO layers deposited with PTB and noPT methods. The findings aligned with our previ-
ous results and proved the PTB method able to control and create a suitable deposition
condition for TMOs, ensuring their suitable work function and oxygen content inside the
films. With this observation, further experiments are applied to investigate the impact
of TMO-thickness on cell performance regarding different methods. Overall, we applied
different methods (noPT, PT and PTB) at the (i)a-Si:H/WOy interface and realized a cham-
pion cell with PTB and 2-nm thick WO, HTL. With 23.30% conversion efficiency and FF
equal to 80.80%, we push further the performance of WOy-based SHJ solar cells. Similarly,
we modified the (i)a-Si:H/V, Oy interface with the same methods and realized a champion
cell with PTB and 3-nm thick V,04 HTL, exhibiting 22.04% conversion efficiency and FF
equal to 74.88%. The champion devices achieved in this work and our previous work
are presented in Table 5.1. Our TMO-based FJ-SH]J solar cells’ results reveal that the PTB
is a method that creates an optimal surface condition for the deposition of TMOs and
achieves a desirable equilibrium between the quantity of defects and carrier transport
of the film, leading to the enhanced performance of TMO-based SH]J solar cells. We may
conclude that PTB has the potential to be extended to other TMO materials serving as
HTLs in SHJ solar cells, suggesting a broader applicability of this method in enhancing
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device performance. Furthermore, the PTB method is compatible with industrial SHJ
production lines.

Table 5.1: TMO-based champion SHJ solar cells

TMO | Voc ImV] [ Jsc [mA/cm?®] | FF[%] | 7 [%]
MoOy 721 40.2 822 | 23.83
WOy 718 40.2 80.8 | 23.30
V20y 722 40.7 749 | 22.04




Conclusions and outlook

6.1. Conclusions

T his thesis focuses on integrating TMOs HTL into FJ-SH]J solar cells and developing a
universal interface engineering method to replace the traditional doped p-type silicon
based films to minimize parasitic losses and enhance device performance. Additionally,
the application of HTL-TMOs in bifacial SHJ devices presents an opportunity to reduce
the consumption of indium-based TCO materials. The main conclusions are summarized
as follows.

In Chapter 2, we discussed the working principle of TMOs in SHJ solar cells. The low or
high work function of TMOs induces band bending at TMOs/c-Si interface to ensure the
carrier selective contact. Then, we introduced the studied TMOs working as ETL and HTL
materials. Afterwards, the opto-electrical properties of TMO materials are introduced. We
discussed the challenges of applying TMOs in SHJ solar cells, such as the thermodynamic
instability of TMOs resulting in interface reaction once they contact with a substrate, for
instance c-Si. The thin SiOx which is formed after the interface reaction will limit the
device performance. Several attempts have been tested to alleviate the interface reaction.
At the same time, diverse deposition technologies have been tested to develop TMO
thin-films. The architecture of SHJ solar cells integrated TMOs is introduced. To fully
exploit the optical advantage of HTL-TMOs, the SHJ solar cells may better designed with
FJ architecture.

In Chapter 3, we highlight the world record conversion efficiency achieved by MoOx
based SHJ solar cells. The breakthrough resulted from the strategic optimization of
the interface between the MoOy layer and the (i)a-Si:H passivation layer. This study
highlights the importance of controlling the electrical properties of the MoOy layer to
enhance its performance as a hole collector. This study identifies the dipole layer at the
MoOy/ (i)a-Si:H interface with the help of ab initio modeling and proposes a method to
minimize it. This optimizes the work function variation of MoOx as thin-film grows, which
is critical for high performance hole transport. An experimental method based on plasma
treatment, is used to control the oxygen content in the MoOy layer, which is essential

57
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to maintain its optimal electrical performance. Such process acts as a barrier to oxygen
diffusion, resulting in a high-quality, ultra-thin MoOy layer, which significantly increases
the efficiency of solar cells. These findings not only show significant improvements in
conversion efficiency, but also highlight the compatibility of these advanced processes
with industrial SHJ production lines to facilitate future improvements in photovoltaic
technology.

In Chapter 4, the study on indium reduction in bifacial silicon heterojunction (SHJ)
solar cells with MoOx hole collectors reveals several critical findings for optimizing solar
cell performance while minimizing the use of indium in TCO layers. Initially, bifacial SHJ
cells with different n-contact layers — monolayer ((n)a-Si:H), bilayer ((n)nc-Si:H/(n)a-
Si:H), and trilayer ((n)nc-SiOx:H/(n)nc-Si :H/a-Si:H) — were tested, showing that bilayer
and trilayer configurations outperform monolayer in terms of both electronic and opti-
cal properties. The optical simulations guided the development of solar cells featuring
ultra-thin IWO layers, which, when paired with MgF, to form a DLARC, demonstrated
significant reductions in TCO usage. Remarkably, solar cells with 10-nm thick IWO layers
achieved Jsc exceeding 40 mA/cm? and FF > 77%, representing a 90% reduction in TCO
compared to conventional cells. The bifacial cells with bilayer n-contacts reached conver-
sion efficiencies of 23.25% and 22.75% from the MoOy and n-contact sides, respectively,
with a bifaciality factor of 0.98, further enhancing the performance by using trilayer stacks.
These advancements highlight the potential of bilayer and trilayer stacks with IWO films
to significantly reduce indium consumption while maintaining high-efficiency solar cell
performance.

In Chapter 5, a universal and effective method to improve the performance of SHJ
solar cells by using TMO as the hole transport layer. This study demonstrates a precise
interface engineering method for modifying the TMO/(i)a-Si:H interface to better control
the electrical properties of the TMO layer. By applying this method, we adjusted the
oxygen content which was measured by XPS in the TMO film to optimize its electronic
properties. The oxygen content is critical for its function as a highly efficient hole transport
layer. With this method, we succeeded in manufacturing SHJ solar cells with a conversion
efficiency of 23.30%, using WOx. When using V» Oy, the conversion efficiency is 22.04%.
The results shows the effectiveness of the interface engineering method. More importantly,
the method has the potential to be applied on other TMO materials and improve the
performance of TMO-based devices.

6.2. Outlook

Throughout the writing of this thesis, many ideas arose. The following suggestions could
guide the future development in this research area:

1. Fully TMO-based SH]J solar cells

(i). Same TMO material as HTL and ETL integrated in SHJ solar cells

As we have already discussed in Chapter 3 and Chapter 5, TMO materials exhibit
similar properties. TMOs tend to react with the materials they contact [166]. This reaction
changes the electronic properties of TMOs, with the most significant issue being the
degradation of their work function. We normally regard this issue as a limitation of TMOs
in SHJ devices. TMOs can be used as HTLs because of their high work function. Thus, any
uncertainty in the work function drop can harm solar cell performance by decreasing the
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FF, and previous research has focused on finding suitable ways to alleviate the interface
reaction between TMOs and Si-based substrates (either bulk or thin films). However,
reconsidering the situation, we might see it differently. HTL materials require TMOs with
a high work function, whereas ETLs require TMOs with a low work function as discussed
in Chapter 2 Section 2.2. If we can control the work function of TMO materials, it may
be possible to fabricate SHJ solar cells using the same TMOs as both ETL and HTL. The
device structure is shown in Figure 6.1a.

Matsui et al. reported that ALD-TiOy films have the potential to function as both
ETL and HTL [323]. Their findings show that these layers can be tailored to be either
electron or hole selective based on deposition conditions. Different precursors were used
for ETL-TiOx and HTL-TiOy films. The post-deposition treatments and the work function
of the metal electrode might also influence the electronic property of TiOx film. The study
indicates that carrier selectivity is associated with the induced band bending in the c-Si
absorber, driven by the effective work function difference at the Si/TiOx interface and
the negative fixed charge within the TiOy layer [324]. Therefore, if we can find a suitable
treatment to adjust the work function of MoOy or WOy [325], it will be possible to fabricate
SHJ devices using the same TMO. Another option is to choose a TMO material with a
medium work function (lower than WOy but higher than TiOy) making the adjustment of
the work function easier to achieve.
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Figure 6.1: Cross-sectional sketches of fully TMO-based FJ-SHJ solar cells: (a) same TMO materials as HTL and
ETL; (b) different TMO material as HTL and ETL.

(ii). Different TMO material as HTL and ETL integrated in SHJ solar cells

Double-side dopant-free materials integrated in SHJ solar cells have been studied.
The sketch of SHJ solar cells within dopant-free materials is presented in Figure 6.1B.
Impressive conversion efficiency above 23% has been achieved by applying HTL- and
ETL-TMO in a novel architecture silicon solar cells [64]. The findings indicate that the
potential of TMO materials achieving high efficient solar cells. with the optimized inter-
face engineering method, we may able to further improve the conversion efficiency. Due
to the applicability of the method, it is possible to realize large-scale, low-cost solar cell
industrial production.

2. Towards TCO-free structure TMO based SHJ solar cells

TCO-free SHJ solar cells is a ideal configuration aim to reduce the indium based TCO
and realize sustainable, high-efficiency and cost-effective PV technology [46]. Recent
studies have demonstrated the potential for realizing high-efficiency SHJ solar cells
without the use of TCO layers.
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Researchers have explored alternative materials and treatments to replace TCOs in
monofacial SHJ solar cells. Research has shown that over 22% efficiency can be achieved
by employing lateral conduction in crystalline silicon absorbers and ozone treatments at
the amorphous silicon/metal interface. This method improved passivation, suppressed
metal diffusion, and lowered contact resistivity [270]. An investigation into aluminum-
doped zinc oxide (AZO) as a front electrode resulted in an efficiency of 23.6% with low
contact resistivity. The study demonstrates the potential of indium-free alternatives
for achieving high efficiency in SHJ cells [264]. Another study introduced a TCO-free
and dopant-free asymmetric structure using alkali fluoride/aluminum electron-selective
contacts and TMO/silver hole-selective contacts. This combination decreased charge
carrier recombination and achieved a power conversion efficiency of 22.9% [271].

We have achieved promising result based on bifacial SHJ solar cells with reduced
TCO thickness. In our group, using tin-, fluorine-, and tungsten-doped indium oxide
with optimal thickness, we have achieved efficiencies above 22%. These innovations
demonstrate significant potential for reducing material consumption while maintaining
high efficiency [48]. As demonstrated in Chapter 4, it is possible to achieve over 22%
efficiency with 10-nm thick IWO on both sides of bifacial SHJ solar cells. In this scenario,
we still use a phosphorus-doped silicon-based n-contact layer [50]. If we replace the
traditional n-layer with ETL-TMO materials, it is possible to achieve highly efficient,
TCO-free bifacial SHJ solar cells using HTL-TMO and ETL-TMO.

3. TMO materials in tandem SH]J

TMOs as promising carrier transport layers have been studied for high-efficiency and
stable perovskite solar cells (PSCs). Their tunable electronic properties have attracted re-
searchers to investigate their applicability. Several TMO materials have been successfully
applied in PSCs and improved the conversion efficiency and long-term stability.

V2 0y has proven to be an effective p-type contact material that enables high-quality
perovskite films with significant efficiency. Its high transmittance and potential to achieve
high efficiency make it worth to apply the PSC architecture [326]. NiOy is another TMO
that has been successfully used as an HTL to improve the efficiency and stability of
PSCs. Devices containing the NiOy layer have demonstrated significant resistance to
degradation, which is critical for long-term performance [327]. A simple solution-based
method has been developed to fabricate indium-doped TiOx ETL. Indium doping en-
hances conductivity and band arrangement at the ETL/perovskite interface, resulting in a
steady-state efficiency of up to 19.3% for PSCs. In addition, the steady-state efficiency of
the four-terminal perovskite-silicon tandem cell reaches 24.5%. [328]. The integration of
TMO materials in PSCs significantly improves their efficiency and stability.

SHJ-based two terminal (2-T) perovskite tandem solar cell is an advanced architecture
as high-efficiency solar cell [329]. The combination of perovskite materials exhibit excel-
lent opto-electronic properties with the well-established silicon technology, these tandem
devices are able to exceed the efficiency limits of traditional single-junction silicon solar
cells [330]. This simplified architecture provides a low-cost, high-performance device for
next-generation photovoltaics.

In 2-T structure, there is a layer as recombination layer between perovskite and SHJ.
The recombination layer in SHJ/perovskite tandem solar cells is important for efficient
charge carrier transfer and device performance [331]. Recent research has proved that
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several materials and approaches could significantly enhance the efficiency and stability
of tandem devices [332].

ITO is popular for recombination layers due to its high transparency and low resis-
tivity [333]. Nanocrystalline silicon film applied as recombination junctions enhances
light management and electrical performance in SHJ/perovskite tandem cells. It has
achieved a V¢ of over 1.8 V and a PCE of 21.4% [334]. Organic recombination layers has
achieved a V¢ of 1.96 V and an efficiency of 25.9%. The results indicate its potential
to enhance performance of tandem solar cells [335]. Molecular-level interface engineer-
ing has also shown great potential in optimizing recombination layers. A hybrid hole
transport layer combining NiOy with 2PACz molecules helped uniform deposition and
minimized shunt losses. This innovation led to a certified efficiency of 28.84% in fully
textured SHJ/perovskite tandem cells[336].

Several works have been published where the same TMO material is proposed as
both an ETL and an HTL. WOy is commonly used as an ETL in perovskite solar cells due
to its high electron mobility and conductivity, which enhance electron extraction while
blocking holes [325, 337, 338]. Conversely, in silicon solar cells, WOy is typically used as
an HTL because of its high WF [159, 300]. TiOy is another material commonly employed
as an ETL in silicon and perovskite solar cells [150, 328, 339]. By modifying its properties,
TiOy can also serve as an HTL in SHJ solar cells [323, 340]. High WF HTLs like MoOy, V0Ox,
and WOy can form RJ in SHJ solar cells by enabling B2B or TAT tunneling at the c-Si/HTL
or (i)a-Si:H/HTL interface. These materials naturally create R] when deposited on c-Si or
(7)a-Si:H. Meanwhile, they provide efficient charge recombination [341]. Additionally, the
ETL of the top cell can be directly deposited on them. For instance, in organic tandem
device, the ETL of the top cell can directly deposit on MoOx. In this case, the RJ is formed
at the ETL/HTL interface [342].
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Figure 6.2: Cross-sectional sketch of 2-T SHJ/perovskite tandem solar cell.

Based on these observations, TMO materials have the potential to work as both ETL
and HTL with suitable interface engineering methods. In a 2-T SHJ/perovskite tandem
device, we can modify the perovskite/TMO interface to use TMO as the ETL in the top
cell. Similarly, the TMO/ (i)a-Si:H interface can be engineered to use TMO as the HTL
in the bottom cell. The sketch of the novel tandem device is presented in Figure 6.2.
In this way, TMO also serves as the recombination layer in the tandem structure. This
approach simplifies the tandem cell structure and reduces the number of interfaces.
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This simplification may potentially ease the fabrication process and improve conversion
efficiency.

4. Further improvement in interface engineering method

Our research demonstrates how carefully engineered interfaces can boost the perfor-
mance of TMO layers in SHJ solar cells. By depositing a 4-5 nm film stack during interface
engineering methods, we achieved notable improvements in charge transport and re-
duced recombination, which increased overall device efficiency. While these outcomes
are encouraging, there may be still room to refine the deposition process and to gain a
more comprehensive understanding of material interactions at such thin boundaries.
Future work may concentrate on enhancing layer-by-layer growth, exploring new TMO
compositions, and employing in-situ characterization methods to push the limits of
interface control.

One promising direction involves the use of artificial intelligent and machine learning
techniques to understand the dynamic of interface condition and search for optimal
deposition conditions. By examining small changes in growth parameters and integrating
feedback rapidly, researchers can more quickly improve film quality without relying on
repeated trial-and-error. Methods like ALD will be critical in achieving precise, atom-by-
atom control of film thickness and surface uniformity. Additionally, advanced charac-
terization tools such as in-situ X-ray photoelectron spectroscopy can capture dynamic
shifts at the interface, revealing how aspects like atomic ration and defects throughout
the growth process.

Beyond this work, interfaces are critical in any system where different materials come
into contact, whether to form a functional device or to catalyze chemical reactions. This
significance extends far beyond solar cells into various fields of material science, electron-
ics, and energy. Precisely engineered interfaces can improve charge transport, minimize
recombination losses, and enhance the overall system efficiency. For instance, in catalysis,
interface engineering can create reactive sites that drive chemical transformations, while
in electronics, it can improve device reliability and performance.



23.83% Efficiency SHJ Solar Cells
with Ultra-Thin MoOy Layer

This appendix provides supporting information of Chapter 3, which was included in the
publication of Progress in Photovoltaics: research and applications™ [102]

A.1. Contact resistance structures

To investigate the effect of different interface conditions on the electrical properties
of the devices, we fabricated three symmetric samples with noPT, PT and PTB as interface
treatments. The sketches of these samples are shown in Figure A.1. Each sample contained
six 2x2 cm? devices for contact resistance analysis.
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Figure A.1: The schematic structure of contact resistance sample (left) and the different hole collector stacks
evaluated in this work (right).

*Cao, L., Procel, P, Alcaifiiz, A., Yan, J., Tichelaar, E, Ozkol, E., Zhao, Y., Can, H., Yang, G., Yao, Z., Zeman,
M., Santbergen, R., Mazzarella, L. and Isabella, O. (2023). Achieving 23.83% conversion efficiency in silicon
heterojunction solar cell with ultra-thin MoOx hole collector layer via tailoring (i)a-Si:H/MoOy interface.
Progress in Photovoltaics: research and applications, 31(12), 1245-1254. https://doi.org/10.1002/pip.3638
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A. 23.83% Efficiency SHJ Solar Cells with Ultra-Thin MoOy Layer

A.2. Simulation results
Table A.1 summarizes the calculated values of dipole moment in Debyes as a function

of oxygen stoichiometry (x) of MoOy. We note in Table A.1 that the magnitude of such
dipole decreases for lower oxygen content in MoOx.

Table A.1: Dipole magnitude as a function of MoOx stoichiometry

Stoichiometry [x] | 3.00

2.96

294 | 292 | 2.88

Dipole [D] 16.6

15.5

13.7 | 11.9 | 8.9

The simulated FF, Jsc and Vo trends as function of the MoOy thickness reported in
Figure A.2.

(a) 8s

—0— Reactive interface

—O0— Less reactive interface

L L L L L L L L L

1 2 3 4 5 6 7 8 9
MoQ, thickness [nm]

00— OOy
L e D

™~

| —O—Reactive interface

—0—Less reactive interface
L ! ! 1 1 ! | | L

1 2 3 a4 5 6 7 8 9
MoQ, thickness [nm]

392 +

——0O— Reactive interface
—O0— Less reactive interface
s L

0

L
2 4 6
MoO, thickness [nm]

Figure A.2: Simulated FF (a), Jsc (b) and Vo (c) of SHJ with MoOx hole collector using WF profiles related to
Figure 3.2c.

A.3. XPS Mo core-level spectra
Figure A.3 shows the Mo core level spectra for various MoOy films with different
thickness and under noPT, PT and PTB interface treatments. The +6 and +5 peaks were
analysed according to the setting in Avantage software from ThermoFisher Scientific. As
MoOy thickness increases, the Mo*® peaks decrease. The decrease of Mo™*° demonstrates
that MoOy is closer to stoichiometric state with increased thickness [166]. This trend was
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the same for the results in all three interface treatments. Specially, Figure A.4 and Table
A.2 provide O and Mo raw data of three conditions for 1-nm thick and 1.7-nm thick MoOx.
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Figure A.3: Mo core-level spectra of noPT (left) PT (middle) and PTB (right) samples as function of MoOx layer
thickness.

Table A.2: Dipole magnitude as a function of MoOx stoichiometry

1nm MoO, Peal?Bts[eV] Atomic concentration [%] Pea'\lngzr[)eV] Atomic concentration [%]
noPT 531.84 38.21 233.34 9.59
PT 531.43 41.9 233.28 9.44
PTB 531.91 39.96 233.34 9.66
1.7nm MoO, Peal?BlES[eV] Atomic concentration [%] Peal\lfcI;EZ’[)eV] Atomic concentration [%]
noPT 531.32 44,17 233.35 13.15
PT 531.41 47.88 233.39 13.55
PTB 531.44 45.86 233.36 12.91
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Figure A.4: Mo core-level spectra (top) and O core-level spectra (bottom) of noPT, PT and PTB samples.

A.4. Cross-sectional TEM images of the hole selective contact stacks

Figure A.5 reports the cross-sectional TEM images of (i)a-Si:H/MoOx-based hole
selective contacts prepared with noPT, PT and PTB interface treatment. It is noticeable
that we obtained different interface features as function of the specific plasma treatment.
The c-Si/(i)a-Si:H interface is prominent between the crystal line and the amorphous
components in all three figures. The zero point of atomic profile as shown in Figure
3.3C was set at these interfaces. Combining Figure A.5 with Figure A.6, we could analyse
components and thickness the layer. As for noPT sample, multilayers with different
contrast could be distinguished clearly as shown in Figure A.3. The SiOx layer was around
2 nm and Mo(In)O layer was 2.2 nm. The PT sample exhibit 2-nm thick SiOx and 2.4-nm
thick Mo(In)O layer. The PTB sample contained several layers between (i)a-Si:H and
V20x.
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noPT

Figure A.5: HR-TEM of noPT (top); PT (middle); PTB (bottom) samples. The interface between the c-Si bulk and
the (9)a-Si:H layer is used as origin (= 0 nm) of the depth profiling in our element composition analysis.
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A.5. EDX profiles
Figure A.6 comprises the full size images reported in Figure 3.3C.

N

Figure A.6: EDX images of noPT (top); PT (middle); PTB (bottom) samples.
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Figure A.7: O, Si and Mo atomic fraction profile for noPT, PT and PTB samples.
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A.6. XPS survey spectra

The XPS survey spectra as shown in Figure A.8 illustrate that boron peak was not
detected for all three samples with different interface conditions (i.e. noPT, PT and PTB)
in case of 1.7-nm thick MoOy.
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Figure A.8: EDX images of noPT (top); PT (middle); PTB (bottom) samples.



Indium reduction in bifacial SHJ
solar cells with MoO, collector

This appendix provides supporting information of Chapter 4, which was included in the
publication of Advanced Energy and Sustainability Research™ [50]

B.1. Simulated Jimplied gain in transition from monofacial to bifacial cell structure
The following equation illustrates the calculation of Jimplied-bifi, Which is formulated
according to the standard [294]:

]irnplied—biﬁ = ]implied—front +0.2 x ]implied—rear (B.1)

In the equation, there are three components. Jimplied-bifi Fepresents the photocurrent
density generated by a bifacial SHJ device as shown in Figure B.1a. Figure B.1b and
B.1c represent the Jimplied-bifi generated by bifacial solar cells endowed with bilayer or
trilayer structure, respectively, and illuminated with 1.0 Sun illumination at the front side
and 0.2 Sun illumination at the rear side. Jimplied-front T€fers to the photocurrent density
generated from incident light on the front side of the cell. In this case simulation, the
cell is illuminated only from the front side, as shown in Figure B.2a. Figure B.2b and
B.2c represent the Jimplied-front generated by solar cells endowed with bilayer or trilayer
structure, respectively.

AJimplied = fimplied-bifi — Jimplied-front = 0.2 X Jimplied-rear (B.2)

AJimplied can be seen as the gain in transitioning from monofacial to bifacial structure.
In Figure B.3A and B.3B we report the simulated AJimpiieq of bifacial SHJ solar cells with
50-nm thick IWO on both sides and bilayer or trilayer n-contact, respectively.

*Cao, L., Zhao, Y., Procel Moya, P, Han, C., Kovacevi¢, K., Ozkol, E., Zeman, M., Mazzarella, L., and Isabella, O.
(2024). Indium Reduction in Bifacial Silicon Heterojunction Solar Cells with MoOy Hole Collector. Advanced
Energy and Sustainability Research, 2400105.https://doi.org/10.1002/aesr.202400105
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Figure B.1: (a) Sketch of the bifacial solar cell used for simulating Jimplied-bifi With 1.0 Sun illuminated from the
front side and 0.2 Sun illuminated from rear side; simulated Jimplied-bifi f bifacial SHJ solar cells with 50-nm
thick IWO on both sides and (b) bilayer or (c) trilayer n-contact.
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Figure B.2: (a) Sketch of the solar cell used for simulating Jimplied-front With 1.0 Sun illuminated from the front
side; simulated Jimplied-front Of monofacial SHJ solar cells with 50-nm thick IWO on both sides and (b) bilayer
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Figure B.3: Simulated AJimplieq of bifacial SHJ solar cells with 50-nm thick IWO on both sides (see sketch in
Figure B.1A) and (a) bilayer or (b) trilayer n-contact.

B.2. Reflectance of bifacial cells
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Figure B.4: Reflectance of bifacial solar cells with bilayer n-type stack measured from (a) N-side and (b) P-side
regarding different thickness of IWO; Reflectance of bifacial solar cells with trilayer n-type stack measured from
(c) N-side and (d) P-side regarding different thickness of IWO.




74

B. Indium reduction in bifacial SHJ solar cells with MoOy collector

B.3. EQE of bifacial cells

(a) 1.0 (b) 1.0
| |
| |
| |
08 | 10nm 081 10nm
: 20nm \ 20nm
- 30nm _— ! 30nm
06 20 o206 | 20
w nm w | nm
g . g .
| 50nm | 50nm
041 A8 04b) —_
| |
| |
| |
0.2 1 0.2} |
| |
| |
| |
0.0 | | i | 0.0 | L 1 |
400 600 800 1000 1200 400 600 800 1000 1200
Wavelength [nm] Wavelength [nm]
(c) 1.0 : (d) 1.0 ;
| |
| |
08} : 0.8+ 10nm
: | 20nm
006G ! = 06 : 30nm
= w 1 40nm
[} a
w w : 50nm
04} | 0.4t |
| |
| |
| |
0.2 ! 0.2} 1
| |
| |
| |
0.0 | 1 1 | 0.0 | 1 1 1
400 600 800 1000 1200 400 600 800 1000 1200

Wavelength [nm]

Wavelength [nm]

Figure B.5: External quantum efficiency (EQE) of bifacial solar cells with bilayer n-type stack measured from (a)
N-side and (b) P-side regarding different thickness of IWO; reflectance of bifacial solar cells with trilayer n-type
stack measured from (c) N-side and (d) P-side regarding different thickness of IWO.

B.4. Resistivity and sheet resistance of TCO layers
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Figure B.6: (a) Resistivity an (b) sheet resistance [48] IWO (as well as ITO and IFO) as function of thickness
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B.6. Minority carrier lifetime and iV - Vo of cell precursors
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Figure B.7: (a)Minority carrier lifetime of cell precursors with bilayer and trilayer; (b) the difference between
iVoc (before metallization) and Vg (after metallization) for bilayer and trilayer samples various IWO thickness

B.7. Certified power conversion efficiency of bifacial solar cell
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Figure B.8: Certified power conversion efficiency of bifacial solar cell with 10-nm thick IWO measured from (a)
N-and (b) P-side.






Universal interface engineering
method for applying TMO in SH]J
solar cell

This appendix provides supporting information of Chapter 5, which was included in the
publication in Solar Energy Materials and Solar Cells* [103]

C.1. Gas condition of interface engineering methods

Table C.1: Gas condition of interface engineering methods

Interface engineering method | Gas condition
noPT -

PT H, SiHy, CO»

PTB H,, SiHy, CO,, BoHg

C.2. The sketch of sample for absorbance measurement

Glass

Figure C.1: The sketch of the samples for absorptance measurement. From reflectance (R%) and transmittance

spectra (T%), the absorptance of the optical system can be found as A% = Aty % + Aglass% = 100% - R% - T%.

Considering that in the wavelength range between 400 and 1200 nm our glass is essentially lossless (Agjass% ~
0%), one could assign any signal above 0% to the absorptance (Atyio%) of the TMOs.

*Cao, L., Procel, P, Zhao, Y., Yan, J., Ozkol, E., Kovacevi¢, K., Zeman, M., Mazzarella, L. and Isabella, O. (2024).
Universal method for applying transition metal oxides in silicon heterojunction solar cell. Solar Energy
Materials and Solar Cells, 278 (2024): 113170. https://doi.org/10.1016/j.solmat.2024.113170.
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C.3. Cross-sectional sketch of samples for XPS measurement
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C.4. XPS spectra of tungsten
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Figure C.3: The W high resolution spectra and survey spectra of samples manufactured with different interface
engineering methods.

C.5. XPS spectra of vanadium
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Figure C.4: The V high resolution spectra and survey spectra of samples manufactured with different interface
engineering methods.
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C.6. XPS spectra of boron
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Figure C.5: The high-resolution scan of Bls spectrum of noPT, PT, and PTB samples.

C.7. Minority carriers lifetime of WOx-based SHJ solar cell precursors
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Figure C.6: Minority carriers lifetime of WOx-based SHJ solar cell precursors manufactured with different
interface engineering methods as function of WOy thickness.
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C.8. The absorptance spectrum of WOy and V2O
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Figure C.7: The absorptance spectrum of (a) WOx and (b) V2 Ox for different thicknesses.

C.9. Minority carriers lifetime of V2 Ox-based SHJ solar cell precursors
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Figure C.8: Minority carriers lifetime of V,Ox-based SHJ solar cell precursors manufactured with different
interface engineering methods as function of V,Ox thickness.
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