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Summary

In the efficiency-driven photovoltaic (PV) industry, the market dominating crystalline
silicon (c-Si) technology has been developing towards PV devices with carrier-selective
passivating contacts (CSPCs). Especially, the silicon heterojunction (SH]J) solar cell, based
on hydrogenated amorphous silicon (a-Si:H) contact stacks, and the poly-Si solar cell,
based on ultrathin SiOy/poly-Si passivating contacts, pave the way for power conversion
efficiencies above 26%, approaching the theoretical limit of the c-Si solar cell. In case of
front/back-contacted (FBC) architectures, to minimize the optical parasitic absorption at
the emitter and/or surface field side(s), thin doped silicon layers are normally applied,
which exhibit high sheet resistance. Accordingly, transparent conductive oxide (TCO) lay-
ers are required to ensure sufficient lateral carrier transport towards the metal electrodes.
However, problems still exist in contacting schemes for high-efficiency solar cell design
towards future multi-terawatt production of PV modules, regarding the development of
TCO layer with high carrier mobility (u), its integration into specific device structures,
and more importantly, the material availability.

In this work, we present three types of TCO materials. They are tin-, fluorine- and
tungsten-doped indium oxide layers, namely, ITO, IFO, and IWO. RF magnetron sputter-
ing approach has been utilized to deposit the films. The TCOs are integrated into both
low thermal-budget SHJ and high thermal-budget poly-Si solar cells. Further, to address
the sustainability implication related to indium consumption, we propose a strategy of
bifacial SHJ solar cell with reduced TCO use. Meanwhile, to reduce silver (Ag) consump-
tion, as well as to reach good solar cell performance in our laboratory, we have developed
a platform for bifacial copper (Cu)-plating metallization approach. Specific results are
summarized as follows.

Chapter 4 reports on the hydrogenated IFO (IFO:H) layers with a remarkably high
wof 87 cm?V~1s~!. To our knowledge, this is the highest mobility value among the as-
sputtered In,O3-based TCOs at a temperature below 110 °C. When implemented into
low thermal-budget SHJ solar cells, the IFO:H-based devices show significantly higher
short-circuit current density (Jsc) values than our lab-standard ITO counterpart. The
optical gain results from an outperformance of the IFO:H-based SH]J solar cell over the
ITO-based device along the whole wavelength range of interest (300-1200 nm).

However, notable contact resistance increase occurs when integrating IFO:H layer
into high thermal-budget poly-Si solar cells. This contact deterioration happens during a
post TCO deposition treatment above 350 °C, which is required to restore the passivation
quality of the poly-Si solar cell precursor (n* poly-Si/SiOx/c-Si/SiOx/p* poly-Si) from
sputtering damage.

Chapter 5 presents the alternatives to eliminate the contact degradation. Via appro-
priate post-annealing treatment in hydrogen atmosphere, the poly-Si solar cell precursors
could restore their passivation quality while maintain low contact resistances of both
n- and p-contacts. Besides, with such a post-annealing treatment, the u of the IFO:H

xi



xii Summary

layer is further improved to 108 cm?V~!s~!. The inherent electron scattering and doping
mechanisms of the IFO:H layers are also explored.

Chapter 6 elaborates on the room temperature sputtered IWO layers, whose optimal
wis 34 cm?V~!s~!. The underlying thin-film silicon layers influence the TCO properties
during the device fabrication process. With utilizing a multi-layer approach in spectro-
scopic ellipsometry characterizations, we are able to extract the optical parameters of
TCO layers that mimic the practical SHJ solar cell use. In such a way, more accurate
optical simulations at device level are performed, and the performance of the solar cell
can be properly elucidated. By adding an additional magnesium fluoride layer on device,
the champion IWO-based SHJ solar cell shows an active area cell efficiency of 22.92%.

Chapter 7 introducing the bifacial Cu-plated SHJ solar cells with reduced TCO use. The
development of the simultaneous bifacial Cu-plating metallization approach is described
in Appendix D. The bifacial Cu-plated SHJ solar cells outperform our lab-standard screen-
printed Ag-based counterpart. The reason stays in avoiding the penetration of metals
into silicon substrate, reduced optical loss from less metal coverage at each side, and
favourable lateral carrier transport from lower finger spacing distance in the Cu-plated
devices. To reduce the TCO use on both sides of the wafer, the TCOs (including ITO,
IFO, and IWO) with varied film thicknesses are examined in bifacial SHJ solar cells, both
optically and electrically. With appropriate contact engineering, Cu-plated bifacial SHJ
devices, which have 25 nm-thick front IWO at n-contact, and 25 nm-thick rear ITO at p-
contact, show front side efficiencies >22%. Moreover, with utilizing modified SHJ solar cell
precursors (n/i/c-Si/ i/ p) and further TCO adjustment, our champion bifacial Cu-plated
SHJ solar cell shows a front side efficiency of 22.84%. The bifaciality factor is 0.95.

Our findings in this work could provide important insights into high-mobility TCO
development, optimal optical design of PV devices, and contact manipulations at the
TCO/thin-film silicon interfaces. Combined with the controllable bifacial Cu-plating tech-
nique for c-Si solar cells, promising contacting schemes with less In and Ag consumptions
become achievable.



Samenvatting

Dutch translation by David van Nijen.

De markt van de efficiéntie-gedreven fotovoltaische (photovoltaic, PV) industrie wordt
gedomineerd door technologie gebaseerd op kristallijn silicium (crystalline silicon, c-Si).
Binnen de markt van c-Si zonnecellen heeft er een verschuiving plaatsgevonden naar
zonnecellen met ladingsdrager-selectieve passiverende contacten. Hiervan zijn er in
het bijzonder twee type zonnecellen die de weg vrij maken voor efficiénties boven 26%,
waarmee de theoretische limiet van de c-Si zonnecel wordt benaderd. Dit zijn de silicium
heterojunctie (SHJ) zonnecel gebaseerd op gehydrogeneerd amotf silicium (hydrogenated
amorphous silicon, a-Si:H) contacten en de polysilicium (poly-Si) zonnecel gebaseerd op
ultradun siliciumoxide (SiOy) / poly-Si passiverende contacten. Echter, in het geval van
voorzijde/achterzijde gecontacteerde (front/back-contacted, FBC) structuren zijn er nog
steeds nadelen aanwezig bij het maken van contacten voor hoog-efficiénte zonnecelstruc-
turen. Om deze reden worden transparante geleidende oxide (transparent conductive
oxide, TCO) lagen met een hoge ladingsdragers-mobiliteit (1) geimplementeerd. Hier-
naast wordt de kwestie van materiele beschikbaarheid een belangrijk onderwerp wanneer
productie van zonnemodules op multi-terawatt schaal wordt bereikt.

In dit werk presenteren wij drie typen TCO materialen. Dit zijn tin-, floride-, en
wolfraam-gedoteerde indium oxide lagen, namelijk ITO, IFO en IWO. De lagen werden
gedeponeerd met het RF-magnetron sputterproces. De TCO lagen zijn geintegreerd in
zowel laag-thermisch budget SHJ zonnecellen als in hoog-thermisch budget poly-Si zon-
necellen. Verder doen wij een voorstel voor een strategie met tweezijdige zonnecellen en
minder TCO gebruik om de duurzaamheidsimplicatie gerelateerd aan indiumconsumptie
aan te pakken. Om tegelijkertijd zilver (Ag) consumptie te verminderen, ontwikkelden
wij een tweezijdige koper (Cu)-geplateerde metallisatie aanpak. De specifieke resultaten
hiervan kunnen als volgt worden samengevat.

Hoofdstuk 4 rapporteert over de gehydrogeneerde IFO (IFO:H) lagen met een opmer-
kelijk hoge u van 87 cm?V~!s~1. Naar ons weten is dit de hoogste mobiliteitswaarde geme-
ten bij onbehandelde In,O3-gebaseerde TCO’s gesputterd op een temperatuur onder 110
°C. Wanneer de IFO:H-gebaseerde zonnecellen zijn geimplementeerd in laag-thermisch
budget zonnecellen, laten ze significant hogere kortsluitstroomdichtheid (short-circuit
current, Jsc) waardes zien dan hun ITO tegenhangers. De optische winst is een gevolg
van de betere prestatie van IFO:H-gebaseerde SHJ zonnecellen vergeleken met ITO-
gebaseerde zonnecellen over de gehele golflengte van interesse (300-1200 nm). Echter,
toen we probeerden om IFO:H te integreren in hoog-thermisch budget poly-Si zonne-
cellen, werd een noemenswaardige contactresistiviteit geobserveerd bij de poly-Si/TCO
interface. Deze contactverslechtering treedt op nadat de TCO is gedeponeerd, namelijk
wanneer een behandeling boven de 350 °C wordt uitgevoerd om de passivatiekwaliteit
van de poly-Si zonnecel precursor (n* poly-Si/SiOy/c-Si/SiOy/p* poly-Si) te herstellen van

xiii
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schade door sputtering.

Hoofdstuk 5 presenteert alternatieven om de contactdegradatie te elimineren. Door
achteraf een geschikte verhittingsbehandeling in waterstofomgeving uit te voeren, konden
de poly-Si zonnecel precursors hun passivatiekwaliteit herstellen terwijl zij een lage
contactresistiviteit behouden bij zowel de n- als de p-contacten. Hiernaast verbeterde
deze verhittingsbehandeling de y van de IFO:H lagen naar 108 cm?V~'s~!,

Hoofdstuk 6 wijdt uit over de op kamertemperatuur gesputterde IWO lagen, van
welke de optimale p 34 cm?V~!s~! was. De onderliggende dunne film silicium lagen
beinvloeden de TCO eigenschappen tijdens het productieproces van de zonnecel. Wij
waren in staat om de optimale parameters van de TCO lagen te vinden door tijdens karak-
terisatie met spectroscopische ellipsometrie een aanpak met meerdere lagen te gebruiken.
Hierbij werd het praktische gebruik van de lagen in SHJ zonnecellen nagebootst. Op deze
manier deden wij meer accurate optische simulaties op celniveau, waardoor de prestatie
van de zonnecel goed kan worden uitgelegd. Door een additionele magnesium-fluoride
laag toe te voegen aan de zonnecel, liet onze beste IWO-gebaseerde SHJ zonnecel een
actieve-oppervlakte efficiéntie zien van 22.92%.

Hoofdstuk 7 introduceert onze tweezijdige Cu-geplateerde SHJ zonnecel met lager
TCO gebruik. De ontwikkeling van een tweezijdige Cu-geplateerde metallisatie techniek
is beschreven in Appendix D. De tweezijdige Cu-geplateerde SH] zonnecellen overtreffen
onze lab-standaard zeefgedrukte Ag-gebaseerde tegenhanger. De redenen hiervoor zijn
dat penetratie van metalen in de functionele silicium lagen wordt vermeden, dat optische
verliezen worden geminimaliseerd door kleinere oppervlakten aan de verlichte zijdes te
bedekken met metaal, en dat voordelig lateraal transport van ladingsdragers plaatsvindt
als gevolg van de verminderde afstand tussen de metalen contacten in de tweezijdige
Cu-geplateerde zonnecellen. Om het gebruik van TCO aan beide kanten van de wafer te
verminderen, zijn de TCO lagen (inclusief ITO, IFO en IWO) met gevarieerde laagdikte on-
derzocht in tweezijdige SHJ zonnecellen. Door contactoptimalisatie van Cu-geplateerde
tweezijdige SHJ zonnecellen demonstreerden wij een voorzijde-efficiéntie van >22%.
Hierbij waren de IWO laag van het n-contact aan de voorzijde en de ITO laag van het
p-contact aan de achterzijde allebei 25 nm dik. Door aangepaste SHJ zonnecel precursors
(n/ilc-Si/il p) te gebruiken en verdere TCO aanpassingen te doen, hebben wij met onze
tweezijdige Cu-geplateerde SHJ zonnecel een voorzijde-efficiéntie van 22.84% bereikt. De
tweezijdigheidsfactor was 0.95.

Onze bevindingen in dit werk kunnen belangrijke inzichten verschaffen in de ont-
wikkeling van TCO lagen met hoge ladingsdragers-mobiliteit, optimaal optisch design
van PV zonnecellen, en contactmanipulatie van de TCO/dunne film silicium interfaces.
Gecombineerd met onze controleerbare tweezijdige Cu-geplateerde techniek voor c-Si
zonnecellen worden veelbelovende contacteermogelijkheden met minder consumptie
van In en Ag haalbaar.



Nomenclature

Abbreviations
TCO transparent conductive oxide
ITO indium tin oxide (or, tin-doped indium oxide)
IFO fluorine-doped indium oxide
IFO:H  hydrogenated fluorine-doped indium oxide
WO tungsten-doped indium oxide
GBs grain boundaries
MFP mean free path, nm
uv ultraviolet
Vis visible
NIR near infrared
FCA free carrier absorption
WF work function, eV
EA electron affinity, eV
DT direct tunnelling
TE thermionic emission
TAT trap-assisted tunnelling
B2BT band-to-band tunnelling
PDA post-deposition annealing
ARC anti-reflection coating
DLARC double-layer anti-reflection coating
CSPCs  carrier-selective passivating contacts
SHJ silicon heterojunction
RT room temperature
SP screen printing
MF monofacial
BF bifacial
AR aspect ratio of metal finger, -
Ccv cyclic voltammetry
OPD overpotential deposition
EQE external quantum efficiency, -
MPP maximum power point
iMPP implied maximum power point



xvi Nomenclature
Letters

Ry sheet resistance, Q/0O

o resistivity, Q cm

o conductivity, S/cm

u carrier mobility, cm?V=!s7!

e electron mobility, cm?V~!s~!

e Hall electron mobility from Hall measurement, cm?v-lg!

Hopt optical mobility, cm?V~!s~1

T carrier relaxation time

m carrier effective mass

Me electron effective mass

Vo oxygen vacancy

Vin indium vacancy

H; interstitial hydrogen

N carrier density, cm™

N electron density, cm™

A wavelength, nm

a absorption coefficient, cm™!

A absorptance, %

R reflectance, %

T transmittance, %

n refractive index, -

k extinction coefficient, -

Eg (optical) 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

Jsc short-circuit current densidy, mA/ cm?

JscEQE EQE integrated short-circuit current densidy, mA/ cm?

FF fill factor, %

pFF pseudo fill factor, %

n power conversion efficiency, %

Pe contact resistivity, mQ cm?

R S,SunsVoc

series resistance calculated from SunsVoc measurement, Q) cm?
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2 1. Introduction

1.1. Renewable energy demand

odern society largely depends on the capability of humankind to convert energy

from one to another more usable form. In terms of energy use, there are several
problems: First, the growing world population and the increasing living standards lead to
an increased energy demand. Second, the energy infrastructure heavily relies on fossil
fuels like oil, coal and gas, which are not sustainable energy sources. Third, burning fossil
fuels leads to greenhouse gas emissions, causing global warming and climate change [1].
Figure 1.1 shows world total energy supply by source during 1973-2018, according to the
data reported in the Key World Energy Statistics 2020 released by the International Energy
Agency (IEA) [2]. The overall energy capacity increased by 117% in the 45 years, due to the
increased global energy consumption. However, in 2018, the fossil fuels still took up the
largest fraction in the energy mix of primary energy sources, with a sum ratio of 81.3%
from coal, oil, and gas. For comparison, the share of the renewable energy is quite limited
with only 2.0% (see “Other” component in Figure 1.1).

1973 2018

2.5%

22.8% 4.9%

9.3%

2%

31.6%

[ Biofuels and waste

I Other

Figure 1.1: 1973 and 2018 source shares of world total energy supply [2].

According to Energy Outlook of the British Petroleum (BP) company in 2020 [3], the
global primary energy consumption is predicted to continuously increase till 2040, but the
share of fossil fuels will decrease. Related to that, the proportion of renewable energy is
expected to keep rising. BP presented three scenarios upon different measures to predict
the possible outcomes over the next 30 years, as shown in Figure 1.2(a). With respect to
2018, in 2050, the CO, emissions from energy use could be reduced by 70%, 95%, and 10%
in Rapid, Net Zero, and Business-as-usual transition scenarios, respectively.

According to the talk from the United Nations Framework Convention on Climate
Change (UNFCCC), the world was on track towards a global temperature rise of 3 de-
grees Celsius (°C) till January 2020, which is twice of the internationally accepted target
established by the 2015 Paris Climate Change Agreement [4]. To effectively reduce CO,
emissions and remain on a path compatible with the Paris Agreement, i.e., to limit the
global temperature increase to 1.5 °C above the preindustrial level in 2100, we need a rapid
transition to Net Zero [4]. In 2020, many countries established new or revised climate
action plans to reach Net-Zero emission goals within the next 15-30 years [5]. Figure
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1.2(b) illustrates BP’s energy consumption prediction in the Net Zero scenario [3]. Till
2050, the renewables will take more than 50% of the human activity energy consumption.
Therefore, the global energy system is very likely to undergo a fundamental restructuring
in order to decarbonize, which will create challenges and opportunities for both academia
and industry of the energy transition communities.

40 T 700
~ @ : (b) )
o) @ . @ 600} T
8 a0l : 5
3 . g 500
B . £
[} ]
5 ' S 400F-
€ 20} ' 8
S ! =)
= ' 5 300F
c
S ' 5]
g ol R B 200}
o] —— Net Zero B
8N Business-as-usual ? 100 |
0 1 Ll 1 1 0
2000 2010 2020 2030 2040 2050 2018 2050
Year Year

Figure 1.2: (a) CO2 emissions from energy use, based on three scenarios to estimate the energy transition to
2050; and (b) energy consumption prediction by source in Net Zero scenario.

Typical renewable energy sources include hydro, wind, and solar energy, with which
the energy can be replenished by natural processes at a rate comparable or faster than
the consumption rate by humans. Solar energy holds an annual energy potential of
1575-49837 EJ (exajoules) [6], which is several times larger than the total world energy
consumption (550-600 EJ, see Figure 1.1(b) and Figure 1.2(b)). Thus, solar energy is an
enormous source of energy. Photovoltaics (PV) is the technology that converts solar
energy into electricity. The energy conversion takes place within a semiconductor-based
photovoltaic cell, which is called solar cell, PV cell, or PV device within the scope of this
dissertation. In past decades, the production of solar cells and PV modules, as well as the
installation of PV systems have grown fast. However, the proportion of PV electricity in
the global total energy supply was only increased from 0.0056% in 1973 to 0.33% in 2018
[2]. Compared to the aforementioned huge demand prediction, there is plenty of room
for PV technologies to grow for terrestrial application.

1.2. PV cell technologies
1.2.1. PV market choice

Wafer-based crystalline silicon (c-Si) solar cells have been dominating the PV industry
with more than 90% of the market share [7]. From 1976 till 2020, the PV module price
has maintained a learning rate of about 23.8%, i.e., for every doubling of cumulative
PV module shipment, the average module sales price decreases by ~23.8% [7]. The
drivers for the cost reduction of solar electricity include complex and interconnecting
factors, such as the improvement in solar cell efficiency, the increase in silicon wafer
size, the reduction in wafer thickness, the reduction in silver consumption, high-level of
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automation, increased economies of scale [8]. Comprehensively, solar cell efficiency is a
key lever for PV cost reduction: on the one hand, the increase in efficiency reinforces the
reduction in silver, silicon, and non-silicon materials in the module; on the other hand,
the increase in efficiency also automatically reduces the Balance-of-System (BoS) costs
and all area-dependent soft costs at system level [8].

In such an efficiency-driven PV industry, the c-Si technology evolved from the tradi-
tional low-complexity full area aluminium back surface field (Al-BSE till 2013) PV cell
structure to the passivated emitter and rear contact (PERC) architecture, reaching the
power conversion efficiency (PCE) of 23-24% at production level. However, PERC cells
still feature localized metal-silicon contacts which suffer from relatively low open-circuit
voltage due to high recombination. In this regard, the c-Si solar cells featuring carrier-
selective passivating contacts (CSPCs) are promising options with attaining PCE well
above 25%. Such solar cells enable low contact resistance as well as good passivation
quality of the c-Si surface, thus appreciably enhancing the contact selectivity as compared
to conventional diffused junctions or PERC technology. More details are included in
Section 1.2.2.

The c-Si solar cells with CSPCs, typically include silicon heterojunction (SHJ) solar cell
and c-Si solar cell with tunnel-oxide passivated contact (TOPCon, or SIPOS, or poly-Si, or
POLO) [9, 10]. Due to an easier upgrade from PERC to TOPCon in industrial pipeline, the
capacity of TOPCon cell is growing fast [7]. Meanwhile, SHJ is also gaining momentum due
to its advantages in high efficiency potential [11], simple and low temperature process [12],
favourable outdoor performance (low temperature coefficient, high bifaciality) [13, 14],
and particular compatibility with thin wafers [15]. Figure 1.3 shows the worldwide market
shares of different cell technologies [7]. The traditional Al-BSF technology only shared 15%
of the market in 2020, and is predicted to disappear after 2025. Instead, PERx/TOPCon
technologies has been quickly adopted by the industry, with a market share of around 80%
in 2020. Meanwhile, the emerging SHJ solar cell has taken a share of around 2% in 2020,
which is forecast to reach about 18% in 2031. The SHJ cell holds the record PCE of 26.6%
on lab-scale cell [11]. In mass production, the competition between TOPCon and SHJ is
quite fierce. During the preparation of the thesis, the cell efficiency records for industrial
TOPCon and SHJ solar cells have reached 25.5% [16] and 26.30% [17], respectively. The
poly-Si based FBC cell efficiency record is 26.0% at lab-scale [9].

The mentioned record efficiency of 26.6% on SHJ was based on an interdigitated back-
contact (IBC) architecture. An IBC cell features no metal grids at the front illuminated
side of the cell, thus removing the shadowing losses and yielding higher efficiencies than
front and back contacted (FBC) cell [18]. However, the IBC cell faces increased level
of complexity due to its exquisite workmanship required for making the two- or three-
dimensional (rear) interdigitated contact patterns. On the other hand, the efficiency gap
between FBC and IBC is progressively narrowing for CSPCs. A poly-Si based FBC cell
efficiency of 26% was recently reported by Richter et al. [9], which is quite close to the
26.6% record on IBC-SHJ cell [11]. The market share of IBC cell is around 2% in 2020,
which is expected to slightly increase in the next years [7].

Another promising concept to further increase efficiency is represented by the silicon
based tandem solar cells. The efficiency of silicon solar cells is fundamentally limited by
spectral losses. Basically, in a c-Si solar cell, the c-Si material acts as the absorber layer, in
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which the photons of the incident radiation are absorbed and further utilized. c-Siis a
semiconductor material with a bandgap energy of 1.12 eV. The definition of bandgap is
in 1.2.2. On the one hand, photons with energy higher than the bandgap energy can be
absorbed. However, the excess energy of photons above the bandgap energy of absorber is
released as heat into the absorber material in the thermalization process, causing spectral
loss. On the other hand, the photons with energy lower than the bandgap energy of the
c-Siabsorber are in principle not absorbed. This causes another amount of non-negligible
spectral loss [19].

The non-absorption of photons carrying less energy than the silicon bandgap and
the excess energy of photons above the bandgap (which transforms to heat), are the two
main losses, which account for about 20% and 35% of the incident energy being lost,
respectively [10]. These spectra losses can be substantially reduced by adding one or
more solar cells with suitable bandgaps beside the silicon cell. In such a case, a tandem
solar cell is built. A fundamental (detailed balance) efficiency limit for a tandem device
with two p/njunctions could reach 42% [20]. While the theoretical efficiency of c-Si solar
cell is normally considered as 29.43% [21], although a 31% is also predicted based on
a broadband solar absorption beyond lambertian limit in certain thin silicon photonic
crystals [22, 23]. Eventhough the current developments in the academic field of tandem
solar cells are very promising, there are still many challenges to be solved and no market
readiness can be expected in the short term [24]. By far, a champion efficiency of 29.8%
has been reported on Si-based tandem solar cell [25]. From the PV industry roadmap,
the tandem cell is expected to step into the market from 2023 onwards [7]. These two
concepts, IBC and tandem, will not be discussed in the research work of the thesis.
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Figure 1.3: Worldwide market shares for different cell technologies [7]. Information Handling Services (HIS)
market data are indicated for 2020 as reference for 2020.

Lastly, it is noteworthy to mention the bifacial solar cells. Compared to the monofacial
configuration with a fully metalized rear side, the bifacial solar cell realizes double side
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light illumination by including metal grid on both sides of the wafer, thus gives higher
energy yields. Besides, with respect to the monofacial case, the bifacial solar cell could
largely reduce the metal consumption, such as silver (Ag), due to the elimination of full-
area metal use. Moreover, the indium (In) consumption may also be reduced in a bifacial
cell, which will be elaborated in Chapter 7. According to the ITRPV 2021 report [7], the
market share of the bifacial solar cell is around 30% in 2020, and is forecast to rapidly
increase to around 80% in 2031.

1.2.2. PV cell design and the TCO functions

Photovoltaic devices convert solar irradiance into electric power. This process is achieved
in two steps: first, the radiation from the sun is absorbed in the so-called absorber material
and converted into populations of electrons and holes with distinct electrochemical
potentials; second, these electrons and holes are separated and selectively transported
to their respective electrodes [1]. A c-Si solar cell consists of a crystalline silicon wafer as
the light absorber material. Upon illumination, the wafer generates electron-hole pairs
by absorbing photos with energies larger than its band gap, which is the minimal energy
that is needed to excite an electron from valence band to conduction band. The concepts
of valence band and conduction band could be found in [1]. The maximal valence band
energy and the minimal conduction band energy, are depicted as Ey and Ec, respectively.

According to the Fermi-Dirac statistics, the carrier distribution in a semiconductor
(including electrons and holes), depends on the electrochemical potential of the carriers,
which is referred to as the Fermi level (Ep). In thermal equilibrium conditions before
illumination, the Ef of electrons and holes are the same in the c-Si material. Upon
illumination, the Fermi level splits up into two quasi-Fermi levels for electrons and holes
(Efn, and Egp), due to the high number of photogenerated electrons and holes. The
difference of (Ern, and Erp)/ g gives the maximum voltage that can be expected from the
solar cell, which is usually known as the implied open-circuit voltage (iVoc) of a solar cell
precursor. While the open-circuit voltage (Voc) is a measure of the maximum external
voltage between the cathode and anode of a complete solar cell device.

Figure 1.4 shows a schematic silicon band diagram with a silicon absorber, in which
three different electron and hole contact schemes are illustrated [10]. Note that the
"contact" in Figure 1.4 includes all the contacting layer stacks, such as carrier transport
layer, transparent electrode (if any), and metal electrode.

Figure 1.4(a) represents an ideal case where the iV of a solar cell precursor is only
limited by the recombination losses of the silicon absorber itself, and the V oc measured at
the terminals equals to the iV o value. However, it is not the real case in a practical PV cell.
Basically, there are two types of limiting cases. Figure 1.4(b) illustrates the minority carrier
recombination limited case, which represents the standard case of the industrially realized
Al-BSF and PERC solar cells. In these cases, a low band bending in crystalline silicon,
as well as a highly recombinative interface between the metal electrode and underlying
contact stacks are unavoidable, which largely reduce the passivation quality of the PV
devices. To eliminate the minority-related recombination issue, the PV community had
devoted numerous efforts to minimize the metal-contacted area before 2013. However,
these surfaces still dominate the overall recombination of the device, even though the
metal coverage of the cell is reduced to less than 1% [26, 27].
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In order to reach higher solar cell performance, the approach of “carrier selective pas-
sivating contacts (CSPCs)” has to be utilized, which avoids direct contact between metal
and the silicon wafer, and allows a high band bending in crystalline silicon. Typical exam-
ples include SHJ solar cells, c-Si solar cells with tunnel oxide passivated contacts (TOPCon,
or SIPOS, or poly-Si, or POLO), and c-Si solar cells with dopant-free carrier-selective con-
tacts [10]. By far, all the single junction silicon solar cells with efficiencies above 25% are
featuring CSPCs. The record efficiency of 26.6% is approaching the theoretical limit of
29.4% in silicon solar cells [11, 21, 28].

In principle, if the passivating contacts are realized perfectly, the solar cell perfor-
mance is close to the ideal case as shown in Figure 1.4(a). However, the real scenario
is likely to fall into a majority carrier transport limited case, as shown in Figure 1.4(c).
In such a case, the iV of the solar cell precursor is similar to the ideal case (Figure
1.4(a)), but the Vo is less than the iV ¢ value. This results from a voltage drop due to
majority carrier transport losses, and stimulates tremendous research interests regarding
the contacting schemes of c-Si solar cells with CSPCs.

(a) Ideal (b) Minority carrier (c) Majority carrier
recombination limited transport limited
Hole c-Si Electron Hole c-Si Electron Hole c-Si Electron
contact absorber  contact contact  absorber  contact contact  absorber  contact
Ec Ec Ec
Eep i E Ee,
o " En LTV iV
q-Voc qiVoc q-Voc q-iVoc £ oc 9-Woc
Ep
Erp '3 Erp
Ey Ey Ey

Figure 1.4: Schematic silicon band diagram with different electron and hole contact schemes, leading to (a) an
ideal solar cell, (b) recombination or (c) transport limited solar cells. This picture is adapted from [10].

Different from the Figure 1.4(b) case, the electron and hole contact layers on the wafer
absorber in Figure 1.4(c) are normally with a much higher sheet resistance [12, 29, 30],
due to a thin layer use for the purpose of reducing parasitic absorption [31]. Thus a
transparent conductive oxide (TCO) layer is required to be included in the contact layers
to ensure the electrical properties of the device. On the one hand, a low sheet resistance
of the TCO layer is needed to provide sufficient lateral carrier transport towards the metal
electrodes, in which a trade-off between electrical and optical properties needs to be
addressed. On the other hand, a low contact resistance between TCO and the underlying
doped thin-film silicon layers should be maintained. These two aspects will be elaborated
in Chapter 2. Moreover, optical functions (such as anti-reflection coating), need to be
satisfied. In addition, the TCO coating should not introduce detrimental influence on the
underlying thin-film silicon stacks.

To summarize, the ideal TCO layer should feature the following characteristics: (i)
low lateral electrical resistivity (i.e. low Rg,) and simultaneously high transparency in the
whole wavelength range of interest (normally 300-1200 nm); (ii) low contact resistance
with the adjacent layers; (iii) appropriate refractive index for maximal light in-coupling in
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the solar cell; (iv) appropriate process condition without degrading passivation quality or
contact property of the solar cell.

1.3. Aim and outline of this thesis

The aim of this work is to develop TCO films that could satisfy the aforementioned
opto-electrical requirements, explore the conduction mechanisms behind the carrier
behaviors, implement the optimal TCO films into high-efficiency c-Si solar cells, and
eventually utilize the films from a sustainable perspective.

This thesis is outlined in the following way.

Chapter 1. Introduction. This chapter gives a general introduction of the growing
share of renewable energy, evolution of photovoltaic technologies in the market, funda-
mentals of high-efficiency c-Si solar cell design. Besides, the requirements of TCO layers
are introduced.

Chapter 2. TCO fundamentals. This chapter discusses the TCO fundamentals, which
include the physical understanding of the interaction between the optical and electrical
properties of TCOs, the widely utilized deposition approaches and their comparison,
and the challenges that need to be considered when practically integrating TCOs into PV
devices.

Chapter 3. Experimental. This chapter lists experimental methods that are utilized in
this work, including TCO deposition, solar cell fabrication and intermediate test sample
preparation, as well as corresponding material, device, and sample characterizations.
Moreover, modelling approaches regarding optical device simulation and atomistic den-
sity function theory calculation used in this thesis are introduced.

Chapter 4. High-u. IFO:H in low thermal-budget SHJ solar cells. High-mobility
IFO:H film is fabricated with low temperature RF magnetron sputtering technique, and is
implemented into front/back-contacted SHJ solar cells.

Chapter 5. IFO:H implementation in high thermal-budget poly-Si solar cells. In
the attempt to restore the TCO sputtering damage on the poly-Si contacts, severe carrier
transport degradation occurs. To address this problem, different post-annealing treat-
ments after TCO deposition are investigated. The investigation on the inherent electron
scattering and doping mechanisms in the IFO:H films is also presented.

Chapter 6. Room temperature (RT)-sputtered IWO in SH]J solar cells. RT-sputtered
IWO film is optimized. Underlying thin-film silicon layers could influence the TCO
properties, which is discussed and evaluated in solar cell performance.

Chapter 7. Towards bifacial Cu-plated SHJ solar cells with less TCO use. Strategies
of designing and fabricating high-efficiency SHJ solar cells with reduced TCO use are pro-
posed. The development of electrochemical bifacial Cu-plating metallization approach is
elaborated in Appendix D.

Chapter 8. Conclusions and outlook. This chapter summaries the key results of this
thesis and gives an outlook for the future research on high performance TCO development,
investigation, and its deployment into high efficiency c-Si solar cells, as well as in other
types of optoelectronic devices such as tandem solar cells.
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1.4. Main contributions to the filed

This work contributes to the TCO-based contacting schemes for c-Si solar cells addressing
the following aspects:

1. RF magnetron sputtered IFO:H films with high p.. A remarkably high p, of 87
cm?V~!s7! was achieved in the IFO:H film. To our knowledge, it is the highest y. value
among the previously reported IFO films, and among the as-sputtered In,O3-based TCOs
at a low temperature below 110 °C. The . of the as-deposited IFO:H film could be further
improved 108 cm?V~'s~! after appropriate post-treatment. These results demonstrate
the possibility of developing high-mobility TCOs with anionic doping, rather than the
widely reported cationic metallic doping.

2. The conduction mechanisms in IFO:H films. Combined with various material
characterizations, we explored the inherent electron scattering and doping mechanisms
in the as-sputtered and post-annealed IFO:H films. The findings provide insights for
understanding the conduction mechanism in the high-u. IFO:H films.

3. Room temperature sputtered IWO film. Optimal polycrystalline IWO film is
deposited with room temperature sputtering. Besides, its opto-electrical properties are
evaluated on top of thin-film silicon layers. This part of work provides a more device-
oriented material study of the TCO film.

4. Post H; annealing on TCO/poly-Si contact. Unlike N; or air annealing (>350
°C) inducing severe TCO/poly-Si contact degradation, H, annealing could effectively
eliminate this detrimental contact degradation. This is likely due to the suppression of
interfacial oxide formation at the TCO/poly-Si interface. These results demonstrate the
potential of material manipulation and contact engineering strategy in high-efficiency
photovoltaic devices endowed with TCOs.

5. Bifacial Cu-plated SHJ devices with less TCO use. Towards a sustainable develop-
ment of PV technologies, metal consumptions (such as In, Ag), need to be minimized.
We prove that bifacial solar cell design is the most effective way to reach this goal. How-
ever, intentionally reducing TCO thickness on both sides of wafer is challenging, due
to areduced lateral conductivity of TCO layer, and more importantly, a likely increased
contact resistance between TCO and the underlying doped silicon layers. We compared
the optical and electrical performances of TCOs (including ITO, IFO and IWO) with var-
ied thicknesses, and found an optimal TCO use of combining 25 nm-thick front IWO
in n-contact and 25 nm-thick rear ITO in p-contact. In such a way, we achieved front
side efficiencies above 22% in bifacial Cu-plated SHJ devices. These results may provide
insightful discussions on multifold research topics for future sustainable PV development,
such as contact engineering, optical optimization, reduction of indium consumption,
bifacial solar cell design, and bifacial Cu-plating.
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2.1. Host material choice

arious materials have been developed for transparent electrodes in optoelectronic

devices, such as metal oxides, metal nanowires, carbon nanotubes (CNTs), organic
semiconductors, and 2D materials such as graphene and MoS; [32-34]. Among the
alternatives, metal oxides represent a conventional and competitive group because of
the combination of high carrier mobility, good optical transparency, straightforward
synthetic access, large-area electrical uniformity and mechanical flexibility [32]. In metal
oxides, the opto-electrical (especially the electrical) properties depend critically upon the
oxidation state of the metal component (stoichiometry of the oxide) and on the nature
and quantity of impurities incorporated in the films, either intentionally or inadvertently
[35, 36]. Perfect stoichiometric oxides are either insulator or ionic conductors. However,
oxides such as indium oxide (In,03), tin oxide (Sn0,), zinc oxide (Zn0O), cadmium oxide
(CdO), and gallium oxide (Ga,0Os3), are naturally nonstoichiometric and show intrinsic
n-type conductivity [35, 37]. It is noteworthy that, it is quite challenging to change the
conductivity type of these oxides from n-type to p-type. This is partly reflected by various
attempts to develop p-type ZnO [38], InpO3 [39], and Ga,O3 [40], but no encouraging
results have been achieved so far.

Among the prototypical n-type oxides, CdO is probably the first investigated TCO
since 1907 [41]. But it is not widely used today, due to the toxicity of Cd and the relatively
narrow bandgap of 2.3 eV that implicates low transparency in visible wavelength region.
However, it is still of scientific interest because CdO has exhibited high electron mobility
above 200 cm?V~!s™! [42]. Regarding Ga,O3, it has an ultra-large bandgap of 4.8 eV, and
is extensively investigated in the applications of power electronics [40]. As for the photo-
voltaic applications, only SnO;-, ZnO- and In,O3-based TCOs have gained widespread
attention, owing to their appropriate optical bandgap above 3 eV and low resistivity of
around or below 1 x 1072 Q cm [43]. Another interesting candidate in photovoltaics is
TiO,-based TCO [44], but seemingly such a material is more famous as electron transport
layer in perovskite solar cells to alleviate detrimental hysteresis phenomenon [45].

From the physical definition, the conductivity (o), which depends on the carrier
mobility (1) and the carrier concentration (IN), can be described as follows:

o=N-e-u 2.1

where e is the elementary charge. Equation 2.1 tells that in order to improve the o of
the film, both high N and p are beneficial. However, high N is detrimental to the optical
transparency, thus is not desirable for our PV applications. Therefore, high p is of critical
importance to realize the trade-off between optical and electrical properties of the TCO
material.

As mentioned, SnO;-, ZnO- and In,03-based TCOs are the widely utilized TCOs in PV
applications. Compared to the former two candidates, the In,O3-based TCOs exhibit the
most promising potential in developing high-mobility TCOs. The mobility of indium oxide
single crystal could go as high as 180 cm?V-!s™! [46]. Besides, mobilities of 170 cm?V-!s™!
[47], 141 cm?V1s! [48] and 150 cm?V-1s'! [49] are reported for Zr-, Ce-doped In,O3 and
hydrogenated In, O3, respectively. Therefore, we chose In,O3 as the host material for
developing high-mobility TCOs in this dissertation.
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2.2, Trade-off between opto-electrical properties of TCOs

2.2.1. TCO formation via degenerate doping of metal oxide
Metal oxide-based TCOs are formed where the ionic character of the host oxides produces
an oxygen 2p-derived valence band (VB) and the metal ns and oxygen 2p orbitals derived
conduction band (CB) [37]. Figure 2.1(a) shows the cubic bixbyite structure of the indium
oxide conventional unit cell [50]. It contains 80 atoms, composed of 32 In sites (two
inequivalent sites of In-8b and In-24d), and 48 O sites (0-48e)in the Wyckoff notation
[50, 51]. Both In-8b (labeled as In1) and In-24d (labelled as In2) are six-fold coordinated,
surrounded by O atoms. But the local structure of In1 is highly symmetric, while that
of In2 is less symmetric. The local structure of O is a distorted tetrahedron due to the
inequivalent In-O bonds. Figure 2.1(b) displays the schematics of a typical TCO band
structure, in which Eg represents the intrinsic (or fundamental) band gap. According
to traditional band theory, with a Egy around 3 eV, the host material (In»O3) permits
transparency in the visible spectrum, yet the great separation between valence band
maximum (VBM) and conduction band minimum (CBM) decreases the probability of
exciting an electron into conduction. Thus, high conductivity and optical transparency
seem contradictory [52]. However, TCO materials have been proven to sidestep this
conundrum by degenerate doping. The high energy dispersion of the conduction band,
which originates from interactions between metal s and oxygen p states, provides the
conduction path for electrons. Larger orbital overlap facilitates easier carrier drift [53].
Besides, in an n-type TCO, electrons can be injected from a nearby defect donor level
directly into the conduction band in order to permit conductivity [52]. If there is sufficient
conduction path (via orbital overlap), the electronic states in the conduction band can be
filled by the delocalized electrons from defect sites, i.e., the Fermi level shifts above the
conduction band minimum of the material. This makes the metal oxide host material
degenerately doped, changing the electrical property of the metal oxide from insulator to
metal-like (or, conductor) [37]. Therefore, the degenerately doped metal oxides become
both transparent and conductive, i.e., TCOs.

On the other hand, such an upward Fermi energy displacement is also called the
Moss-Burstein shift [54, 55]. Assuming parabolic bands, this shift AE can be calculated
from the following equation [35]:

2
aE= 3Ny 2.2)
8m* =«

where N denotes carrier density, /1 is plank constant, and m’ represents the effective
mass of conduction electrons. The Moss-Burstein shift helps to broaden the optical
transparency window and to keep the intense optical transitions from the valence band
out of visible wavelength range. Therefore, the optical band gap, which is the separation
of Fermi level and VBM (as shown in Figure 2.1(b)), is practically used in the TCO study,
rather than the aforementioned Egp. In addition, through Mott-criterion [56, 57], nBag
= 0.26 (in which n, is the critical charge carrier density, ag is the effective Bohr radius

2
determined from ag = %, with €, being the static dielectric constant of the host
e

lattice, €y the vacuum permittivity, m, " the effective electron mass and e the elementary
charge), the n. for In,O3 to induce degeneration could be calculated to be ~ 6 x 10'8
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cm [58]. However, the electron density of the unintentionally doped In, O3 is ~ 7 x
106 cm™ [58]. This means that extrinsic impurity needs to be introduced to reach
the desirable degeneration for producing TCOs with desired properties. For the well-
known tin-doped In, O3 (ITO), the electron density can be as high as 1 x 102! cm™ [58].
The TCOs investigated in this work basically have electron densities > 1 x 10'¥ cm™3.
The extrinsic impurities utilized are tin (Sn), fluorine (F), and tungsten (W), which are
representatives of In,O3-based TCOs with post-transition metal dopant, anionic dopant,
and transition metal dopant, respectively. For simplicity, the TCOs are called ITO, IFO,
and IWO, respectively. Among the layers, ITO, which has been widely used in academia
and industry environment, acts as the reference TCO layer in our investigations. It is
worth noting that, the so-called reference ITO layers in this dissertation only represent the
layers that were optimized for our lab-standard use. The comparative results in all the
chapters may differ with different laboratory conditions.

In-8b
(a) (b) E

A ANA

vac

In-24d

Figure 2.1: (a) Conventional cell of the In2O3 cubic bixbyite structure and local lattice structure of In and O
atoms in the Wyckoff notation [50, 51]. (b) The schematics of typical TCO band structure, in which I, WF, EA,
Ego, Evac, Ecem, Evem» and Er denote ionization potential, work function, electron affinity, intrinsic (or
fundamental) band gap, vacuum level, conduction band minimum, valence band maximum, and Fermi level,
respectively [59].

2.2.2, Scattering mechanisms

As indicated by equation 2.1, apart from carrier density (IV), carrier mobility (u) is a
key metric of semiconductor performance, which represents the ability of carriers to
move through the host lattice. Traditional band theory describes carrier transport of
semiconductors in electronic structures in reciprocal space, with the CBM and VBM
curvatures determining the electron and hole effective masses, respectively [32]. In an
n-type semiconductor, the electron effective mass (1) expresses the mass that the
electrons appear to have when moving within a periodic solid; while the electron mobility
(w) indicates how quickly the electrons can move through the material in an electric field.
The electron mobility can be influenced by both m.~ and the electrons’ response to local
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forces within the crystal [52]. On the one hand, low m, facilitates high y, i.e., yis inversely
proportional to 7. On the other hand, y is directly proportional to the carrier relaxation
time (1), via

e-T

u= - (2.3)

The parameter 7 is determined by the various scattering mechanisms in the TCO
material. Provided that the scattering from dislocations, acoustic phonons, and neutral
impurities are negligible in the degenerate In,O3-based TCOs [58], the total relaxation
time Tota) could be estimated from relaxation time values from the polar optical phonon
scattering (Tphonon), charged center (or ionized impurity) scattering (7.c), and grain

boundary scattering (7gg), via Matthiessen’s rule [60]:

1 1 1 1
= +—+— (2.4)
Ttotal Tphonon Tcc TGB

Accordingly, the Ty, could be estimated by

1 1 1 1
=4+ —+— (2.5)
Htotal  Mphonon Hcc  HGB

These three considered main scattering mechanisms are discussed as follows.

(i) Phonon scattering. Single crystals as well as polycrystalline materials can present
an interaction with vibrational modes of the crystal lattice defined as phonons. Due to the
polar nature of the In, O3 crystal with partly polar bonds between In and O atoms, optical
phonon scattering and acoustic phonon scattering limit the electron mobility. The latter
is less important due to the generally larger coupling constant for polar interactions than
for an acoustic deformation potential [58]. The polar optical phonon scattering is charac-
terized by the longitudinal optical phonon energy, parametrized as Debye temperature,
and the number of longitudinal optical phonon modes. The large number of 80 atoms
in the cubic bixbyite In,O3 unit cell results in a complex phonon spectrum with many
longitudinal optical phonon modes of different phonon energies. Therefore, it is not
realistic to assign specific phonon energy to specific Debye temperature or longitudinal
optical phonon mode. Thus, only effective parameters are utilized in phonon scattering
analysis [58]. Thanks to the temperature-dependence nature, the overall phonon scatter-
ing could be estimated from temperature-dependent mobility values (such as from Hall
measurements) [61].

(ii) Charged center (or ionized impurity) scattering. Charged center (or ionized im-
purity) scattering is especially relevant in degenerate TCOs doped with oxygen vacancies
and impurity atoms [62]. At every position of the crystalline structure where electrons
become freely mobile, an ionized impurity is left behind. It is noteworthy that apart from
the aforementioned metallic or anionic dopants to the 10 host material, there is a special
kind of dopant that could also contribute to the n-type conductivity, which is hydrogen-
related dopant. It has been proven that both interstitial and substitutional hydrogen serve
as shallow donors in Inp O3 [63], hence such dopants also need to be taken into account in
relevant TCO films. Furthermore, impurity clustering may occur in degenerate TCOs with
high carrier concentrations [64, 65], which makes it more difficult to predict the ¢ ina
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quantitative way. In this work, we explored the open-volume defect information in the
fluorine-doped IO film by Doppler broaden positron annihilation spectroscope (DB-PAS).
Combined with the analytical expression of Pisarkiewicz et al. [62], the uc was calculated
[61]. Detailed discussion can be found in Chapter 5.

(iii) Grain boundary scattering. The TCOs investigated in this work have a poly-
crystalline structure in their final state, thus the grain boundary (GB) scattering can
limit the yiota1- The GBs could be considered as a quasi-two-dimensional disruption
of the crystalline structure with surface states. These states can act as carrier traps at
the GBs, where potential barriers are created to hinder the intergrain carrier transport
[66]. Depending on the carrier density, the GB scattering can be either temperature-
dependent thermionic emission or temperature-independent tunneling [66-68]. The
former transport mechanism and relevant equations are elucidated in [66].

In this work, we performed temperature-dependent Hall measurements on the high-
mobility hydrogenated fluorine-doped indium oxide films. Based on the data from
various material characterizations (especially DB-PAS and spectroscopic ellipsometry),
we decoupled the pphonon, Hee, and pgp out from the piora. The contributions from
phonon scattering, charged center scattering, and grain boundary scattering in the films
of interest were distinguished and discussed. The experimental results and corresponding
analysis are elaborated in Chapter 5.

2.2.3. Trade-off between carrier mobility and carrier density

As described in section 2.2.1, degenerate doping is essential to realize the transition of
insulating In, O3 host material to transparent and conductive TCOs. For quite some time,
most efforts to improve the conductivity of TCO had been mainly focused on increasing
the carrier density (IV) via doping. However, this approach is somehow self-limiting
since the carrier relaxation time could also be reduced due to dopant scattering when
introducing many dopant sites. This is not favorable for obtaining high mobility value
of the TCO material. Hence, obtaining the highest possible conductivity is a trade-off
between N and the mobility (). For a complete degeneracy, the u and N are no longer
independent, but governed by a rule of p x N 213 (36, 69].

This results in a highest conductivity of the order of 5000 S/cm [36], which is 2 orders
of magnitude lower than that of metal such as Ag or Cu. Furthermore, at high dopant
(such as Sn) concentrations, the observed N of ITO film normally appears to be lower
than the expected value when assuming that every soluble tin atom contributes one free
electron. This implies that a portion of the tin atoms remains electrically inactive [36].

To summarize this subsection, due to the limitations of dopant scattering and doping
efficiency, there is an upper limit of the conductivity of TCOs. In other words, one cannot
continuously improve the conductivity of TCO due to the trade-off between p and N.

2.2.4. Trade-off between opto-electrical properties

Besides the electrical limitation, achieving the optimal performance in a TCO is also
challenging because of the complex interplay between the electrical and optical properties.
In the short wavelength range (below 400 nm), optical absorption occurs due to inter-
band transitions from the partially filled conduction band. As mentioned in section 2.2.1,
the optical band gap of degenerate TCOs are broadened by the so-called Moss-Burstein
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shift. This is beneficial for PV application since a broader optical transparency window
can be achieved, which allows for a more efficient utilization of the solar irradiance into
the absorber material. However, numerous study on moderately and heavily doped TCOs
reveals that their optical band gap has lower blue-shift than the theoretical value obtained
from the well-known Moss-Burstein shift [70-72]. This means that band gap narrowing
effects are happening. Different theoretical interpretations have been proposed, such
as multi-body scattering including electron-electron and electron-impurity scattering
within the random phase approximation [72, 73], and non-parabolic nature formation of
the host conduction band due to the intrinsic electron doping or dopant hybridization
with the host conduction states [74]. Besides, structural disorder yields band tailing/shift
and localized states, resulting in a strong reduction of the optical band gap [75-77].
However, it is noteworthy that although there is a band gap shrinkage in amorphous
TCOs, they could maintain the electrical properties as that of (poly-)crystalline materials.
This is afforded by the small electron effective masses, thus efficient electron transport
even in the amorphous state, since the spherically symmetrical metal s-orbital overlap is
minimally affected by lattice distortions [77, 78]. In addition, the generally quoted optical
band gap is > 3.7 eV, while weak absorption was experimentally observed at low energy
levels ~ 2.5 eV. Such optical absorption in the short wavelength range could be related to:
(i) energy levels of defects such as hydrogen-induced shallow donor states [79]; (ii) the
formally forbidden transitions at the top of the valence band [80].

In the near-infrared (NIR) wavelength range (> 700 nm), optical absorption also occurs
due to intra-band transitions within conduction band [37]. This contributes to the well-
known parasitic free carrier absorption (FCA) in PV applications [33]. The FCA in metals
and semiconductors is typically modelled by a Drude oscillator [35, 81]. The absorption
coefficient is given by [33, 35]:

A2e3N,
4m2ec3 n(me*)? topt

QFCA = (2.6)

where apcy is the absorption coefficient, N, is the carrier concentration (assuming
in n-type TCO), A is the photon wavelength, e is elementary charge, ¢ is the vacuum
permittivity, cis the speed of light in vacuum, 7 is the refractive index, . is the effective
electron mass, and pop; is the optical mobility. From equation 2.6, one can see that,
higher N of the TCO layer accompanies more significant FCA in the NIR wavelength
range. This is detrimental for high efficiency solar cells. As a device-relevant parameter,
sheet resistance (Rgy) is usually utilized to evaluate the electrical properties of TCOs,
rather than the conductivity as defined in equation 2.1 [33]. The Rg, could be calculated
from

1 1
RSh_E_—e-Ne-y-t 2.7
where t denotes the thickness of the TCO film. In solar cell utilization, low Rgy, is
required to ensure sufficient lateral carrier transport towards metal electrodes. Meanwhile,
for the purposes of front anti-reflection coating (ARC) and back reflector (BR), the f values
of 75 nm for front side use and 150 nm for rear side use in monofacial solar cells with
passivating contacts are utilized in literature [82, 83] and in this dissertation. Both N,
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and p act as the adjustable parameters to get a minimal Ry,. However, from equation
2.6, FCA is directly proportional to the carrier density. For this reason, high 1 becomes
a critical metric for reaching a trade-off between optical and electrical properties of the
TCO film for high efficiency c-Si solar cell applications. In this dissertation, fluorine (F)-
and tungsten (W)-doped In, O3 are developed for such a high u purpose.

In addition, the collective motion of the conducting carriers make them behave as a
kind of plasma in conductors. When light, namely an electromagnetic wave, is irradiated
to the conductors, the carriers oscillate at the frequency of the light, which is called
plasma oscillation. There is a characteristic threshold plasma frequency (w,) for causing
plasma oscillation, which is determined by equation 2.8 [35, 53, 81]. One can also use the
plasma wavelength (1) given by equation 2.9. Basically, when the light is with higher
frequency than wp, the carriers in the film cannot catch up with the fast electric field
oscillation of the light. Thus, the light is transmitted through the conductors without
causing the plasma oscillation or reflection at the film surface. However, when the light is
with lower frequency than wp, plasma oscillation results in the reflection of the light at
the surface of the conductors. Besides, an absorption peak could be observed in the long
wavelength range due to the plasma resonance. Figure 2.2 shows the typical reflectance
(R), transmittance (T), and absorptance (A) spectra of a metal oxide [84].

N, - e?
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where N, m. , € and ¢ denote carrier concentration (assuming in n-type TCO),
effective electron mass, vacuum permittivity, and speed of light in vacuum, respectively.
Like FCA, the plasma frequency is also dependent on the electrical parameter N, of the
TCO layer, which has been confirmed from experimental results [85].

In summary, degenerate doping is essential to realize TCO fabrication. In degener-
ately doped InyO3-based TCOs, small electron effective mass resulting from great CBM
hybridization affords large carrier mobilities. Besides, carrier scatterings coming from
phonons, charged centers, and grain boundaries co-exist and obstruct the movement
of the electrons in free pathways. Thus, the overall carrier mobility is determined from
effective mass together with the free carrier scattering time. Furthermore, there is a trade-
off between the carrier density and mobility within the TCO conduction mechanism.
More importantly, there is another trade-off between the electrical and optical properties
of TCOs. High carrier mobility is of critical importance to realize low sheet resistance,
meanwhile maintain good transparency window. Developing In,0O3-based TCOs with
high mobility, applying them in the crystalline silicon solar cells, and exploring efficient
contacting schemes for the solar cells with passivating contacts, are the main objectives
of this dissertation.

2.3. TCO deposition technologies
Rupprecht et al. [86] carried out one of the first investigations on an In,O3 semiconductor
in 1954. Since then, a variety of thin film deposition techniques have been employed to
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Figure 2.2: the typical reflectance (R), transmittance (7), and absorptance (A) spectra of a metal oxide [84].

deposit the In,O3-based TCOs. As described in section 2.2, the properties of TCO films
strongly depend on their stoichiometry, microstructure, and the presences of impurities.
Thus, each deposition technique with its associated parameters yields films with different
properties [35]. Depending on the deposition technique, the substrate can also have a
significant influence on the properties of the films, which needs to be taken into account
in device-oriented investigations [87-89].

Basically, TCOs can be deposited using a variety of vapour- or solution-phase tech-
niques. Among the techniques, magnetron sputtering is an industrially mature technique
and is the tool-of-choice for this thesis. A brief introduction of the magnetron sputtering
approach is given in Section 2.3.1. Besides, other commonly used techniques for TCO
deposition in PV field are listed in Section 2.3.2.

2.3.1. Magnetron sputtering

The term “sputtering” means the ejection of atoms from a usually solid target material due
to the impact of highly energetic species. The primitive sputtering apparatus (discussed
in 1852 [90] and invented in 1930s [91]) suffered from a low ionization efficiency of
the electrons crossing the gap between the cathode (i.e., target) and the anode. Such
drawback was circumvented using the magnetron configuration of the sputtering cathode
(invented in 1970s [92]). This approach utilizes magnetic trapping of the electrons to
confine the plasma close to the cathode. The magnetic trapping of the electrons and the
corresponding ambipolar diffusion of the ions raises the plasma density in front of the
target, hence the deposition rate is largely improved due to a much higher ion current.
Moreover, reduced pressure could improve the film properties since less scattering in the
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gas phase occurs [66, 93].

The highly energetic species are usually positive ions, which can be accelerated in
the cathode sheath of a plasma discharge or in an ion source. The latter has limitations
associated with scalability and power supply options [94], thus we exclude ion beam
sources in this discussion. As for the plasma discharge, DC and Radio Frequency (RE
13.56 MHz) excitations are commonly utilized in TCO depositions. In general, DC mode
is typically used in the case of conductive materials, which prevents the accumulation
of electric charge; while RF mode is versatile for depositing both conductive and non-
conductive materials. Regarding the TCO sputtering growth, compared to DC sputtering,
the RF sputtering could potentially produce good-quality films with better uniformity,
homogeneity, less trap densities, and higher carrier mobility [66, 93, 95]. But utilizing
RF sputtering can be more costly and limited to relatively smaller substrate sizes com-
pared to DC sputtering. Possible interpretations on the comparison between DC and RF
sputtering could be found in [95]. Besides, from the applicability point of view, both DC
and RF sputtering could induce damage to the substrate surface in the TCO deposition
process. The damage was reported to mainly result from particle bombardment in DC
sputtering, yet ultraviolet radiation emission in RF sputtering [96]. However, the major
sputtering induced damage can be recoverable by means of thermal treatment, which
will be introduced in Section 2.4.3. Additionally, we note that the sputtering techniques
are industrially applicable [97]. So far, high throughput production-scale sputtering tools
are capable of processing up to 10,000 wafers per hour [98].

Furthermore, it is worth noting that virtually any material can be a candidate for
sputtering growth. Films containing almost every solid element in the periodic table
have been prepared by sputtering, and simple compounds can be sputtered with their
stoichiometry preserved [66]. Therefore, sputtering can be applied to deposit a wide
variety of materials. This may bring additional benefits when it is employed in PV industry,
combining its advantages regarding ease of process integration, high productivity, no
hazardous gas use, decent film uniformity, ease of in-situ doping, and guarantee of
one-side deposition. Apart from TCO deposition, sputtering has also been developed
at laboratory scale to deposit (doped) thin-film silicon layers [97, 99-101]. This can be
beneficial from the following three aspects. Firstly, traditional LPCVD (Low Pressure
Chemical Vapor Deposition) appears to be problematic in the pipeline of upgrading
PERC to TOPCon, since double-side silicon layer deposition is unavoidable, leading to an
extra procedure to etch away unwanted wrap-around on the wafer. This not only lowers
production efficiency but also brings extra costs. Thanks to its single-side deposition
nature, sputtering could perfectly circumvent such a dilemma. Secondly, due to the
absence of hydrogen and low (or room) temperature deposition, blistering of the thin-
film silicon layers is not an issue in sputtering, contrary to PECVD (Plasma Enhanced
Chemical Vapor Deposition) techniques [102]. Thirdly, if so-desired, contacting schemes
such as TCO and metal depositions could also be integrated in the thin-film silicon layer
sputtering system. This may provide a possibility for highly modular platform design
for PV device fabrication (for instance, with substrate pre-heating integration, without
breaking vacuum).

Within this dissertation, we utilize RF magnetron sputtering approach to develop
high-mobility In,O3-based TCO films.
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2.3.2. Other techniques
Other commonly used techniques for TCO deposition in PV field are briefly introduced in
this section.

Evaporation

TCO films are deposited by thermal or electron beam evaporation of volatile source
materials, under high vacuum. Both metallic and oxide sources can be employed. When
pure or mixed oxides are evaporated, they reduce and form opaque films due to the
presence of free indium in an InpO3 matrix. TCOs are subsequently obtained either
by a post-oxidation step or by the oxygen introduction during evaporation. In order to
realize decent opto-electrical properties for PV applications, a substrate or post-treatment
temperature above 300 °C is normally required [35, 103]. This limits its application in low
thermal-budget solar cells.

Pulsed-laser deposition (PLD)

PLD is an efficient flash-evaporation technique where a high power pulsed ultraviolet
laser beam is utilized to vapourize the metal oxide target material in a plasma plume
and deposit it as a thin film. This process can occur in vacuum or in a background gas,
such as O;. As compared to sputtering, PLD can be a soft technique for TCO deposition,
which could reduce the deposition damage on the underlying layers due to a lower kinetic
energy of ablated species [104, 105]. Besides, PLD could operate at a relatively high
deposition pressure, promoting thermalization of particles. This potentially leads to an
easier stoichiometric mass transfer of the target material. For this reason, PLD could
afford high-quality and high-performance films with well-controlled compositions and
morphologies [104]. However, so far it is still not very applicable to production scales,
because of limitations in large-area film uniformity, low deposition rates, and relatively
high capital costs [32].

Reactive plasma deposition (RPD)

A generalized RPD technique could include a variety of methods in different terms,
such as reactive ion plating [35, 106], arc plasma ion plating [107], ion plating with DC
arc discharge [49], or high-density plasma-enhanced evaporation [108], reactive evapo-
ration [109], reactive sputtering [110, 111]. Among the methods, the latter two are using
reactive gas in the plasma environment, which limit the flux of plasma that involved in
the deposition process. In a more common sense, the RPD method is treated as one of
the evaporation-based ion-plating methods with an additional plasma generator. The
evaporation source, which is the anode, is heated and evaporated by the electron beam
via the magnetic field-controlled high-density plasma supplied from the pressure-slope
type plasma gun. The evaporated particles are dissociated, activated and ionized in the
high density plasma, so high reactivity can be achieved during film deposition, and high-
quality TCO films can be fabricated at low temperature at substrate temperature below
200 °C or even at room temperature [107, 112, 113]. In particular, the utilization of shaped
magnetic fields, which could generate a highly uniform plasma, provides the possibility to
grow flat, uniform and large size thin films while the conventional plasma-related stability
and repetitive problems are overcome. Schematic diagrams of RPD could be found in
[106-108, 114]

Due to the aforementioned advantages, RPD is becoming a promising candidate for
producing TCOs even in industrial environment [115]. Meanwhile, the plasma damage
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issue has also been addressed in academic researches [116, 117].

Spray pyrolysis

Spray pyrolysis is a solution-based process in which a thin film is deposited by spraying
asolution on a heated surface, where the constituents react to form a chemical compound.
A post-annealing treatment is normally required to further improve the film quality. The
chemical reactants are selected such that the products other than the desired compound
are volatile at the temperature of deposition. So far, different kinds of TCOs have been
formed by spray pyrolysis, such as ITO, IZO, AZO, IFO [118]. The biggest advantages of
spray pyrolysis are non-vacuum technique (cost reduction), and tuneable composition
of the target compound. However, the downside is that high temperature above 350 °C
is generally needed to drive out solvents, or to induce reactions in film growth stage, or
to crystallize the film in the post-annealing thermal treatment [119, 120]. This largely
restricts its utilization in low thermal-budget solar cells.

2.4. TCO utilization in PV devices

2.4.1. Optical perspective

As mentioned in Section 1.2.2, the TCO films act as multi-functional layers in the c-Si
solar cells with CSPCs. From the optical perspective, in our aimed SHJ and poly-Si solar
cells, the TCO layers are deposited onto doped thin-film silicon layers (including both
n-type and p-type). From optical perspective, the front side TCO layer in a solar cell
acts as a transparent window and an antireflection coating (ARC). TCO, together with
the entire front stack of layers, form a so-called refractive index grading stack. The front
TCO thickness is commonly restricted to approximately 75 nm to obtain a light reflection
minimum via destructive interference effects at about 600 nm, which is the wavelength
at which one sun standard spectral irradiance peaks. Take ITO for example, using the
equation nyto - dito = A/4, where A = 600 nm and njro ~ 2, we obtain njro = 75 nm [83].

Regarding the rear side TCO use in monofacial c-Si solar cells with CSPCs, a thick TCO
is normally required to maximize the infrared response. Such a thick TCO layer helps to
increase the internal reflectance at the rear surface of the solar cell, since it reduces the
penetration of the evanescent waves to the metal reflector [82].

Alternatively, one can utilize a combination of TCO and dielectric layers (such as SiOy)
at the front and/or rear side(s) of the solar cell, to further reduce the reflection loss on the
front side [121-123], and to lessen the parasitic absorption of the front and/or rear TCO
layer(s) by decreasing the TCO thickness [123-125] .

In this dissertation, our monofacial solar cell scheme was based on a setting with
front 75 nm and rear 150 nm-thick TCO use, both sides 75 nm-thick TCOs were utilized in
bifacial cell investigation, unless otherwise specified.

2.4.2. Electrical perspective

As elaborated in section 2.2, there is a trade-off between the optical and electrical prop-
erties of a TCO film. In,O3-based TCOs with high carrier mobility may provide an ideal
solution to maximize the function of TCO as transparent electrode in high-efficiency solar
cells. Besides, RF magnetron sputtering, which is utilized in this thesis, could ensure a
high-quality film deposition. However, at device level, more sophisticated considerations
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need to be taken into account.

Figure 2.3 shows a typical set of TCAD Sentaurus simulated band diagram of a SHJ
solar cell [126]. Specifically, for the n-contact, the TCO/doped silicon junction is isotype,
which means that electrons are majority carriers on either side. For this side, a low
work function (WF, WF = Ey, -Er) of the TCO layer is preferable to lower down the
transport barrier at the TCO/n-type silicon layer interface. However, the TCO/ p-type
silicon interface acts as a recombination junction. Holes in the p-layer valence band
have to recombine with electrons in the TCO conduction band. Thus, for the p-contact,
a high WF or electron affinity (Ega, Era = Evac — Ec) of the TCO layer is preferable to
lower down the transport barrier at the TCO/ p-type silicon layer interface. Provided an
electron affinity of ~ 3.9 eV for the thin-film silicon layer, with a band gap of 1.8 eV, and
activation energy values of ~ 200 meV and ~ 400 meV in the n- and p-layer, respectively,
ideal WF values of ~ 4.1 eV and ~ 5.3 eV could be roughly estimated for the TCOs in order
to form preferrable ohmic contacts at the n- and p-layer/TCO interfaces, respectively. The
reported WF values for the n-type degenerate In,O3-based TCOs basically fall into the
range of 4.3-4.9 eV [127].

Contact resistivity (p.) is a helpful metric for evaluating the contact properties. From
our simulated results [126], the p. of n-contact could be controlled below 20 mQ cm? for
an activation energy of below 190 meV in the n-type thin-film silicon layer, independent
of normally used TCO carrier density (1 x 1019 ~ 1 x 102! cm™3). This results from a low
potential barrier and a favourable band bending in the n-contact side. While the p. of
p-contact can be orders of magnitude higher than that of n-contact. Therefore, the carrier
transport at the p-contact normally interprets the main cause of the low fill factor in SHJ
devices. Numerous efforts have been made to minimize the p. of p-contact [128-132].
The high p. of p-contact is mainly attributed to the intrinsic Schottky barrier that forms
at the p-layer/TCO interface [133]. It is worth noting that with appropriate manipulation
on the activation energy of p-layer and carrier density of TCO, tunneling is believed to
facilitate an efficient carrier transport at the p-layer/TCO interface and result in minimal
pc values of the p-contact [129]. From simulation results, the p. of p-contact could be
minimized to below 30 mQ cm? [126]. However, to the author’s knowledge, no such
low p. value has been experimentally realized in the p-contact stack of SHJ devices so
far. In addition, optical degradation may accompany the above-mentioned electrical
engineering approaches, which needs to be considered in practical research.

Furthermore, there are other factors that need to be taken into account:

(i) Field effect passivation.

Field effect passivation is related to the band bending at the silicon surface. Take
Figure 2.3 for example, for an n-type c-Si substrate, for the n-contact, the band bending at
the c-Si surface favors its majority carriers (i.e., electrons) accumulating at the surface. It
means the minority carriers (i.e., holes) are repelled from the surface towards the c-Si bulk,
resulting in a decreased probability of recombination thus increased effective lifetime of
the minority carriers.

While more complex case could occur at the c-Si surface in the p-contact. When a
p-layer is deposited on top of an i-a-Si:H/n-c-Si stack, a decreased passivation quality at
low injection level and a decreased thermal stability of the passivation quality have been
widely reported. Different reasons have been proposed [134, 135], such as defect-rich
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Figure 2.3: Schematic band diagram of a SHJ solar cell structure, from TCAD Sentaurus simulation [126].

p-layer acting as an effective recombination channel for the minority carriers, boron
diffusion into the intrinsic layer, hydrogen effusing out from the underlying intrinsic
film in p-layer growth process, and Fermi energy dependent defect generation at the
i-a-Si:H/n-c-Si interface. When a TCO layer is deposited on the p-layer, the work function
difference between p-layer and TCO further impacts the magnitude of the c-Si band
bending. The band bending change is injection-dependent, thus it is observed that TCO
on p-layer causes a reduction of charge carrier lifetime at low injection levels [136, 137],
which leads to a decrease of the implied fill factor in the solar cell precursors.

In the dissertation work, we did not observe significant negative field effect influences
after TCO deposition on the solar cell precursors of interest, thus it is assumed that such
an effect is negligible or somehow hidden in the overall solar cell performances.

(ii) Interfacial oxide layer formation.

Unintentionally grown interfacial silicon oxide layer has been detected at the interface
between TCO and silicon layers, since TCO acts as an oxygen source for the underlying
silicon layer [138-140]. This is undesirable because such an interfacial insulting layer
could hinder the carrier transport in device [130], and can even cause significant S-shape
in device characteristics [141]. In recent years, the detrimental (or even fatal) influence
of the interfacial oxide layer formation at the TCO/silicon interface is more reported
on high thermal-budget poly-Si solar cells. Unlike low thermal-budget SHJ solar cell,
the poly-Si solar cell experiences more severe deterioration in passivation quality after
TCO sputtering step, which is hard to be recovered at post-annealing temperature of
below 200 °C [142]. Under such circumstance, a post TCO deposition annealing treatment
at above 350 °C was found to efficiently recover the passivation quality, whereas the
contact resistivity at the poly-Si/TCO interface may increase by orders of magnitude
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[142, 143], likely due to the interfacial oxide layer formation at the poly-Si/TCO interface
[138, 144]. Additionally, the thermal treatment related interfacial oxide layer formation
at the TCO/silicon interface also accompanies the opto-electrical properties change on
the TCO layer, which needs to be taken into consideration in practical device fabrication.
We provided a comprehensive investigation to address the above issues in high thermal-
budget poly-Si solar cells, as interpreted in Chapter 5.

(iii) The material phase at the TCO/thin-film silicon layer interface.

Apart from doping capability, the material phase (such as amorphous, nanocrystalline,
microcrystalline, or polycrystalline) also influences the interface properties when one
material is in contact with other materials. It has been shown that the TCO/thin-film sili-
con interface properties are also correlated with the characteristics of both the thin-film
silicon and TCO layers. Sheng et al. [145] examined the interface differences between
TCO and thin-film silicon layers, found that amorphous silicon(n-a-Si:H) interfaces better
with ITO film, while microcrystalline (n-pc-Si:H) layer contacts better with ZnO film.
The former result is somehow in agreement with our observation in fabricated SHJ de-
vices, which shows a significant fill factor improvement when a thin n-a-Si:H layer is
inserted between n-nc-Si:H and ITO [146]. We observed more oxygen presence at the
n-nc-Si:H/ITO than the n-a-Si:H/ITO interface, and the doping capability of thin n-a-Si:H
layer is higher than that in n-nc-Si:H layer, which could be the causes for the distinct
difference in fill factor of devices. Besides, Silva et al. [147] reported that compared to the
crystalline silicon, amorphous silicon film shows less reactivity with oxygen at the surface.
The above results are mainly obtained from dedicated experimental explorations for dif-
ferent application purposes. Depending on different layers, layer stacks, and laboratory
conditions, the results may differ. In addition, the material properties of the thin films
can be thickness-dependent, which need to be taken into account in practical research.
For instance, normally, a minimal layer thickness of (far) above 20 nm is required for the
material characterizations such as Raman, FTIR, XRD, and DB-PAS. However, in device
fabrication, the thin-film layer thickness may be less than 5 nm (or even lower) [146]. In
such a case, the measured material properties on a thick film could be not representative
for its practical use at device level. Accordingly, the deep understanding of the TCO/thin-
film silicon layer interface is complicated and needs more in situ and high-resolution
characterization techniques involved, which remains to be progressed in the future.

2.4.3. Sputtering damage
Apart from the aforementioned aspects, there is a widely-recognized challenge regarding
the practical employment of sputtered TCOs in PV devices, namely, the sputtering damage.
For a reference, the required energy to break the Si-H and Si-Si bonds in amorphous
silicon layer are approximately 3.55 eV [148] and 2.5 eV [149], respectively. Whereas in
sputtering process, the ion kinetic energy can be 7-70 eV [150], and the energy from
particle bombardment could be up to 150 eV [151]. Therefore, the sputtering process
could produce destructive influence in the material structure of thin-film silicon layers.
Demaurex et al. [152] observed that the silicon-hydrogen configuration of the amorphous
silicon film is permanently changed, although the electronic passivation quality of the
a-Si:H/c-Si interface can be reversibly recovered.

Figure 2.4 depicts the electronic defects and carrier transport in a typical a-Si:H film
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during plasma processing [153]. Electronic defects such as dangling bands (DBs) could
be generated by ion bombardment, photon irradiation, radical exposure, particulate
attachment, and surface charging. The former three are treated to be the main sources
analyzed in literature [96, 137, 152]. Nunomura et al. [153] studied the defect kinetics in
a-Si:H during Ar plasma treatment, and found that the defects are mainly generated by
radical species such as metastable Ar atoms (Ar’) in the plasma, rather than the Ar* ion
bombardment. Meanwhile, the Ar*-ion bombardment creates residual defects, and the
activation energy for the annihilation of defects is smaller for the plasma-induced defects
(including radical exposure and ion bombardment), compared with that for photon-
induced defects. Moreover, Demaurex ef al. [152] experimentally compared the TCO
sputtering damages at a-Si:H/c-Si interfaces by means of glass-shielding the plasma
luminescence with photon energy above 4.7 eV or 7.8 eV. They found that the sample
with no glass-shielding showed a 96% degradation in passivation, while the samples with
glass-shielding only showed passivation degradation below 30%. Apart from the results
from Nunomura et al. [153], this provides a more straightforward indication that both
plasma- and photon-induced defects are contributors to the sputtering damage.
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Figure 2.4: Electronic defects and carrier transport in a typical a-Si:H film during plasma processing [153]. The

defects are distributed in a defect-rich surface layer, where weak Si-H and Si-Si bonds are broken and the local

structure is disturbed. The carrier (electron) transport is highly limited in this layer, denoted by a zigzag line in

the middle left. Underneath this, the bulk layer is located, where the local structure is intact. The carriers are
transported mainly through this layer, denoted by a zigzag line in the lower part.

Thanks to the electronic reversibility, the sputtering damage could be cured with a
post-annealing treatment, or post H, plasma treatment, or in situ deposition annealing
process [96, 152-155]. However, it is worth noting that for different solar cell configura-
tions, the activation energy requirement for the annihilation of defects can be different.
We can take SHJ and poly-Si solar cells for examples. In a SHJ solar cell where TCO is
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deposited on top of a-Si:H or nc-Si:H or pc-Si:H thin films, it is widely reported that
the sputtering damage could be almost fully restored by a low-temperature (< 200 °C)
post-annealing treatment [122, 155]. In other cases, TCO deposition on a heated substrate
(<200 °C) could eliminate the sputtering damage on the SHJ solar cell precursor due to a
self-curing process [122, 155]. Alternatively, with appropriate thin-film silicon layer use,
such a self-curing process could occur even during room-temperature TCO sputtering
process [156]. By contrast, in a poly-Si solar cell where TCO is grown on top of thin poly-Si
layers, a curing temperature above 350 °C is normally required [143]. These cases imply
that the underlying layer of TCO also plays an important role in the origin of the defect
generations, which was reported to be relevant to the subsequently required activation
energy [153].

There are some interesting investigations that we would like to note: (i) the TCO
sputtering damage in SHJ solar cell occurs regardless of the emitter doping level, but
could depend on the thickness of the underlying thin film silicon layer [137, 157]; (ii)
as mentioned, the Ar* ion kinetic energy can be 7-70 eV. However, Illiberi et al. [150]
observed that the sputtering damage at the a-Si:H/c-Si interface is independent on the
Ar* ion kinetic energy, but linearly proportional to the ion flux. Similar phenomenon was
reported by Le et al. [158]. In addition, Nunomura et al. [153] attributed the dominance
of Ar” radicals in the defect generation over Ar* ions to the higher radical densities than
ion densities. These observations might be a reflection that plasma-induced damage is
more related to the flux, rather than the kinetic energy of the species; (iii) the impact of
the sputtering-induced ion bombardment could reach the TCO/a-Si:H interface region
through the TCO coating with a thickness of up to 20 nm [159]; (iv) The photon- and
radical-induced defects could be recovered completely by a simple post-annealing treat-
ment, but Ar*-ion-created defects may require an additional H,-plasma treatment beside
post-annealing [153]; (v) hydrogen effusion from underlying thin-film silicon layers needs
to be taken into account when analysing the passivation quality degradation upon TCO
sputtering [160]; (vi) Si-Si bonds might account for the electronic reversibility in the
curing step of sputtering damage, rather than the Si-H bonds [152]. These explorations
may be beneficial to build up deep understandings of the sputtering-induced defect
generation-annihilation mechanisms in the future.

Even though the defect generation-annihilation mechanisms on different solar cells
are still not clear enough, various progresses have been made for putting the industrially
applicable TCO sputtering technique into practice. Firstly, self-curing approaches have
been widely used in SHJ device fabrications, i.e., the TCO is deposited on a heated
substrate, such that the sputtering damage could be cured when TCO growth happens
[122, 155]. Secondly, a two-step approach can be employed. For instance, one can apply
consecutive low power and high power steps in TCO deposition, such that the sputtering
damage on the cell precursors can be minimized, meanwhile optimal TCO properties
could be maintained [159, 161]. Thirdly, air exposure of solar cell precursors before TCO
sputtering might be helpful to reduce the detrimental sputtering damage [159, 162]. In
addition, utilizing appropriate sputtering apparatus with favourable discharge excitation
forms can be also helpful to realize free-damage sputtering [158, 163]. More recent studies
can be found in [164-166].

In this dissertation, the sputtering damage issue is mainly addressed in the high
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thermal-budget poly-Si solar cells (see Chapter 5). Under our lab-standard conditions,
the thin poly-Si layer in poly-Si solar cells was observed to be more sensitive to the
sputtering damage than the doped thin-film silicon layers in SHJ solar cells.

2.4.4. Material sustainability issue

As mentioned in Chapter 1, in the Paris Agreement in 2015, a target of limiting the global
temperature increase to 1.5 °C above the preindustrial level in 2100 was set. In such a
scenario, a rapid transition to Net Zero CO, emission needs to be reached by mid-century,
and the global PV generating capacity is estimated to be about 70 terawatt (TW) by 2050
[167]. In early 2022, the PV industry has reached a cumulative capacity of 1 TW [168],
which marks the dawn of TW era. Towards the TW scale utilization, sustainability issue
regarding the material abundance needs to be addressed.

Indium is an element that is currently produced solely as by-products from the ores
of other metals such as zinc, copper, tin [169]. As a by-product, indium benefits from
sharing some production costs with its associated main product. Hence, the current
indium price is lower than if it is produced by the host material of itself. However, in
the long term, the availability of indium may still be problematic since it is one scarce
element in the Earth’s crust. The total reserves and resources of indium is approximately
50,000 tonnes, while the current global indium supply and use is around 1,000 tonnes
per year [169]. Based on this estimation, the primary indium supply could only maintain
roughly 50 years. Therefore, strategies to minimize the indium consumption need to be
developed for PV technologies employed at TW-scale level.

Apart from indium, there are some other PV materials facing sustainability issues.
One typical example is silver, which is utilized as the mainstream metal electrode in solar
cells and the solderable metal for interconnection of solar cells in module production.
The PV industry currently consumes about 20 tonnes of silver per gigawatt (GW). In 2019,
2,400 tonnes of silver was utilized in PV industry, which is more than 10% of the global
silver production. Provided that 1 TW of PV production is reached at around 2028, the PV
industry will use 100% of the global silver supply [167]. Strategies to minimize the silver
consumption also need to be addressed.

So far, various alternatives have been developed regarding the material sustainability
issues of indium and silver [170-172]. In this work, to reduce both the indium and silver
consumptions in SHJ solar cells, we designed bifacial cell configuration with reduced
TCO thickness, meanwhile, a bifacial electrochemical Cu-plating metallization approach
was developed in our laboratory. Detailed investigations are elaborated in Chapter 7 and
Appendix D.

2.5. Conclusions

This chapter gives an overview of the fundamental aspects involved in the TCO research.
In order to reach a high carrier mobility, indium oxide is chosen as the host material in
this work. Degenerate doping is essential to produce TCOs from the non-conductive
host material. Moreover, extrinsic doping not only influences the carrier density, but also
influences the carrier mobility. Different carrier scattering mechanisms could co-exist
and determine the carrier mobility. In this work, to develop high-mobility TCOs, we
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choose tin (Sn), fluorine (F), and tungsten (W) from different groups in the periodic table,
as the dopants introduced into the In,O3 host material. Besides, RF magnetron sputtering
is utilized to deposit the TCO layers, due to its advantages in producing high-quality films
and industrial compatibility. The matters of interest regarding the TCO integration into
PV devices are also briefly discussed.







Experimental

3.1. TCO sputtering

s mentioned, sputtering is based on ion bombardment of a target source material.

To understand the physics behind the sputtering process, the interaction between
the ions and the target comes as a first priority [94]. Figure 3.1 depicts a schematic
picture of the sputtering mechanism [173]. In a simple sputtering system, the plasma
glow discharge can be produced between two parallel plates in a vacuum chamber: the
substrate (anode) and the target (cathode). Firstly, the process chamber is preventively
evacuated up to high vacuum (1 x 10~7 mbar) to avoid contaminations. Then, the working
gas (generally argon) is fluxed into the chamber, obtaining an appropriate equilibrium
pressure (1-10 Pa). The plasma glow discharge is then ignited by applying a sufficiently
intense electric field (E). This occurs through acceleration of the residual free electrons in
the neutral working gas (produced by random event as cosmic rays or thermal collisions)
that can eventually ionize neutral atoms. When ionization events are more frequent than
recombination ones, an avalanche effect is produced, so that the plasma discharge is
self-sustained [94]. Finally, the ion collisions with the target can give rise to a ballistic
process that leads to the ejection of atoms. It is noteworthy that the E is normally realized
by applying a high voltage (in the range of 2000 V). To define a glow discharge, one can
follow the current-voltage (I- V) characteristics. Figure 3.2 shows the I-V characteristics
of the plasma discharge for a wide range of currents [174]. Three general regions can
be identified in the figure, namely, the dark discharge, the glow discharge, and the arc
discharge. Each of these regions encompasses many interesting phenomena, and the
sputtering is making use of the glow discharge. Detailed interpretation can be found in
[94, 174]. In addition, it is important to realize that the plasma discharge also depends
on the process parameters such as working gas(es), pressure, geometry of the electrodes
(cathode and anode) and vacuum vessel, separation between cathode and anode, and the
electrode material.

The sputtering yield is defined as the average number of atoms removed from the
target surface per incident ion. According to a semiempirical model based on the linear
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cascade collision theory, the sputtering yield can be estimated by the momentum transfer
in the ion collision, and the surface binding energy of target material [94]. For a fixed
energy and fixed target material, an optimal sputtering yield could be obtained when the
masses of the projectile and the target atoms are equal. Argon could produce relatively
high sputtering yield and high deposition rate due to its high molecular weight. Moreover,
the inert argon gas does not react with the target material or combine with other process
gases, making it an competitive candidate for working as sputtering gas.
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Figure 3.1: Schematic picture of the sputtering mechanism, in which E indicates the applied electric field [173].
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Figure 3.2: The current-voltage (I-V) characteristics of the plasma discharge for a wide range of currents [174].
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In a simple glow discharge arrange, electron trajectories are only defined by the
electric field between the cathode and the anode. Hence, the electrons are accelerated
over the cathode sheath, and move with high velocity towards the anode. The classical
approach to avoid the rapid loss of electrons from the discharge is to utilize the magnetron
sputtering. Figure 3.3 shows the schematic diagram of a simple RF-magnetron sputtering
system. In this strategy, magnets are applied behind the target, such that most of the
kinetic energy of sputtered material can be transferred to the substrate, which reduces
unwanted material erosion at other surfaces. Most importantly, the magnetron sputtering
setting enhances the diffusion and reactivity of the species at the substrate surface, thus
produces high-quality uniform TCO films at high growth rate [66]. The circular symmetry
of the magnetic field typically produces the typical toroidal shape of the confined plasma
region [173], which is also the case as we observed in the lab. Additionally, it is noteworthy
that depending on the plasma excitation modes, the position and the float angle of the
substrate can be tuned to reach an optimal plasma discharge and deposition result [163].
This is out of the discussion scope of this work. We performed our experiments in a
RF-magnetron sputtering tool from Polyteknic AS, where the float angle of the substrate is
approximately 45° with respect to the target surface, and the substrate holder is rotatable
to ensure a good uniformity of the deposited film.
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Figure 3.3: Schematic diagram of a simple RF-magnetron sputtering system [173].

In this work, TCO films were deposited on corning glass substrates by RF magnetron
sputtering technique. The geometrical size of the corning glass piece is 10 cm x 10 cm x
0.7 mm. Prior to sputtering, the glass substrates were cleaned in acetone and isopropyl
alcohol sonication baths for 10 min, respectively. Commercially available 4-inch In,O3-
based targets were utilized. Specifically, the reference ITO films were deposited from
a target containing 90 wt% InyO3 and 10 wt% SnOy; the IFO films were grown from a
so-called SCOT target product from Advanced Nano Products Co., Ltd. The F/(F+O)
atomic ratio is measured to be 12% (see Chapter 4); the IWO films were prepared from a
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target that consists of 95 wt% In O3 and 5 wt% WO3. The process chamber was evacuated
to a base pressure below 1 x 10~/ mbar before deposition to eliminate the contribution
of the water during the processing. Argon was employed as the sputtering gas since it
does not react with the target material or combine with other process gases, meanwhile
it produces relatively high deposition rate due to its high molecular weight. Before
deposition, the target was pre-sputtered for 5 min to remove any contaminants and
eliminate any differential sputtering effects. The TCO film thickness is 75 nm unless
otherwise specified. In addition, the TCO properties were found to be influenced by
underlying thin-film silicon layers, thus we also prepared TCO films on top of Corning
glasses which were coated with thin-film silicon layers. In such a way, we could obtain
more realistic data to evaluate the TCO performance at device level.

3.2. Contact study and solar cell fabrication

Due to its strong dynamics in developing top efficiencies [7] and less susceptibility to
carrier induced degradation [175], n-type solar cells were investigated in this work. The
samples for contact study utilize the same functional layer thicknesses as that used in
corresponding solar cells. Apart from that, in order to extract the contact resistivities
of n- and p-contacts from vertical dark I-V measurements, n- and p-type wafers were
utilized as substrates, respectively [143, 176]. Moreover, full-area PVD metal electrode
was employed, rather than the metal grids as that used in solar cell fabrications. Figure
3.4 show an overview of SHJ and poly-Si monofacial solar cell configurations and the
corresponding samples for contact study. For bifacial solar cell fabrication, the rear side
contacting scheme (including TCO and metal) is the same as that utilized on the front
side. In our experiments, there are multiple solar cells designed on one wafer. The cells
have full-area emitter and FSF (or BSF) layers, and are separated with patterned TCO
area by using hard masks in TCO sputtering step. The active area of the solar cells are
described in corresponding chapters.

The procedure of extracting the contact resistivity (p.) value is as follows. First, the
resistance of the symmetric sample (Rsample) is measured via a Kelvin connection. Then,
the contact resistance from all the contact interfaces (R.) is obtained from Rc = Rsample -
Rpuiks, where Ry ks denotes the resistance from the c-Si absorber and thin-film layers in
the contact stack. Finally, the p. of the c-Si/i/n(or p)/TCO/Ag stack is calculated from
pc = (R./2) x S, where S denotes the sample area, and the term “2” is utilized due to
the symmetric nature of the sample. Since all the functional layers (including metal)
are full-area prepared. The calculated p. represents the overall contact resistivity at
the contact stack which corresponds to the layer stack in the emitter or FSF (or BSF)
side of the solar cell. Furthermore, considering that the TCOs are n-type degenerated
semiconductor (behaving close to metal), and p¢ metal/Tco Values below 5 m§2 cm? are
commonly reported in the literature [177, 178], we assume that the p¢ metal/Tco Variations
are negligible in our samples. In such a way, the observed p. differences mainly indicate
the contact property change at the TCO/doped silicon layer interface.

To exclude the influences of metallic impurities and crystallographic defects in wafer
base, high purity float zone (FZ) wafers were utilized in our lab [179]. Besides, for various
solar cell concepts, parameters such as wafer thickness, bulk lifetime and base resistivity
may also affect the optimal cell performances [180]. In the dissertation, we used a constant
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Figure 3.4: (a) Monofacial SH]J solar cell configuration and corresponding samples for (b) n-, and (c) p-contact

study; (d) monofacial poly-Si solar cell configuration and corresponding samples for (e) n-, and (f) p-contact
study.

type of 4-inch double-side polished FZ 280 pm-thick n-type flat (100) oriented wafers
as the substrates for device fabrication, with a resistivity of 1-5 Q cm. The wafers were
randomly pyramidally-textured in a heated solution composed of 5% TMAH and 2.4%
ALKA-TEX 8 from GP-Solar-GmbH. In such a manner, the incident sunlight is randomized
inside the semiconductor in order to take maximum advantage of light-trapping in the
high index of refraction absorber [181]. The pyramid feature size in our texted wafers was
in the range of 1-6 um. The (textured) wafer substrates were subsequently cleaned in two
subsequent baths of a HNO3 99% bath (RT, 10 min) and HNO3 69.5% (110 °C, 10 min)
to remove the organic and inorganic contaminations, respectively. Wafers were freshly
dipped in 0.55% HF for 4 min to remove the superficial oxide layer before loading for
device fabrication procedures. To reach the nominal (reported) layer thickness, for the
thin-film silicon layer growth in PECVD and TCO sputtering on textured wafer surface,
the deposition time was chosen as the deposition time on a flat substrate multiplied by a
factor of 1.7. For the thin-film silicon layer growth in LPCVD, a factor of 1.25 was utilized.
The solar cell precursor optimizations (before TCO coating) are out of the scope of the
discussion in this thesis, which will be only briefly described in the Experimental part of
corresponding chapters.

3.3. Characterizations

During the thesis work, various approaches were utilized to measure the optical and
electrical properties of the TCO films (including ITO, IFO, and IWO). To better understand
the TCO properties, the structural, morphological, compositional, defect-related charac-
terizations were also carried out. These aspects will be addressed in sections 3.3.1 and
3.3.2. Besides, device-related performances were evaluated in terms of contact study;,
cell precursor quality, as well as final solar cell parameters. Related measurements will
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be briefly introduced in section 3.3.3. Furthermore, preliminary modelling work was
performed to gain insights into the TCO materials and relevant contact properties, which
will be introduced in section 3.4.

3.3.1. Opto-electrical properties of the TCO film
This subsection describes characterization approaches of the TCO film.

Part I. Thickness determination and optical characterization of the TCO film

The thickness of the TCO film can be determined from two approaches: (i) direct
detection, such as step-profiler, scanning electron microscope(SEM); (ii) optical measure-
ment with the assistance of appropriate model fitting. The latter strategy was utilized in
our work, which is also widely employed for TCO characterizations in literature. Moreover,
apart from the film thickness, the optical properties of TCO layers can also be evaluated
simultaneously with the optical measurement approach.

In our work, the TCO film thickness (f) was determined by a Steag ETA-Optik mini-RT
setup or a spectroscopic ellipsometry (SE) M-2000DI system (J.A. Woollam Co., Inc.).
The sample is the deposited single TCO layer on Corning glass substrate. For mini-RT
measurement, the film thickness value was obtained from Scout software fitting [182]
on the quickly-measured measured reflectance (R) and transmittance (T) curves of the
sample. With respect to mini-RT, the SE measurement is more powerful since it could
provide multiple film parameters such as bulk thickness (#,), surface roughness (¢;),
optical mobility (uopt), Urbach energy (Ey) and complex refractive index (including
refractive index, n, and extinction coefficient, k), and absorption coefficient spectra
(@). The optical band gap (Eg) could also be extracted from Tauc plot based on the SE-
fitted a curve [61]. In addition, SE also provides a solution to extract the TCO optical
properties when deposited on top of thin-film silicon layers. In other words, both single
and multi-layer strategy could be realized in SE modelling. This is of special importance
for device-oriented investigations.

Figure 3.5 schematically depicts the basic principle of spectroscopic ellipsometry
(SE) [183, 184]. Basically, SE is a reflection-type optical measurement, which utilizes the
change in polarization state of light upon reflection to determine the optical properties of
the samples. The sample induces a phase shift (A) between the polarization components
of the reflected light which are parallel (subscript p) and perpendicular (subscript s) to the
plane of light incidence. In addition, the corresponding absolute values of the reflection
coefficients rp and r; are generally not equal. Therefore, linearly polarized light in general
is converted into elliptically polarized light upon reflection. The complex reflection
coefficients of the film are defined as the ratio of the reflected to incident electric field
for both polarization, and can be extracted by mathematic fitting on the detected (¥, A)
data. Besides, the most prominent features in SE data are oscillations when the film is
transparent. The measured spectra exhibit peaks and valleys, referred to as interference
features, due to constructive and destructive interference as the light recombines. The
number and position of interference features depend on film thickness (#) and refractive
index (n), while the oscillation amplitude is affected by optical contrast between film and
substrate. Therefore, the SE approach is more flexible in using opaque sample substrates
than mini-RT, but requires a distinct optical difference (such as refractive index) between
film and substrate.
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The SE setup consists of several optical elements, which are used to direct a beam
with a defined polarization. In our measurements, to prevent backside reflections with
transparent substrates, cloudy tape was applied on the backside of the glass substrates
[185]. The measured photon energy range was 0.75-6.5 eV, while the incidence angles
were 55°, 60°, 65°, and 70°. The spectra showed similar features with different angle
variations on one sample. The data from 70° were selected for analysis due to its ideal
graphing depolarization conditions near zero, which indicates that little light is reflected
from the backside into the detector. For the SE analysis, the dielectric function of the
TCO film was considered to be homogeneous in depth and modeled by a combination
of a Cody-Lorentz oscillator and a Drude oscillator, to account for the absorption across
the optical bandgap in ultraviolet (UV) range and the free carrier absorption (FCA) in the
near infrared (NIR) part of the spectrum, respectively [186, 187].
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Figure 3.5: Basic principle of spectroscopic ellipsometry (SE) [183]. The waves indicated as “s” and “p” represent
s- and p-polarized light waves. The oscillatory direction of the p-poloarization is parallel to the incident plane
of samples. SE measures the amplitude ratio ¥ and the phase difference A between the p- and s-polarizations.
The n and k show the refractive index and extinction coefficient of the sample, whereas 6 indicates the incident
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angle. The Ef shows the electric field vector and the subscripts “i”, “r”, “s” and “p” for Ef denote the incidence,

reflection, s-polarization and p-polarization, respectively. The synthesized vectors for the p- and s-polarizations

are indicated by red arrows. The SE parameters (¥, A) are defined by the amplitude reflection coefficients for
p-polarization (rp) and s-polarization (rs).

Besides, the transmittance (T) and reflectance (R) spectra were obtained from a spec-
trophotometric PerkinElmer Lambda 950 or 1050 system. Figure 3.6 shows the schematic
diagram of the configurations of the photo spectrometer [188]. The setups are capable
of producing light beam in a broad wavelength range of 250-2450 nm, which covers the
ultraviolet, visible, to near infrared (UV-Vis-NIR) wavelength range. The dual beam photo
spectrometer is utilized, in which a deuterium lamp produces the UV light beam (till
319 nm), and a halogen Wolfram lamp that is in charge of the beam for the Vis-NIR light.
Before measurements, the lamps are warmed up for 30 minutes to assure the desired
intensity, and a calibration run without loading any sample on the device is executed to
obtain the baselines for 100% and 0% transmission or reflection. In measurement, the
light beam is divided in a reference beam and the beam that falls on the sample which
are compared by the system. The detected intensity difference between the two beams
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is collected. The incident beam goes through several lenses for the correct focusing and
falls on the sample on a constant perpendicular path in both of the probable positioning
of the samples. An Ulbricht sphere is installed to keep the reflected and scattered pho-
tons so that a photodetector can perceive the intensity of the light and yield the value
of transmission or reflection. It is worth noting that there is a detector transition from
photomultiplier to lead sulphide detector at 870 nm, which normally leads to a noticeable
signal fluctuation upon this wavelength. The fluctuation is small, thus is generally not
considered in the analysis of the measured spectral curves. In our measurements, the
wavelength range of interest is 300-1200 nm, since it basically covers all the usable fraction
of solar spectrum that the c-Si absorber can utilize. We did the measurements with a
scanning step-size of 10 nm.

(a) Total/diffuse Transmittance
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Figure 3.6: Schematic diagram of the configurations of the photo spectrometer [188]. (a) Total or diffuse
transmittance. (b) Total reflection.

Besides the R/ T data visualization of the TCO film, the spectrophotometric measure-
ments also provides supplementary information in the following two aspects: (i) the
reflective type SE has limited sensitivity for weak light absorption [183, 189]. Under such
circumstance, one can calculate the absorptance (4) of the TCO film by 1-R-T, which
provides a direct analysing measure to evaluate the absorptive property of the transparent
TCO film; (ii) the aforementioned Scout software fitting in mini-RT method can also be
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employed here, such that the complex refractive index of the film can be extracted. The
data on the optical properties of the TCO films from mini-RT, SE and spectrophotometry
should be mutual-corroborative.

Part I1. Electrical characterization of the TCO film

As described in Chapter 2, the main parameters to evaluate the electrical properties
of the TCO film include: sheet resistance (Rg), resistivity(p, p = 1/0), carrier density (IV),
and carrier mobility (u). In this subsection, the approaches to obtain these parameters
will be introduced.

The Ry, of the TCO film is determined from the four-point probe (4PP) method, whose
schematic diagram is illustrated in Figure 3.7. The 4PP technique is more accurate than
the two-point method since independent contacts are employed for the applied current
flow and the voltage measurement. Four equidistantly positioned contacts are linearly
distributed in 4PP method. The two outer probes are used to enter small measurement
currents, while the two inner contacts are utilized to detect the potential difference
between them. In such a way, any voltage drop due to the resistance of the first pair of
leads and their contact resistances is ignored by the meter. For the ideal case of an infinite
extended film whose thickness is much smaller than the distance between the contacts,
the Ry, is calculated after:

Ry = %t
ST Tn2

The magnitude of Ry, is with the unit of /0 to distinguish it from the conventional

resistance R, whose unit is Q. Further details on the 4PP method can be found in [190].

(3.1)

Substrate

Figure 3.7: Schematic diagram of the four-point probe (4PP) method. I is the applied current, V is the voltage, ¢
is the thickness of the TCO film, and s s the distance between the probe contacts.

The conduction type of the TCO films in this dissertation is n-type, which is confirmed
from Hall measurements. Further, the electrical parameters of the TCO films, such as
p, N and p, are also measured from Hall measurements, in which p is measured by the
so-called van der Pauw method, and N and p are extracted combined with the Hall effect.
Detailed information is described as follows.

In Hall measurements based on a traditional Hall bar geometry, the accuracy of
the resistivity measurements is sensitive to the geometry of the sample. Van der Pauw
found that the sample geometry can be extended to arbitrary shape, as long as the
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contacts are small and at the edge of the sample, the sample layer is homogeneous, of
uniform thickness, and geometrically holes free [191]. The commonly used van der Pauw
geometries include square, circle, cloverleaf shaped structure. A qualitative sketch of the
specimen we used in this thesis is shown in Figure 3.8(a). In this approach, the resistivity
is automatically given by the expression from combined voltage-current readings and
sample thickness value. The current is applied in the diagonal direction (such as A to C) in
Hall effect work mode. In such a square structure, the measurement errors for resistivity
and Hall coefficient are roughly proportional to (¢/ L)% and (c/ L) respectively. Therefore, we
kept a constant size with (c¢/L) below 1/20, such that the measurement errors for resistivity
and Hall coefficient could be reasonably kept below 0.1% and 5%, respectively. Besides,
to make it safe, the offset voltage due to possible thermoelectric effects and misalignment
in geometric symmetry and infinitesimal contact was corrected by reversing the direction
of current flow and magnetic field during the automated measurements [192].

(a) (b)

Figure 3.8: (a) The square shaped van der Pauw geometries in this work. (b) Schematic diagram of Hall effect. In
our measurements, the sample length (L) equals the sample width (w) due the square shaped sample use.

The Hall effect was discovered by Hall in 1879 [193]. Initially, we shall assume a
rectangular sample with constant thickness f, where a current I flows parallel to the sides
as sketched in Figure 3.8(b). The resistivity (p) has been obtained from voltage-current
reading based on the van der Pauw method as described above. When a magnetic field (B)
is normally applied to the surface of the sample, a Lorentz force is formed, which could
be expressed by f}, = quB. This f}, is compensated by the electric field (E) resulted from
the distributed mobile charge carriers in the sample. When f§ = f},, the voltage between
the opposite sides of the sample could be measured, which is called Hall voltage (Uy).
Considering fg = gE = qUu/w, and I = nquwt, then Uy = IB/ngt. The Hall coefficient
Ry is defined as Ry = Uy t/IB, and nis deduced by n = -1/qRy (for n-type sample). This
derivation is obtained under simplifying assumptions of energy-independent scattering
mechanisms. With this assumption relaxed, the Hall scattering factor r, which accounts
for the energy-dependence of the carrier scattering rate, needs to be introduced (typically
between 1 and 2) . In this case, the electron density is formulated from

r riB

n=-——=- (3.2)
qRu qUut
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In the Hall measurements, as r is typically unknown, a “Hall mobility (uy,y)” and
accordingly “Hall carrier density (nyy,))” are defined by choosing r = 1. In this convention,
the physically conductivity related mobility and carrier density correspond to p = pygan /7,
and n = rnyy, respectively. In this thesis, we neglected r in our reported values since r is
close to unity at degenerate semiconductors such as doped In, O3 [58].

We note that, according to the physical definition, Ry, = p/t. Theoretically, the mea-
sured p from the van der Pauw method in Hall measurement should be strictly consistent
with the calculated data from 4PP measurements. However, discrepancy can happen
from two aspects: (i) the probe contact issue in Hall measurement. For samples that
are too resistive to make a good ohmic contact between the probe and sample surface
needs to be ensured in Hall measurement, the measured p in Hall measurement could be
higher than the actual value of the sample [194, 195]; while 4PP could give more reliable
p values since it measures the potential difference in an independent loop, where the
contact barrier between probe and sample surface is negligible [190]; (ii) the anisotropy
of the material. The traditional van der Pauw method employs a four-point probe placed
around the perimeter of the sample, in contrast to the linear four point probe. This
allows the van der Pauw method to provide an average resistivity of the sample, whereas
a linear array provides the resistivity in the sensing direction. This difference becomes
important for anisotropic materials. In our work, we only observed the discrepancy in p
values from 4PP and Hall measurement for not well-conductive TCO samples, such as
the air-annealed IFO:H layer in Chapter 5. For most conductive TCO layers of interest for
solar cell applications, the p values from 4PP and Hall measurement were quite compa-
rable (equal or a few Q/0 difference). Therefore, we assume that our In,O3-based TCO
films are basically isotropic and might be related to the high-quality film growth from RF
magnetron sputtering technique. Moreover, good ohmic contact between the probe and
sample surface needs to be ensured in Hall measurement, otherwise the contact barrier
needs to be considered in the electrical measurement of a resistive sample.

Another thing is that, the electrical property of a TCO film is interactive with its optical
property (see Section 2.2.4). As mentioned in SE measurement, a combination of a
Cody-Lorentz oscillator and a Drude oscillator were employed in the SE data fitting. The
latter accounts for the free carrier absorption (FCA) in the near infrared (NIR) part of
the spectrum. According to equation 2.6, the FCA is proportional to the carrier density
(N) value. Hence, the measured N values in Hall measurements should also be mutual-
corroborative. In addition, by assuming the effective electron mass m" = 0.30 m, and
Nopt = Ne from Hall measurements [37, 58, 60, 196], the optical mobility (Hopt) could
be extracted from the Drude fitting in SE data, via popt = eropt/m*, in which e is the
elementary charge, and 7,p, is optical relaxation time from Drude fitting [186, 196]. Such
that the effect of grain boundaries (GBs) in the electron scattering mechanisms can be
evaluated from the ratio between e pan and popt, because pe man reflects all scattering
phenomena, while p,p¢ is not affected by GB scattering [60, 197].

Furthermore, apart from room temperature measurements, temperature dependence

7 (3.3)
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of the electrical properties could be evaluated from Hall measurements. As described in
section 2.2.2, the carrier scattering mechanisms in the TCO film are affected by thermal
activation energy. Thereby, the inherent conduction mechanisms in the TCO film could
be indicated by means of temperature-dependent Hall measurements, combined with the
Hopt extracted from SE fitting and defect (or doping) analysis strategies such as Doppler
broadening positron annihilation spectroscopy (DB-PAS). The DB-PAS technique will be
introduced in the following material characterization part. In this work, we carried out
temperature-dependent Hall measurements on the IFO:H films that undergo different
annealing treatments, which will be elaborated in Chapter 5. The temperature range in
the Hall measurement was 200 K to 350 K. First, the measured film was cooled down to
200 K with liquid nitrogen, and the electrical properties were measured during heating up
to 350 K [186].

3.3.2. Other material characterizations
Apart from the opto-electrical measurements, we also carried out various material char-
acterizations on the TCO samples, to better understand the TCO properties.

Firstly, the crystalline nature of the films was studied with the X-ray diffraction (XRD)
technique. The XRD spectra were obtained on an XPERT-PRO diffractometer system with
spinning stage (Spinner PW3064), and a Cu Ka radiation from the X-ray tube with normal
focus was used (Cu Ka=1.5406 A). The characterization was operated at 45 kV with a 20
scan range of 10-90°.

Secondly, surface morphology scanning was carried out in NTEGRA PNL configura-
tions from atomic force microscopy (AFM) mode at room temperature. A high accuracy
non-contact composite probe consisting of a silicon body, polysilicon lever and silicon
high resolution tip was utilized, whose resonant frequency is 120 + 10% kHz. The scan
area was set at 1x1 um?, and a topographic image consisted of 256 lines. Statistical rough-
ness and grain analysis were conducted in NOVA program. Alternatively, morphological
images of the samples (including TCO layers, metal fingers, wafer surfaces) were detected
from field-emission scanning electron microscope (FE-SEM) via Hitachi Regulus 8230,
or a low resolution SEM system from JEOL Ltd.. Besides, a confocal laser microscope
(Keyence VK-X250) was utilized to obtain the optical microscope images of the metal
fingers. Additionally, it is noteworthy that in Chapter 4, with the AFM setup, we also
attempted to carry out some Kelvin probe force microscope (KPFM) measurements in air
to estimate the TCOs’ work function (WF) from the observed contact potential difference
(CPD) considering gold as reference. Samples are based on cleaned 280 pm-thick n-type
flat (111) oriented wafers as substrates, in order to mimic the (111) oriented crystal plane
of the pyramids facets exposed after surface texturing for device fabrication. A conduc-
tive silicon-SPM-Sensor probe was utilized as the standard tip and the Z-position of tip
was 10 nm. In order to minimize the temporary influence from the ambient air atmo-
sphere on the static charging effect and to get clear comparative CPD values, repeated
measurements were carried out [198].

Thirdly, fourier transform infrared spectroscopy (FTIR) was used to confirm the pres-
ence of hydrogen in the IFO:H film in Chapter 4, and to evaluate interfacial silicon oxide
formation on TCO-coated c-Si wafers in Chapter 5. The measurements were performed in
the NICOLET 5700 setup with a scanning range of 4000 - 400 cm™! in nitrogen atmosphere.
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A KBr beam-splitter and a transmission accessory were used. The measurements were
done under dry nitrogen ambience with 1200 scans at a 4 cm™! resolution. In Chapter
4, specified 500-um-thick wafers with resistivity of 1-10 Q cm were used as substrates
and reference. In Chapter 5, we firstly measured the FTIR spectra for all the four samples
with one standard c-Si wafer piece as the reference sample, and the background spectra
of the reference wafer was collected before each sample measurement. From this step,
four measured spectra on four samples were obtained accordingly. Then, the measured
spectra were analyzed by using the as-deposited IFO:H coated poly-Si stack as a base-
line in the Omnic program. Based on such a baseline correction, signals regarding the
IFO:H/poly-Si interfacial silicon oxide, which represents the most distinct part among the
samples, were enlarged and can be easily recognized.

Fourthly, the chemical composition of the IFO film was studied using X-ray photoelec-
tron spectroscopy (XPS) at the initial stage of this thesis work, since the target information
was not disclosed by the supplier. Spectra were measured at 45° take-off angle relative
to the surface plane with a PHI 5600 Multi Technique System (base pressure of the main
chamber was 1 x 1078 Pa). Samples were excited with Al Ka X-ray radiation using a pass
energy of 5.85 eV. Structures due to the Ka satellite radiations were subtracted from the
spectra prior to data processing. The XPS peak intensities were obtained after Shirley
background removal [199]. The atomic concentration analysis was performed by taking
into account the relevant atomic sensitivity factors. The instrumental energy resolution
was < 0.5 eV. Spectra calibration was achieved by fixing the main C 1s signal at 285.0 eV
[200].

Further, to unveil the mystery of the magnetron-sputtered IFO film and its thermally
annealed state, Doppler broadening positron annihilation spectroscopy (DB-PAS) was
employed to explore the presence of open volume defects in relevant films. We did DB-
PAS measurements using the mono-energetic low energy positron beam VEP at Delft
University of Technology [201]. A liquid-nitrogen-cooled high-purity Ge (HPGe) detector
with an energy resolution of 1.3 keV was utilized to determine the energy of the emitted
positron-electron annihilation y-rays. The line shape parameter S was calculated as the
ratio of the central region (|AE| < 0.8 keV) of the 511 keV annihilation y-ray photopeak to
the total area, and the wing parameter W was defined as the ratio of wing regions (2.1 keV
< |AE| < 6.0 keV) to the total area. The Doppler depth-profiles collected in the range of
0.1-24 keV were fitted to extract S and W parameters of corresponding samples, using the
VEPFIT program [201].

3.3.3. Device characterization and contact study
Part I. Passivation quality - minority carrier lifetime measurement

The effective minority carrier lifetime 7.5 was measured using the photoconductance
decay (PCD) technique with the lifetime tester WCT-120 from Sinton Instruments, in a
fast, contactless, non-destructive way. The tool illuminates the sample with a white light
flash lamp and corresponding photoconductance decay, Ao, of the sample is measured
contactless with a calibrated radio-frequency circuit, which is inductively coupled to
the sample’s conductivity [202]. The decay of An generated by a short illumination is
determined from the measured decay of the excess photoconductance Ao, which is
directly related to Arn:
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Ao =eAn(un + pup) W (3.4)

where eis the elementary charge, W is the wafer thickness, i, and yp, are the electron
and hole mobility, respectively. For silicon, the variation of the carrier mobility with
the carrier concentrations is well known, thus equation3.4 can be solved iteratively to
find An for each measured Ao. The PCD measurements were either performed in the
transient mode for samples with high passivation quality, or in the quasisteady-state
mode (QSSPC) using a generalized analysis for samples with lower lifetime values [202].
Due to a minimum flash lamp decay time of 30 ps in the WCT-120 tool, transient-PCD
measurements are limited to samples with 7 above ~200 ps. The lifetime curve is
informative on the recombination mechanisms in the wafer bulk or the on the wafer
surface, detailed elucidation could be found in [203-206]. The i-V ¢ is calculated at
one-sun illumination [188].

The maximum power point of a solar cell depends on both the wafer doping and the
carrier injection level [207]. In this work, our wafer doping is approximately 1.5 x 10'°
cm™, and the reported the lifetime and i- V¢ values in this work corresponds to an
injection level of 1.5 x 10! cm3.

Part II. SunsVoc measurements

SunsVoc measurements were performed for evaluating the electrical properties in
our devices, via a Sinton Suns-Voc-150 Illumination-Voltage Tester. The principle of
the SunsVoc technique is to measure the open-circuit voltage as a function of the light
intensity. With a few assumptions, the data can be further analyzed to indicate the
potential I-V curve that the solar cell/precursor would have if it could be made and
measured with no series resistance. This can be extremely useful, since the presence of
shunt and series resistance effects on the final device performance can be easily separated.
Because the measurement is done under open-circuit conditions, the requirements of
low-series resistance wiring and probes that would normally make cell measurements
complex are avoided.

A comparison between SunVoc and the measured /- V data on final solar cell allow
one to extract the series resistance of the device [208]. Combining the contact resistivity
values obtained from the contact study samples, the carrier transport in vertical can lateral
directions could be decoupled. The vertical carrier transport implies the TCO/doped
thin-film silicon interface properties, and the lateral carrier transport is indicative of
whether the Ry} is sufficiently low for device use.

PartIII. I-V measurements

I-V measurements were utilized to obtain the solar cell parameters, with an AAA class
Wacom WXS-90S-L2 solar simulator. For the bifacial solar cell measurements, a dedicated
in-house sample stage was utilized, unless otherwise specified. Within this dissertation,
the front side is depicted for the i/ n side, and the rear side is meant for the i/ p side of
a bifacial SHJ solar cell. Besides, in the dedicated sample stage for the bifacial device
measurements, one type of special substrate which shows a reflectance of below 3.5%
along the wavelength range of 700-1200 nm was utilized. By directly mounting the wafer
on the substrate in the I-V measurements, the rear side illumination, when measuring
front side of the wafer, could be effectively controlled below 3 W/ m? [209]. The I-V data
were obtained on both sides of the SHJ devices separately. Subsequently, the bifaciality
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factor, ¢, was determined as the minimum of the ratios of the rear and front short-circuit
current and maximum power, i.e., ¢ = min(Isc back/Isc,front» Pmax,back/ Pmax,front) [209].

Furthermore, dark I-V measurements have been widely utilized in contact studies of
various methodologies (such as transfer-length-method [177], circular-transfer-length-
method [210], and the vertical sample measurement [142, 143]). The key point in these
measurements is that, the overall resistance is very small (m2 scale). Under this circum-
stance, the influence in the circuit loop as well as the contact resistance between the
chuck(or the contacting probe) and the sample surface may not be negligible anymore,
which arouse uncertainties in the resistance measurements. In this work, we utilized
a Cascade33 Microtech setup in Else Kooi Lab at Delft University of Technology, with
the electrical connections as sketched in Figure 3.9, unless otherwise specified. Sym-
metric samples as shown in Figure 3.4 were prepared for contact study, and vertical I-V
measurements were carried out. The total resistance (R;qq)) Oof the symmetrical sample
for contact study is measured from Rio¢q) = (V- V1) / Iorce- Similar in a four-point probe
measurement, the potential difference (Vy;-V1) of the sample is collected separately
without the influence of the applied current (If,ce). Moreover, the influence from the
sample chuck is eliminated, thus the accuracy of the resistance measurement could be
ensured. Subsequently, the contact resistivity values of corresponding contact stacks were
calculated following the procedure as described in Section 3.2.

Vforce VH

Sample chuck

GND 1A
Figure 3.9: Schematic diagram of electrical connections in the I-V measurement for contact study.

Part IV. External quantum efficiency (EQE) measurement

The External quantum efficiency (EQE) is the ratio of the number of carrier collected
by the solar cell to the number of photons of a given energy incident on the solar cell. If
all photons of a certain wavelength are absorbed and the resulting minority carriers are
collected, then the quantum efficiency at that particular wavelength is unity. EQE curve is
indicative on the spectral response of the solar cell, and the short-circuit current density
that derived from the EQE integration is denoted as Jsc,gqk. An in-house EQE setup was
utilized in this work, with the wavelength range of interest of 300-1200 nm. We note that
in this work, the active area power conversion efficiency of the devices was calculated from
the product of V¢, FF, and Jsc gQE-

3.4. Modelling

In order to evaluate the optical performance of the TCO films (ITO, IFO, and IWO) at
device level, we performed simulations via ray-tracing GenPro4 optical model [211]. The
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simulations of our SHJ device structures were performed based on double-side textured
c-Si wafer with SE-fitted complex refractive index of each functional layer as input. For
the simulations on bifacial cells in Chapter 7, we used a rear side irradiance of 100 W/ m2.
A superposition principle was employed to calculate the implied photocurrent densities
in c-Si absorber (Ac.si). Specifically, Ac.s; values of the front and rear side illumination
were separately obtained at a default 1000 W/m?, which were Ac-sifrong and Ac._si back,0-
Then the overall A._s; value was calculated via Ac_s; = Ac-si front + 0.1 X Ac_si back,0-

Besides, we attempted to interpret the observed carrier transport behaviours in con-
tact study by combining simulation work (see Chapter 7). A first-principles density-
functional theory (DFT) study was carried out via the Vienna Ab initio Simulation Package
(VASP). Based on the projector augmented wave (PAW) method, the equilibrium geo-
metric and electronic structures of In,O3 (I0), ITO, IFO, and IWO were calculated. The
Perdew-Bruke-Ernzerhof (PBE) exchange-correlation functional was applied. The con-
ventional cell of bixbyite In,O3 of 80 atoms was subjected to a geometrical optimization.
A 400 eV plane wave cut-off energy and a I'-centred k-point grid of 3 x 3 x 1 were utilized .
The convergence criterion was below 0.01 eV/A. To mimic the materials as we utilized in
the lab, for ITO, three In 8b sites were replaced by Sn atoms; for IFO, five oxygen sites were
replaced by F atoms; and in IWO, one In 24d site was replaced by W atom. The effective
electron mass was obtained in the ab initio calculation through fitting the curvature of the
conduction band [73]. The work function (WF) of a TCO was obtained from an additional
simulation, in which a vacuum slab was added in the input file and the WF was extracted
by taking the potential at the center of the vacuum [212].

3.5. Conclusions

This chapter provides a brief introduction of the experimental details in this dissertation,
including the deposition conditions of the TCO films, device fabrication, various charac-
terizations of the samples, and the modelling details regarding optical device simulations
and density functional theory calculations of the TCO materials.
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Abstract

Broadband transparent conductive oxide layers with high electron mobility (ue) are
essential to further enhance crystalline silicon solar cells performances. While metallic
cation doped In,03 thin films with high pe (> 60 cm?V~!s™!) have been extensively
investigated, the research regarding anion doping is still under development. Here, we
investigate the properties of hydrogenated fluorine-doped indium oxide (IFO:H) films
processed at low substrate temperature and power density by varying the water vapour
pressure during deposition. The optimized IFO:H film shows a remarkably high p. of
87 cm?V~!s7!, carrier density of 1.2 x 10%° cm™ and resistivity of 6.2 x 10™* Q cm. We
analyzed compositional, structural, and opto-electrical properties of the optimal IFO:H
film. Besides, we implemented the IFO:H film into different front/back-contacted solar
cells with passivating contacts. With respect to our lab-standard ITO counterpart, a
significant short-circuit current gain of 1.53 mA/cm? was observed in the IFO:H-based
silicon heterojunction solar cell. The best solar cell shows a conversion efficiency of
21.1%.

*C. Han, L. Mazzarella, Y. Zhao, G. Yang, P. Procel, M. Tijssen, A. Montes, L. Spitaleri, A. Gulino, X. Zhang, O.
Isabella, and M. Zeman, “High-Mobility Hydrogenated Fluorine-Doped Indium Oxide Film for Passivating
Contacts c-Si Solar Cells,” ACS Applied Materials & Interfaces, 11(49), 45586-45595, 2019. November 22, 2019,
doi: 10.1021/acsami.9b14709.
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4.1. Introduction

M etal-doped and/or hydrogen-doped In, O3 thin films with high e (> 60 cm?V~!s™1),
such as H [76], Ce [49], Zn [214], Ti [215], Zr [216], W [217], Mo [218], Hf [219], have
attracted considerable attention. In these cases, the metallic cation doping species
substituting In atoms mainly act as a donor; besides, they decrease the residual strain and
the contribution of the grain boundary scattering to carrier transport, which could be
enhanced by the co-doping with hydrogen [49]. On the other hand, the study with respect
to anion doping is, to our knowledge, still not fully developed, even though fluorine
dopant has been found to present high mobility in the early 1980s [220].

Different approaches have been utilized to fabricate conductive fluorine doped in-
dium oxide (IFO) films, such as chemical vapour deposition at 350 °C - 450 °C [221],
pyrosol approach at 310 °C - 500 °C [120, 220], electron-beam evaporation at 450 °C - 520
°C [222, 223]. Some reports on reactive ion plating [194] and RF magnetron sputtering
[224] at room temperature showed rather high initial resistivity (> 1 x 1072 Q cm), re-
quiring an annealing step at temperature above 400 °C for yielding a highly conductive
and transparent film. The ion radius of F~ (1.36 A) is close to that of 0% (1.40 A) and
substitutional replacement of F~ with 0% is expected to cause minor distortion to the
Iny O3 lattice [224, 225]. In terms of material properties, IFO film was found to have com-
parable conductivity and better optical transmission in comparison with indium tin oxide
(ITO) [120, 226]. It is noteworthy that Untila et al. have applied the pyrosol synthesized
IFO film to IFO/ p-Si heterojunction and bifacial c-Si solar cells for low-concentration
systems [120, 227, 228]. Such high-temperature process limits the application of IFO in
low-thermal budget architectures; furthermore, the process is prone to develop an insu-
lating SiOx between the IFO film and doped layers [227]. At present, the low-temperature
deposition method of IFO film has not been well explored, and there has been little work
on its application in solar cells with passivating contacts.

In this paper, we prepared high- i hydrogenated fluorine-doped indium oxide (IFO:H)
films with RF sputtering at low substrate temperature and low power density. The com-
positional, structural, and opto-electrical properties were characterized. Furthermore,
we validated the use of IFO:H in different solar cells with CSPCs, with indium tin oxide
(ITO) as reference. Experimental improvements were observed. Especially the SHJ cell
with double-side IFO:H demonstrates distinct optical enhancement without any losses in
fill factor (FF) and V oc, making IFO:H a strong candidate for multi-purpose applications
such as FBC and IBC c-Si solar cells or perovskite/silicon tandem solar cells.

4.2. Experimental
The experimental section inludes the following parts.

Materials. The IFO:H film was sputtered at substrate temperature 105 °C, Ar flow 50
sccm, chamber pressure 2.50 Pa, power density 1.8 W/cm?, and variable water vapour par-
tial pressure. For comparison purpose, ITO films were deposited at substrate temperature
105 °C, Ar flow 40 sccm, chamber pressure 2.20 Pa, power density 1.7 W/ cm?.

Contact samples. The contact resistivity between the 75 nm-thick TCOs and screen-
printed silver (SP, Ag) was studied with the transfer length method (TLM) on the samples
[177] as shown in Figure 4.1 (a). Wafers with insulating SiOx coating layer were used as
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substrates to restrict the lateral current flow to the subsequently deposited TCO layers.

Device fabrication. The tested solar cell structures are illustrated in Figure 4.1 (b). Two
are so-called hybrid type [229, 230], combining high- and low- thermal budget processing
routes (poly-SiCy hybrid and poly-Si hybrid), and one is SHJ type. The i-a-Si:H, nc-Si(Oy)
and n-poly-SiCy layers were grown by plasma enhanced chemical deposition (PECVD).
The n-poly-Si layers were prepared via low pressure chemical vapor deposition (LPCVD).
Further details about the fabrication process can be found elsewhere [231]. Both front
and rear metal contacts were screen printed obtaining cells with area of 7.84 cm?.

(@) (b) poly-Si (C,) hybrid | SH)
Metal(SP, Ag) <—' '
TCO (75 nm) <«——

. . . . . Metal (SP Ag) p-nc-Si(0,) (20 nm) PN
TCO

i-a-Si:H (11 nm)
SiO,:H Si0, (1.5 nm) < N _vi-a-Si:H (11 nm)
c-Si wafer n-poly-Sic, or n-nc-Si(0,) (15 nm)
o s < NN
TCO (150 nm) g
Metal (SP Ag) /

Figure 4.1: Sketches of (a) TLM samples (picture inset), and (b) solar cell structures (poly-Si(Cx) hybrid on the
left-hand side, SHJ on the right-hand side). SP Ag stands for screen-printed silver.

4.3. Results and discussion

4.3.1. H,0 vapor pressure influence on the as-grown films

Water (H,0) vapour was intentionally introduced in the system during deposition as
hydrogen source, which has been found to be favourable to promote high mobility TCOs,
such as IO:H, ICO:H, IWO:H, etc [197]. Hall measurements show that all the fabricated
films are n-type. Figure 4.2 shows the electrical properties of as-deposited layers under
different H,O vapour conditions. It can be seen that the resistivity (p) decreases signif-
icantly with the introduction of H20 vapor from 1.6 x 1072 Pa to 2.2 x 1072 Pa caused
by simultaneous improvement of both carrier density (N) and electron mobility ().
The p value reaches a plateau for H,O vapour pressure > 1.8 x 102 Pa; the minimum p
(6.2 x 107* Q cm) appears at the H,O vapour pressure of 1.8 x 1072 Pa, with a maximum
e 87 cm?V~1s7!) and an N, of 1.2 x 102 cm~3. The g, value is remarkably high and to
our knowledge, it is the highest mobility value among the as-sputtered In,O3-based TCO
materials at low temperature below 110 °C.

4.3.2. Optimized IFO:H analysis

XPS was carried out to study the electronic structure of materials and identify the chemical
composition of the optimal as-grown film. It should be noted that, sputtered In,O3-based
materials have rather good uniformity in depth profiling [232], thus XPS results could
represent the bulk quality although it provides the near surface region information [199].
Figure 4.3(a) shows the wide scanning XPS spectrum in the binding energy range of 0-
1200 eV. The In 3d, O 1s and F 1s signals were detected, and C 1s signal came from the
adventitious contamination from the air environment [200]. No signals of other elements
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Figure 4.2: Resistivity(p), carrier density (Ne) and Hall mobility (ue) of as-grown Inp O3-based films as function
of variable Hy O vapor pressure.

were detected. In particular, the observed energies at In 3ds,2 and 3ds,» states are located
at 444.8 and 452.4 eV, respectively (as shown in the inset of Figure 4.3(a)), which closely
match the binding energy of In3* in Iny O3 [233], and confirm the fluorine doped In,03
composition of the film [234].

Figure 4.3(b) shows the O 1s XPS spectrum of the [FO:H film, which is fitted using
three Gaussian components centered at 530.4, 532.2, and 533.7 eV. In, O3 crystallizes with
a bixbyite structure in which each indium atom is surrounded by six oxygen atoms at
the corners of a distorted cube, vacancies form at the unoccupied sites. According to the
reported data [225],the lower energy peak located at 530.4 eV corresponds to O ions
which have neighbouring In atoms with their full octahedral coordination environment,
whereas the higher energy peak located at 532.2 eV is assigned to O ions in oxygen-
deficient sites. Besides, the 533.7 eV peak is attributed to -OH groups, either from the
film itself or from the air exposure, which will be further discussed by FTIR approach.
Figure 4.3(c) shows the F 1s XPS spectrum of the IFO:H film. It has been discussed that a
fluorine atom substitutes an oxygen atom generating a free electron or occupies an oxygen
vacancy site eliminating an electron trap site. Fluorine ions with strong electronegativity
could form hydrogen bonds with hydroxyl groups thus passivate the hole trap sites of the
hydroxyl groups [225]. The F 1s spectrum was fitted using three Gaussians at 684.8, 686.0
and 688.2 eV. Correspondingly, the component at 684.8 eV is related to fluorine of the In-F
bond in the IFO film; the component at 686.0 eV is due to fluorine that occupy the oxygen
vacancies; finally, the component at 688.2 eV is related to the F ions that form hydrogen
bonds with surface hydroxyl groups [225, 235].

The composition results show that the atomic ratio of In/(O+F) is 0.69, similar to
the reported values of In, O3 films [226]. An oxygen deficiency of 3% has been observed
with respect to the stoichiometric composition. Moreover, the F/(F+0) atomic ratio
indicates a 12% fluorine-doping, and F/In atomic ratio was calculated to be 17.4%. It has
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Figure 4.3: (a) XPS wide scan, with inset of In 3d core-level XPS spectra, (b) O 1s, and (c) F 1s core-level XPS
spectra of the as-sputtered IFO:H film. The scatter plots in red colour represent the experimental profiles and
the solid lines refer to the Gaussian components.

been reported that the F/In ratio has a significant influence on the contact properties
between IFO and p-/n-type c-Si, regardless of the possible oxygen content variation [236].
According to Untila et al. [236], the ratio of 17.4% is in a region that IFO film forms ohmic
contact with n-type c-Si, yet rectifying contact with p-type c-Si. We have to note that the
properties of TCOs are affected by various deposition technologies. The contact issues
between our IFO film and adjacent layers will be discussed in the following sections.
FTIR measurements were carried out to verify the existence of hydrogen. By com-
parison, a reference IFO sample with the same thickness without water vapour in the
deposition was also measured. Figure 4.4(a) shows the FTIR spectra of the as-deposited
samples. The bands at around 1600 cm™! and 3400 cm™ could be attributed to bonded
OH bending and stretching vibrations, respectively [237, 238]. The bands may come from
either the films or physically adsorbed water [239], yet from a comparison between the
sample with and without water vapour in the growth process (especially at 3400 cm™),
shift and intensity of the peaks changed significantly upon H,O vapour introduction, in-
dicating strengthened hydrogen bonds and related redistribution in the IFO:H film [237].
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Thus, the existence of hydrogen could be proved. Besides, the observed bands in the
400-800 cm™! region may be attributed to the characteristic M-O vibrations corresponding
to In-O in the films [237, 240]. No fluorine-related band was observed.

Furthermore, FTIR is also an informative method to estimate the conduction band
electrons in n-type semiconductors. The absorbance exhibited by IFO:H in mid-IR region
(> 1000 cm! has positive correlation with the number of conduction band electrons in
the film [241]. The results clearly indicate that water vapour in the deposition process
can increase the conduction band electrons in the IFO:H film, and hence, improve the
conductivity of the film. The results are in good agreement with the data reported in
Figure 4.2, and the higher N, could be attributed to the hydrogen acting as shallow
donors [60, 63]. The above results indicate that the higher p. of the IFO:H film might be
presumably attributed to contributions from the elimination of electron trap sites from
fluorine doping [66, 225] and possible grain-boundary passivation by hydrogen [33, 60],
both of which lower the potential barriers thus benefit the carrier transport in the film
[60, 66].

Figure 4.4(b) shows the XRD spectrum of the optimal IFO:H film. All peaks can be
assigned to the cubic bixbyite structure of In O3, which matches with ICDD database
version PDF4+ reference code no. 04-004-8968, indicating that the IFO film retains the
polycrystalline cubic Iny O3 structure [242]. The strongest (222) diffraction peak at 30.55°
is conspicuous, other peaks were assigned accordingly [224, 243]. Besides, the broad
background peak at around 20=22.28° is related to the glass substrate [244]. Furthermore,
the mean crystallite size was calculated to be 29.85 nm from full width at half maximum
(FWHM) of X-ray peak of (222) following Scherrer’s formula [245].
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Figure 4.4: (a) FTIR spectra of the IFO:H and IFO films, (b) X-ray diffraction pattern of the optimized IFO:H film.

To understand the surface quality and growth morphology, the surface morphology
and roughness of the IFO:H film were measured by atomic force microscope (AFM), as
shown in Figure 4.5. The film exhibits a rather smooth surface with a root-mean-square
(RMS) roughness of 0.52 nm.
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Figure 4.5: (a) AFM micrograph of the optimal IFO:H film, (b) cross-sectional profile along the line in (a).

4.3.3. Comparative opto-electrical properties with ITO

The electrical properties of the optimized IFO:H layer are listed in Table 4.1 and compared
to those of our lab-standard ITO reference. It was found that introduction of fluorine
causes an abrupt increase of y, in fluorine-doped tin oxide (FTO) film, due to fluorine
dopant lowering the transport barrier at the grains’ boundaries [246]. In terms of physical
definition, ue = et/ m}, where . is the electron mobility, T and m are carrier relaxation
time and electron effective mass, respectively. It has been theoretically [37] and experi-
mentally [197] found that high- . TCO films exhibit a similar m; to those of conventional
polycrystalline ITO and amorphous In,O3-based TCO films, indicating that high g is
mainly achieved through a larger 7 rather than a smaller m; [197]. Therefore, as we men-
tioned above, the high p. in IFO:H might be interpreted by various scattering mechanisms
(influencing 1) such as little distortion in crystal structure [220], low barrier height at grain
boundaries by fluorine doping [236], grain-boundary passivation by hydrogen, as well
as the fact that hydrogen atoms in the film do not significantly contribute to ionized or
neutral impurity scattering [33, 60].

Table 4.1: Electrical parameters of the as-deposited 75 nm-thick IFO:H and ITO films.

Sheet resistance  Carrier density  Electron mobility  Film resistivity

TCOwpe \p . /o) [Ne, cm™3] [te, cm®V's71] [p, Q cm]
IFO:H 74 1.2 x 1020 87 6.2x107°%
ITO 50 4.9x10%0 28 4.7x107%

Figure 4.6(a) shows the transmittance and reflectance spectra of 75 nm-thick IFO:H
and ITO films. Comparable transmittance was observed in Vis-NIR region, while in UV
range the transmittance edge of IFO:H film shows a blue shift relative to ITO, indicating a
possible wider bandgap in IFO:H film. Further, the IFO:H film displays higher reflectance
in both UV and NIR region, which is related to the tail states and plasma oscillations of
the free carriers, respectively [235, 247]. Figure 4.6(b) illustrates the absorption coefficient
(a) of the TCOs with an ASTM G173-03 solar spectrum provided in the background. The
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absorption coefficient was calculated from a = In[(1-R)?/T]/d, where T and R are the
measured transmittance and reflectance spectra, respectively, and d is the film thickness.
Asit can be seen, the IFO:H film shows lower « along the whole wavelength range, allowing
an augmented light incidence to the absorber material of the PV devices. As previously
mentioned, the absorption edge shifts towards lower wavelength, indicating a wider band
gap of the IFO:H film. The optical band gap (Eg) for allowed direct electronic transition
was calculated from the plot of (ahv)? versus (hv) in Figure 4.6(c) [214]. The IFO:H film
has an E; of 3.85 eV, which is wider than that of ITO (3.76 eV). The wider band gap value
should not be explained by Moss-Burstein effect [54], since the carrier density of IFO:H
film is lower than that of ITO. It has been proposed that the optical transitions in a specific
material system are influenced by the disorder in the material phase [76], as well as the
various interaction effects either between free carriers or between free carriers and ionized
impurities [248].

In low crystalline, disordered and amorphous materials, an exponential tail called
Urbach tail appears near the optical band edge along the absorption coefficient curve.
The Urbach tail is generated due to localized states in the band gap caused by perturbation
in the structure and by disorder of the system [247]. We thus extracted the Urbach energy
(Ey) to estimate the width of the tail states, following the Urbach relation that Ina = Inag
+ (hv/Ey), where ay is a pre-exponential constant, and (hv) is the incident photon [247].
The fitting results showed an Ey of 197 meV for the IFO:H film and 444 meV for ITO,
respectively. Compared to ITO, higher Eg and mobility can be expected from IFO:H due
to its lower Urbach energy [247]. Besides, the Ey value of the IFO:H film is closer to the
reported data of the high mobility I0:H and I1ZO films (~130 meV) [214], indicating similar
changes upon ITO, where the fluorine doping accompanies less disorder and defect states
in the InyO3-based film. It is notable that the Ey for ITO is higher than the reported
value of 300 meV extracted from PDS measurements by Morales-Masis et al. [214], the
reason may be attributed to the ITO material quality deposited by different sputtering
technologies.

Furthermore, another particularly attractive feature of all In,O3-based materials is
that their refractive index is close to 2 at around 600 nm wavelength where solar radia-
tion intensity is maximum. This is approximately the geometric mean of the refractive
indices of air and typical solar cell absorber such as silicon, and gives such materials very
good anti-reflective coating (ARC) properties [33]. The wavelength-dependent refractive
index(n) and extinction coefficient (k) curves from Scout software fitting are shown in
Figure 4.6(d). n decreases with the wavelength, which is consistent with the expectation
from Kramers-Kronig analysis [243]. It is noticeable that the IFO:H has a relatively gentler
variation in n than ITO, which may have a better ARC potential than the ITO film consider-
ing the wavelength-dependent phase changes in the light interference [249]. Furthermore,
k values are in accordance with the a curves in Figure 4.6(b), which can be interpreted
by the correlation of a = 4wk/A, whereas the inconsistency between « and k in the UV
region in the two figures should be attributed to the software fitting error in the region.

To summarize, compared to ITO, the IFO:H film has lower N, higher y and n (es-
pecially in NIR range), which contributes to FCA reduction[250]. Combined with the
potential as ARC, decent optical performance of the IFO:H film as a front electrode can
be expected at the device level. Furthermore, considering its low absorption in the long
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Figure 4.6: Optical properties of the IFO:H and ITO films: (a) transmittance and reflectance spectra, (b)
calculated absorption coefficient curves, (c) optical band gap plot curves, and (d) wavelength-dependent
refractive index (n) and extinction coefficient (k) curves.

wavelength region, the IFO:H film deployment at the rear side of a PV device may also
produce an additional optical gain [82].

4.3.4. Solar cell applications

Before applying the TCOs in solar cell devices, we experimentally evaluated the work
function (WF = Ey,¢ - Er) values of the TCOs under test via KPFM approach. The recorded
CPD values were -895 mV, -475 mV and -720 mV for gold (reference), IFO:H, and ITO
films, respectively. Accordingly, the WF values were calculated to be 4.68 eV for [FO:H
and 4.93 eV for ITO [198], indicating a possibly preferable contact of IFO:H for collecting
electrons from the n-contact stack in solar cell device [251]. However, we note that the
interpretation of different contact properties could be linked not only to the WF value
of the specific TCO layer but also to the specific stack of materials in which a (thin) TCO
layer might be embedded. To this end, more sophisticated investigation remains to be
carried out to get conclusive evaluation on the contact properties.

The contact resistivity (p.) between 75 nm-thick TCOs and screen-printed silver
(Ag) was studied using transfer length method (TLM) [177]. Fitting results show that
ohmic contacts form between TCOs and Ag, which can be expected from the metal-like
electronic behaviour of the degenerated In,O3-based TCOs. The p. values are 0.22 mQ
cm? for ITO/Ag stack, and 1.13 mQ cm? for IFO:H/Ag stack. The higher p. in IFO:H/Ag
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stack is related to the much lower carrier density (N¢) in the IFO:H film [33, 252]. This
drawback might be circumvented by deploying a TCO bi-layer prior metallization (e.g.
transport layer/IFO:H/ITO/Ag) [253].

Based on Figur 4.1(b), three groups of solar cells with CSPCs were designed. Note
that the IFO:H films were applied on the n-contact stack at the rear sides of poly-Si(Cy)
hybrid solar cells, with a thickness of 150 nm to ensure a good infrared response [82], and
on both sides of SHJ solar cells (75 nm and 150 nm-thick, respectively). Figure 4.7(a)-
(c) show the corresponding EQE results. For the poly-Si(Cyx) hybrid devices, rear IFO:H
contributes to the IR response, resulting from a higher R and in accordance with higher
nin IR range (as shown in Figure 4.6). In case of SHJ solar cells, optical improvement
along the whole wavelength range was detected for the IFO:H cell, with a Jsc rqr increase
of 1.53 mA/cm? compared to the ITO-based reference cell. It is worth noting that, the
good optical performance of the IFO:H film in the long-wavelength range might make it a
potentially competitive TCO for the bottom cell use in perovskite/silicon tandem solar
cells [254].
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Figure 4.7: External quantum efficiency (EQE) curves of (a) poly-SiCx hybrid, (b) poly-Si hybrid, and (c) SHJ
solar cells, respectively. Jsc gQr were provided accordingly.

Figure 4.8(a) shows the corresponding FF comparison of the above solar cells. As it can
be seen, for different front metal coverage cases (12.5% and 6%), poly-Si(Cy) hybrid solar
cells with rear IFO:H exhibited more than 1%,ys, FF improvements compared to the ITO
counterpart. These indicate different n-contact properties between TCO and poly-Si(Cyx)
layers, for which further research is needed. As for the SHJ solar cells, double-side IFO:H
films result in a comparable FF with respect to ITO-ITO cell films arrangement. Further-
more, Figure 4.8(b) displays the i-Voc change caused by TCO deposition. Compared with
initial solar cell precursors (without TCO or metallization), the loss of i-V ¢ are found to
be less than 5 mV, for both sputtered ITO and IFO:H films.

Additionally, upon further optimization on cell design, with a front metal coverage
of 4.4%, the 3.92 cm? device performances based on three SHJ cells are shown in Table
4.2. The best SH]J solar cell with double-side IFO:H films illustrated an efficiency of 21.1%,
whose current-voltage characteristic is presented in Figure 4.8(c), and the best reference
ITO-based SHJ solar cell showed an efficiency of 20.3%, with Voc =702 mV, Jsc = 37.00
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Figure 4.8: (a) Fill factor (FF) of different types of solar cells with IFO:H applied on the n-contact stack at the
rear sides of poly-Si(Cx) hybrid, and on both sides of SHJ solar cells, compared to ITO-based devices as
references. Results from different metal coverage are provided. (b) Implied-V g variation with TCOs’
sputtering processes based on four series of experimental data, and (c) Current-voltage characteristic of the
best SHJ solar cells integrating double-side IFO:H films.

Table 4.2: Solar cell parameters of 3.92 cm? SHJ devices with IFO:H and ITO. The values reported are the average
based on three cells. The standard deviation is calculated for each cell parameter.

TCO Open-circuit voltage ~ Short-circuit current density  Fill factor Efficiency
[Voc, mV] [Jsc, mA/cm?] [FF, %] (n, %]

IFO:H 702 +2.7 38.32 £ 0.17 78.08 £0.36 21.01 +0.08

ITO 699 + 3.0 36.90 + 0.10 78.18+0.18 20.17 +£0.12

4.4, Conclusions

We demonstrate RF-sputtered hydrogenated fluorine-doped indium oxide (IFO:H) films
at low substrate temperature (< 110 °C) and power density (< 2.0 W/cm?). By varying
the water vapour pressure during the deposition, we obtain optimized IFO:H film with a
remarkable high electron mobility (ie = 87 cm?V~!s™!), the optimal IFO:H film shows
cubic InpO3 polycrystalline structure with a F/In atomic ratio of 17.4%. Compared to
our lab-standard ITO reference, the IFO:H film displays wider optical band gap (3.85
eV), lower Urbach energy (197 meV), higher p. and appropriate refractive index for ARC
purpose in Si-based devices. The SHJ device with double-side IFO:H gave a Jsc,gqr gain of
1.53 mA/cm? within the whole wavelength range without inducing FF loss. The optimized
SHJ solar cell showed a conversion efficiency of 21.1%, featuring Jsc of 38.49 mA/ cm?,
Voc of 705 mV, and FF of 77.72%.
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Abstract

Considerable deterioration in passivation quality occurs for thin poly-Si-based devices
owing to the sputtering damage during transparent conductive oxide (TCO) deposition.
Curing treatment at temperatures above 350 °C can recover such a degradation, whereas
the opto-electrical properties of the TCO are affected as well, and the carrier transport
at the poly-Si/TCO contact is widely reported to degrade severely in such a procedure.
Here, we propose straightforward approaches to tailor the material properties of the
hydrogenated fluorine-doped indium oxide (IFO:H) film, via post-deposition annealing
at 400 °C in nitrogen, hydrogen, and air ambience. Structural, morphological, and opto-
electrical properties of the IFO:H films are investigated, as well as their inherent electron
scattering and doping mechanisms. Hydrogen annealing treatment proves to be the most
promising strategy for the following reasons: (i) the annealed IFO:H layer exhibits both
optimal opto-electrical properties (carrier density = 1.5 x 10%° cm ™3, electron mobility
=108 cm?V~!s7!, and resistivity = 3.9 x 107* Q cm), and (ii) remarkably low contact
resistivities (20 mQ cm? for both n- and p- contacts) are achieved in the poly-Si solar
cells. Even though the presented cells are limited by the metallization step, the obtained
IFO:H-based solar cell shows an efficiency improvement from 20.1 to 20.6% after the
hydrogen annealing treatment, demonstrating the potential of material manipulation
and contact engineering strategy in photovoltaic devices endowed with TCOs.

*C. Han, G. Yang, A. Montes, P. Procel, L. Mazzarella, Y. Zhao, S. Eijt, H. Schut, X. Zhang, M. Zeman, and O.
Isabella, “Realizing the Potential of RF-Sputtered Hydrogenated Fluorine-Doped Indium Oxide as an Electrode
Material for Ultrathin SiOx/Poly-Si Passivating Contacts,” ACS Applied Energy Materials, 3(9), 8606-8618, 2020.
August 12, 2020, doi: 10.1021/acsaem.0c01206.
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5.1. Introduction

T o push forward the power conversion efficiency, c-Si solar cells featuring carrier-
selective passivating contacts (CSPCs) are developed, which have demonstrated
viable novel cell concepts with PCE well above 25% [255]. Such CSPCs enable low contact
resistance and passivation quality of the c-Si surface, thus appreciably enhancing the
contact selectivity as compared to conventional diffused junctions [255]. Applying CSPCs
based on ultrathin SiOx/poly-Si in front/back-contacted (FBC) silicon solar cells remains
to be further exploited, due to the significant optical loss caused by parasitic absorptive
doped layers [143, 256]. In fact, in FBC c-Si solar cells featuring ultrathin SiOy/poly-Si
passivating contacts at both front and rear sides (so-called poly-Si solar cell), parasitically
absorptive poly-Si layers cannot be deposited thick enough to provide sufficient lateral
conductivity for the current transport toward the metal grid. To solve this dilemma,
transparent conductive oxide (TCO) layers on top of a thin poly-Si layer ensure the
required lateral conductivity and constitutes a more transparent front window [10, 144].
However, commonly used sputtering technology is known to degrade the passivation
quality of thin poly-Si contacts [143]. Owing to the high thermal stability of poly-Si
contacts, an effective curing can be achieved at 350 °C to restore the passivation [143].
Nevertheless, carrier transport at the poly-Si/TCO contact is widely reported to degrade
severely for temperatures above 250 °C [143], likely due to the formation of an interfacial
SiOx with oxygen effusing from the TCO [130, 138, 143, 144, 257]. Such drawbacks in
carrier transport need to be solved to achieve a high PCE in FBC poly-Si solar cells.

In Chapter 4, we developed a high- . hydrogenated fluorine-doped indium oxide
(IFO:H) film, in which fluorine and hydrogen act as co-dopants in a bixbyite In, O3 struc-
ture. Specifically, fluorine dopants enhance the electrical properties of In, O3 film via (i)
substituting for oxygen atoms thus generating free electron carriers, (ii) occupying oxygen
vacancy (Vo) sites thus eliminating electron trap sites, (iii) lowering the transport barrier
at the grain boundaries; while the introduction of hydrogen further could enhance the
electrical properties of the fluorine-doped In,Os film by acting as shallow donors and
passivating defects in the film. The application of the IFO:H film in low thermal-budget
SHJ solar cells has been demonstrated in Chapter 4. However, it remains elusive to realize
the potential of the IFO:H film in high thermal-budget devices, especially due to the afore-
mentioned carrier transport problem for poly-Si passivating contacts in a passivation
restoring step. It has been reported that the electrical behavior of polycrystalline In, O3
from room temperature to 800 °C is influenced by impurities and oxygen vacancies that
act as donor states in degenerated TCO layers [51, 186, 258]. In addition, amphoteric
hydrogen provides donor states in metal oxide, inducing alteration and changing the
opto-electrical properties in the host matrix [63, 79, 186, 259]. On the other hand, in
the case of semiconductor application with Si/SiO, interface, atomic hydrogen is found
to simultaneously passivate and depassivate silicon dangling bonds [260], resulting in
different passivation qualities at the device level. Furthermore, hydrogen effused from
TCO could help to passivate interfacial defects [261]. Therefore, engineering these defect
states is of vital importance in tailoring both the opto-electrical properties of the TCO
and contact at specific poly-Si polarity.

In this study, we demonstrated different straightforward approaches to alter the
opto-electrical properties of the IFO:H film. Particularly, we examined the influence of
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post-deposition annealing (PDA) treatment in different gaseous ambiences on the IFO:H
structure, morphology, and opto-electrical properties. Corresponding inherent electron
scattering mechanisms were also elucidated. We found that a specific PDA treatment
provides the most promising strategy to tailor material’s properties while retaining a
good contact for carrier transport across poly-Si/TCO contact. As a proof of that, FBC
poly-Si solar cells were then manufactured and those that underwent the PDA treatment
exhibited increased fill factor (FF).

5.2. Experimental
The experimental section includes the following parts.

A. TCO deposition and post-deposition annealing (PDA) treatments

The deposition parameters for the sputtered IFO:H film are: Ar flow 50 sccm, substrate
temperature 100 °C, chamber pressure 2.50 Pa, water vapour partial pressure 1.6 x 1072
Pa, and power density ~1.8 W/cm?. These conditions yielded a IFO:H deposition rate of
~6.0 nm/min. The deposition parameters for the sputtered ITO film are: Ar flow 50 sccm,
substrate temperature 100 °C, chamber pressure 2.2 x 1073 Pa, and power density 1.8
W/cm?. The ITO deposition rate was ~6.5 nm/min. Approximately 80 nm-thick IFO:H
thin films were deposited on Corning glass substrates unless otherwise specified.

Samples were subject to different post-deposition annealing (PDA) treatments as
tabulated in Table 5.1. We note that in our various annealing tests regarding the single
TCO layer, our IFO:H films were stable up to 300 °C in Ny, Hy, and air ambiences, and
annealing temperature above 400 °C facilitated considerable changes in electrical proper-
ties (a duration of 10 min was used in the annealing tests, “stable” means that the sheet
resistance change upon annealing is within 5% compared to the as-deposited film). To
avoid overheating of our poly-Si cell precursors(n* poly-Si/SiOx/n-c-Si/SiOx/ p* poly-Si),
400 °C was chosen to stimulate opto-electrical properties change in TCO and to maintain
the passivation quality at the Si/SiO, interface [260, 262].

Table 5.1: Post-deposition annealing (PDA) treatments on different IFO:H samples.

Sample Treatment temperature Ambience 4 Pressure b Time
[Tppa, °Cl [-] [Pppa, Pa] [tppa, min]
as-deposited (as-dep.) - - - -
N,-annealed (N>-ann.) 400 pure nitrogen 50 10
Hy-annealed (H,-ann.) 400 pure hydrogen 50 60
air-annealed (air-ann.) 400 air atmospheric 10

% We did annealing tests in different tools, such as rapid thermal annealer at Kavli nanolab Delft, Mapper
annealing tube, and different multi-chamber PECVD systems in Else Kooi Lab (EKL) at Delft University of
technology. The results from the same ambience showed similarity, even though the pressure control levels were
different among the annealing tools. The results from Cascade PECVD were used in this article for a better gas
pressure controllability, and 50 Pa was used to keep a constant oxygen-deficient environment in the annealing
treatment.

b Hydrogen annealing with durations of 10 min up to 30 min did not cause observable changes in the opto-
electrical properties of the IFO:H film, and the duration of 60 min gave comparable improvements with the
Ny-ann. sample in electrical properties; thus, the duration of the Hp-ann. sample was set to be 60 min. An even
longer hydrogen annealing time was deemed not industrially appealing.
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B. Contact study and solar cell fabrication.

The solar cell schematic is shown in Figure 3.4(d), and the test structures for contact
study are illustrated in Figure 3.4(e-f).After dipping the c-Si wafers into 0.55% HF for 4 min
to remove the native oxide, the tunnelling SiOy layer was formed by the method of Nitric
Acid Oxidation of Silicon (NAOS) [263]. In our case, we dipped the wafers in 68% HNO3
bath for 1 hour at room temperature. In order to obtain 250 nm-thick p* poly-Si layer
for utilization at the rear side in our FBC poly-Si solar cells, a Varian Implanter E500HP
was used to implant boron (B) atoms into the low pressure chemical vapour deposition
(LPCVD) intrinsic a-Si layer, with a fixed implantation energy of 5 keV and implantation
dose of 5 x 101> cm™2. Afterwards, an annealing step in N, and O, mixed ambience at
950 °C for 3 min was conducted to activate and drive-in the dopants. The ramping rate
for heating or cooling was 10 °C/min, and the doping level in the p-type poly-Si layer
after activation and drive was around 1 x 10? cm™3 [263]. For getting 24 nm-thick n*
poly-Si layer on a textured surface for utilization at the front side in our FBC poly-Si
solar cells, we firstly textured the c-Si bulk in mixture solution of TMAH and ALKA-TEX
8 from GP-Solar-GmbH followed by NAOS; then intrinsic a-Si growth and subsequent
doping by POCI; diffusion were carried out with N, as carrier gas in LPCVD at 800 °C
for 43 min. The doping level in the n-type poly-Si layer after diffusion was measured by
electrochemical capacitance-voltage (ECV) as around 2 x 102° cm™3. Forming gas (10%
H» in N») annealing was used to hydrogenate the poly-Si passivating contacts in solar
cell precursor samples (400 °C, 30 min). Further details about the fabrication process can
be found elsewhere [263, 264]. For solar cell fabrication, the samples were single-side
textured prior realizing rear and front ultrathin SiO/poly-Si CSPCs and received 4-min
HF dip before depositing TCO in order to remove any eventual present surface oxide. In
order to extract the contact resistivity of n-contact (n* poly-Si/TCO/metal) and p-contact
(p* poly-Si/TCO/metal) from vertical dark current-voltage (I-V) measurements [142, 143],
full-area 1 um-thick Ag was evaporated on both sides of test structures of Figure 5.1(b), in
which n-type and p-type c-Si were utilized as substrates, respectively. Screen-printing
Ag was used for solar cells metallization, the curing condition was 170 °C for 30 min with
a subsequent 350 °C for 5 min to restore the passivation in samples without TCO PDA
treatments.

5.3. Results and discussion

5.3.1. Opto-electrical properties upon PDA treatments

Figure 5.1 illustrates data points of (Ne, e an) of the IFO:H films under different PDA
treatments, i.e., Hall mobilities (ue 1an) versus corresponding carrier densities (INe) plot.
Resistivity (p) lines are also provided according to the relation log(tte m1an) = -log(Ne) +
log(1/pe) [53]. Hall measurements show that all the films exhibit n-type conductivity. The
e an are plotted versus the corresponding carrier densities (Ne), with our lab-standard
80 nm-thick ITO data serving as reference. Compared to the ITO reference, the as-dep.
IFO:H film shows a bit higher resistivity, while the N,-ann. and H»-ann. layers show
lower resistivity values. We note that the properties of ITO layer also change with PDA
treatments, but the topic is outside the scope of this article thus will not be elaborated
here. Among the IFO:H films, with respect to the as-dep. film, the reduced resistivity
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values in the Ny-ann. and Hy-ann. films result from improvements in both N and pe yan.
In sharp contrast, the air-ann. sample shows instead an obvious deterioration in electrical
properties, caused by largely reduced N and pe pan. The specific data of Ne, e pan and
sheet resistance (Rgy,) of the IFO:H films under PDA are summarized in Table 5.2. The
optimal material properties were obtained after PDA in hydrogen, with carrier density
1.5x 102° cm =3, electron mobility 108 cm?V~!s™!, and resistivity 3.9 x 10~ Q cm. Besides,
the N,-ann. sample shows comparable electrical properties as the Hy-ann. film. Detailed
elucidation will be discussed in the following sections.
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Figure 5.1: Hall mobilities (ue p1a11) versus corresponding carrier densities (Ne) of the IFO:H films under
different PDA treatments. Lab-standard ITO layer is provided as reference data point. Symbols are the
measured (Ne, L Han) pairs while the dashed lines indicate corresponding resistivity values.

Furthermore, the optical properties of the IFO:H films were evaluated, as compared
to the commonly used ITO. Figure 5.2(a) displays the measured wavelength-dependent
transmittance/reflectance of the IFO:H films under different PDA treatments, with our
lab-standard ITO layer as reference. In ultraviolet (UV) range, the transmittance edge
of the ITO film and the air-ann. IFO:H sample basically showed a red shift with respect
to the other IFO:H layers. These results imply optical band gap (E) differences of the
IFO:H films, which are illustrated Figure 5.2(b). The transmittance/reflectance differences
around 400-600 nm region among the IFO:H films might be caused by the different
film thicknesses after PDA treatments (as shown in Table 5.2). Figure 5.2(b) shows the
absorption coefficient curves extracted from ellipsometry (SE) fittings. As one can observe,
contrasting with the ITO film, the IFO:H layers show a marked sharper transition at the
absorption edge in UV part, and visible lower absorption in NIR region, which is in
accordance with our previous report and underlines the great potential of IFO:H film in
allowing an augmented light in-coupling into the absorber material of PV devices [213].
Among the IFO:H films, with respect to the as-dep. film, the absorption edges of the
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Ny-ann. and Hy-ann. samples show blue shifts, while that of the air-ann. layer illustrates
a red shift, indicating changes in Eg. The Ej for allowed direct electronic transition was
extracted according to Tauc relation in Figure 5.2(b) inset [220, 247]. The E; values of 3.85
eV, 3.94 eV, 3.87 eV, 3.76 eV and 3.78 eV were obtained corresponding to as-dep., N-ann.,
Hj-ann., air-ann., and ITO reference samples, respectively. The results of IFO:H films
are in accordance with the N, changes in Hall measurements (as shown in Table 5.2),
which can be explained by the Moss-Burstein effect in the degenerate semiconductors
(AEg NeZ/ 3) [54]. The wavelength-dependent complex refractive index of the films are
reported in Figure A.1, repeated experimental opto-electrical parameters of IFO:H films
under different PDA treatments can be found in Table A.1.
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Figure 5.2: Optical properties of IFO:H films after various PDA treatments. (a) transmittance/reflectance
spectra, and (b) absorption coefficient curves from SE fitting, inset is optical band gap plots.

To evaluate the conduction and valence band tail states change in the IFO:H film after
various PDA treatments, we extracted the Urbach energy (Ey) which is presumed as the
width of the tail of localized defect states in the band gap in low-crystalline, disordered or
amorphous materials [247]. We followed the equation that Ina = Inag + (hv/Ey), where
ap is a pre-exponential constant, and (hv) is the incident photon [247]. The fitting results
show Ey values of 229 meV, 224 meV, 256 meV, 224 meV, and 420 meV with as-dep.,
Nj-ann., Hy-ann., air-ann. IFO:H films, and reference ITO layer, respectively. The data
for the as-deposited layers are at similar levels with our previous report [213]. Among
the IFO:H films, with respect to the as-dep. sample, a relatively higher Ey value was
observed in the Hy-ann. layer, implying increased band tail states and promoted atomic
structural disorder [79]. This is plausibly caused by the hydrogen-induced defects such as
interstitial H; dopants and VoH shallow donor states (generated by hydrogen occupation
on Vg sites), but the position of the corresponding subgap states is still under debate
[79, 214, 265, 266]. By contrast, the Ny-ann. and air-ann. samples exhibit a bit lower Ey
values with respect to the as-dep. sample, which might be attributed to the improved
material quality during the annealing process.

5.3.2. The IFO:H films under different PDA treatments

This section provides structure, morphology, and electron scattering mechanism of the
IFO:H films under different PDA treatments.
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Structural/morphological changes under PDA.

Figure 5.3 shows the X-ray diffraction (XRD) patterns of the IFO:H thin films under
various PDA treatments. All films display XRD peaks at 260 = 21.3°, 30.6°, 35.5°, 41.7°, 51.0°,
and 60.6°, corresponding to (211), (222), (400), (332), (440) and (622) planes of polycrys-
talline Inp O3 with cubic bixbyite structure [197, 213, 222, 243], with the preferred (222)
orientation. No crystalline orientation change was observed along with different PDA
treatments. Furthermore, from Gaussian fitting, all the annealed layers exhibited smaller
full-width at half-maximum (FWHM) value of X-ray peak of (222) than the as-deposited
film, indicating larger crystallite sizes and smaller strains in the annealed films [197, 245].
According to Scherrer’s formula [245], the mean crystallite size (Dcrystaliite) values from
(222) orientation are calculated to be 22.08 nm, 27.67 nm, 25.03 nm, and 25.91 nm for
as-dep., N2-ann., Hy-ann., and air-ann. samples, respectively, as summarized in Table 5.2.
The small peaks appearing at 43° probably originate from substrate contamination, since
they can hardly be assigned to indium oxide/fluoride materials. We further measured
the as-deposited samples which were done previously and 1 month later, no such signals
were detected anymore.
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Figure 5.3: X-ray diffraction patterns of IFO:H films under different PDA treatments.

Figure 5.4(a)-(d) shows AFM images of the as-deposited, N»-ann., Hp-ann., and air-
ann. samples, respectively. In contrast to as-dep. film, the annealed layers exhibit rougher
surface along with densely distributed granular structures. Enlarged grain sizes were
observed in annealed samples compared to as-dep. film, we ascribe the observed agglom-
erated trend to the heating effect [79]. These spontaneously formed nanostructures have
a size range of 20-30 nm. The grain size (Dgrain) as well as the root-mean-square (RMS)
roughness values of the samples are reported in Table 5.2.

Electron scattering mechanism in IFO:H films upon PDA.

The carrier scattering mechanism responsible for conductivity of the IFO:H thin films
under different PDA treatments has been investigated. Note that in terms of physical defi-
nition, i = et/ m', where p is the carrier mobility which directly correlates the conductivity
parameter, Tand m’ are carrier relaxation time and electron effective mass, respectively. It
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Figure 5.4: AFM micrograph of the (a) as-dep., (b) N2-ann., (c) Hp-ann., and (d) air-ann. IFO:H films,
respectively.

has been theoretically [37] and experimentally [197] found that high-u TCO films exhibit
a similar m" regardless the material phase, and high u is mainly achieved through a larger
7 rather than a smaller m’ [197]. In polycrystalline films, the overall relaxation time is
determined by scattering induced by grain boundaries (GBs), stacking faults, dislocations,
charged centres such as ionized impurities, and phonons (lattice vibrations) [197].

Firstly, to distinguish whether GBs play roles on carrier scattering in the IFO:H films
under different PDA treatments, we made a comparison between e an and popt, as
summarized in Table 5.2. One can clearly see that e pan /Hopt <1 occurs for all the
samples, yielding information that grain boundary scattering contributes to the carrier
scattering in both as-deposited and annealed IFO:H films (especially for air-ann. sample).
To corroborate that, we further calculated the mean free path (MFP) of the charge carriers,
which might represent an estimation of the upper limit for the distance between scattering
centres [60, 81]. Using the Fermi velocity vg = (32 N)Y3/m’, where i is the reduced
Planck constant, and the scatter frequency w; = e/ (m*popt), MFP = vg/ w, values were
found to be 10.38 nm, 13.79 nm, 15.92 nm and 2.33 nm for as-dep., N>-ann., Hy-ann., and
air-ann. samples, respectively. The MFP values are of the same order of magnitude as
Derystanite and Dgrain, implying that GBs could play a role in the conduction mechanisms
of the IFO:H films. We note that for the air-ann. film, in which grain boundary scattering
might be a dominating factor, the MFP value is less meaningful since grain boundaries do
not really act as scattering centers in the intra-grain analysis.
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Table 5.2: Material parameters of the IFO:H films under different PDA treatments.

Sample “dy “ds b Ne 2 i b .Uc,zl-[alll o ‘ Rsn a Dcrys(alliw ¢ Dgrain ‘RMS ¢ Hog! L “Ey
[nm] [nm] [1x10°cm™] [cm“V~'s™'] [Q/O] [nm] [nm] [nm] [cm“V~'s™'] [meV]
as-dep. 81.68 2.71 1.24 85 67 22.08 20.00 1.24 102 229
Np-ann. 89.91 490 1.74 106 35 27.67 23.53 1.75 121 224
Hp-ann. 93.38 4.53 149 108 40 25.03 27.45 1.82 153 256
air-ann.  93.21 4.28 0.01 22 760 2591 27.45 1.69 135 224

@ Determined from SE-fitting. b Obtained from Hall measurement. € Tested by the four-point probe technique.
d Calculated from XRD data using Scherrer’s formula. ¢ Evaluated from AFM images in NOVA program.

Secondly, we carried out DB-PAS measurements to identify the open-volume defects
thus understand the doping mechanisms in the PDA treated IFO:H layers. The positron is
the antiparticle of the electron. The annihilation between positron and electron produces
y-quanta, which forms the detected signal. Since positrons are repelled by the positive
charge of the atom cores, neutral and negatively charged vacancy defects usually act as
positron traps. In particular, we used DB-PAS as additional tool to examine whether Vg
or VoH vacancy defects are present, as they are well known to act as donors in InpO3-
based TCOs. While the positively charged Vo (or VoH) alone does not trap positrons,
Vo defects are detectable in DB-PAS when they are complexed with cation vacancies
(namely, Vin-n Vo complex) [64, 65]. Figure 5.5(a) shows the collected best-fit positron
Doppler broadening W-parameters as a function of S-parameters of the IFO:H films
using VEPFIT analysis, in which the as-dep. film denotes a S-W reference point, and
error bars were calculated as the average deviation of fitted values to measured data
in the energy range of 1-2.5 keV where the targeted IFO:H film is probed (see Figure
A.2 and Table A.1). Specifically, the S-parameter provides sensitivity to the presence of
open volume defects, while the W-parameter is more dependent on the type of atoms
surrounding the annihilation site [65, 201]. From Figure 5.5(a), the S-parameter of the
N,-ann. layer and of the as-dep. sample are basically the same within the error bar region,
indicating similar defect concentrations in the films or possibly saturation trapping of
positrons at the vacancy sites. This phenomenon does not explain the notable increase
in carrier density Ne of 40% as shown in Table 5.2. The discrepancy plausibly results
from the effective interstitial H; dopants generated during annealing procedure [60],
which contribute to the increased density in conduction band electrons, but are invisible
in DB-PAS measurements. Besides, the resulting S-parameter of the Hy-ann. sample
is decreased by 2.1% compared to the as-dep. layer, implying a less vacancy-related
defective film structure [201]. The reduced S may come from: (i) a decrease in the size
of Vg sites due to their occupation by H, making singly charged VoH the major donor
states in the film together with interstitial H; [60, 197, 265, 267], which could explain the
increased carrier density N in Table 5.2 [186, 265] and is in accordance with the increased
subgap states from Urbach energy calculation in Section 5.3.1, or (ii) a reduction in the
size of Vi, sites due to their interaction with H impurities [267]. The above results outline
the role of hydrogen-related donors as dominant singly charged dopant in our IFO:H films,
especially in Np-ann. and Hy-ann. films. Furthermore, in the case of the air-ann. sample,
the S-parameter is 2.5% lower than that of the as-dep. sample, indicating elimination of
V-1 Vo complex due to local oxidation [65, 268], which is also supported by reported
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phenomenon [262] and the degraded electrical properties as shown in Hall measurements
(Figure 5.1). On the other hand, all the W-parameters of the annealed samples show
increased values with respect to the as-dep. layer, demonstrating a change in local
environment of vacancy defects, such as O occupying the Vg sites, or more effective
fluorine impurities that order on neighbouring Vi, sites with improved crystallinity upon
annealing (the fluorine impurities alone cannot act as positron annihilation sites). The
experimental S- and W-parameter depth profiles and fit curves as a function of positron
implantation energy for the IFO:H films under PDA are illustrated in Figure A.2, and the
VEPFIT fitting parameters are provided as Table A.2.

Thirdly, we performed temperature-dependent Hall measurements to analyse the
specific scattering mechanisms in the IFO:H films under different PDA treatments, as
shown in Figure 5.5(b). One can see that the N, of the films does not show a temperature
dependence as expected given the degenerate nature of the semiconductor [67, 269].
Besides, the temperature dependence of mobility of IFO:H greatly varies with different
PDA treatments. Apart from air-ann. sample, films exhibited marked increase in pe pan
with cooling direction with negligible change in N, implying phonon scattering plays
notable role in the as-dep., N-ann., and H,-ann films [197].
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Figure 5.5: (a) S-Wparameters of the IFO:H films extracted from DB-PAS measurements, and (b) Hall mobilities
versus carrier densities in the IFO:H films in temperature-dependent Hall measurements, the arrows indicate
the increasing direction of measurement temperature from 200 K to 350 K.

Since mobility is inversely related to scattering, the separation into scattering pro-
cesses is intuitively difficult. The interpretation becomes easier when using the inverse
mobility [60, 81]. According to Preissler et al [58] and Macco et al [60], charged scattering
centres from ionized impurities together with phonon scattering were found to be the
dominant scattering mechanisms in both single-crystalline In,O3 and polycrystalline
hydrogenated In, O3 films. Combined with the previous proven grain-boundary scattering
in our IFO:H films, we assume the temperature-dependent mobility can be expressed as
follows from Matthiessen’s rule [60].

1 1 1 T
(o (5.1)
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In this equation, ugp represents the mobility results from grain-boundary scattering,
and . is from charged scattering centres (such as Vg, VoH). The last component in equa-
tion 5.1 is inverse phonon mobility (1phonon), in which pg denotes the phonon mobility
at a reference temperature Tj. The parameter p exponential fits temperature-dependent
mobility data (see Figure A.3(a)). According to literature, the fitted p values should be in
the range of 2-4 if the temperature is below the Debye temperature (reported range for
In, O3 is 420 to 811K) [58, 60]. While our converged parameter p values were determined
to be 1.35, 1.76, and 2.25 for as-dep., Ny-ann. and H»-ann. samples, respectively. No
converged p value was obtained for the air-ann. layer.

We note that at the grain size range and carrier densities of interest (1 x 102° ~
2 x 10%° cm™3), the grain boundary scattering can be either temperature-independent
tunnelling or temperature-dependent thermionic emission [60, 66—-68]. By assuming pigg
as a temperature-independent component in equation 5.1, the latter case would not be
displayed. That is why our obtained 1/ppnonon varies for different IFO:H films. On the
other hand, the possible presence of thermionic emission can be roughly evaluated by the
deviation on fitted p values from the above mentioned reasonable range of 2-4 according
to equation 5.1. From the above results, only the p value of H,-ann. film is above 2 and is
in accordance with the reported values for (un)intentionally hydrogen doped In, 03 films
(60, 270]. This evidences that in Hp-ann. film, grain boundary scattering is in tunnelling
mode, while in as-dep. and N,-ann. layers, thermionic emission and tunnelling current
may coexist at GBs. Additionally, we plotted IJe,Hall\/T versus inverse temperature for
the air-ann. sample (see Figure A.3(b)), which showed exponential dependence that well
matches the scattering mechanism described by the Schottky-barrier model in thermionic
emission [269]. It agrees with the report that in TCO film with rather low carrier densities
(<1x10' cm™3), transport across grain boundaries would be mainly through thermionic
emission [67]. Hence we can conclude that thermionic grain-boundary scattering is the
dominant mechanism in the air-ann. layer.

Figure 5.6 plots a rough estimate on the inverse mobilities that accounts for carrier
scattering from charged centres, phonons, and GBs, based on equation (1). We decoupled
components from the above mathematic fitting for the Hp-ann., film, and the fitted
phonon mobility is ~150 cm?V~!s™1, which is basically in accordance with the results
that predicted by Preissler et al In the cases of as-dep. and Nz-ann. films, thermionic
emission at GBs results in converged p values deviating from expected range for phonon
scattering component. The 1/iphonon cOmponents in these films were assumed based on
their p deviation from H,-ann., film (uncertainties therein). In air-ann. film, thermionic
emission at GBs dominates in the film, and phonon scattering is assumed to be negligible.
Besides, for statistically homogeneously distributed scattering centres, the charged centre
limited mobility (u..) were calculated following the equation 5.2 [60, 62].

_ 3(er€g)*® Ne 1
~ Z2m*2e3 N; Fee(&o)

Hce (5.2)

In this equation, h is Planck’s constant, €g and €; are the vacuum and relative per-
mittivity (for InyOs, €; = 8.9), respectively, and ¢ = (B2 Be,eoh2 N3/ m' 2. Z is the
charge state of the ionized impurity, and N;j the concentration of ionized impurities
(taken to be N¢/Z, i.e., full ionization is assumed). F(¢p) is the Ne-dependent screening
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function for charged centre scattering given non-parabolicity of the band structure [62].
Considering the DB-PAS analysis in Figure 5.5(a), it is well possible that singly charged
hydrogen-related dopants are prevalent in our IFO:H films (especially in N,-ann. and
H,-ann. films). Hence, we assume singly charged donors dominate in the IFO:H films, i.e.
Z=1.

From Figure 5.6, we note that ¢ almost stays at the same level for all the IFO:H films
under different PDA treatments. Besides, in as-dep. layer, tGB, Uphonon, and ficc co-play
in the film, which is in accordance with reported electron scattering mechanisms on
polycrystalline hydrogenated indium oxide films [271]. In contrast to the as-dep. film,
the Ny-ann. sample shows a decreased pgp contribution accompanied by increased
Hphonon component, which is presumably caused by diminished GBs from crystallite
growth and increased GB passivation by diffused hydrogen during heating process [186,
265]. Furthermore, in Hy-ann. film, a pronounced pphonon COMponent is observed (as
expected), indicating a further improved hydrogen passivation on GBs with respect to
Nj-ann. sample. Besides, in air-ann. sample, pgp absolutely dominates in the film.
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Figure 5.6: Inverse electron mobility components of IFO:H films under different PDA treatments.

5.3.3. Contact and device application

FTIR measurements were carried out to evaluate the interfacial oxide formation on
symmetric structures with n* poly-Si/IFO:H stacks on both sides of the wafer, note that the
FTIR results are collected on TCO coated poly-Si stacks. Figure 5.7(a) shows the baseline
corrected FTIR transmittance spectra of the IFO:H films under different PDA treatments,
by using the as-dep. sample as a reference baseline. In such a way, the noisy signals
resulting from free carrier absorption of the TCOs in the infrared region were removed
in the data reading so that the signal of our wanted n* poly-Si/TCO interfacial oxide
formation was enlarged and became recognizable. The vibrations of Si-O-Si network were
observed at 1076 cm™ and/or 1236 cm™! in N,-ann. and air-ann. samples, corresponding
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to its transverse mode (TO) and longitudinal mode (LO) [272], respectively. According
to Ishikawa et al. [273] and Liu et al. [272], the LO mode becomes lower when the film
thickness decreases and the TO may become so weak with decreased SiOy film thickness
or changed chemical composition that TO can be hardly recognized on the spectrum.
Thus the decreased LO intensity and undetected TO mode in the air-ann. sample might
indicate a thinner interfacial SiOx layer compared to the Ny-ann. sample. Moreover,
both the LO and TO characteristics were not detectable in Hy-ann. samples, implying a
basically unchanged interfacial composition with respect to the as-dep. sample baseline.

The interfacial oxide has been assumed as a legitimate explanation for forming a
transport barrier on TCO/doped silicon layer and should be avoided in device application
[130, 142-144]. Figure 5.7(b) displays the passivation test results on symmetric structures.
In contrast to 24 nm-thick n-poly stack, the 250 nm-thick p-poly stack shows a higher sta-
bility against sputter-induced degradation and PDA treatments. The thickness-dependent
characteristic can be attributed to the role of the poly-Si film as shielding of the critical
c-Si/SiOx/poly-Si interface from emerging harmful species [143]. The poly-Si thickness of
24 nm is in the reported range of 10-28 nm, in which the lifetime samples are dramatically
sensitive during subsequent process [143]. Hence, one can see a clear implied-Voc (i-Voc
) drop of around 20 mV on the thin n-poly stack samples after sputtering, which goes
further down after PDA in N, ambiance while almost get fully restored after PDA in H,
and air atmosphere. Hydrogen has been widely accepted as a crucial factor for ensuring
good passivation quality in the poly-Si passivating contacts [274, 275], thus we attribute
the passivation recovery to a sufficient hydrogen supplement to the n* poly-Si/SiOx/c-Si
interfaces for Hy-ann. sample. As for the air-ann. sample, with the existence of moisture
(H20), the exchange of hydrogen at the n* poly-Si/SiOy/c-Si interfaces do not harm the
passivation qualities, since water vapour has been reported to effectively hydrogenate
the poly-Si passivating contacts [276]. While for the N,-ann. contacts, the passivation
degradation is plausibly caused by a de-hydrogenation of the passivating contacts, in
other words, hydrogen effuses from the n* poly-Si/SiOy/c-Si interfaces. Additionally, we
extracted one group of contact resistivity values (p¢) of n-contact (n* poly-Si/TCO/metal)
regarding to different PDA treatments, which showed the results of 21.68 mQ cm?, 598.76
mQ cm?, 22.05 mQ cm?, and 265.05 mQ cm?, for as-dep., Np-ann, Hy-ann, and air-ann.
sample, respectively. These values are basically in accordance with Figure 5.7(a), namely,
thicker interfacial oxide layer results in higher p. values. From all the above results regard-
ing both TCO opto-electrical properties and device application, we can conclude that
H; annealing treatment provides a promising contact engineering approach in the high
thermal-budget poly-Si solar cell design.

To verify that, we extracted p. values of n-contact (n* poly-Si/TCO/metal) and p-
contact (p* poly-Si/TCO/metal) with and without hydrogen annealing procedure, as
shown in Figure 5.7(c-d). Results on lab-standard ITO layer were also provided for the
audience’s reference. As it can be seen, low p. values below 40 mQ cm? were observed for
the contacts with as-deposited TCOs, which decreased further to around (or below) 20
mQ cm? after hydrogen annealing treatment. For the p-contact which will be used on rear
side of the device ((sample structure is shown in Figure 3.4(f))), all the p, p-contct values
after annealing were observed well below 30 mQ cm?, which will add negligible transport
and FF losses when this stack is applied as a full-area contact [130]. As for the n-contact
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(sample structure is shown in Figure 3.4(e)), to make a comparison, our pc, n-contct With
as-deposited ITO are comparable with the reported data with 35 nm-thick n* poly-Si layer
[142]. However, carrier transport at the poly-Si/TCO contact have been widely reported
to degrade severely for temperatures above 350 °C (even >10* mQ cm?) [130, 142, 144].
According to Tutsch et al., exposure at 380 °C in air significantly increased the p. of n-
contact from 50 mQ cm? to above 700 mQ cm? [143], and Wietler et al. reported the
unfavourable p. of ~ 800 mQ cm? on a metal/ZnO:Al/poly-Si stack after air annealing
at 400 °C [144]. To our knowledge, the p¢, n-contct Values are among the lowest values
reported so far for poly-Si/TCO/metal stack with < 30 nm thin polysilicon layer, especially
after thermal annealing at high temperature.

It is widely accepted that parasitic growth of the interfacial oxide in thermal annealing
might be the reason for the reported high contact resistivity at poly-Si/TCO after annealing
procedure [130]. According to the simulated results from Messmer et al. [130], there is a
critical parasitic oxide thickness of about 1.4 nm, below such value the electron tunnelling
through the oxide is expected to be efficient to yield a low contact resistivity. Above this
threshold, the contact resistivity grows exponentially with linear increase in interfacial
oxide thickness. Under this hypothesis, the unincreased contact resistivity values after
our hydrogen annealing treatment at 400 °C probably result from the depression on the
mentioned parasitic growth of interfacial oxide, which is also evidenced by our FTIR
measurement results (Figure 5.7(a)). However, electric states at the interface between
TCO and silicon can be very complicated (interface region can be even up to 50 nm [277]),
thus detailed investigation remains to be carried out. Additionally, we noticed that for n-
contact, ITO showed a lower p. and a more preferable contact compared to IFO:H, which
is inconsistent with our previous results [213]. This discrepancy might be explained by
the high doping levels of doped silicon layer and ITO [126, 130], which facilitate electron
tunnelling at the n* poly-Si/TCO interface, thus the work function matching becomes not
as dominant as the case in reference [12] [213].

Considering that H, annealing at 400 °C ensures good contact properties for both
n-contact and p-contact, we tested the performance on completed devices. Figure 5.8(a)
displays the poly-Si solar cell parameters of devices using IFO:H and ITO, with and without
H, annealing treatment, respectively. The devices experienced a general severe passi-
vation loss accompanying our lab-standard screen-printing procedure, which brought
a big drop from i-V ¢ (~710 mV) on solar cell precursors to V¢ values (~665 mV) in
devices. This could result from the damage of metallization procedure on the (thin)
poly-Si layer [263, 278]. Apart from the general Vo limitation on our devices, one can see
that all the poly-Si solar cells showed similar V¢ values. This is in accordance with the
results as shown in Figure 5.7(b). Besides, the FF was clearly improved by 0.9%gps. (from
78.6% to 79.5%) with H, annealing treatment for IFO:H-based cells. To elaborate this, we
performed SunsVoc measurements and calculated the series resistance (Rs sunsvoc) values
of the devices according to equation 5.3 [208].

Voc - Jsc
2
mpp

Rs sunsvoc = (PFF — FF) (5.3)

In equation 5.3, pFF and Jmpp represent the pseudo fill factor and current density at
maximum power point condition in SunsVoc measurements.
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Figure 5.7: (a) baseline corrected FTIR spectra and (b) implied-V oc change of the poly-Si/IFO:H stack under
different PDA treatments. Contact resistivity values of (c) n-contact (n* poly-Si/TCO/metal) and (d) p-contact
(p* poly-Si/TCO/metal) using IFO:H and ITO, with and without H, annealing treatment, respectively. The
results in (c) and (d) are collected based on 6 groups of experimental data.

The specific vertical resistance (Rg vertical) and lateral resistance (Rg jateral) in our de-
vices were then derived according to equation 5.4 and equation 5.5, respectively. Figure
5.8(b) illustrates the calculative Rg yertical and Rs jateral results corresponding to the devices
in Figure 5.9(a).

Pcn-contact ~ Pc,p—contact twafer
+ Pwafer——— ) A
Afront Afront cell

RS,vertical =( cell (5.4

In equation 5.4, pcn-contact aNd Pc p-contact are corresponding average results from
Figure 5.7(c-d). Agont, Arear, and Acell, denote the front metal coverage area, rear metal
coverage area, and specific cell area, respectively. In our case, Arear = Acell * Pwafer iS Wafer
resistivity (we took 3 Q cm in the calculation), and f,yafer is wafer thickness (we took 270
pm as the singe-side textured wafer). The vertical resistance values from our n* poly-Si,
p* poly-Si, and TCO were negligible in the calculation.
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RS,lateral = RS,SunsVoc - RS,vertical (5.5)

From Figure 5.8(b), the FF increase in IFO:H ann. sample as compared to IFO:H
as-dep. sample is mainly caused by a decreased Rs jateral Value, which can be reasonably
attributed to the improved lateral conductivity of IFO:H film (as shown in Table 5.2).
While the R veriical almost stays unchanged in both kinds of samples, indicating that
the small contact resistivity change as shown in Figure 5.7(c-d) did not bring observable
FF increase upon IFO:H ann. devices with respect to IFO:H as-dep. cells. As for the
comparative results on ITO-based devices, an average FF drop of 0.4%s. after hydrogen
annealing treatment was observed. As it can be interpreted in Figure 5.8(b), the FF drop
is mainly caused by a decreased lateral conductivity of ITO film, which plausibly results
from stability issues of ITO layer during the thermal treatments such as the firing steps in
screen-printing process. Such stability issues of ITO is beyond the scope of this article
and will not be discussed here.

Furthermore, the as-deposited ITO-based devices showed a higher average FF of
79.0% than the 78.6% of the as-deposited IFO:H cell, which are consistent with our
previous data (Figure 5.1(a) and Figure 5.7(c-d)). While in the optical perspective, for
specific TCO utilizations, slight Jsc gqr improvements were observed after Hy annealing
treatment, which might be interpreted by the compensation between Eg, n and FCA
with PDA treatment (Figure 5.2, Figure A.1). However, all the IFO:H cells outperformed
ITO cells due to the optical advantage of the high-p. IFO:H film [197, 213]. Subsequent
improvements are under investigation regarding further reducing poly-Si layer thickness
on illuminated side, increasing internal reflection, etc.
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Figure 5.8: (a) Current-voltage characteristics of the best 3.92 cm? poly-Si solar cell devices using IFO:H and
ITO, with and without Hy annealing treatment, respectively. The values reported are the average based on three
cells from the same batch, more device results from different experimental batches can be found in Table A.3,

and (b) the decomposition of series resistance (Rs sunsvoc) that corresponds to Figure 5.8(a).

To summarize, the PDA with H, annealing at 400 °C was successfully utilized in high
thermal budget poly-Si solar cells, no obvious FF loss was observed. An absolute 0.5% gain
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in active-area power conversion efficiency (n,) was observed on IFO:H solar cell after PDA
treatment in Hy ambience, mainly due to the FF improvement (0.9%gps.). Additionally,
with respect to the widely used ITO, the PDA-treated IFO:H layer maintains its optical
advantages in terms of higher E (T) and lower FCA while improves its lateral conductivity.
This makes it a competitive transparent electrode for photovoltaic devices especially for
high thermal-budget solar cells.

5.4. Conclusions

In summary, we studied the opto-electrical properties of the hydrogenated fluorine doped
indium oxide (IFO:H) by means of post-deposition annealing (PDA) treatments at 400
°Cin Ny, Hy, and air ambiences. Through detailed analyses of crystal structure, surface
morphology, optical properties and temperature-dependent electrical properties, the
inherent electron scattering and doping mechanisms of the IFO:H films were proposed
and compared. Hydrogen annealing treatment was proved to favorably alter the opto-
electrical properties of the TCO film, meanwhile achieve a good carrier transport at
the poly-Si/TCO contact. It is noteworthy that the low contact resistivity of around (or
below) 20 mQ cm? was achieved on both n- and p- contacts with poly-Si/TCO stack
after hydrogen annealing, which to our knowledge is among the lowest values especially
on thermally annealed contacts at 400 °C. Beyond this, we implemented the hydrogen-
annealed IFO:H films on FBC poly-Si solar cells. With respect to the solar cells with
as-deposited IFO:H films, we observed a 0.9%,ps. improvement in average fill factor,
which leads to an absolute 0.5% gain in active-area power conversion efficiency.







RT-sputtered IWO for improved
current in SHJ solar cells

This chapter was published in Solar Energy Materials and Solar Cells* [122]

Abstract

The window layers limit the performance of front/back-contacted silicon heterojunction
(SHJ) solar cells. Here, we optimized tungsten-doped indium oxide (IWO) film deposited
by radio frequency magnetron sputtering at room temperature (RT). The opto-electrical
properties of the IWO were manipulated when deposited on top of thin-film silicon layers.
The optimal IWO on glass shows carrier density and mobility of 2.1 x 10 cm™ and
34 cm?V~!s7!, respectively, which were tuned to 2.0 x 10°° cm™ and 47 cm?V~'s7!,
as well as 1.9 x 10% cm™3 and 42 cm?V~!s71, after treated on i/ n/glass and i/ p/glass
substrates, respectively. Using the more realistic TCO data that were obtained on thin-film
silicon stacks, optical simulation indicates a promising visible-to-near-infrared optical
response in IWO-based SHJ device structure, which was demonstrated in fabricated
devices. Additionally, by adding an additional magnesium fluoride layer on device, the
champion IWO-based SHJ device showed an active area cell efficiency of 22.92%, which
is an absolute 0.98% efficiency gain compared to the ITO counterpart, mainly due to its
current gain of 1.48 mA/cm?.

*C. Han, Y. Zhao, L. Mazzarella, R. Santbergen, A. Montes, P. Procel, G. Yang, X. Zhang, M. Zeman, and O.
Isabella, “Room-temperature sputtered tungsten-doped indium oxide for improved current in silicon het-
erojunction solar cells” Solar Energy Materials and Solar Cells, 227, 111082, 2021. April 14, 2021, doi:
/10.1016/j.s0olmat.2021.111082.
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6.1. Introduction

y far, the choice of dopants that induce high mobility in TCOs has largely been

empirical, in which In,O3 doped with transition metal elements (such as Zr [104, 279],
Ti [280], Mo [281], Ce [49], Hf [219], W [107, 121, 197, 282]) represent an attractive group.
As suggested by Zhang et al. [283], the high mobility potential of the transition metal
doped Iny O3 could be explained by the high Lewis acid strength, which can be calculated
from L= Z/r, - 7.7y, +8.0, where r is the ionic radius related to the electrostatic force
due to the oxidation state Z of the ion and y is the electronegativity of the element in
the respective oxidation state. W8* exhibits a high L of 3.158 due to its low ionic radius
and high oxidation state. The W dopant with higher L compared to In®>* (1.026) in the
host compound attracts electronic charge from the O?* 2p valence band, resulting in
the screening of the dopant’s effective charge (Z). This screening effect weakens the
interaction between the carriers and dopant ions, which means that the dopant’s activity
as a scattering center is receded thus high mobility is achievable. In addition, the ion
radii of W8* and In3* are 0.6 A and 0.8 A, respectively, the tungsten dopant can substitute
indium site in the lattice of In,Os3, high crystallinity of IWO in In,O3 polycrystalline
structure has been reported [284]. Moreover, who+ substituting for In3* can still provide
an electron even when associated with interstitial oxygen impurities (0?) in the lattice
by forming charged complexes, [(Wy, )O; ', as oppose to Sn** dopants in ITO, which
become deactivated by forming neutral complexes, [(2Sny,")O; 1. This means that for the
same number of carrier concentration, there may exist much less of dopant scattering
centers in IWO film than in the commonly used ITO film [113]. All the above factors
contribute to a high carrier mobility potential in IWO film [285]. Furthermore, tungsten
doped indium oxide (IWO) shows complementary features in combining the advantages
of indium oxide and tungsten oxide; thus it provides possibilities in manipulation of
different contact characters [127]. As a consequence, IWO is a promising candidate for
transparent electrode in photovoltaic devices [121].

For the fabrication of IWO layers, a wide range of deposition techniques have been
utilized, such as pulsed laser deposition (PLD), reactive plasma deposition (RPD, or arc
plasma ion plating, or high-density plasma-enhanced evaporation), magnetron sput-
tering [49, 107, 285]. In order to obtain decent carrier mobility above 60 cm?V~'s™1, a
deposition temperature of above 300 °C was utilized for quite a long time [285]. This is
not suitable for SHJ devices, which require a process temperature below 250 °C, or even
lower [12, 132]. Since 2013, Liu et al. have been working on developing SHJ-targeted IWO
film via RPD approach [113, 121, 217, 282]. Similar technique was also utilized by Koida
etal. [197, 286]. Besides, Lerat et al. applied radio frequency (RF) magnetron sputtered
hydrogenated IWO for SHJ application [287]. The above-mentioned techniques were
using a deposition or post-deposition annealing treatment above 150 °C.

Accordingly, it is imperative to study the opto-electrical properties and the application
of a low thermal budget IWO layer. Herein, we present an IWO optimization at room
temperature (RT) by RF magnetron sputtering. The opto-electrical properties of the opti-
mized IWO film are evaluated on top of thin-film silicon layers. Finally, the performances
of IWO-based SHJ solar cells are tested and compared to reference devices with ITO.
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6.2. Experimental
The experimental section includes the following parts.

Deposition of TCO films. In IWO film sputtering, argon and 1% oxygen in argon were
utilized as the process gas. All depositions were performed at room temperature without
any intentional heating, with the chamber pressure of 4.0 x 1073 mbar, (Ar+05) flow of
20 sccm, and power density of ~ 0.8 W/cm?. The deposition rate of the optimized IWO
films was ~ 2 nm/min. The ITO depositions were done at substrate temperature of 110 °C,
chamber pressure of 2.0 x 10~2 mbar, Ar flow of 50 sccm (0.05% O5), and power density of
~ 1.8 W/cm?. The deposition rate of ITO layer was ~ 6 nm/min.

Fabrication of SHJ solar cells. SHJ cell precursors with front 10 nm-thick i/ n stack
and rear 26 nm-thick i/ p stack thin-film silicon layers were prepared. Nominal 75-nm
and 150 nm-thick TCO films were sputtered on the front and rear sides of the wafers,
respectively, through hard mask, which defines different cell areas on each wafer. After
sputtering, the IWO-based cell precursors were annealed in air at 180 °C for 5 min for
curing purposes. We note that ITO-based devices maintained good passivation qualities
after ITO sputtering; thus no subsequent post annealing treatment was applied on cor-
responding cell precursors. Front metal contacts were RT electroplated Cu fingers, with
an underlying 100 nm-thick Ag as seed layer [288]. The photolithography process with
organic photoresist (AZ ECI3027 from Microchemicals) was used to define the contact
area for metallization. The rear metal contact was 500 nm-thick thermally evaporated Ag.
For a double layer anti-reflection coating purpose, 90 nm-thick MgF, layer was e-beam
evaporated on the front side of the completed SHJ devices.

6.3. Results and discussion

6.3.1. Optimization of 75 nm-thick IWO films on glass substrate

Hall measurements show that the IWO films are n-type semiconductor. Figure 6.1(a)
shows their carrier density (IVe), mobility (), and resistivity (p) change as function of
O,-to-Ar flow ratio (X). For X increasing from 0 to 0.50%, N, monotonously decreases,
while p, first rises and then goes slightly down. Consequently, the p value first decreases
and then rises up. The highest . of 34 cm?V-'s! was obtained at X = 0.25%. This is
higher than the reported < 20 cm?V-'s™! of RT-sputtered IWO layer at room temperature
[289]. However, we note that both N and p, of our as-deposited layer are lower than that
of reported RT grown IWO films from RPD approach [107, 113]. Possibly, as compared
to the sputtering process, the high-density plasma density in RPD technique provides
higher reactivity of the evaporated species from the tablet material, which promotes
higher effective doping of W dopant and thus produces excess electrons and higher N, in
the IWO film [107, 290, 291]. The charge screening effect of more effective W dopant and
the plausibly increased densification/crystallization of the film, contribute to a higher p,
in the IWO film [107, 113, 285].

Furthermore, the electrical properties of the TCOs correlate their optical properties.
Figure 6.1(b) displays the complex refractive index of the IWO films. The IWO deposited
at X = 0.25% yields the largest optical bandgap (Eg) in UV range and low absorption in
NIR range, while the IWO deposited at X = 0.50% shows a Eg shrinkage (Moss-Burstein
effect [55]) and rather high p due to its lowest Ne. Thus, it was not considered for use in
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Figure 6.1: (a) Ne, e, and p of the as-grown IWO films with a variable O2-to-Ar flow ratio (X), based on six
groups of experimental data. (b) Complex refractive index of the IWO films for different X.
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Figure 6.2: (a) X-ray diffraction patterns, and (b) scanning electron microscope images of IWO films deposited
with different O2-to-Ar flow ratios (X).

Figure 6.2 (a-b) present the XRD patterns corresponding to an In, O3 cubic bixbyite
crystal structure and SEM images of the IWO layers grown with different X. One can see
from both figures that, with increasing X from 0 to 0.50%, the crystallization of the as-
deposited IWO films largely improves. This is possibly due to the increased stoichiometric
composition of the film [292]. For the XRD results with X = 0 and X = 0.15%, the absence
of diffraction peaks is indicative of mostly amorphous films. Further, from corresponding
SEM images, we additionally observe the characteristic crystalline grain evolution, indi-
cating a limited sensitivity of the XRD measurement in detecting low crystalline materials
[104]. From Figure 6.2(b), the grain size of the IWO films shows a decreasing trend with
increased X , indicating more grain boundaries (GBs) that act as carrier scattering defects.
Therefore, combined with the data shown in Figure 6.1, the monotonously decreased N,
from X =0 to X = 0.50% is mainly caused by a continuously increased oxygen incorpora-
tion, which occupies oxygen vacancies (Vp) that provide additional electrons in the IWO
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films [51]. Whereas the pe could be influenced by the compensation of decreased point
defect scattering from Vg elimination, and GB scattering as mentioned above in Figure
6.2 (b) [285]. In addition, the carrier transport at GBs is also influenced by the N, change
[66, 293, 294]. As a consequence, U, firstly rises from X = 0% to X = 0.25%, then drops
with a further increased X to 0.50%.

Figure 6.3 compares the absorption coefficient spectra of the optimal IWO grown
from X = 0.25% to the ITO reference, with the inset table showing the parameters of N,
e, p and Eg. Notably, in the short wavelength range, the IWO with lower N, shows a
larger optical bandgap (Eg) than ITO, which is opposite to the well-known Moss-Burstein
effect [55]. Presumably, it indicates a smaller effective electron mass in the IWO film
structure [281, 285]. Besides, with respect to ITO film, the lower absorption coefficient («)
of IWO layer in the NIR region could be explained by the classical Drude theory [33, 196].
In addition, to further confirm the observations, we compared the absorptance curves
of IWO and ITO films which were calculated from 1-R-T, as shown in Figure B.2, which
shows the same trend as we observed from Figure 6.3.
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Figure 6.3: SE-fitted absorption curves and inset table with opto-electrical properties of the optimized IWO and
ITO reference films deposited at RT and 110 °C, respectively.

6.3.2. IWO on top of thin film Si layers and optical simulations

Figure 6.4(a-d) show the N, and p, values of nominal 75 nm-thick TCOs on glass and
on i/ n/glass and i/ p/glass, respectively. Our lab-standard ITO film acts as a reference,
and the i/n and i/ p thin-film silicon layer stacks are in the same layer thickness as used
in SHJ devices. We note that a hot-plate annealing at 180 °C for 5 min was performed
on the RT-deposited IWO samples. This is a required step to recover the sputter damage
of the passivation quality of the SHJ cell precursors (see Figure B.3) , which could also
potentially improve the electrical property of the IWO/ p-layer interface [176]. For the IWO
layers, deposition on either glass or thin-film silicon does not influence p, whilst it mildly
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adjusts Ne. After annealing, the IWO films show a slightly lower N, from 2.1x10?° cm™ on
glass substrate to 2.0 x 10° cm™ on i/n/glass and 1.9 x 10?° cm™ on i/ p/glass substrates,
respectively. The N, decreases reflect oxygen incorporation during the annealing process.
On the other hand, upon annealing, the p increases from 34 cm?V-'s™! on glass substrate
to 47 cm?V-'s! on i/ n/glass and 42 cm?V-!s’! on i/ p/glass substrates, respectively. This
phenomenon could be associated with an increased Lewis acid strength (L) as introduced
in Introduction part. After annealing treatment, tungsten dopant with a higher L could
be reached due to a higher oxidation state of tungsten ions, which leads to an increased
carrier mobility [285, 292, 295, 296]. Additionally, with respect to as-deposited states, the
Ue increases in annealed IWO layers on i/ n/glass and i/ p/glass substrates are different,
indicating that the p is also influenced by (i) increased crystallization, as implied by the
XRD patterns and SEM images in Figure B.4, and (ii) possible defect passivation of ther-
mally effused hydrogen from underlying thin-film silicon layers [87, 195]. Furthermore,
with respect to glass substrate, the as-deposited ITO film on i/ n stack shows constant
Ue and mildly increased Ne, while the ITO layer on i/ p stack displays distinct g drop
together with N rise. The N, change could be partially owing to the diffused hydrogen
from the thin film underneath, which has been elucidated by Cruz et al. [87] and Ritzau
et al. [195]. Regarding the observed p,. drop for the ITO on i/p stack, we exclude the
cause from the substrate surficial roughness as observed by Cruz et al. [87]. In fact, AFM
measurements show quite similar root-mean-square roughness values of 1.11 nm and
1.23 nm for our i/ n and i/ p stacks, respectively. Plausibly, our N, and pe change is also
correlated with additional features, such as crystallizations of both TCOs and thin-film
Si layers and their inherent interactions, hydrogen effusion behaviour in dependence
of temperature/ambience, TCO/Si interfacial oxide influence on carrier transport. Elab-
orated study still needs to be carried out to fully understand the interaction between
IWO and doped thin-film layers. Additionally, it is worth pointing out that the substrate
topology such as textured wafer surface might also have an impact on the TCO properties
[88, 89], which remains to be investigated via appropriate characterization approaches.

Figure 6.5 shows the corresponding absorption coefficient (a) curves versus wave-
length of TCOs on different substrates. Basically, all the IWO layers show favourable lower
a than reference ITO films along the Vis-NIR range. Regarding the IWO layers on thin-film
silicon layers, with respect to the IWO films on i/ n/glass and i/ p/glass substrates, the
different o transition in the UV range is possibly related to the thermally-effused hydrogen
from underlying thin-film silicon layers, since both interstitial and substitutional hydro-
gen have been proven to act as shallow donors in In, O3 system [63, 87, 195]. Additionally,
the a changes of the TCOs in the NIR region could be aligned with the classic Drude
theory [33, 196]. Overall, we may conclude that with thin-film silicon layer underneath,
the top TCO film could be manipulated both electrically and optically, which needs to be
considered in device simulations as well as in practical cell fabrication.

Figure 6.6(a-c) show GenPro4 optical simulation results of comparative SHJ devices
based on IWO and ITO counterpart. Figure 6.6(a-b) are the simulated absorptance curves
of IWO- and ITO-based SHJ structure, in which the TCO data obtained from thin-film
silicon stacks were used. The results based on TCO data obtained on glass substrates
were provided in Figure B.5(a-b). From Figure 6.6(a-b), the implied photocurrent density
in c-Si absorber was calculated to be 40.3 mA/cm;, in IWO cell and 38.5 mA/cm? in ITO
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Figure 6.4: (a) pe and (b) Ne of the as-deposited and annealed IWO films on different substrates; (c) pe and (d)
Ne of as-deposited ITO layers on different substrates. The results are based on three groups of experimental
data.

cell. As compared to ITO cell, the outstanding optical advantage of IWO cell is ascribed to
the much less parasitic absorption in IWO layer. Figure 6.6(c) displays the optical losses
corresponding to reflection, parasitic absorption from thin-film silicon, TCO, and rear
metal components. In Figure 6.6(c), the results from simulations based on TCO data
obtained on glass substrates are also included. With respect to the results from data on
glass substrates, the IWO cell shows a lower parasitic absorption in TCO layer, while ITO
cell shows an increased parasitic absorption in TCO layer. This is related to their different
changing trends in Ne, as shown in Figure 6.4 [33]. In addition, we notice that the total
refection loss in IWO cell is visibly higher than in ITO cell. Following the approach as
utilized in [297], we decomposed the total reflectance into front side reflectance (R;) and
rear side internal reflectance (R»), which are indicated in Figure 6.6(d). The R; and R, are
1.3 mA/cm2 and 1.6 mA/cm2 for IWO cell, and 1.5 mA/cm? and 0.5 mA/cm? for ITO cell,
respectively. This means that the high reflection loss in IWO cell comes from its high R,
value, indicating that large amount of NIR light escapes after passing through the cell.
While in ITO cell such NIR light is mainly absorbed in the TCO, this is not displayed in the
reflection loss. In this regard, the higher R, in IWO cell may not be optically detrimental
since there is still possibility to make use of it with appropriate manipulation strategy.
To summarize, the interactive opto-electrical properties of TCO with underlying layers
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Figure 6.5: SE-fitted absorption coefficient (a) curves of TCOs on top of different substrates.

need to be considered in device design, and our IWO layer indicates a promising optical
outperformance in SHJ cell over our lab-standard ITO counterpart.

6.3.3. Devices performance

Figure 6.7(a-d) depict the measured IWO- and ITO-based SHJ cell parameters. The met-
allization approach is room temperature Cu-plating. For each batch, we tested variable
devices in different metal design, all the devices in the same design showed similar com-
parative trend, and only the optimal 8.97 cm?-cell results are summarized in Figure 6.7.
The implied- V¢ of the SHJ cell precursors varied from 720 to 735 mV (not shown here).
From Figure 6.7(a), the average Voc , especially for IWO cells, is approaching 730 mV, due
to the RT Cu-plating metallization [288]. As for the optical response in Figure 6.7(b), all
the IWO cells showed notably higher Jsc than ITO devices, which agrees with the previous
optical simulation results as shown in Figure 6.6. We notice that the Jsc improvement
from reference ITO cell to IWO cell was generally 0.8-1.4 mA/cm?, which is smaller than
the 1.8 mA/cm? as predicted from Genpro4 simulation. This may be ascribed to the
electrical carrier transport/collection difference in the two kinds of devices, or possible
underestimation on the simulated parasitic absorption of IWO layers, since reflection-
type spectroscopic ellipsometry has been reported to present limited sensitivity for weak
light absorption [183, 189]. Additionally, from Figure 6.7(c), the IWO cells showed slightly
higher FF and lower series resistance (Rs sunsvoc) than the ITO-based counterpart. This
possibly originates from a favourable band alignment at the IWO/doped Si layer inter-
faces, as the IWO exhibit different work-function than ITO [126, 127]. The IWO cells
outperformed ITO devices due to their advantage in both optical and electrical aspects,
as displayed in Figure 6.7(d). With respect to ITO-SH]J cells, the averaged cell efficiencies
of IWO-SH]J cells show absolute improvements of 0.98%. Our comparative cell results are
in agreement with the observations from Ding et al. [298]. It is noteworthy that Ding et al.
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Figure 6.6: Optical simulations performed by GenPro4 software of (a) IWO- and (b) ITO-based SH]J solar cells, in
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losses from different components. The simulations are performed using the TCO n,k data set obtained as
indicated on the x-axis. (d) Sketch of individual reflection losses corresponding to the front and rear sides of our
SHJ cell structure.

used hydrogenated IWO layers, which presented both higher . and N, as compared to
our IWO film. According to Ding et al. [298], as compared to ITO cell, their Jsc increase is
less, and FF increase is higher in IWO cell than in our case. Plausibly, the phenomena are
related to the hydrogen inclusion in their IWO layer, which generates more dopants to
ensure a good conductivity, yet results in a probability to compensate its optical property
[35, 267]. Additionally, we note that the measured Jsc in our I-V measurements was a
bit higher than the integrated Jsc gqr from EQE curve, similar phenomenon is also seen
in [155]. Below we report the active area power conversion efficiency to avoid such a
measurement error from the different light sources and metal fractions in the illumination
area.

To minimize the above-mentioned high reflection loss in IWO cell (Figure 6.6), we
further introduced the so-called double layer anti-reflection coatings (DLARC). By adding
an additional non-absorptive layer with appropriate thickness and refractive index of ~ 1.5
@ 600 nm, we can further decrease the reflection losses on device level [121, 123, 279, 299].
Figure 6.8 and Table 6.1 show the EQE, 1-R and cell parameters of our optimized IWO-
based SHJ device and its ITO counterpart, with and without (w/0) a 90 nm-thick MgF, top
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Figure 6.7: (a) Open-circuit voltage, Vo, (b) short-circuit current density, Jgc, (c) fill factor, FF, and series
resistance, Rs, sunsvoc, and (d) illuminated area power conversion efficiency, n of the IWO- and ITO-based SHJ
devices. The cell area is 8.97 cm? and the designed metal coverage is 1.93%. The results are based on five
batches of cells.

layer. The MgF, optical parameters and the simulative optimization with MgF, thickness
on our IWO cell structure are shown in Figure B.6(a-b). From Figure 6.8, compared to
the devices without MgF, on top, the cell with MgF, layer showed significantly improved
optical responses. Especially the Jsc gqr of the IWO cell was improved from 39.41 mA/ cm?
to 40.16 mA/cm? . This is mainly caused by a boosted performance in the short wavelength
range (300-550 nm), resulting from the decreased reflectance of the cell surface, as we
can clearly see from the 1-R curve. Finally, with adding a MgF layer on top of the IWO
device, the active area power conversion efficiency was improved from 22.52 to 22.92%.

Now we look at the EQE curves of the IWO cell and ITO cell in Figure 6.8. Before
applying the MgF, top layer, the IWO cell displays lower blue response in 300-600 nm
(-0.46 mA/cm?) and significantly higher response in vis-NIR region in 600-1200 nm (+1.74
mA/cm?), as compared to ITO cell. After adding the top MgF; layer, the WO/MgF; cell
outperformed ITO/MgF; cell in the whole wavelength range, which corresponds to a
0.44 mA/cm? gain in the 300-600 nm region and a 1.04 mA/cm? gain in 600-1200 nm
region, respectively. According to Figure 6.3, the IWO layer has a higher optical band
gap (Eg) value of 3.86 eV than the 3.75 eV of ITO layer, while the IWO cell shows a lower
blue response, as compared to ITO cell. To elaborate that, we performed E; plots of the
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TCOs on top of thin-film silicon stacks at the illuminated side of our SHJ device, as shown
in Figure B.7. The extracted Eg values are 3.81 eV and 3.87 eV for IWO and ITO layers,
respectively. Combined with Figure 6.4, this more realistic comparison is in accordance
with the Moss-Burstein effect [55] and well explains why the IWO cell shows a lower blue
response than ITO cell. Additionally, this difference is not existing after applying MgF,,
and the Jsc gqr improvement of ITO/MgF; cell over ITO cell is 0.55 mA/ cm?, which is
lower than the 0.75 mA/cm? in IWO case. This is related to the non-ideal DLARC use [123].
Optimization on the DLARC design and corresponding experimental validation are out of
the scope of this work, thus will not be further elucidated.

Furthermore, according to Ding et al. [298] and Lerat et al. [287], significantly im-
proved blue response in IWO cell accounts for the Jsc increase with respect to ITO cell
while no NIR contribution was observed. This is different from our observations that
improved NIR response contributes to the Jsc gqg increase of the as-fabricated IWO cell
over ITO cell. Considering that the reference ITO film used by Lerat et al. was in a similar
N, range as the one we use in our work, we speculate the rationale of the different optical
response in IWO cells may lie in the microstructure and carrier conductive mechanism
difference in the IWO films [35, 285].
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Figure 6.8: EQE and 1-R of the optimal IWO-based SHJ device and its ITO counterpart, with and without MgF»
top layer. Inset is the final device structure.

Table 6.1: Solar cell parameters of the optimal IWO-based SHJ device and its ITO counterpart, before and after
MgF; top layer deposition (cell area 8.97 cm?).

Open-circuit voltage  EQE-short circuit current density  Fill factor  Efficiency

Teo [Voc, mV] Usc.sQe, mA/cm?] (FE.%] [, %]
WO 730 39.41 78.27 22.52
IWO/Mng 731 40.16 78.07 22.92
ITO 728 38.13 78.00 21.65

ITO/MgF, 728 38.68 77.91 21.94
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6.4. Conclusions

We optimized RF magnetron sputtered IWO layer at room temperature by adjusting the
O,-to-Ar gas flow ratio during deposition process. The opto-electrical properties of the
TCO layers were found to be sensitive to the substrate materials and post-annealing
process. The opto-electrical properties of the IWO were manipulated when deposited
on top of thin-film silicon layers. This needs to be considered in practical simulation
and experimental work. The optimal IWO on glass shows carrier density and mobility of
2.1x10%9 cm™ and 34 cm?V-!s™!, which were tuned to 2.0 x 102° cm™ and 47 cm?V-1s! as
well as 1.9x 10%° cm™ and 42 cm?V-!s’!, after treated on i/ n/glass and i/ p/ glass substrates,
respectively. Further, GenPro4 simulations implied a clearly increased visible-to-near-
infrared optical response in IWO-based SHJ cell with respect to our ITO-based reference
cell, which was demonstrated in practical comparative SHJ devices. By applying an
additional MgF, layer on top of the optimal device, the EQE-integrated short-circuit
current density was improved from 39.41 mA/cm? to 40.16 mA/cm?. Our final IWO/MgF-
based SHJ solar cell showed an active area cell efficiency of 22.92%, which is an absolute
0.98% efficiency gain compared to the ITO counterpart, mainly due to its current gain of
1.48 mA/cm?.



Towards bifacial Cu-plated SH]J
solar cells with reduced TCO use

This chapter was published in Progress in Photovoltaics: Research and Applications ™ [125]

Abstract

In this work, based on a newly developed bifacial Cu-plating platform (see Appendix
D), we explored bifacial SHJ solar cells with less TCO use. We present three types of
In,03-based TCOs, tin-, fluorine-, and tungsten-doped In,O3 (ITO, IFO, and IWO). These
are In,O3-based TCOs, from post-transition metal doping, anionic doping, and transition
metal doping and exhibit different opto-electrical properties. We performed optical
simulations and electrical investigations with varied TCO thicknesses. The results indicate
that (i) Reducing TCO thickness could yield larger current in devices; (ii) our IWO and
IFO are favorable for n-contact and p-contact, respectively; and (iii) our ITO could serve
well for both n-contact and p-contact. Interestingly, for the p-contact, with the ITO
thickness reducing from 75 nm to 25 nm, the average contact resistivity values show a
decreasing trend from 390 mQ cm? to 114mQ cm?. With applying 25 nm-thick front
IWO in n-contact, and 25 nm-thick rear ITO use in p-contact, we obtained front side
efficiencies above 22% in bifacial SHJ solar cells. This reprensents a 78% TCO reduction
with respect to our lab-standard monofacial SHJ solar cell, and a 67% TCO reduction with
respect to a reference bifacial solar cell with 75 nm-thick TCO on both sides.

*C. Han, R. Santbergen, M. van Duffelen, P. Procel, Y. Zhao, G. Yang, X. Zhang, M. Zeman, L. Mazzarella, and O.
Isabella, “Towards high efficiency bifacial silicon heterojunction solar cells with reduced TCO use,” Progress in
Photovoltaics: Research and Applications, 2022. March 14, 2022, doi:10.1002/pip.3550.
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7.1. Introduction

ilicon heterojunction (SHJ) solar cells have exhibited high efficiencies above 25% in

both academia and industry [11, 115]. Key challenges to be addressed in the upscaling
process are the cost and the relative scarcity of certain utilized materials, such as indium,
silver, and bismuth [300, 301]. Indium is widely used in the transparent electrodes of
SHJ devices. For the purpose of reducing indium consumption, basic strategies include:
(i) use of In-free transparent electrode (TE), including In-free transparent conductive
oxide (TCO) such as aluminum-doped zinc oxide (AZO) [172, 302, 303], and other TE
material such as graphene [304]; (ii) reduction of the TCO thickness; (iii) development
of TCO-free SHJ devices (extreme case). For the AZO use in (i), challenges may lie in low
carrier mobility and stability issues [269, 299, 305], and the promise of non-traditional TE
material use still needs to be tested and developed. For (iii), proof-of-concept TCO-free
SHJ cells have been demonstrated lately [170], but efforts have been hampered from
the passivation deterioration and contacting problems [170, 306, 307]. For instance, a
thick thin-film silicon layer was reported to reduce the passivation deterioration, but
it accompanies additional optical loss due to the parasitic absorption from the thin-
film silicon layer [170]; titanium (Ti) was reported to maintain a low contact resistance
between silicon layer and metal, but Ti can easily react with thin-film silicon layer and
depassivate the solar cell [306]. The issues remain to be tackled in the future. Besides, it
is still an open question whether TCO-free design could potentially give optimal device
performance. Moreover, a TCO layer is practically needed to act as a barrier layer against
Cu diffusion during plating processes [112, 308]. To circumvent these limitations, we
focus on the solution with reducing TCO use in SH]J solar cells.

From the optical point of view, front and rear TCO layers function as anti-reflection
coating (ARC) and back reflector (BR) layers, respectively [82]. However, parasitic free
carrier absorption (FCA) from both sides TCOs is unavoidable, which is directly pro-
portional to the carrier density [35]. The use of a thinner TCO layer could considerably
reduce FCA. However, the functions of ARC and BR are weakened. As for the ARC pur-
pose, an additional optical capping layer (OCL), such as MgF, [122], SiOx [121, 299], SiNy
[82, 170], TiOx [309], could be utilized to reach an optimal light in-coupling. It has been
well proven that as compared to a SHJ device counterpart with only TCO layer acting as
ARC at illumination side(s), the device with a double layer anti-reflection coating could
produce an even higher current output [123] and meanwhile potentially improve the
device stability [299]. Besides, considering the BR loss when reducing rear TCO use in SHJ
solar cell, Holman et al. [310] and Cruz et al. [124] have reported that implementing an
OCL between the rear TCO and the full-area rear metal could quench optical losses in the
near-infrared wavelength range. Nevertheless, in order to find out what are the minimal
TCO thicknesses for different TCOs to maintain/reach good optical responses at device
level, an elaborate study on both sides TCO/OCL optimizations with varied TCOs is still
to be carried out.

Meanwhile, the optical optimization should be addressed without detrimentally af-
fecting the electrical performance of the device [311]. It is known that a high quality wafer
absorber could itself provide substantial lateral transport of majority carriers [312]. How-
ever, for efficient utilization of absorber’s lateral transport, very low contact resistances in
the vertical directions are essential [313]. In general, for the monofacial SHJ solar cells, the
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electrical problem exists at the TCO/doped silicon layer interfaces, where carrier transport
barrier forms mainly due to the work function differences between TCO and doped silicon
layers [126, 306, 314]. The work function defines the difference between the energy of the
vacuum level and the Fermi level, which changes with the carrier density (V) in specific
TCOs [59]. Considering the electrical properties (including N) of TCOs generally vary with
the thickness of the TCO layer, it is imperative to investigate the thickness-dependent
TCO/doped silicon layer contact properties when designing SHJ solar cells with reduced
TCO thicknesses.

In this work, we choose three types of TCOs. These are tin-, fluorine-, and tungsten-
doped indium oxides (namely, ITO, IFO, and IWO). They are In,O3-based TCOs that
exhibit different opto-electrical properties from post-transition metallic cationic dop-
ing, anionic doping, and transition metallic cationic doping, respectively. From optical
simulations, different required minimal TCO thicknesses for maintaining good optical
performance are calculated. Further, we evaluate the lateral and vertical carrier transport
behaviors in solar cells with varied TCO thicknesses. Finally, different bifacial SHJ devices
with reduced TCO use are fabricated.

7.2. Experimental

The experimental section includes the following parts.

Deposition of TCO films. All the TCO films were deposited at room temperature,
and power density of ~ 0.8 W/cm?. The ITO films were grown with a chamber pressure
of 3.2 x 1073 mbar, and Ar flow of 20 sccm; the IFO films were deposited at a chamber
pressure of 4.0 x 103 mbar, water vapor partial pressure 1.6 x 10> mbar, and Ar flow of
20 sccm; the IWO films were fabricated at a chamber pressure of 4.0 x 1072 mbar, and
Ar flow of 20 sccm (mixed with 0.25% O-). The deposition rates were around 2 nm/min
on flat surface. For one specific type of TCO layer, only the deposition time was changed
to vary the TCO thickness. To mimic the TCOs as used in SHJ device fabrications, a post
annealing procedure was performed in oven at 180 °C for 5 min, which was required to
cure the sputter damage on our SHJ solar cell precursors (n-a-Si:H/n-nc-Si:H/i-a-Si:H/ n-
c-Si/i-a-Si:H/ p-nc-SiOx:H/ p-nc-Si:H) during TCO deposition at room temperature [122].

Fabrication of SHJ solar cells and samples for contact study. Unless otherwise
specified, SHJ solar cell precursors with front 10 nm- thick i/ n stack and rear 26 nm-thick
i/ p stack thin-film silicon layers were prepared, based on n-type wafer. The precursor
difference between Chapter 7 and Chapter 6 lies in the intrinsic layer adjustment. TCO
films with specified thicknesses on both sides of the wafers were sputtered, through hard
masks, which define different cell areas on each wafer. After sputtering, the solar cell
precursors were annealed in air at 180 °C for 5 min for curing purposes. For monofacial
cells, front metal contacts were room temperature electroplated Cu fingers, with an
underlying full-area sputtered 100 nm-thick Ag as seed layer. Photolithography was
utilized for patterning the metal grid area [288]. The rear metal contact was 500 nm-
thick PVD Ag. For bifacial cells, both sides were Cu-plated metal contacts. In addition,
for a double layer anti-reflection coating purpose, 100 nm-thick SiOy layer was e-beam
evaporated on the illuminated side(s) of the completed SHJ devices. The fabricated solar
cells feature a designated illumination area of 2 x 2 cm?. The designed metal coverage is
1.6%, and the finger distance is 915 um. We applied the same metal design on both sides
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of the wafer. The patterning was done with photolithography. The metallization approach
for bifacial solar cell is electrochemical copper plating on a 200 nm-thick evaporated
silver seed layer. The contact width is 15 um and the finger height is around 25 pm. For
monofacial solar cell fabrication, we firstly did Cu-plating on the front side (i.e., n-side)
of the wafer, with the rear side protected by a full area photoresist layer; then, a full area
500 nm-thick evaporated silver was deposited through hard masks as rear metal. For
fabricating samples for contact study, we used contact stacks consisting of (i)a-Si:H, (n)nc-
Si:H, (n)a-Si:H, TCO and metal for n-contact, and (i)a-Si:H, (p)nc-SiOx:H, (p)nc-Si:H, TCO
and metal for p-contact, respectively. The layers were kept the same as that used in SHJ
device fabrication, except TCO variations. n-type wafer with symmetric n-contact layer
stacks was used to extract the contact resistivity of n-contact (pc). Similarly, p-type
wafer was utilized to obtain p¢ p values. Further details about the sample fabrications for
contact study can be found in Section 3.2 or elsewhere [61, 132].

Solar cell measurements. For monofacial solar cell measurements, the front side (i/n)
was the illuminated side, the front side (i/ p) was covered with full-area metal electrode.
For the bifacial cell measurements, a piece of black velvet was used to minimize the
influence of rear side illumination. The solar cell was mounted on top of the black velvet,
with the probe contacting through a small hole across the black velvet on the back side of
the cell. In the bifacial solar cell measurements, we got I-V curves for the front and rear
side of one cell, which corresponded to the front side efficiency and rear side efficiency,
respectively. In addition, for the contact study, vertical dark I-V measurements were
performed with four-point probes to obtain the total resistance of the sample, which was
subsequently utilized to calculate p.n and pc p values [61].

7.3. Results and discussion

7.3.1. Optical evaluations regarding TCO reduction in SHJ solar cells
A. Opto-electrical properties of TCOs on top of thin-film silicon layers

Hall measurements show that all the TCO films are n-type semiconductor. Figure
7.1(a-b) shows the carrier density (IVe) and electron mobility (i) values of nominal 75
nm-thick TCOs on glass and on i/ n/glass and i/ p/glass, respectively. The i/n and i/ p thin-
film silicon layer stacks have the same layer thickness as used in SHJ devices. To mimic
the layer performance in actual device fabrication, a hot-plate annealing at 180 °C for 5
min was performed after the deposition of TCO at RT, which is a required step to recover
the damage of the passivation quality of our SHJ solar cell precursors due to sputtering
[122]. For the ITO and IFO films, with respect to the layers deposited on glass substrates,
we observed increased N, and decreased p. on the layers deposited on top of thin-film
silicon layers. The N, increase indicates a more absorptive nature in the TCO layers, and
could be mainly owing to the diffused hydrogen from the thin film underneath, as it was
elucidated by Cruz et al. [87] and Ritzau et al. [195]. While the reason for the . decrease
is still unclear. We exclude the cause from the substrate surficial roughness as observed
by Cruz et al. [87], Erfurt et al. [89], and Tutsch et al. [88]. In fact, AFM measurements
show similar root-mean-square roughness values of ~1 nm for both of our i/nand i/p
stacks. Due to the N, increase and p decrease with respect to the layers deposited on
glass substrates, the overall the resistivity (p) of the ITO and IFO layers decreases when
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deposited on i/ n/glass while slightly increases when deposited on i/ p/glass (as shown
in Figure 7.1(c)). In contrast, for the IWO layers, with respect to the layers deposited
on glass substrates, a slightly decreased N, and mildly increased p were observed on
layers deposited on thin-film silicon layers. As elucidated in our previous work [122], the
N, decrease indicates more oxygen incorporation during the post-deposition annealing
process, and the p, increase could be associated with an increased Lewis acid strength
of the tungsten dopants, increased crystallization, and possible defect passivation of
thermally effused hydrogen from underlying thin-film silicon layers. With respect to the
layer deposited on glass substrates, the p of the IWO layers decreases when deposited on
i/ n/glass, while increases when deposited on i/ p/glass, which is in accordance with the
cases in ITO and IFO layers.

Figure 7.1(d) displays the absorptance (A4) spectra of the TCO films deposited on
glass substrates. The results were calculated from 1-R-T, and exhibit the same trend as
observed in ellipsometry measurements (data not shown). In the short wavelength range,
the sharp transition range of A varies with different TCOs, indicating varied optical band
gap (Eg) values. From Tauc plots [61], the E; values were obtained as 3.78 eV, 3.80 eV,
and 3.86 eV for ITO, IFO, and IWO, respectively. We performed density function (DFT)
theory calculations to obtain the band structures and density of states (DOS) of the host
indium oxide (I0), ITO, IFO and IWO materials. Interestingly, the calculated IFO shows
significantly higher effective electron mass and notably lower fundamental band gap
than the other two types of TCOs, which are inconsistent with experimental observations
[61, 213, 315]. Tentative interpretations of the discrepancy are provided in Supporting
Information (Figure C.1 related part). From Figure 7.1(d), in the near infrared wavelength
range, according to the classical Drude theory, the lower absorptance of the IFO and
IWO films could be attributed to their lower N, values as shown in Figure 7.1(a) [35].
In addition, with the multi-layer strategy from spectroscopic ellipsometry fittings as
described in [122], we extracted the refractive index (n) and extinction coefficient (k)
curves of the TCOs deposited on i/ n/glass and i/ p/glass, respectively, as shown in Figure
C.2. The data is the input for our subsequent optical simulations.

B. Optical simulations on bifacial SHJ solar cells

Figure 7.2(a-c) shows GenPro4 optical simulation results of bifacial SHJ devices based
on different TCO/SiOy stacks [211]. For comparison, we provide the optical simulation
results on monofacial cells in Figure C.3. We applied the same type of TCO at the front
and rear sides. The thicknesses of the front TCO and rear TCO are variables. In bifacial
cell simulations, constant 100 nm-thick SiOx layers were utilized on top of TCO and on
both sides of the wafer. This thickness was chosen from the procedures as described
in the Supporting Information. From Figure 7.2(a), for ITO-based devices, thinner ITO
continuously leads to higher implied photocurrent densities in c-Si absorber (J.g;) values.
The optimal optical response of 43.5 mA/cm? appears when 20 nm-thick front ITO and 0
nm-thick back ITO layers are applied. Within the range of 0 ~ 50 nm-thick front ITO and
0 50 nm-thick back ITO, the J..si could be kept above 43.0 mA/cm?. Above this range, the
increased parasitic absorption due to thicker ITO use compensates the optical gain from
decreased reflectance due to DLARC use. As a result, J._s; decreases with further increase
of front ITO and rear ITO thicknesses. From Figure 7.2(b), the IFO-based devices show
highest J¢.g; of 43.9 mA/cm?, for 40 nm-thick and 20 nm-thick IFO layers at front and rear
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Figure 7.1: (a) Carrier density, Ne, (b) electron mobility, tte, and (c) resistivity, p, of the 75 nm-thick TCOs on top
of different substrates. The results are based on three groups of experimental data. (d) Absorptance (A) curves
of the TCO layers deposited on glass substrates.

sides of the wafer, respectively. As compared to Figure 7.3(a), J¢.s; of above 43.5 mA/ cm?
could be achieved in a wider range of IFO thicknesses, which is 20 ~ 70 nm for front IFO
and 0 ~ 70 nm for rear IFO. Among the simulated devices, the IWO-based cells exhibit
the best optical response within the widest range of TCO thicknesses, as shown in Figure
7.2(c). The highest J..s; of INO-based devices is 44.3 mA/cm?, which corresponds to a
front side 50 nm- and rear side 10 nm-thick IWO layers use. The J._s; is calculated to be
above 44.0 mA/cm? in a broad range of IWO thickness, namely, 40-to-80 nm for front IWO
and 0-to-100 nm for rear IWO (entire range investigated). Furthermore, it is noteworthy
that considering the front side is dominating in the current contribution in the bifacial
device, the results show more tolerance in the rear side TCO use. However, one should
also take into consideration of the bifaciality factor change upon rear TCO variations in
practical device design.

To summarize, from the optical point of view, the optimal front TCO thicknesses are
dependent on the TCO type. For the ITO-based SHJ devices, the thinner, the better. While
for IFO- and IWO-based devices, appropriate thicknesses are required to ensure good
optical performance. Table 7.1 shows the optical evaluations of SHJ devices with reduced
TCO thicknesses, in which the DLARC optimizations for both mono- and bi-facial cells
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are included. The cases of single-layer ARC of TCO act as the references. One can see that,
with respect to the reference devices, applying DLARC on the front side of monofacial
device helps to reduce the TCO consumption to some extent, which is typically below
33% reduction. At the same time, the J..s; could be improved by up to 1.0 mA/cm? for
ITO-based devices and 0.7 mA/cm? for IFO- and IWO-based devices, respectively. By
contrast, the bifacial device design provides the most effective way to reduce the TCO
consumption, meanwhile boost the optical performance of the device. Assuming a rear
side illumination of 100 W/m?, with respect to the reference cell, the bifacial cell could
potentially improve the J._s; by up to 5.0 mA/cm?, 4.3 mA/cm?, and 4.0 mA/cm?, for ITO-,
IFO- and IWO-based devices, respectively. We note that with favourable albedo settings,
the current improvements could be even higher [316].
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Figure 7.2: The simulated implied photocurrent densities in c-Si absorber (J.s;) as a function of front side TCO

and SiOy thicknesses for (a) ITO-, (b) IFO-, and (c) IWO-based bifacial SHJ devices. Constant 100 nm-thick SiOx

layers were utilized on top of TCO and on both sides of the wafer. The stars show the positions corresponding to
the highest J._g; values.
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Table 7.1: Optical evaluations of monofacial (MF) and bifacial (BF) SHJ devices with reduced TCO thicknesses.
MEF cells with single-layer ARC act as the reference cells.

Front TCO thickness Back TCO thickness

TCO Device type [1C0,front, ] [t1C0back, nm] Atrco reduction  AJc.sj gain
MF(ARC) 75 150 - -

ITO MF(DLARC) 0-40 150 16-33% 0.5-1.0
BF(DLARC)  0-50 0-50 56-100% 4.5-5.0
MF(ARC) 75 150 - -

IFO MF(DLARC) 0-40 150 16-33% 0.3-0.7
BF(DLARC)  20-70 0-70 38-91% 3.9-4.3
MF(ARC) 75 150 - -

IWO MEF(DLARC) 10-60 150 7-29% 0-0.7
BF(DLARC)  40-80 0-100 20-82% 3.7-4.0

7.3.2. Electrical evaluations regarding TCO reduction

This subsection elaborates the electrical assessments regarding the lateral and vertical
transport, respectively.

A. Lateral transport

To realize such optical potential in device level, the electrical properties regarding the
charge carrier transport behaviours need to be considered. Figure 7.3(a) illustrates the
electron and hole transport paths towards the metal grid in the SHJ structure. As for the
electron contact at the front side (n-contact), the lateral carrier transport layer can be
either the c-Si absorber or the front TCO layer. Similarly, for hole contact at the back side
(p-contact), the lateral carrier transport layer can be either the c-Si absorber or the rear
TCO layer. In dark condition, the resistivity of c-Si bulk is normally higher than that of
TCO layer. However, thanks to the excess carries that are generated with illumination,
the resistivity of the c-Si material bulk could be largely reduced. For a more practical
evaluation on the lateral conductivity of the materials, the parameter of sheet resistance
(Rgn), rather than the resistivity (p), was utilized in this section. Figure 7.3(b) illustrates
the calculated sheet resistance (Rg,) versus excess carrier density (An) of our lab-use
wafer under illumination, following Rg, = 1/[(gnun + gnup)tl, in which q is elementary
charge, n and p are electron and hole concentrations, respectively, u, and yp are the
electron and hole mobilities, respectively, t is the thickness of the layer (wafer in this
case). The pn of 1300 cm?V-'s™! and pp, of 450 cm?V-!'s™! were utilized in the calculation.
The separate Ry}, curves for electrons and holes are also included in Figure7.3(b). Figure
7.3(c) shows the measured R, data for TCOs on glass with varied thicknesses at 25 nm,
50 nm, and 75 nm. All the films show a decreasing trend with thickness reduction, which
is expected since Ry, is thickness-dependent (Ry, = p/t, where ¢ is the thickness of the
TCO layer). Figure 7.3(d) illustrates the data points of (IVe, pe) of the TCO layers from Hall
measurements, i.e., electron mobility (i) versus corresponding carrier densities (N¢)
plot. Resistivity (p) lines are also provided according to the relation log(ue) = -log(Ne) +
log (1/pe) [53]. One can see that, with the TCO thicknesses reducing from 75 nm to 25 nm,
the p values decreases to different extents for different TCOs. Therefore, the Ry, change
in Figure 7.3(c) is related to the changes of both p and .

Furthermore, from a comparison between Figure 7.3(b) and Figure 7.3(c), one can
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see that, the Ry, . in the wafer is comparable with that of 75 nm-thick TCO layers at the
Anregion that corresponds to implied maximum power point (iMPP) appearing at 0.2
suns illumination. When the iMPP appears at the An region of 1 sun illumination, the
R e in the wafer is lower than that of the standard 75 nm-thick TCO layers. This implies
that the c-Si absorber is able to provide efficient lateral electron transport towards metal
contacts during operation, which has been proven in literature [170, 306, 313]. On the
other hand, for the lateral hole transport, the Rgp, 1, of the wafer is above 350 /00 at 0.2
suns illumination, which is comparable with that the Ry, of 25 nm-thick TCO layers.
The Rg, 1 of the wafer could be reduced to below 200 Q/0 at 1 sun illumination. This
implies that with the development of high quality SHJ solar cell precursor, the c-Si may
also be able to provide effective lateral hole transport. Looking back to Figure 7.3(a), a
large portion of the lateral charge carrier transport towards local metal contacts could
be accomplished by the silicon wafer itself during operation, question remains for the
evaluation on the vertical carrier transport, i.e., whether the contact resistivity (pc) is
sufficiently low to ensure an effective charge carrier transport through the SHJ device
[313].

B. Vertical transport: contact study

Figure 7.4(a-b) display the contact resistivity values of n-contact (p.,) and p-contact
(pc,p) stacks in our SHJ device structure, respectively. The cross symbols represent non-
ohmic contacts in our dark current-voltage measurements. For the n-contact, the pc
values of ITO- and IWO- based samples show almost TCO thickness-independent char-
acteristic. The p.n, values are maintained at ~120 mQ cm? and ~80 mQ cm? for ITO-
and IWO-based samples, respectively. These values basically fall into the reported value
range in Ref. [306]. Interestingly, the IFO-based samples show non-ohmic behaviours in
n-contacts when 25 nm- and 50 nm-thick IFO layers are applied. With increasing the IFO
layer thickness to 75 nm, ohmic contact is detected. However, the IFO-based samples
with 75 nm-thick IFO layer use show a relatively high average pc, values of 411 mQ cm?.

For the p-contact, all the pc, values show significant TCO thickness-dependent char-
acteristics. Interestingly, the ITO- and IFO-based samples show opposite trends, i.e.,
with increasing the TCO thickness from 25 nm to 75 nm, the average p. values of the
ITO-based samples increase from 114 mQ cm? to 390 mQ cm?, while that of IFO-based
samples decrease from 471 mQ cm? to 175 mQ cm?. As for the IWO-based samples,
we observed an average p. p value of 148 mQ cm? with 75 nm-thick IWO layer use, yet
non-ohmic features when using 25 nm- and 50 nm-thick IWO layers. It may be worth
noting that when the standard 75 nm-thick ITO is applied, the p.} of 390 mQ cm? is
higher than our previously reported 222 mQ cm? with the same thin-film silicon layer
thickness use [132]. This might be mainly caused by the fine-tuned intrinsic layer in our
laboratory [317]. Besides, the ITO deposition parameters also changed, which might also
induce a change in the p p values.

Combined with the band diagrams of the n- and p-contact stacks from TCAD simula-
tions [126] as shown in Figure 7.5(a), we provide our interpretation on Figure 7.4(a-b) as
follows.

Regarding the n-contact (or electron contact), the TCO/doped silicon junction is
isotype, in which the transport of electrons is simple since it only occurs in the conduction
band. From the left part of Figure 7.5(a), a low work function of the TCO layer is preferable



98 7. Towards bifacial Cu-plated SHJ solar cells with reduced TCO use

lVMFP. 0.2sun iVMFP.lSJn
570-610 mV 630-660 mV
500 : ;

@ (b) —R

%, c-9
Rrco 400 —Rie | ]
n AAANAAAAAAR

i/n

n-c-Si

@
‘Q
R, (@/sa)

N,=15x10"cm®

.\ER\. Pue ~3Q M
h,Si

NAAAAAAAAAANA 4
v LY

il v 100 F -
TCo RC'P f ! Rc’" \
. Rico . 0 L

1014 1015 1016 1017
An (cm’®)
500 — T T T T T T T T 60 —
o (@
©
2001 ° @ IFO | | Q
,,,,,,
A WO 50l ‘ 1
T a0l ‘ ‘ | " O mozsnm
a - \ :> = 1TO50nm
= \ = B ITO75nm
o 200} 1 S 40} | 0 rosm |
<@ @ IFO50nm
n o A = ® IFo75mm [
1001 A A wo25nm| -
[ ] L] A IWO50nm
A WO75nm
0 1 1 1 1 1 1 1 1 1 30 1 A 1
25 50 75 25 50 75 25 50 7 10% 2x10"

o (NM) N, (em?)

Figure 7.3: (a) Electron and hole transport paths towards the metal grid in the bifacial SHJ structure. (b)
Calculated sheet resistance (Rg},) versus excess carrier density (A n) of our lab-use c-Si absorber under
illumination. The separate R}, curves for electrons and holes are also presented. The grey shadowed areas
show the normally used An regions that maximum power point (MPP) appears. (c) Thickness-dependent Rg}, of
our ITO, IFO, and IWO layers. (d) Electron mobilities (i) versus corresponding carrier densities (Ne) of the
TCO layers with varied thicknesses, from Hall measurements. The resistivity (p) lines of the TCOs are also
provided in (d).

due to a low electron transport barrier (®gy) at the TCO/ n-layer interface. Therefore, the
observation of lower p¢ values of IWO than that in ITO samples in Figure 7.4(a) may
indicate a lower work function of IWO layer than ITO layer at the interface. While the IFO
layer is speculated to hold the highest work function values among our tested lab-use
TCO layers since the IFO-based samples show the highest p. , values.

Figure 7.5(b) depicts the simulated band structures of the ITO, IFO, IWO materials,
respectively. The work function values of ITO, IFO, and IWO are calculated to be 4.42 eV,
4.26 eV, and 4.29 eV, respectively. The lower work function of IWO than ITO layer is in line
with the observation that the IWO-based samples show lower p ,, values that ITO-based
samples. While compared to ITO, the IFO material shows a slightly lower work function,
but a visibly higher electron affinity (lower CBM position in Figure 7.5(b)). This makes it
challenging to interpret the comparative properties between ITO- and IFO-based contact
samples. Detailed investigation is ongoing. It is important to mention that our simu-



7.3. Results and discussion 99

440} —
(a) " TO 500 - (b) —&—ITO | 7
® IFo LN —e—IFO0
o 400 Aol | ~ 400t . L —A— WO |
§ £ / \
G \
g € 300 / \ _
< 120 @/ﬁﬁ 1 Y /
200 | \ ]
¢ A
80} A4, A
100 + 1
L L L X X L L L L L L . L L ! x_x L
25 50 75 25 50 75 25 50 75 25 50 75 25 50 75 25 50 75
Front TCO thickness (nm) Rear TCO thickness (nm)

Figure 7.4: The contact resistivity of (a) n-contact, pc n, stack at the front and (b) p-contact, Pc,ps stack at the
rear of our SHJ device structure for different TCO and variable thicknesses. The cross symbols represent
non-ohmic contacts in the dark current-voltage measurements. The results are based on three groups of

experimental data from one batch.

lated work function data as shown in Figure 7.5(b) helps to some extent in qualitatively
exploring the intrinsic material properties. However, one cannot directly associate the
calculated data with the measured individual data, since the real deposited TCO thin
films are influenced by multi-factors, such as deposition condition (target composition,
temperature, pressure, O, flow, residual water in the chamber) [35], substrate morphology
[87-89] and the adjacent doped silicon layers [87, 122] or dielectrical layer [318, 319] in

practical conditions [176, 320].
=————=
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Figure 7.5: (a) Schematic band diagram of the charge carrier transport for n-contact (left part) and p-contact
(right part). Corresponding transport barrier height of electrons (e) and holes (/) are marked as ¢gn and ¢gp,
respectively. In p-contact, carrier transport mechanisms of band-to-band tunnelling (B2BT) and trap-assisted
tunnelling (TAT) are indicated [126]. (b) Band structures of ITO, IFO, and IWO layers from density-functional

theory simulations. The calculations were performed based on the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional, and the results are used for qualitative comparison analysis purposes among
different TCO types.

For the p-contact (or hole contact), whose band diagram is shown in the right part
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of Figure 7.5(a), the carrier transport is more complex than that in n-contact. In general,
the TCO/ p-layer interface acts as a recombination junction. Holes in the p-layer valence
band recombine with electrons in the TCO conduction band. As elaborated by Procel
etal. [126], the p., variations could follow different combinative trends, depending on
the dominating carrier transport mechanism(s). In this scenario,p., can be significantly
influenced by the energy alignment of the p-layer with the TCO, which is affected by the
hole transport barrier(®gp) and/or different tunnelling mechanisms, as indicated in the
right part of Figure 7.5(a). Presumably, for the ITO-based samples, with reducing ITO
thickness, the energy alignment at the TCO/ p-layer interface is improved due to a possibly
increased work function of ITO layer. The better the alignment, the better the transport
of carriers (i.e., lower pcp) [251]. As for the IFO and IWO cases, we speculate that with
increasing the TCO thickness, the Ne change negligibly affects the energy alignment at
the TCO/ p-layer interface. However, Ne increase allows more energy states available for
collecting holes from the p-layer [126], thus facilitates a reduction of p. ; for thicker TCO
use. Further research remains to be carried out to confirm the above hypothesis.

7.3.3. Bifacial SHJ solar cell results

From previous observations, for the n-contact, the n-type c-Si absorber could provide
sufficient lateral electron transport towards local metal contacts. Besides, low vertical
contact resistance could be ensured by utilizing the ITO or IWO layers, since they show low
WF values and the p.p, is observed to be independent of the TCO thickness. This means
that, ITO and IWO layers are promising options for the n-contact side of the SHJ solar
cell design with reduced TCO use. To verify this hypothesis, we fabricated monofacial
rear emitter ITO-, IFO, and IWO-based SHJ devices, with varying the front TCO layer
thickness from 25 nm to 75 nm. 100 nm-thick SiOx layers are applied on the illuminated
side. The results are shown in Figure C.4. It can be seen that, among the monofacial
cells, IFO- and IWO-based SHJ devices show best optical performance; while ITO- and
IWO-based devices show best fill factor values (electrical properties). Consequently, the
best monofacial cell was observed in the IWO-based devices, in which the 50 nm-thick
front IWO layer is applied. Elaborate analysis on the monofacial cells is provided in
Appendix C, in which the comparison between simulated J..s; and measured Jsc gqE is
also included. Considering the high p values in IFO-based contact samples and the low
FF values in IFO-based monofacial SHJ devices, we only included ITO and IWO layers
in our final bifacial cell fabrications. Besides, the IWO cells are proven to show the best
optical performance (Figure 7.2 and Figure C.4), and 25 nm-thick ITO shows the most
promising results in the hole-collecting p-contact (as shown in Figure 7.4(b)), thus we
included a hybrid type of IWO/ITO-based bifacial cell in this work.

We fabricated Cu-plated bifacial SHJ devices, with front and rear TCOs of ITO/ITO,
IWO/IWO, and IWO/ITO. For each type, three TCO thicknesses were tested on both
sides of the device, which are 25 nm, 50 nm, and 75 nm. 100 nm-thick SiOy layers are
applied on top of the TCOs on both sides. Figure 7.6(a-d) show the measured bifacial
SH]J solar cell results from n-side illumination. From Figure 7.6(a), the V¢ values are
similar as that are observed in monofacial cells (as shown in Figure C4(a)). From Figure
7.6(b), the average Jsc values of ITO/ITO- and IWO/ITO-based devices show decreasing
trends with increasing the TCO thicknesses on both sides. Especially, the ITO/ITO-based
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solar cell show a dramatic Jsc decrease with TCO thickness increase, reflecting a notably
higher parasitic absorption in the thick TCO film. This could be related to the fact that as
compared to the thin ITO film, thick ITO film is more absorptive in nature (i.e., higher
absorption coefficient, as indicated by a higher N, in Figure 7.3(d)) and higher TCO
thickness induces higher absorptance. As for the IWO/IWO-based devices, the average
Jsc values does not show significant change among the tested cells, which are 38.95
mA/cm?,39.19 mA/cm?, and 39.00 mA/cm?, for devices with double-side 25 nm-, 50 nm-,
and 75 nm-thick IWO layers, respectively. Combining our optical simulation results in
Figure 7.2, the decreasing trend in the average Jsc values of ITO- and IWO/ITO-based
devices could be attributed to the increasing parasitic absorption when increasing the
ITO layer thickness.

From Figure 7.6(c), surprisingly, with increasing the ITO thickness from 25 nm to 75
nm, we observed slightly decreased FF values in the ITO-based devices. We note that the
FF of a real solar cell is not only influenced by the vertical contact resistance, but also
lateral carrier transport contributions on both sides of the wafer. According to Figure 7.4,
with increasing the ITO thickness from 25 nm to 75 nm, the p., almost remains constant
yet the p¢ p notably increases. We presume that the increasing trend in p. ;, in the vertical
hole transport is somehow compensated by the decreasing trend in Ry, in the lateral
hole transport (as shown in Figure 7.3(c)). The overall results from lateral and vertical
hole transports at the p-contact side could be the driving force behind our observed FF
trend in the ITO-based devices. As for the IWO-based devices, with increasing the IWO
layer thickness from 25 nm to 75 nm, the FF shows an increasing trend. The high FF
in the 75 nm-thick IWO-based devices could be attributed to both the low p., in the
vertical hole transport (Figure 7.3(b)) and the low Ry}, in the lateral hole transport (as
shown in Figure 7.3(c)). Furthermore, with increasing the TCO thickness from 25 nm to
75 nm, the IWO/ITO-based devices show similar FF trend with ITO-based devices. This
can be expected from previous observations in Figure 7.3, Figure 7.4, and the separate
ITO and IWO cases in Figure C.4(c). Figure 7.6(d) shows the overall efficiencies of the
bifacial devices from front side illumination. Efficiencies above 22% were obtained in the
IWO/ITO-based devices in the 25 nm/25 nm case. The best cell performance in this batch
is shown in Table 7.2. With respect to a reference bifacial solar cell with 75 nm-thick TCO
on both sides, such a total TCO thickness of 50 nm represents a 67% TCO reduction.

It is worth noting that: (i) regarding the hybrid IWO/ITO use, we also performed optical
simulations on the IWO/ITO-based bifacial cell structures (data not shown). Results show
that the optimal Jc.s; (44.3 mA/cm?) is the same as that obtained in Figure 7.2(c), which
appears when 50 nm-thick front IWO and 0 nm-thick back ITO are applied; (ii) regarding
the Jsc reading in Figure 7.6(b), the values were collected from single-side illumination,
thus are even lower than that of monofacial solar cells (opposite to the expectation from
Table 1). Besides, the possible optical overestimations in our simulation results (in Figure
C.3 and Figure 7.2) are discussed in monofacial case (see Figure C.5); (iii) regarding the
further improvement, the FF of our bifacial SHJ solar cells in Figure 7.6 are generally
below 80%. Considering our n-c-Si absorber possibly provides sufficient lateral electron
transport for the ,-contact (see Section 7.3.1), and the contact resistance between IWO
and n-type doped silicon layer is sufficiently low (see Section 7.3.2), we suspect that the
carrier transport of our bifacial cell is still somehow limited by the p-contact.




102 7. Towards bifacial Cu-plated SHJ solar cells with reduced TCO use

740|- (@) a0l ()
720 T ~ 39 L/li\é . SN
< —a—% L A iy VvV € 1 1 Iy
2 A—2—a Y T § T~y
~ 2 1
g 700 E 3B 7
> +
|- TOITO —m— oo
680 —A— IWO/IWO 37 1 A WOIWO
v IWO/TO v WO
660 1 1 1 1 1 1 1 1 1 36 1 1 1 1 1 1 1 1 1
25 50 75 25 50 75 25 50 75 25 5 75 25 50 75 25 50 75
Sngle-side TOO thickness (nm) Sngle-side TGO thickness (nm)
T T T T T T T T T 23.0 — T T T T T T T T
(© (d)
80 Hﬂ v 225 .
=1 Yy \
) 220} 1/11 b Yy
<78 * - 1 I
S / S 215 X
t . = 1
76 —m—ITO/TO 210 —m—ITO/TO
—A— WO/ IWO —A— WO/ IWO
v IWO/ITO 205 v IWO/ITO
74 1 1 1 1 1 1 1 1 1 200 1 1 1 1 1 1 1 1 1
25 50 75 25 50 75 25 50 75 25 5 75 25 50 75 25 50 75
Sngle-side TQO thickness (nm) Sngle-side TAO thickness (nm)

Figure 7.6: The measured (a) open-circuit voltage, V¢ , (b) short-circuit current density, Jsc, (c) fill factor, FF,

and (d) power conversion efficiency, 7, of bifacial SHJ device with varied TCO thicknesses of 25 nm, 50 nm, and

75 nm on both sides. The results are based on three devices on the same wafer from the one batch of processes.
The data are the results from front side illumination.

Table 7.2: The device parameters of the best bifacial SHJ solar cell in the experimental series with using the
same TCO thickness on both sides of the wafer. 25 nm-thick front IWO in n-contact and 25 nm-thick rear ITO in
p-contact were applied.

TCO thicknesses . . Open-circuit voltage ~ Short-circuit current density ~ Fill factor  Efficiency
OO itrcon nml Huminatedside ., mvy Usc, mA/cm?] (FE%]___[n,%)
front 721 39.20 79.57 22.50

IWO/ITO  25/25 rear 717 38.72 79.91 22.19

Furthermore, with utilizing a modified SHJ solar cell precursor and increasing the ITO
thickness on the p-side to 75 nm, we realized notably increased FF and further improved
solar cell efficiencies. The certified solar cell parameters of our champion bifacial SHJ
device are shown in Figure 7.7. The front side efficiency is 22.84%, and bifaciality factor is
calculated to be 0.95.

7.4. Conclusions

We utilized TCOs with different opto-electrical properties, which are tin-, fluorine-, and
tungsten-doped indium oxides, namely, ITO, IFO, and IWO. By introducing a double layer



7.4. Conclusions 103

Front side illumination Rear side illumination
160 r r r 120 160 T T T 120
—
140 | h 140 k£ o~
: - 100 N - 100
A_,=(3.985£0.012) cm2 A, =(3.994 £0.012) cm2
L 120 +
0T v (7195423 my Vo =(7184 £2.3)mv
J > 80
Z 100 | i = (38.68 % 0.53) mA/cm’ 80 S Tiwof Je=(B679£050)mA/cm s
£ FF = (82.07+0.50)% £ £ FF=(81.93+0.50)% £
2 80F P =(91.014)mwW J60 L:_-_ E 80~ P =(865+13)mwW . - 60 ;_
£ 7=(2284+035% .- gt 7=(21.65+033)% . g
3 60} 5 3 60t 2
o - a . a
R 40 = H40
. = 7
ol " ZFraunhofer w0l Z Fraunhof(lest;
. g " 20 ’ _ 20
20k callab =7 20 | Callab =7
oLk ' L L 0 okt L 1 1 0
0 200 400 600 800 0 200 400 600 800
Voltage, V (mV) Voltage, V (mV)

Figure 7.7: Certified solar cell parameters of our champion bifacial SHJ device, in which 25 nm-thick front IWO
in n-contact and 75 nm-thick rear ITO in p-contact were utilized.

anti-reflection coating formed by TCO/SiOx layer stacks on the illumination side(s), we
performed optical simulations with varied TCO/SiOy stacks on both mono- and bi-facial
SH] solar cells. Results show that bifacial solar cell architecture provides the most effective
way to reduce the TCO usage, and appropriate TCO thicknesses are needed to ensure
optimal optical response. Furthermore, with applying TCO thicknesses of 75 nm, 50 nm,
and 25 nm, we performed electrical evaluations from both lateral and vertical charge
transport perspectives. Based on our specific thin-film silicon layer stacks, our IFO and
IWO films are found to be favorable for p-contact and n-contact, respectively. While for
our ITO film, it can work well in both p-contact and n-contact, but thinner ITO shows
lower contact resistance in p-contact, although its sheet resistance becomes higher. TCO
thickness-dependent contact properties for both n-contact and p-contact were tentatively
interpreted based on a preliminary first principles density-functional theory study. Based
on the observations, preferable bifacial SHJ solar cells with reduced TCO use are designed
and fabricated. With applying 25 nm-thick IWO on the front side and 25 nm-thick ITO
on the rear side of the device, we obtained front side efficiencies >22%. This reprensents
a 78% TCO reduction with respect to our lab-standard monofacial SHJ solar cell, and a
67% TCO reduction with respect to a reference bifacial solar cell with 75 nm-thick TCO on
both sides. Moreover, with utilizing modified SHJ solar cell precursors and further TCO
adjustment, our champion bifacial SH]J solar cell showed front side efficiency of 22.84%.
The bifaciality factor is 0.95.







Conclusions and outlook

8.1. Conclusions

his thesis describes developing In,O3-based transparent conductive oxide (TCO)

films for high efficiency c-Si solar cell applications, and how to make use of them
from a sustainable perspective. The main conclusions are summarized below.

Firstly, we developed RF-sputtered hydrogenated fluorine-doped indium oxide
(IFO:H) films with high carrier mobility (u¢). In Chapter 4, we describe the IFO:H films
deposited at low substrate temperature below 110 °C. By varying the water vapour pressure
during the deposition, we obtained an optimized IFO:H film with a remarkable high p.
of 87 cm? V57!, Besides, the IFO:H film displays an optical band gap of 3.85 eV and a
carrier density of 1.2 x 102 cm~3. With respect to the ITO counterpart, the IFO:H-based
SHJ solar cell shows a Jsc rqr gain of 1.53 mA/ cm? within the whole wavelength range
of interest, without inducing FF loss. The best IFO:H-based front-emitter SHJ solar cell
shows a power conversion efficiency of 21.1%.

Secondly, we implemented the RF-sputtered IFO:H in high thermal-budget poly-Si
solar cells. In Chapter 5, we present the opto-electrical properties of the IFO:H layers
after post-deposition annealing (PDA) treatments at 400 °C in N, H, and air ambiences.
Through analyses on the crystal structure, surface morphology, optical properties and
temperature-dependent electrical properties, the inherent electron scattering and doping
mechanisms of the IFO:H films were proposed. In addition, hydrogen annealing provides
an effective PDA strategy that could simultaneously improve the opto-electrical properties
of the TCO film, restore the passivation qulity of the poly-Si solar cell precursor (n* poly-
Si/SiOx/c-Si/SiOy/ p* poly-Si), and maintain a low vertical contact resistance at the poly-
Si/TCO contact. Low contact resistivity values of around 20 mQ cm? (or below) was
achieved on both n- and p-contacts with poly-Si/TCO stack after hydrogen annealing,
which to our knowledge, are among the lowest values especially on thermally annealed
contacts at 400 °C. Furthermore, we implemented the hydrogen-annealed IFO:H films on
FBC rear-emitter poly-Si solar cells. The IFO:H-based poly-Si solar cells show an average
power conversion efficiency improvement from 20.1% to 20.6% after adding the hydrogen
annealing PDA treatment, mainly due to a 0.9%,}s improvement in FF.
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Thirdly, we investigated the room temperature sputtered IWO material in a SHJ
device-oriented approach. In Chapter 6, we describe the IWO property change along
with underlying thin-film silicon layers and post-annealing treatment. The optimal IWO
film on glass shows carrier density and mobility of 2.1 x 10?° cm™ and 34 cm?V-!s’!,
which were tuned to 2.0 x 102° cm3 and 47 cm?V-1s7, as well as 1.9 x 102° cm™ and
42 cm?V~'s71, after treated on i/ n/glass and i/ p/glass substrates, respectively. Further,
GenPro4 simulations implied a clearly increased visible-to-near-infrared optical response
in IWO-based SH]J solar cell with respect to our ITO-based counterpart, which was demon-
strated in practical rear-emitter SHJ devices. Applying MgF, as double-layer antireflection
coating on top of the optimal device, the Jsc gor was improved from 39.41 mA/ cm? to
40.16 mA/cm?. The best IWO/MgF,-based SH]J solar cell shows an active area power
conversion efficiency of 22.92%.

Finally, bifacial Cu-plated SHJ solar cells with reduced TCO use are explored. In
Chapter 7, we present TCOs with different opto-electrical properties, namely, ITO, IFO,
and IWO. By introducing a double layer anti-reflection coating formed by TCO/SiOx
layer stacks on the illumination side(s), we performed optical simulations with varied
TCO/SiOy stacks for both mono- and bi-facial SHJ solar cells. Results show that bifacial
solar cell architecture provides the most effective way to reduce the TCO usage, and
appropriate TCO thicknesses are needed to ensure optimal optical response. Furthermore,
with applying TCO thicknesses of 75 nm, 50 nm, and 25 nm, we performed electrical
evaluations from both lateral and vertical charge transport perspectives. Our IFO and IWO
are found to be favorable for p-contact, and n-contact, respectively. While for ITO, it can
work well in both p-contact and n-contact, but thinner ITO shows lower contact resistance
in p-contact, although its sheet resistance becomes higher. TCO thickness-dependent
contact properties for both n-contact and p-contact were tentatively interpreted based
on a preliminary first principles density-functional theory simulation. Based on the
observations, preferable bifacial SHJ devices with less TCO use are designed. To minimize
the resistive losses caused by a high metal finger pitch in our lab-standard screen-printing
metallization approach, as well as to reduce the silver consumption, a bifacial Cu-plating
experimental platform is developed (see Appendix D-E). Based on the platform, with
applying 25 nm-thick IWO on the front and 25 nm-thick ITO use on the rear side of the
device, we obtained front side efficiencies >22% on bifacial Cu-plated SHJ solar cells. This
represents a 67% TCO reduction as compared to a reference bifacial solar cell with 75
nm-thick TCO on both sides. Further, with utilizing modified SHJ solar cell precursors
(nlilc-Si/il p) and further TCO adjustment, our champion bifacial cell shows a front side
efficiency of 22.84%. The bifaciality factor is 0.95.

8.2. Outlook

Along this PhD research, many ideas have been conceived and developed. The following
recommendations are offered for future research.

1. Further reducing TCO use to less than 10 nm per side.

In this work, we managed to reduce the TCO use in SH]J solar cell to 25 nm per side.
However, such a reduction is still not enough towards a TW-scale installation capacity.
Zhang et al. [301] predicted the indium consumption as a function of its percentage in
global annual supply. Assuming ITO is utilized as the TCO option and one wants to keep
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the consumption-to-supply ratio of indium at 20%, the ITO use on per side of the cell
needs to be controlled to less than 9 nm and 3 nm for 1 TW and 3 TW scale, respectively
[301]. In this scenario, we should at least reduce the ITO use to less than 10 nm per side.
For this purpose, there are some aspects that need to be considered as follows.

(i) Metal evaluation. According to Bivour et al. [306], with reducing the ITO thickness
to less than 10 nm, the vertical contact resistance at the n-contact shows significantly
increasing trend when using metal contacts of screen-printed silver and evaporated silver.
However, titanium could provide an option to maintain a low contact resistance at the
n-contact. The investigation at the p-contact with <10 nm-thick ITO use is still lacking.

(ii) Thin-film silicon layer adjustment. According to the results in Chapter 7, when
applying 25 nm-thick TCO on both sides of the wafer, although solar cell efficiencies
>22% were obtained, the FF of the solar cell is still limited by the electrical transport from
the p-contact side. Such an electrical limit from the p-contact can be more severe with
thinner TCO layer use. According to Wu et al. [302], the vertical contact resistance of the
p-contact could be tuned by the doping level of the p-type thin film silicon layer. Our
previous simulation results [126, 251] also give a similar indication.

(iii) Thin TCO layer manipulation. As indicated by Figure 7.3(d), the material pa-
rameter of a TCO layer is thickness-dependent. In this regard, the TCO material study
aiming for <10 nm-thick TCO layer use should be performed on such thin TCO layers.
Different deposition techniques and deposition parameters could be utilized. Besides,
from the application point of view, additional influencing factors may need to be taken
into account, such as underlying thin-film silicon layers [122, 124, 188], overlying dielec-
tric layers [318, 319], substrate roughness [88, 188], interfacial oxide between TCO and
underlying thin-film silicon layers [138, 140, 146, 277], reactivity between TCO and metal
electrode during thermal treatment [321], and the work function changes of the adjacent
layers in practical processing steps [176]. Besides, it is worth noting that simulation work
provides beneficial perspectives in understanding the experimental results as well as
in designing materials/contacts/devices. In this work, we did preliminary DFT calcu-
lations to tentatively interpret the contact properties between TCO and doped silicon
layers. The TCAD simulation results from the research group [126, 251] also provide
important insights in the TCO-related contact design. The DFT calculation was based
on a perfectly conventional bixbyite In, O3 crystal structure, defect states still need to be
introduced to minic the real deposited film. Moreover, to get more accurate band struc-
tures and dielectric functions of the TCOs, adjustments on the simulation settings such
as exchange-correlation functional and k-point grid remain to be carried out [322]. In
addition, Knight ez al.[323] reported the so-called nanowire-enhanced ITO by combining
silver nanowires with thin ITO for the front contact use of silicon heterojunction solar
cells. Such nanowire-enhanced ITO could notably improve the conductivity of thin ITO
layer, meanwhile maintain equivalent transparency. This approach might also provide
some possibilities for PV device design with reduced TCO use.

(iv) High quality solar cell precursors utilization “. A prerequisite to realize high
efficiency c-Si solar cell with reduced TCO use is that the lateral charge carrier transport
towards local metal contacts can be largely accomplished by the silicon wafer bulk. Herein,

*The solar cell precursor here refers to any c-Si wafer coated on each side with a passivating layer and one or
more transport layers but without TCO or metallization.
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we assume that the sheet resistance of the wafer absorber in dark condition is comparable
with that of TCO, and the vertical contact resistance in the solar cell stacks can be ignored
(i.e., only lateral conductivity is taken into account). In monofacial solar cell, one can
easily use rear emitter design to reduce TCO thickness without sacrificing PCE, since the
majority carriers could support the required lateral conductivity on the illuminated side,
while full area TCO and metal are applied in rear side to ensure vertical one-dimension
carrier transport for minority carriers (little lateral transport is needed). However, in
bifacial solar cell, the lateral transports of both majority and minority carriers are required.
In this regard, high quality solar cell precursor which features the following conditions is
of critical importance in bifacial solar cell design with thin TCO layer use.

(a) high passivation quality. Figure 8.1(a-b) shows the calculated sheet resistance (Rg,)
versus excess carrier density (An) of our lab-use n-type and p-type wafers under illumi-
nation, respectively. The electron sheet resistance (Rg ) and the hole sheet resistance
(Rsh,n) are also presented. Excess carrier injection under illumination condition reduces
the electron sheet resistance (Rg ¢) and the hole sheet resistance (Rg, 1) of the wafer,
which eases the TCO requirement at device level. Hence, the injection level at maximum
power point (An @MPP) determines the feasibility of reducing TCO thickness in solar
cell design. The higher the An@MPP, the more feasible of thin TCO use in device design
(for both electron and hole carriers). Provided the wafer doping is fixed, the An@MPP is
in a positive correlation with the open-circuit voltage of the device [207], whose upper
limit is set by the passivation quality of the solar cell precursors. Therefore, solar cell
precursors with high passivation quality is essential for ensuring a solar cell operating at
high injection level, thus facilitates high performance bifacial solar cells.

(b) high quality wafer. In bifacial solar cells, both the emitter and BSF(or FSF) sides of
the wafer are illuminated sides of the device. Most of the charge carriers are generated
close to the front surface under illumination. This means that one type of carriers can
almost straightforwardly transport towards metal electrodes, whereas the other type of
carriers have to move through the entire wafer thickness before they reach the rear metal
electrodes. This requires a sufficiently long diffusion length for the carriers (especially for
minority carriers). In this sense, high quality float-zone wafers are desirable.

(c) p-type wafer utilization. From Figure 8.1, in both n- and p-type wafers, the R}, of
the minority carriers is the dominating factor that determines the electrical properties of
the bifacial cell. However, the reduction of the Ry, ¢ in p-type wafer under illumination
goes much faster than that of Ry, 1, in n-type wafer, due to the higher electron mobility
than hole mobility in c-Si materials. As a consequence, with the MPP appearing at high
injection levels, the Ry ¢ in p-type wafer can be comparable to the Ry, 1, indicating a low
resistive loss in bi-directional transport of the carriers. In this regard, p-type wafer can be
recommendable for the future high performance bifacial solar cell design with thin TCO
layer use. More specifically, to avoid the boron-related degradation problem with p-type
wafer use, gallium-doped p-type wafer could be a good option for such a purpose [324].
In March 2022, Chinese solar PV manufacturer LONGI has reported 25.47% efficiency of
p-type bifacial SHJ solar cell based on a M6 size gallium-doped wafer [325].

2. Investigating In-free TCOs.

For the purpose of high carrier mobility, we have chosen In, O3 as the host material in
this thesis. However, the development of In-free TCOs is still worth a try, due to the low
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Figure 8.1: The calculated sheet resistance (Rg},) versus excess carrier density (An) of our lab-use (a) n-type and
(b) p-type wafers under illumination. The Ry, curves for electrons and holes are also presented. The grey
shadowed areas indicate the An regions where maximum power point (MPP) normally appears. The Rg}, Tco
range is also provided on the right side of (b) for comparison purpose.

abundance and the rapidly increased cost of indium raw material in the last two decades.
The following alternatives could be investigated.

(i) ZnO-based TCOs, such as B-, Al-, Ga-, In-, Si-, Ge-, Sn-, Zr-, Ti-, and V-doped ZnO
[326]. Among the layers, AZO (Al:ZnO) is widely utilized and the atomic layer deposited
AZ0 layer has been proven to exhibit good passivation quality on thin poly-Si based
cells [327]. For ZnO-based TCOs, the low carrier mobility (below 30 cm?v-1ls may be
problematic for sufficient carrier collection, and the stability issue needs to be addressed
[299, 328];

(ii) TiOx-based TCOs, such as Nb-, or Ta-doped TiOx [184], or even undoped TiOx
[329]. The latter is actually formed by an insulating amorphous TiO, matrix mixed with
monocrystalline grains of metallic Ti, thus might not be suitable for PV applications
due to the elusive contact engineering and possible metallic light absorption. As for the
doped TiOy, a main characteristic of such TCOs is that, the dopant activation can easily
occur, independent of the dopant concentration. For this reason, the preferred (n-type)
degenerate doping can be easily realized, enabling electron densities(N,) above 2 x 10%!
cm™ even in amorphous state. This value is higher than the achievable N, of below
1 x 102! cm3 scale in conventional In,O3-based TCOs. For this reason, the Nb-doped
a-TiO, with resistivity below 3 x 10~ Q cm received considerable attention since it was
firstly reported in 2005 [44]. However, the high effective electron mass (derived from the
3d-character of CBM in host structure [52]), as well as the normally low crystallinity (since
its charge transport is susceptible to crystalline structure [330], while TiOy is not easy to
be crystallized), result in low electron mobilities (ie) of below 30 cm?V-!s™! in the PLD or
epitaxial grown, and below 15 cm?V-!s! in the sputtering deposited TiOx-based TCOs
[184]. The undesirable high N, and low p, hinder its application as TCOs in various PV
devices, due to possible severe parasitic absorption caused by the high N.. However, the
TiOx-based materials may embrace two new aspects:

(a) Doped/undoped TiOx stack for TCO use. Specifically, a super thin TiOx-based
TCO layer is utilized for electrical transport, while the additional undoped TiOy layer is
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applied for ARC purpose. It is noteworthy that the undoped TiOx ARC has been used in
silicon-based solar cell for decades [309, 331, 332]. Compared to the other commonly
utilized dielectric ARC materials (such as SiOy, SiNy, Al»O3), TiOy has a relatively higher
refractive index (n) of 2.45 [83]. Following the equation nagc = VTglass X 15 [83], in which
glass is a representative encapsulation material. Provided ng,ss = 1.5, and ng; = 4, the
optimal napc could be calculated to be 2.45. In this regard, TiOy is almost the ideal ARC
material for encapsulated PV devices; Besides, it may serve as plating mask for dedicated
Cu-plating metallization approach [331].

(b) electron transport layer (ETL) use. Either Nb-doped TiOy [45] or undoped TiOx
[333] could be utilized as ETL in PV devices. Compared to the undoped TiOx ETL, doped
TiOy, which possesses higher conductivity while maintains transparency, reduces the
series resistance in solar cell devices. Hence, higher fill factor could be realized at de-
vice level [45]. To sum up, TiOx-based materials could function as TCO in an optimal
doped/undoped TiOy layer stack format for silicon solar cells. Furthermore, the doped
TiOx may serve as an effective ETL layer for PV devices.

(iii) p-type TCOs, such as CuMO, (where M can be Al, Ga, or Cr) [334] with a delafos-
site structure. We note that, the commonly used oxides (such as In,O3) is intrinsically not
suitable for producing effective p-type conductivity for two main reasons: (a) the localized
nature of O 2p orbitals at the VBM, resulting in a large effective hole mass thus limiting the
hole mobility; (ii) the valence bands are deep in energy, and holes are easily compensated
by defects such as Vo, leading to a low p-type dupability thus limiting the carrier concen-
tration [335]. By contrast, copper oxide can be a host material for producing p-type TCOs.
Because the Cu 3d'? level is close to that of an O 2p°® level, it is expected that the Cu 3d'°
can form strong covalent bonding with O 2p®. This results in a large dispersion at the top
of VB and reduction of the localization of positive holes. Meanwhile the closed shell d'°
orbitals also avoids coloration due to d-d excitations, ensuring the optical transparency
for visible light. Take CuAlO, for example, depending on the deposition/treatment condi-
tions, its reported band gap varies from 2.7 [336] to 3.86 eV [337], and the reported work
function varies from 4.48 [336] to 5.3 eV [338]. So far, challenge in such p-type TCOs lies
in its relatively high resistivity (~10 Q cm). More effective doping may be introduced
in future study. On the other hand, due to its inherent hole conducting capability, high
transparency, good stability, and earth-abundant elements involved, CuAlO; has been
explored as a hole transport layer (HTL) material for PV devices such as perovskite solar
cells in recent years [338, 339]. The p-type materials (such as CuAlO,) may also provide
interesting topics for c-Si solar cells in the future, either in p-type TCO development or in
HTL employment.

3. Developing novel Cu-plated TCO-free devices.

In this thesis, we described the employment of SHJ solar cells with reduced TCO use.
There are three reasons: (i) the adhesion of plated Cu on bare wafer (coated with Ag seed
layer) was observed to be poor; (ii) the contact resistivity at the PVD Ag / thin-film silicon
layer interface was observed to be high (> 1000 mQ cm?); (iii) Cu diffuses fast in Si, thus
requires TCO acting as a diffusion barrier layer [112, 308]. Among the reasons, (i) has been
solved with appropriate plating control in our lab; (ii) could be fixed by introducing Ti
as the contacting layer with thin-film silicon layer [170, 306]. For (iii), different diffusion
barrier layers in literature may facilitate a reliable Cu utilization without TCO employment.
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Alternatives for diffusion barrier layer can be Ni [340], W [341], Ta [342], Ru [343], C [344],
MnSiOg3 [345], TaxMnyO, [346], CoTix [347], and even CuAl [348]. Apart from that, long-
term-stability issue of the Cu-plated PV devices and modules remains to be addressed
[282, 349, 350].

4. Addressing TCO use in tandem solar cells.

As mentioned in section 1.2.1, the efficiency of silicon solar cells is fundamentally
limited by spectral losses. Such spectral losses can be circumvented by using multiple
junction solar cell concepts. The fundamental (detailed balance) efficiency limit for a
double-junction tandem solar cell could reach 42% [20]. A typical configuration is repre-
sented by the perovskite/Si tandem solar cell, which has shown prosperous development
after firstly reported in 2015 [10, 351]. A record efficiency of 29.8% [25] has been realized
after only several years of progress. This strong dynamics also motivate us to further
address aspects regarding TCO utilization in the advanced perovskite/Si tandem concept.

In a monolithic perovskite/silicon tandem device, TCOs could function as transparent
electrode (TE) on top of the perovskite top cell or tunnelling recombination junction (TRJ)
between the perovskite top cell and the silicon bottom cell. For the TE use, a minimal
thickness of around 100 nm is normally required to ensure sufficient lateral conductivity,
which accompanies significant parasitic absorption through the entire wavelength range
of interest [352]. The TCO thickness of TE use could be potentially reduced without
harming fill factor of the device. Besides, from an optical perspective, depositing an
additional dielectric layer with appropriate refractive index could also be beneficial to
minimize the reflection losses. Such additional dielectric layer can be MgF,, CaF,, PDMS
[353]. Therefore, the designing rules for TCO as TE in perovskite/silicon tandem can be
similar to what we have utilized in the single-junction c-Si solar cell scenario, except
that perovskite absorber possesses different opto-electrical properties as compared to
c-Si absorber, and the current in a two-terminal monolithic tandem solar cell can be
reduced by half with respect to a single-junction c-Si solar cell [354]. In addition, the
perovskite cell can be more susceptible to damage than the c-Si cell when facing TCO
sputtering conditions, due to the moisture and temperature sensitivity of its functional
materials (such as perovskite, Spiro-OMeTAD). This calls for low temperature (or even
room temperature) deposition of TCO layer [355], and normally requires a thin buffer
layer (such as MoOy, SnO,) utilized between the perovskite top cell and sputtered TCO
film [356]. Besides, according to equation 2.1, high-mobility TCO is promising to realize
the wanted trade-off between optical and electrical properties of the film. Thereby, for
the purpose of TCO acting as TE on top of perovskite cell, the challenge lies in how to
“softly” realize high mobility TCO deposition. Different TCO deposition techniques may
be considered. In addition, it might be worth noting that new inspirations might also be
obtained from the single-junction semi-transparent perovskite research. For instance,
one can fabricate the TE in the form of a transparent conductive adhesive (TCA) material,
which is separately accomplished to the tandem cell, and then simply laminate the TE
and cell at room temperature [357]. However, in this case, the electrical contact between
TCA and the solar cell is likely to be problematic, which remains to be investigated.

As for the TRJ use in tandem devices, the widely utilized alternatives include TCO-
assisted [358, 359] and Si-based tunnelling junctions (such as nc-Si(Ox):H [360-362],
poly-Si(Cy) [363]). From the light management point of view, as compared to TCO-
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assisted TRJ, the Si-based TRJs were reported to have benefits of low reflection and
parasitic absorption losses in the NIR wavelength range of interest [359, 360, 364]. Besides,
from the electrical perspective, the Si-based TRJs could feature a highly anisotropic film
conductivity, providing sufficient vertical conductivity while maintaining low lateral
conductivity. This potentially reduces the shunt paths through pinholes or defects present
in the perovskite top cell [360]. However, the TCO-assisted TR]J still deserves investigation
due to its flexibility in work function manipulations, which is important to minimize
voltage losses in the tandem cell [365]. Regarding the TCO-assisted TR]J, a more resistive
TCO layer is observed to produce better electrical transport, owing to the suppression
of shunt paths in the perovskite top cell [366]. In this regard, the TCO requirements on
TRJ could be quite different from that on TE. Meanwhile, the lateral conductivity, as well
as the parasitic absorption of the TCO layer, need to be minimized. Depending on the
tandem polarities, sophisticated contact engineering via simulation work may provide
insightful guidance for the optimal TR] choice in tandem devices.



IFO:H in high thermal-budget
poly-Si solar cells

This appendix provides supporting information of Chapter 5, which was included in the
publication of ACS Applied Materials & Interfaces™ [61]

A.1. Properties of the IFO:H films under different PDA treatments
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Figure A.1: Wavelength-dependent complex refractive index of the PDA treated IFO:H films from spectroscopic
ellipsometry (SE) characterization.

*C. Han, G. Yang, A. Montes, P. Procel, L. Mazzarella, Y. Zhao, S. Eijt, H. Schut, X. Zhang, M. Zeman, and O.
Isabella, “Realizing the Potential of RF-Sputtered Hydrogenated Fluorine-Doped Indium Oxide as an Electrode
Material for Ultrathin SiOx/Poly-Si Passivating Contacts,” ACS Applied Energy Materials, 3(9), 8606-8618, 2020.
August 12, 2020, doi: 10.1021/acsaem.0c01206.
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Figure A.1 displays the wavelength-dependent complex refractive index of the IFO:H
films under different PDA treatments, with our lab-standard ITO layer as reference. Basi-
cally, the refractive index (n) of the films shows lower values with increasing N, (as shown
in Figure 5.2). The extinction coefficient (k) curves are in accordance with Figure 5.2(b)
due to the physical relation a = 47k/ A, where « is the absorption coefficient, and A is
corresponding wavelength. Specially, the k curves in UV part shows the optical band gap
differences of different films, while the NIR region correlates with free carrier absorption
differences of the layers.

Table A.1 shows the repeated results of the opto-electrical parameters of IFO:H films
under different PDA treatments.

Table A.1: Opto-electrical parameters of the IFO:H films under different PDA treatments.

PDA r Rsn Ne He,Hall p Tsso  Eg
nm] [Q/O0] [1x102°cm?3] [cm?V7ls7!] [1x1074Qcm] [%] [eV]
80.6 67 1.22 88 5.81 76.32 3.84
as-dep. 79.7 66 1.22 85 6.02 76.28 3.85
81.0 67 1.24 88 5.72 76.26  3.85
788 71 1.24 86 5.85 76.35 3.85
916 36 1.70 106 3.46 76.04 3.94
Ny-ann. 89.0 38 1.74 104 3.45 76.10 3.92
90.3 36 1.72 106 3.42 76.09 3.94
89.8 38 1.74 104 3.45 76.06 3.93
91.3 41 1.48 111 3.80 7727 3.87
Hy-ann. 90.5 43 1.44 110 3.94 77.30 3.85
92.0 40 1.49 108 3.88 77.28 3.87
90.0 44 1.48 108 3.91 7732 3.86
92.1 760 0.060 22 472 77.78 3.76
airann, 17 680 0.065 20 480 7779 3.74
924 700 0.047 20 664 77.83 3.76

90.2 760 0.056 21 531 77.80 3.76
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A.2. S- and W-parameter curves in DB-PAS measurements
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Figure A.2: (a) S-parameter and (b) W-parameter as a function of implantation energy for the IFO:H films under
PDA. Dashed lines represent best-fit curves using VEPFIT analysis.

Table A.2: Fitting parameters and standard deviations extracted from VEPFIT analysis for the four different

IFO:H films under PDA.
% Thickness b Densidy

Sample Layers (nm] S w (g/cm?]

topfilm 70 0.4885 + 0.0003  0.0695 + 0.0003 5.80
as-dep. film bulk 210 0.4817 £ 0.0006 0.0743 + 0.0005 5.80

substrate - 0.5220 +£ 0.0004 0.0577 £ 0.0005 2.33

top film 70 0.4863 + 0.0003 0.0739 + 0.0003 7.18
Nz-ann. filmbulk 210 0.4827 +£ 0.0006 0.0756 + 0.0010 7.18

substrate - 0.5215 + 0.0004  0.0565 + 0.0005 2.33
H,-ann. topfilm 90 0.4783 £ 0.0004 0.0765 + 0.0005 7.18

substrate - 0.5198 + 0.0002  0.0580 + 0.0002 2.33
air-ann. ©P film 80 0.4761 £ 0.0003 0.0753 + 0.0003 6.33

substrate - 0.5205 + 0.0002  0.0578 + 0.0002 2.33

@ The VEPFIT thickness provides qualitative values, that are consistent with the quantitative values extracted
from spectroscopic ellipsometry.

bThe density values for the as-dep. and air-ann. IFO:H films were tuned from the starting point of 7.18, which
corresponds to the reported Inp O3 bulk material, to reach a qualitative agreement in film thickness with the
quantitative spectroscopic ellipsometry.

Figure A.2 shows the S- and W-parameter curves versus positron implantation energy
for the IFO:H films under PDA. The peaks in S- and W-parameter are not exactly at the
same positions for different samples since the thicknesses of the IFO:H layers differs. In
order to realize a good fitting in the VEPFIT analysis, a three-layer model (top film/film
bulk/substrate) was used for the ~ 280 nm-thick as-dep. and N,-ann. films, and a two-
layer model (top film/substrate) was utilized for the ~ 80 nm-thick Hp-ann. and air-ann.
layers, respectively. The S-Wvalues collected in Figure 5.5(a) were based on the mentioned
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“top film” values for appropriate comparison. The best-fit parameters of the different
layers and substrate are listed in Table A.2.

A.3. Temperature-dependent mobilities of IFO:H films under PDA
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Figure A.3: (a) Temperature-dependent Hall mobilities of IFO:H films under PDA, (b) plot of He,Hallﬁ versus
inverse temperature in air-ann. sample, with the exponential fitting line.

Figure A.3(a) displays the temperature-dependent mobilities of IFO:H films under
different PDA treatments, which has been used for the mathematical exponential fitting
to extract different scattering components. The as-dep., N2-ann., and Hp-ann. samples
follow Matthiessen’s rule as expressed by equation 5.1, while air-ann. sample do not.
Figure A.3(b) shows the plot of ue,Hau\/T versus inverse temperature in air-ann. sample,
with the exponential fitting line. The results on air-ann. film well match the scattering
mechanism described by the Schottky-barrier model in thermionic emission.

A.4. Solar cell results from different batches
Table A.3 shows our solar cell results from different batches.

Table A.3: Poly-Si solar cell parameters of 3.92 cm? devices using IFO:H and ITO, with and without Hy annealing
treatment, respectively. The values reported are the average based on twelve cells. The standard deviation is
calculated for each cell parameter.

TCO Open-circuit voltage ~ Short-circuit current density ¢ Fill factor  Efficiency

[Voc, mV] [Jsc, mA/cm?] [FF, %] (n, %]
IFO:H as-dep. 670 £8 38.69 £ 0.21 74.24+038 19.1+03
IFO:H ann. 670 + 7 38.76 £ 0.23 75.13+£0.31 19.5+0.3
ITO as-dep. 669 + 8 37.54 £ 0.19 7451 +£0.48 18.7+0.2
ITO ann. 670+ 6 37.69 = 0.20 7420 £0.38 18.7+0.2

@ Fill factor showed a general decreased level compared to the FF data in Figure 5.8, plausibly due to the
uncertainties occurring in our cell precursor fabrication process after equipment maintenance. However, the
resulting trends upon TCO variations were basically repeated, as observed in Figure 5.8.



RT-sputtered IWO in SHJ devices

This appendix provides supporting information of Chapter 6, which was included in the
publication of Solar Energy Materials and Solar Cells* [122]

B.1. Multi-layer strategy in spectroscopic ellipsometry fittings
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Figure B.1: Multi-layer strategy in spectroscopic ellipsometry fittings.

Figure B.1 displays the multi-layer strategy in our spectroscopic ellipsometry fit-
tings: (i) measure n, k for i/ n or i/ p stack with previous i-layer fixed, using Cody-Lorentz
dispersion models; (ii) measure n, k for a single TCO layer, using a combination of a
Cody-Lorentz oscillator and a Drude oscillator to account for the absorption across the
optical band gap in ultraviolet range and the free carrier absorption in the near infrared
part of the spectrum, respectively; (iii) measure n, k for the TCO layer on top of i/n or
i/ p stack, with an effective medium approximation (EMA) layer inserted between TCO
and underlying doped silicon thin film, to account for the interfacial mixing between

*C. Han, Y. Zhao, L. Mazzarella, R. Santbergen, A. Montes, P. Procel, G. Yang, X. Zhang, M. Zeman, and O.
Isabella, “Room-temperature sputtered tungsten-doped indium oxide for improved current in silicon het-
erojunction solar cells,” Solar Energy Materials and Solar Cells, 227, 111082, 2021. April 14, 2021, doi:
/10.1016/j.s0olmat.2021.111082.
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layers. In this step, oscillator parameters from previous i/ n or i/ p stack are fixed except
doped silicon layer thickness. The variable modelling parameters also include the silicon
and interfacial silicon oxide volume fraction in EMA constitution, EMA thickness, TCO
oscillator parameters based on that from (ii), and TCO thickness.

B.2. Wavelength-dependent absorptance of the optimal IWO and ITO reference
layers
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Figure B.2: Absorptance spectra of the optimal IWO film and ITO reference layers.

Considering the reflection-type SE has limited sensitivity for weak light absorption,
samples were further measured via from UV-Vis-NIR spectroscopy. Figure B.2 illustrates
the supplementary absorptance curves of the optimal IWO and ITO reference layers,
which was calculated from 1-R-T. Figure B.2 and Figure 6.3 show comparable trend in
both Eg-related UV and FCA-related NIR ranges.

B.3. Minority carrier lifetime measurements of SHJ cell precursors

Figure B.3 shows the minority carrier lifetime measurements of SH]J cell precursors.
The cell precursor maintains a high passivation quality after ITO sputtering at 110 °C.
However, RT IWO deposition induces a severe sputter damage that could not be restored
in the TCO sputtering procedure. Therefore, a subsequent hot-plate annealing at 180 °C
for 5 min was utilized to recover the passivation quality of the IWO-based cell precursors.
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Figure B.3: Minority carrier lifetime measurements of SHJ solar cell precursors.

B.4. XRD patterns and SEM images of annealed IWO and reference ITO films
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Figure B.4: (a) X-ray diffraction patterns, and (b) scanning electron microscope images of annealed IWO and
reference ITO films. Subscript g stands for glass substrate.

Figure B.4 shows the XRD patterns and SEM images of annealed IWO and our reference
ITO films. With respect to the as-deposited IWO film on glass substrate, both the annealed
IWO layers on top of thin-film silicon show increased crystallinity and more prominent
preferred (222) orientation. The reference ITO layer is also in polycrystalline structure,
whose surface morphology shows more densely distributed fine grains than that of the
IWO films.
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B.5. Optical simulations from TCO data obtained on glass substrate
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Figure B.5: Optical simulations performed by GenPro4 software of (a) IWO- and (b) ITO-based SHJ solar cells.
TCO data were gathered from glass substrates.

Figure B.5(a-b) show the optical simulation results based on TCO data obtained from
glass substrates. Specific optical losses from different layer components are included in
Figure 6.6(c).

B.6. MgF, complex refractive index and its thickness optimization based on our
existing device structure
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Figure B.6: MgF» complex refractive index and optical simulative results on our IWO-based SHJ device
structure.

Figure B.6(a) shows the complex refractive index of MgF, on a flat wafer as measured
by spectroscopic ellipsometry. Figure B.6(b) displays the MgF, thickness optimization
on top of our existing IWO-based SHJ device structure, obtained from optical Genpro4
simulations. From Figure B.5(b), adding 90-120 nm-thick MgF, could reach an utmost
absorption in our absorber material, which is also in accordance with the general nygr> -
dmgr2 = A/4 rule in designing anti-reflection coating. We note that this optimization does
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not represent the optimal results on double layer anti-reflection coating (DLARC) design,
since the thickness of the front TCO was fixed at 75 nm in our device fabrication.

B.7. Optical band gap plots of TCOs on top of thin-film silicon stacks at illuminated
side of devices
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Figure B.7: Optical band gap plots of ITO on i/ n stack (denoted as ITOj/5), and IWO on annealed i/ n stack
(denoted as IWOj/p,ann.)-

Figure B.7 shows the optical band gap plots of TCOs on top of thin-film silicon stacks
atilluminated side of our SHJ devices. The extracted optical band gap values for corre-
sponding IWO and ITO layers are 3.81 eV and 3.87 eV, respectively.







Towards bifacial SHJ solar cells
with reduced TCO use

This appendix provides supporting information of Chapter 7, which was included in the
publication in Progress in Photovoltaics: Research and Applications ™ [125]

C.1. Electrical structures of TCOs from density-functional theory (DFT) simulations

Figure C.1(a-d) shows the band structure, total density of states (TDOS), and partial
density of states (pDOS) of indium oxide and Sn-, F-, and W-doped indium oxides, i.e., IO,
ITO, IFO, and IWO, respectively. The band structures are with respect to the fermi levels,
and the valence band maximum (VBM) levels were set to 0 eV. From Figure C.1(a), the
TDOS and pDOS reveal that the conduction band minimum (CBM) is primarily of In 5s
and O 2p character, which implies a wide and dispersive conduction band that facilitates
high electron mobility [367]. The calculated band gap (Eg) is 1.0 eV, much smaller than
the experimental value (above 2.7 eV). Such an intrinsic underestimation in the calculated
band gap of the TCO materials is caused by the lack of the discontinuity and errors in
the single-particle eigenvalues resulting from the approximative nature of the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [367, 368]. The effective electron
mass (me*) of IO is calculated to be 0.33 m,, which is within the reported value region
[74].From Figure C.1(b), the Sn dopant significantly hybridizes with the host CBM. This
strong perturbation has been proven to be detrimental to the electrical properties of the
ITO film [281]. From Figure C.1(c), the F dopant also hybridize with the host CBM. In
contrast, one can see from Figure C.1(d) that, the enhanced doping behaviour arises from
W 5d donor states being negligibly perturbing the host CBM. This phenomenon is similar
with the case of molybdenum (Mo)-doped In,O3 [281], probably because W and Mo are
from the same group in the Periodic Table of Elements. The me. values are 0.24 m,, 0.31

*C. Han, R. Santbergen, M. van Duffelen, P. Procel, Y. Zhao, G. Yang, X. Zhang, M. Zeman, L. Mazzarella, and O.
Isabella, “Towards high efficiency bifacial silicon heterojunction solar cells with reduced TCO use,” Progress in
Photovoltaics: Research and Applications, 2022. March 14, 2022, doi:10.1002/pip.3550.
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Me, and 0.23 m, for ITO, IFO, and IWO, respectively. The corresponding fundamental Eg
values are calculated to be 0.77 eV, 0.55 eV, and 0.94 eV.

Interestingly, the IFO material, which is calculated to show large m," value and low
Eg), exhibits higher electron mobility (u.) and comparable E; as compared to ITO from
experimental data [61, 213, 315]. We presume this could be related to two aspects. On
the one hand, from physical definition, (y, is calculated by e = er/me (in which e is
elementary charge, and 7 denotes the carrier relaxation time. Plausibly, the IFO could
show a high 7 in nature due to a possibly less unit cell distortion than other TCOs, since
the ion radius of F~ is quite close to that of 0% [225]. Besides, F has reported to passivate
defects such as oxygen vacancies and grain boundaries [225, 246], which is also beneficial
to get a high 7. On the other hand, the shape of conduction band needs to be taken into
consideration when we interpret Eg. Itis well known that, in degenerated semiconductors,
the Ey is influenced by the fundamental E; and a Eg widening due to the well-known
Moss-Burstein shift [54]. However, a so-called band-gap re-normalization can also occur
in doped TCOs, that would offset the widening effect from the Moss-Burstein shift [74].
In addition, the properties of experimentally deposited TCOs are influenced by multiple
factors, such as deposition techniques, deposition conditions, substrates, and source
material purities. These factors makes it more complex to align calculated and experi-
mental data on the opto-electrical properties of the TCO materials. Thus, we only tried to
apply the calculated results for qualitative comparison purposes within the scope of this
dissertation.
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Figure C.1: The band structure, and projected total density of states (TDOS), and partial density of states
(pDOS) of (a) indium oxide and (b) Sn-, (c)F-, and (d)W-doped indium oxides.
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C.2. Complex refractive index of the TCOs on top of thin-film silicon layer stacks
Figure C.2 shows the complex refractive index of the TCOs on top of thin-film silicon
layer stacks.
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Figure C.2: Refractive index (n) and extinction coefficient (k) curves of the TCOs deposited on (a) i/ n/glass and
(b) i/ p/glass, respectively.

C.3. Optical simulations on bifacial SHJ solar cells with varied TCO/SiOy stacks

Figure C.3(a-c) shows GenPro4 optical simulation results of monofacial SHJ devices
based on different TCO/SiOy stacks [211]. We applied the same type of TCO at the front
and rear sides. The thickness of rear TCO was kept at 150 nm, to maintain sufficient
internal reflection and avoid plasmonic absorption in the rear metal [82]. On the front
side, double layer antireflection coating was utilized, which composes of varied TCO/SiOx
stacks. As labelled in the contour plots, in the case of optimum single-layer AR coating
with a 75 nm-thick TCO on the front side, the implied photocurrent densities in c-Si
absorber (J..si) were calculated to be 38.5 mA/cm?, 39.6 mA/cm?, and 40.3 mA/cm?,
for ITO-, IFO-, and IWO-based solar cells, respectively. By adding an SiOy layer, they
were correspondingly improved to optimal values of 39.5 mA/cm?, 40.3 mA/cm?, and
41.0 mA/cm?, with reduced TCO thicknesses at 40 nm for ITO and IFO, 60 nm for IWO,
respectively. The improved Jc-Si values could be attributed to a further reduction of
the reflectance, as well as a reduced parasitic absorption. This is in agreement with
our previous investigation [123]. On the other hand, within a certain SiOyx thickness
range of around 90-130 nm, all the devices could maintain decent optical responses with
continuously decreased TCO thickness (even to the extreme TCO-free case).

From a comparison among Figure C.3(a-c), one can see that the ITO-based devices
show lowest J._si, which could be attributed to the higher N, in the ITO layer, as compared
to IFO and IWO layers (as shown in Figure 7.1). As compared to the IWO layer, the IFO
layer shows lower N, when deposited on glass substrates. While the N, of the IFO layer
notably increases when deposited on top of thin-film silicon layers, leading to a more
absorptive nature. In contrast, the N, of the IWO layer mildly decreases when deposited
on top of thin-film silicon layers, indicating a more transparent nature of the TCO layer.
Consequently, the optimal IWO-based device displays the highest Ac_si, although the
IWO layer does not possess the lowest N, at the initial stage when deposited on glass
substrates. This emphasizes the importance that the manipulation of the TCO properties
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need to be taken into consideration in device investigations, which is in accordance with
the observations from Cruz et al. [87].
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Figure C.3: The simulated implied photocurrent densities in c-Si absorber (J;.gj) as a function of front side TCO
and SiOy thicknesses for (a) ITO-, (b) IFO-, and (c) IWO-based monofacial SHJ devices. The dots indicate the
cases of single ARC use, the stars show the positions corresponding to optimal TCO/SiOx use. The values show
the J._si values that correspond to the dots or stars.

As labelled in the contour plots, in the case of optimum single-layer AR coating
with a 75 nm-thick TCO on the front side, the implied photocurrent densities in c-Si
absorber (J..gi) were calculated to be 38.5 mA/cm?, 39.6 mA/cm?, and 40.3 mA/cm?,
for ITO-, IFO-, and IWO-based solar cells, respectively. By adding an SiOy layer, they
were correspondingly improved to optimal values of 39.5 mA/cm?, 40.3 mA/cm?, and
41.0 mA/cm?, with reduced TCO thicknesses at 40 nm for ITO and IFO, 60 nm for IWO,
respectively.

For bifacial cell simulations, we used constant 100 nm-thick SiOx layers on top of TCO
and on both sides of the wafer. This thickness was chosen from the following procedures:
(i) choose the optimal TCO/SiOy stacks in monofacial cell as shown in Figure 7.2, and get
(t1CO front,0» LSiox,front,0); (ii) optimize rear side TCO/SiOy stacks with rear side illumination
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in a bifacial cell structure, front side layers are fixed with (#7¢o front,0, siOx front,0)- AS @
results, one gets optimized (f1co,back,0, £siOxback,0); (iil) use a fminsearch algorithm to find
out the optimal points from four variables with varied TCO/SiOx stacks on both sides,
in which (#1co front,0, ZsiOx front,0, ITCO,back,0» ISiOx,back,0) @cts as the starting point. After
fminsearch, all the optimized SiOy thicknesses fell into the range of 90-115 nm (detailed
data not shown). Therefore, constant 100 nm-thick SiOy layers on both sides of the wafer
were fixed in our bifacial cell simulation settings, while front and rear TCO thicknesses
act as variable parameters.

C.4. Monofacial SHJ solar cell results

Figure C.4(a-d) show the measured monofacial rear emitter SHJ solar cell results.
For each cell, we used the same type of TCO on both sides, where 150 nm-thick TCO
was constantly applied at the rear side the cell. For the front TCO, three thicknesses
were tested, i.e., 25 nm, 50 nm, and 75 nm. n-side is the illuminated side in the solar
cell measurements. From Figure C.4(a), the Vo values are generally below 720 mV,
which is above 20 mV drop as compared to the implied- V¢ values at ~ 740 mV before
metallization. This may indicate an selectivity issue in our cells, which still needs to
be tackled in specific investigation. From Figure C.4(b), the Jsc comparisons among
the three types of devices are basically in agreement with our optical simulations as
shown in Figure C.3. From Figure C.4(c), each type of TCO-based SHJ devices maintain a
relatively stable FF among the devices within one type of TCO-based SHJ devices even
for the 25 nm-thick TCO. However, the FF values of the IFO-based devices are generally
lower than ITO- and IWO-based devices, while their pFF values are comparable with the
other two groups of devices. This indicates that with respect to the ITO- and IWO-based
devices, there are higher series resistances in the IFO-based devices dominating those
losses. Combined with the results from Figure 7.3 and Figure 7.4, we presume that the c-Si
absorber acts as the lateral electron transport layer, while the FF is mainly determined by
the p.n differences in the vertical carrier transport direction. For the IFO-based devices,
with the IFO layer thickness increasing from 25 nm and 50 nm to 75 nm, although the
n-contact property changes from non-ohmic to ohmic behaviour, the p, is much higher
than that of ITO- and IWO-based contact samples. This explains why the FF is low and
series resistance is high in the IFO-based devices. In addition, it is noteworthy that on the
rear side of the devices, 150 nm-thick TCO is in contact with p-type silicon layers. The
corresponding average p, values are measured 306 mQ cm?, 168 mQ cm?, and 173 mQ
cm?, for ITO-, IFO-, and IWO-based contact samples, respectively. Therefore, the optimal
FF in the IWO-based devices could be attributed to its low p. values in both n-contact at
the front side and p-contact at the rear side. As a consequence, the best monofacial SHJ
device was observed among the IWO-based devices, in which the 50 nm-thick IWO and
100 nm-thick SiOy layers are applied on the illuminated side.
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Figure C.4: The measured (a) open-circuit voltage, Voc , and implied- Vg , i-Voc , (b) short-circuit current
density, Jsc, (c) fill factor, FE and pseudo fill factor (pFF), and (d) power conversion efficiency, n, of monofacial
SHJ device with varied TCO thicknesses of 25 nm, 50 nm, and 75 nm. The results are based on three devices on

the same wafer from the one batch of processes.

Figure C.5(a-c) depicts the measured EQE and simulated absorptance curves of the
champion cells among each type of TCO-based SHJ devices, in which ITO-based cell
based on 25 nm-thick ITO layer, IFO-based cell based on 50 nm-thick IFO layer, and
IWO-based cell based on 50 nm-thick IWO layer are presented. The comparisons between
the simulated and measured data could be evaluated from different wavelength regions.
In the short wavelength region (below 550 nm), with respect to the measured EQE curves,
the simulated absorptance of c-Si abosorber is a bit lower than the optical response from
EQE measurements. This difference could be attributed to two aspects: (i) the Genpro4
simulation only count the absorptance into c-Si absorber in the model [211], whereas
there is some additional contributing optical response from the intrinsic amorphous
silicon layer [369], which was not taken into account in our optical simulations [211]; (ii)
the layer property may change in real corresponding layer stacks.

In the near infrared (NIR) wavelength region (above 750 nm), with respect to the mea-
sured EQE curves, from the ITO-, IFO-, to IWO-based devices, the simulated absorptance
curves show more pronounced overestimation of the optical responses. We speculate
that this increasing overestimation trend is related to the fact that the reflection-type
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SE has limited sensitivity for weak light absorption [183, 189]. From Figure C.2, the IFO
layers are less absorptive than the ITO layers, and among the TCO layers, the IWO layers
show the least absorption in the NIR range. It is plausible that the sensitivity of the SE
measurements decreases when measuring the very transparent IFO and IWO layers. The
speculation may also be supported by the enlarged differences between the Jsc gor and
Ac-si values from ITO-, IFO-, and IWO-based devices. Thirdly, in the NIR wavelength
region, there could also be slight overestimation in our simulated current due to the fact
that there would be non-negligible plasmonic absorption of rear metal when thin TCO
layer (<150 nm) was utilized [82]. But it was omitted in our optical simulation. Lastly, the
current collection efficiency in the devices could deviate from 100%, which also occupies
a small portion in the discrepancies between the overall simulated and measured curves
[370].

As aresult of the above-mentioned aspects, the overall differences between the Jsc rqr
and A..gi values are 0.2 mA/cm?, 0.9 mA/cm?, and 0.9 mA/cm?, for ITO-, [FO-, and IWO-
based devices, respectively. Additionally, looking back at our optical simulation results in
Figure 7.2 and Figure C.3, there is optical overestimations to different extents for the SHJ
devices with different TCOs. Specifically, there could be a relatively high overestimation
in the devices with the most transparent IWO layers, then the overestimation can be a bit
lower in the IFO-based devices, and the simulated result on ITO-based devices is relatively
reliable.
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Abstract

Bifacial copper(Cu)-plated crystalline silicon (c-Si) solar cell has been an attractive topic
to concurrently reduce silver (Ag) consumption and maintain good device performance.
However, it is still challenging to realize a high aspect ratio (AR) of the metal fingers.
In this work, we electrochemically fabricate a new type of hybrid-shaped Cu fingerin a
bifacial plating process. Cyclic voltammetry was employed to disclose the electrochemical
behaviors of cupric ions in monofacial (MF) and simultaneous BF Cu-plating processes,
such that the controllability of the plating process could be assessed. The optimal hybrid
Cu finger composes of a rectangular bottom part and a round top part, such that an
utmost effective AR value of 1.73 is reached. In BF Cu-plating, two sub-three-electrode
electrochemical cells were employed to realize equal metal finger heights on both sides
of the wafer. Compared to our low thermal-budget screen-printing metallization, the
Cu-plated silicon heterojunction devices showed both optical and electrical advantages
(based on lab-scale tests). The champion bifacial Cu-plated device shows a front side
efficiency of 22.1%, and a bifaciality factor of 0.99.
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Isabella, “Controllable simultaneous bifacial Cu-plating for high efficiency crystalline silicon solar cells,” Solar
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D.1 Introduction

Silver (Ag) consumption in the photovoltaic (PV) industry, which takes around 10%
of the yearly global Ag production, is becoming a great concern in the PV community
[167, 301, 372]. In 2020, the global solar PV capacity was approximately 135 GW, and an
annual production of PV systems of around 3 TW per annum is predicted around 2030
[167, 301, 373], which is tens of times higher than the current capacity. Even if we ignore
the evolution in c-Si PV technologies (for instance, silicon heterojunction or iTOPCon
consume more silver than PERC per wafer), the global silver production cannot satisfy
the vast demand in future decades. Thus, it is imperative to reduce Ag usage. In order to
concurrently reduce Ag consumption [167, 373] and reach high PV device performance,
bifacial copper(Cu)-plated solar cell has been an attractive topic in recent years [374-376].
High efficiency above 24% have been achieved on industrial 6” bifacial Cu-plated silicon
heterojunction (SHJ) solar cells [375]. In March 2022, Australian startup SunDrive has
obtained an efficiency of 26.07% on commercial-sized bifacial silicon heterojunction
solar cell with Ag-free Cu metallization technology [377].

To realize a bifacial plating process, the approach can be realized in a 2-step process,
i.e., firstly do plating on one side of the wafer (with the other side protected or biased)
and then plate on the other side [378-380]. The other way to do bifacial plating is a 1-step
process, i.e., do simultaneous plating on both sides of the wafer [374-376, 381]. The first
bifacial plating attempt in PV devices was electroless plating. Back to 1990s, Ebong et al.
[382] at UNSW tried simultaneous electroless chemical nickel (Ni)/Cu-plating on both
sides of the wafer. But they failed to get the same deposition rates on n- and p-sides of the
wafer [383]. In 2017, Tous et al. and Russell et al. from IMEC reported successful bifacial
electroless Ni plating with applying a proprietary selective activation step on silicon
surfaces [381, 384]. Since 2010s, the 2-step bifacial plating with a combination of a light-
induced plating and a field-induced plating on two sides of the wafer [380, 385, 386], as
well as the 1-step simultaneous bifacial electrochemical plating on both sides of the wafer
[374-376, 387], have been extensively developed. The institutes (such as Fraunhofer ISE,
CSEM, UNSW, SIMIT [387]), and companies (such as MECO, Sunpreme) are working on
the bifacial Cu-plating development [388]. However, despite the devoted efforts, the Cu-
plating development is still not ripe enough to compete with traditional screen printing
technology. The market share of Cu-plated solar cells is still conservatively considered
[389], which is predicted to about 12% in 2031 [7]. The factors that hamper the progress
of plating technique include processes, equipment, and reliability issues [7]. Therefore,
research on these aspects is essential to the development of the alternative Cu-plating
metallization approach in next decade(s).

Regarding the 1-step simultaneous bifacial electrochemical plating process, provided
the wafer is double-sided coated with a full area thin metal seed layer and fully immersed
in the electrolyte solution, the wafer could be basically treated as a conductor in the elec-
troplating process, which may introduce influences in the two electrochemical deposition
processes on both sides of the wafer. Assuming one does monofacial electroplating on one
wafer side, with the other side immersed in the solution but unprotected (or unbiased),
the other side of the wafer can also be plated. Such a “bifacial” plating may be challenging
to control due to the complex uncertainties in the wafer surface condition, electrolyte
and the distribution of electric field [390-393]. Therefore, it is imperative to carry out
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investigation to understand the electrochemical behaviors of the reactive species in the
bifacial electroplating processes and realize them in a controllable way.

In addition, from the finger dimension point of view, high aspect ratio (AR, i.e., the
ratio of height and width) is always desirable to ensure sufficient conductivity and min-
imize shadow losses at the illuminated side(s) of solar cells [394]. In general, there are
two basic types of metal finger cross-sections in PV devices: (i) rectangle-like shape [390],
from self-aligned metal growth in specific contact pattern; (ii) half-circular shape, from
free isotropic growth of metal after initial nucleation at specific nucleation point (or hole)
[395]. The latter type is optically preferable because with an encapsulated wavy metal
finger joint by half-sphere-shaped metal points, Blakers et al. calculated the effective
shading to be below 36% [395]. However, plating the half-sphere-shaped metal points at
the designed position requires an extremely narrow starting finger width at pointed places
[395]. This increases the complexity in the control of metal plating process. Besides, such
a half-circular shape geometrically sets an intrinsic constant AR value of the finger. To
minimize the effective shading loss of the plated Cu finger, pioneers in Atotech [396] and
Fraunhofer ISE [388] have been devoting efforts to change the isotropic growth of Cu
to anisotropic feature via electrolyte tuning. Other alternative approaches are also in
progress.

In this work, we employ two sub-three-electrode electrochemical cells in simultane-
ous bifacial Cu-plating processes. Via cyclic voltammetric study, we provide an alternative
method to monitor whether the simultaneous bifacial Cu-plating process is well con-
trolled. Besides, to reach a high effective aspect ratio of the metal finger, we fabricate
a new type of hybrid-shaped Cu finger whose cross-section combines a rectangle-like
bottom part and a round top part. Finally, we test the optimal bifacial plated Cu finger in
silicon heterojunction solar cells at lab-scale.

D.2 Experimental

D.2.1 Cu-plating process and device fabrication

A basic Cu-plating process consisted of: (i) full area 100 nm-thick Ag seed layer growth
by PVD deposition and contact pattern by photolithography on both sides of the wafer.AZ
ECI3027 photoresist and TMAH-based MF322 developer were utilized in standard MEMS
lithography processes. A constant resistance value of 0.1 () was ensured at the Ag seed
layer surface after PVD and before Cu-plating (measured between randomly distributed
points in the contact area); (ii) cyclic voltammetry(CV) scanning or electroplating of Cu;
(iii) removal of the photoresist and Ag seed layer at un-plated area. More details about
the process sequence could be found elsewhere [288]. A dual-functional sample holder,
which can contact the seed layer on each side of the wafer individually with 2 separated
potentiostat tools, was designed for satisfying both mono-(MF) and bifacial (BF) electro-
plating purposes. To ensure a homogenous current distribution in the electrochemical
process, a surrounding electric contact was utilized by sandwiching the wafer between
two metal rings, whose outer circles match the shape of the wafer. It is worth noting
that a parasitic Cu-plating on the wafer edge occurred, no matter whether the full area
PVD Ag seed layer was deposited with or without the wafer edge exclusion. The wafer
edge deposition is also reported by Hatt, et al. [397] and Griibel, et al. [385]. Besides, we
assume that the wafer itself and its surrounding functional layers do not participate in
the Cu-plating process, for the following two reasons: (i) in an electrochemical cell, the
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applied charges from the potentiostat are mainly consumed by electrochemical reactions
at the Ag seed layer surface; (ii) the energy barriers between wafer and other functional
layers (such as thin-film silicon layers and transparent conductive oxide layer) block the
residual electron flow from the Ag seed layer to the functional layers underneath.

Figure D.1(a) depicts the basic experimental configuration of our Cu-plating processes,
in which two sets of standard 3-electrode cells were utilized with reference Ag/AgCl
electrodes (RE). All voltages are reported with respect to the Ag/AgCI RE. Regarding the
sample geometry in CV study, we used 1 cm x 1 cm square full area contact design in the
middle of the wafer substrate. In both MF and BF experiments, the wafer was double-
side coated with photoresist. In MF case, only one side was opened with the above-
mentioned square contact design; in BF case, both sides of the wafer were opened with
the contact design. Two independent Metrohm Autolab potentiostat tools, PGSTAT101
and PGSTAT204, were utilized to separately control the two electrochemical cells on both
sides of the wafer. The bifacial plating by utilizing two potentiostat tools are also reported
in literature[398]. The working electrodes (WEs) were the two sides of the 100 nm-thick
silver-coated pyramidally-textured 4-inch wafer, at which the electrolysis of interest took
place within the contact region patterned via photolithography. We carried out the CV
study and plating processes at room temperature under quiescent conditions to eliminate
any forced convection in the electrolyte solution. However, prior to each experimental
batch, the electrolyte solution was stirred for 10 minutes to form a uniform solution;
during one experimental batch, the stirring was done for 2 minutes in the interval for
loading a fresh sample substrate.

For monofacial CV scans, the back side of the wafer was fully protected with photore-
sist. The counter electrodes (CEs) were graphite sheets for CV scan and were sacrificing
copper sheets for Cu electroplating process. The dimensions of the CEs are 10 cm x 10
cm x ~1 mm. Electrodeposition was carried out from an unstirred aqueous solution
composed of an InterviaTM 8502 starter solution (50 g/L Cu?*, 100 g/L H,SO4, 50 ppm
CI") and 9000E leveller (3 mL/L). The pH of the solution was lower than 1. In CV study,
due to an upper current limitations of our potentiostat tools, we used 40-folded diluted
solution. Although the concentration difference influences the redox potential of the
cupric ions in the solution [390, 399], it is still meaningful to use the preliminary CV
results from diluted solution to understand the initial electrochemical behaviours of
the species, and to qualitatively study the comparative electrochemical behaviours of
the redox species in MF and BF deposition processes. Besides, due to the commercial
solution use, blank solution scan was omitted in our CV investigation. The CV scan started
at 0V, then progressed in a cathodic direction to -0.7 V, and then back to 0 V. The scan
rate controls how fast the applied potential is scanned, and was kept at 2.5 mV/s unless
otherwise specified. Before collecting the data with varied scan rates, we performed
several CV scans to exclude the influence of Ag seed layer and possible contaminant at
the working electrode surface. This was done until the scans overlapped. To minimize the
influence from the resistive losses in the electrical connection in both 3-electrochemical
cells, the external resistance beside the solution was controlled below 0.5 Q. The electrode
distances of the two sub-cells were kept equal in BF deposition processes, which is also
the same with the electrode distance in MF deposition case. After each deposition, the
samples were rinsed with deionized water and dried in air.
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Figure D.1(b) displays the SHJ solar cell structure of our PV devices. For the device
fabrication, after the above-mentioned double-side texturization of the wafers, we subse-
quently clean them in two baths of HNO3 99% (RT, 10 min) and HNO3 69.5% (110 °C, 10
min). Wafers were dipped in 0.55% HF for 4 min prior to the plasma enhanced chemical
vapour deposition (PECVD) step. Then, the SH]J cell precursors with front 10 nm-thick i/ n
stack and rear 26 nm-thick i/ p stack thin-film silicon layers were prepared from PECVD.
Nominal 75 nm-thick ITO films were sputtered on both sides of the wafers. Hard masks
were utilized in sputtering step to pattern the cell areas. A geometrical factor of 1.7 was
used in the thin-film silicon layer growth and ITO sputtering on textured wafer surface,
with respect to that on flat wafer. After sputtering, the wafers went through either the
Cu-plating process as described above, or a lab-scale, standard low-temperature screen
printing (SP) process. The cell area is defined by photolithography or SP screen as 4 cm?.
For each type of the solar cell, we applied the same metal design on both sides of the wafer.
The solar cell images are shown in Figure E.1. For the Cu-plated solar cells, the finger pitch
is 915 pm on both sides of the wafer; while for the screen-printed solar cells, the finger
pitch is 1740 um on both sides of the wafer. The growth of Cu used the optimal “2-step”
electrochemical deposition, which will be introduced Section D.3.2. In the SP case, a
curing condition of 170 °C for 30 min was utilized to make the metal contact.Specifically,
we firstly performed the SP on the n-side of the wafer, dried the paste on the wafer in an
oven at 170 °C for 5 minutes, then carried out the SP on the p-side of the wafer, and did
the curing at 170 °C for 30 minutes.

(a) (b)
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Figure D.1: (a) Schematic experimental configuration of our Cu-plating processes, in which the WE, CE, and RE
represent working electrode, counter electrode, and reference electrode, respectively; and (b) the SHJ solar cell
structure of our PV devices.

D.2.2 Characterizations

Finger characterizations: The finger height was measured with a Dektak 150 step-
profiler. Morphological images of the metal fingers and wafer surfaces were detected with
a field-emission scanning electron microscope (FE-SEM) via Hitachi Regulus 8230, and a
low resolution SEM system from JEOL Ltd., respectively. The optical microscope images
of the metal fingers were characterized by a confocal laser microscope (Keyence VK-X250).
The resistivity of the metal fingers were obtained from 4-point probe measurements via
the electrical setup as we used for current-voltage (I-V) measurements of solar cells.
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Via a Kelvin connection, the cable resistance in the circuit loop of the measurement
setup is excluded. The reported finger resistivity (p) data were calculated from measured
finger resistance (R) values via p = R-S/ I, where S represents the cross-section area of the
finger, and !/ denotes the finger length, which was kept at a constant value of 1 cm. Finger
samples with different contact width values were utilized(15-50 pm for plated copper
finger, and 50-100 um for screen-printed silver finger). In addition, for the plated Cu
finger, we performed the tape test to evaluate the finger adhesion [288]. It consists of
placing a tape on the wafer and then pulling it. If the metal is attached to the tape, the
test is considered failed, and the adhesion is considered poor; on the other hand, if the
test is passed, the adhesion is considered good.

Bifacial solar cell measurements: The I-V characteristics of our 4 cm? SHJ devices
were measured using the dedicated sample stage for the bifacial device measurements
as described in Section 3.3.3. As mentioned, there is one type of special substrate which
shows a reflectance of below 3.5% along the wavelength range of 700-1200 nm was utilized
in the bifacial device measurements. The reflectance and transmittance curves of the
mentioned substrate is provided as Figure E.2. Besides, SunsVoc measurements were
performed on our complete bifacial solar cells via a Sinton Suns-Voc-150 Illumination-
Voltage Tester. Note that in SunsVoc measurements, the rear side reflection from the brass
chuck was not excluded.

D.3 Results and discussion
D.3.1 Cyclic voltammetric study

Figure D.2(a) shows the first two subsequent CV scans in monofacial (MF) deposition
process. On the first scan, the forward scanning current starts from a near zero value,
and displays a seemingly cathodic deposition peak feature at ~-0.32 V. While on the
second scan, the cathodic deposition peak features appears at ~-0.11 V and ~-0.27 V.
This indicates that Cu becomes easier to be plated on the initially grown Cu, rather than
the original PVD Ag seed layer. This observation agrees with the report from Dobson et
al. [400], and could be treated as an overpotential deposition (OPD) of Cu on Ag. The
OPD phenomenon could be explained by the lower binding energy of a Cu adatom on
Ag than the Cu bulk cohesive energy [401, 402]. Figure D.2(b) shows the comparative CV
scans between MF and BF deposition processes. There are two specific local deposition
peak features appearing at different voltages during a forward potential scan, which
could correspond to the two electron transfer steps involved in reduction of the cupric
ions in the solution [403, 404]. The redox reactions are provided in Figure D2(b). One
can see that, with simultaneous control on the two electrochemical cells, the cathodic
current on both sides of the wafer are almost identical. Besides, with respect to the MF
deposition, the cathodic current in BF deposition is smaller, and the current peaks shift
to lower deposition voltage values. This manifests that although the CV features of the
both side scannings in bifacial process overlap with each other, they are not equal to the
case of single electrochemical cell. In other words, the BF Cu deposition rates on both
sides of the wafer can be controlled at the same level, but they are not the same as that
of MF deposition. It is noteworthy that our CV study only provides qualitative analysis
in recognizing the difference in MF and BF deposition processes, since we utilized a
diluted electrolyte solution in CV study (due to the upper current limit in our potentiostat
tools). Investigations with the real electrolyte concentrations of electroactive species may
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provide more detailed understanding on how the electrochemical interaction occurs in
different electrochemical reactions during MF and BF depositions.

Figure D.2(c) shows the CV scans on one side of wafer in BF deposition process, with
varied scan rates (v). The data on the other side of the wafer basically overlaps with
the data in Figure D.2(c), thus is not shown. One can see that, with varied v values, the
voltage that corresponds to the peak current (ip) changes. This is a characteristic of
electrochemical irreversibility feature of the Cu electrodeposition process. It means that
the electron transfer at the WE is slow compared to mass transport, thus significantly
more negative applied potentials than the theoretical redox potential may be required for
appreciable current to flow [390, 399]. Figure D.2(d) depicts the data points of i, versus
v''?, and corresponding linear fitting line. According to the Randles-Sevcik equation for
irreversible electrochemical process [405]

nFDv
RT

ip = —0.496V an' nFAC D.1)

in which Fis the Faraday constant, Ris the universal gas constant, T is the temperature,
A is the electrode area, C is the bulk concentration of the solution, D is the diffusion
coefficient of the electroactive species, «a is the transfer coefficient, 7 is the number of
electrons transferred before the rate determining step. For vincreasing from 2.5 mV/s to
20 mV/s, the relation i, versus v'/2 shows a linear behaviour, indicating that the redox
species are freely diffusing in the solution [390, 406]. The case of 50 mV/s shows an
obvious deviation from the fitted line of other data points. This might be caused by the
fact that the Randles-Sevcik equation is derived from assuming the concentration of the
electroactive species in the bulk is the same as that at the surface of the electrode. When
v is too high, the assumption may not be applicable and the linear formula does not
hold anymore [405]. In addition, it is noteworthy that there is some noticeable cathodic
depostion feature change between the curves from the same parameter setting, such
as between the “BF-side 1” curve in Figure D.2(b) and the “2.5 mV/s” curve in Figure
D.2(c). This is possibly caused by the WE surface condition change or the adsorption
of solvent impurities on the CEs [390]. For comparison purpose, the CV curves of MF
deposition process with varied scan rates are provided as Figure E.3. Basically, the MF
depositions occur at more negative voltages than that in BF deposition cases, which is in
accordance with the observations of Figure D.2(b). Besides, the MF deposition process
also shows an irreversible characteristic. However, we would like to point out that, due
to the upper current limitations of our potentiostat tools, we used diluted solution in
the CV study, rather than the formal Cu-plating bath (see Experimental part). The bulk
concentration change influences both the absolute redox potential and i, values [390].
Therefore, the results from Figure D.2(c-d) only provide tentative understanding of the
electrochemical plating processes. But the indications from comparative CV results could
be still legitimate, which include: (i) the initial Cu growth on Ag seed layer belongs to
overpotential deposition; (ii) the simultaneous deposition processes on both side of the
wafer are basically identical in BF deposition, but they differ from MF deposition process;
(iii) the BF deposition tends to occur at smaller voltages than MF case, and the cathodic
current is smaller than in MF case.

D.3.2 Optimal bifacial Cu-plating with 2-step deposition approach
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Figure D.2: (a) The first two subsequent CV scans in monofacial (MF) deposition process; (b) comparative CV
scans between MF and bifacial (BF) deposition processes; (c) CV scans with varied scan rates, and (d) the
cathodic peak currents (ip) versus the square root of the scan rate (textitv!/2) in bifacial deposition.

We optimized galvanostatic bifacial Cu-plating process, utilizing Cu sheets as sacrific-
ing CE. -0.4 A and 20 min was found to be the best current-time condition to produce ~30
pum finger height (similar as that of our screen-printed Ag). However, the adhesion and
uniformity of the finger height over the active area of the solar cell were found to be poor.
The adhesion of plated metal on a substrate could be influenced by multi-factors, such as
crystallographic coherency at the interface between plated metal and the substrate [407],
nuclei germination and coalesce control in the metal growth [408, 409], and geometrical
contact design [393]. As indicated by literature and the CV study results in Figure D.2(a),
we performed two-step depositions. Prior to the optimal galvanostatic “1-step” process
(-0.4 A, 20 min), we added either another gavanostatic process (-0.2 A, 2 min) or a poten-
tiostatic process (-0.35 V, 2 min), namely, “2-step(I)” and “2-step(I)”, respectively. Figure
D.3(a) is the photo of one solar cell on one side of the wafer, and Figure D.3(b) shows a
typical finger height distribution along the middle finger as indicated in Figure D.3(a).
One can see that, as compared to “1-step” case, the finger height uniformity are signifi-
cantly improved with the 2-step approaches. Besides, in our adhesion test with a tape, the
fingers from “1-step” deposition mode tended to easily detach off the substrate. While for
the fingers deposited from “2-step” modes, no detachment was observed, i.e., the tape test
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was passed. The “2-step” approaches were also reported from literature [408, 409], with
the purpose of improving adhesion between Cu and the underlying foreign substrate and
forming homogenous Cu growth. The rationale of the improvement could be attributed to
the manipulation of the island nucleation and growth in the electrochemical deposition,
which dictate the structure and properties of the plated metal [410]. However, we note
that even with the “2-step” modes, the uniformity of our Cu finger height is still not ideally
controlled, i.e., the finger height at the edge part of the solar cell is still 4~6 pm lower
than that of the central region. This could be related to the intrinsic un-uniform current
distribution between the finger and the adjacent busbar regions in plating process [393].
Further attempts to improve the homogeneity, such as applying narrower busbar or using
busbar-free cell design, are under investigation.
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Figure D.3: (a) Image of one solar cell (active area 2x2 cmz) on one side of the wafer. (b) Finger height
distribution along the 2 cm-long middle finger (indicated by the green rectangle in (a)) for different deposition
modes.

Since galvanostatic mode is widely utilized in compact metal electrode electrodeposi-
tions, we set the “2-step(I)” as the optimal plating process. The faradaic current efficiency
(CEg) is defined as the ratio of the experimentally obtained amount of material deposited
to its theoretical calculation according to Faraday’s equation. It is mathematically ex-
pressed as [411]

(D.2)

where m represents the measured mass of elements deposited at the cathode, F is
Faraday’s constant (96485 C mol D), zis the valency of the ions, M is the molar mass of
the substance, I is the applied current, and ¢ expresses the deposition time. Accordingly,
the CEr of our BF plating process was calculated to be 89.4%. We note that the CEp
of MF plating process from the same plating parameter setting as in BF plating was
determined to be 99.7%, indicating an ideal utilization of the applied current. This is
another indication (beside Figure D2 (b)) that the electrochemical process on one side of
the wafer in BF deposition is not equal to single MF deposition. Additionally, the CEf of
MF plating is much higher than the current efficiency of 30% in our previously reported
MF Cu-plating process [288]. The CEr improvement could be mainly ascribed to the fresh
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and optimal commercial electrolyte solution use, as well as the modification in circuit
connections.

D.3.3 Morphological manipulation

Figure D.4(a-c) shows the morphological manipulation of the plated Cu finger. Figure
D.4(a) illustrates the cross-section of a typical half-sphere metal finger with encapsulant
or glass, in which A and B fractions could effectively reduce the shadow loss of the finger
owing to downward trajectory of light path and total reflection at glass/air interface,
respectively. While the fraction C could be assumed to be a lambertian emitter, where the
incoming light is completely reflected out in each angle [412, 413]. According to Blakers
et al. [395] and Woehl ef al. [413], when a half-sphere shaped finger is covered with
encapsulant, only a top portion (fraction C) in the half-circular cross-section is acting
as a shadow area. The geometrical portions of the areas A, B and C are calculated in
Figure E.4. Figure D.4(b-c) shows the SEM images of the cross-section of two types of
hybrid fingers. We controlled the finger shape via tuning the contact pattern (mask layer)
from lithography procedure. The prototype sketches of Finger D.4(b) and Finger D.4(c)
are shown in Figure E.5(a) and Figure E.5(b), respectively. Each hybrid finger consists
of a rectangle bottom part and a round top part, such that the novel structure could
maintain the favourable optical advantage from half-circular shaped finger, meanwhile
high aspect ratio (AR) could be potentially achieved. We would like to introduce an
effective aspect ratio (ARes,) definition for the optical evaluation of our hybrid metal
fingers. The expression is as follows:

ARy = —nger (D.3)
max(Wiop, Whot.)

where hfinger denotes the total height of the metal finger, wiop and wy, are the calcu-
lated width of the shadow area C (i.e., wiop = wc) at the top round part and the measured
width of the finger at the bottom rectangular part, respectively. The max(wtop, wbot.)
represents the maximum of the values of wiop and wyor.. The ARefr describes the ratio
of the finger height and the actual shadow area width when covered with encapsulant.
hﬁnger

h
The AR is % for single round shaped finger, and is

shaped finger. Provided normal incoming light is applied, the rgffactive index of the glass
is 1.5 and the metal surface is ideally smooth and reflective, one can calculate the wc to
be ~0.36D for the finger in Figure D.4(a), where D is the diameter of the half-circle (see
Supporting Information, Figure E.3). Thus, the AR of the ideally half-sphere shaped
metal finger can be determined to be 1.4. For the widely utilized rectangular shaped
metal finger, the AR is equal to AR, and is generally 0.2~1 [288, 378, 387, 414-417]. For
the hybrid fingers as shown in Figure D.4(b) and (c), the wyop values are calculated to be
34.3 pm and 15.4 pum, respectively. The corresponding measured hfyger values are 41 and
33 um, and the AR, values are obtained as 1.2 and 1.1, respectively. Therefore, the ARy,
values of the hybrid fingers of Figure D.4(b-c) are comparable and fall in-between that of
single rectangular shaped and single half-sphere shaped fingers.

However, the hybrid Cu finger in Figure D.4(c) is more optically favourable than the
one in Figure D.4(b) for three reasons. First, from the finger growth mode point of view,
the finger in Figure D.4(b) tends to have a large overall width (81 pm) and a greater wyop
than wyo.. The former leads to a large diameter (D) value of the geometrical circle,

for single rectangular
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and the latter limits the further improvement of AR, . In contrast, the hybrid finger in
Figure D.4(c) could potentially reach higher AR, values due to its notably lower wiop
than wyet.. Second, from the device design point of view, with respect to the finger in
Figure D.4(b), the smaller overall finger width (46 pm) in Figure D.4(c) could allow smaller
finger-to-finger distance, i.e., denser finger distribution. Such that the device could be
more tolerant of functional layers with high sheet resistance [418]. This can be of special
importance for the emerging bifacial TCO-less/free SHJ solar cell topic in recent years
[125, 170]. Third, in reality, the wp could be higher than the calculated value, which
is more detrimental when using the hybrid finger as shown in FigureD.4(b). The above-
mentioned calculation of wyop is based on the assumption that the metal surface is ideally
smooth and reflective. However, the actual plated metal finger can be grown into different
microscopic morphologies, depending on the growth kinetics and substrate properties.
In the case of Figure D.4(b), the max(wop, Whor.) is determined by wyop. The widening of
Wrop means decreasing AR, thus is not desirable in the actual device utilization. All in
all, with respect to the hybrid finger in Figure D.4(b), the finger growth mode in Figure
D.4(c) could potentially achieve metal finger with higher AR, resulting in both optical
and electrical benefits at device level.

(a)

I m 1

Figure D.4: (a) Schematic cross-sectional view of an encapsulated half-sphere-shaped metal finger, in which A,
B, and C indicate areas with different reflection properties, after [413]. (b) and (c) SEM images of the cross
section of our hybrid fingers.

D.3.4 Plated Cu and screen-printed Ag fingers, and SHJ devices (lab-scale)

Based on the favourable finger growth mode in Figure D.4(c), we further optimized
the plated Cu finger with using a smaller feature of wy. in the rectangular bottom part.
Figure D.5(a) and Figure D.5(c) show the SEM and the optical microscope images of
our optimized hybrid plated Cu finger. The AR.; value is calculated to be 1.73. It is
worth noting that this method of making hybrid-shaped metal fingers can also be applied
to different (smaller) geometrical sizes. By properly tuning the mask design, a flexible
approach to grow various expected metal contacts for high performance PV devices could
be facilitated.

For comparison, the images of our lab-standard low thermal-budget SP-Ag finger are
provided as Figure D.5(b) and Figure D.5(d). The AR value of the SP-Ag finger is 0.36.
Moreover, from Figure D.5(c-d) , with respect to the SP-Ag case, the Cu fingers have a well-
defined shape, and the plated Cu is super-conformal, void-free, and in compact contact
with the wafer surface. This implies a good electrical contact between plated Cu and the
underlying Ag(seed)/ITO/doped silicon film stacks. Additionally, from dedicated contact
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design with different contact width and 4-point probe measurements, the estimated
resistivity of our plated Cu finger is calculated to be 1.7 + 0.1 uf2 cm, which is comparable
to the Cu bulk material. In contrast, the resistivity of our lab-scale standard SP-Ag finger
is 10.0 £ 5.0 u2 cm. There are two aspects to be noted. First, as mentioned in the
Experimental section, the raw finger resistivity values are calculated from the measured
finger resistance and related geometrical dimensions, the latter could intrinsically bring
uncertainties due to the non-standard/non-uniform geometrical shapes of the fingers.
Second, the resistivity value of our screen-printed Ag finger is limited by issues such as
setup, paste, curing condition in the laboratory, and cannot be representative of state-of-
the-art screen-printed Ag finger as obtained in an optimized industrial environment.

50 um \ : 1pm

(c)
10x : 10%

Figure D.5: (a) SEM and (c) optical microscope images of our optimal hybrid Cu finger, and (b) SEM and (d)
optical microscope images of the lab-standard SP-Ag finger.

Table D.1 shows the comparative bifacial SHJ solar cell results with plated Cu and SP-
Ag metallization approaches, from n-side illunimation. The Cu-plated cell outperforms
the SP cell both optically and electrically. Specifically, with respect to the cell with SP-Ag,
the higher open-circuit voltage (Voc ) in the Cu-plated cell could be attributed to its less
recombination centres at the metal and silicon interfaces. Supportive information could
be found in Figure E.6, in which one can clearly see the damaged pyramid structures by
metal penetration of SP-Ag into the silicon substrate. In addition, we note that the implied
Voc (i-Voc ) values were 740 mV of the SHJ cell precursors before metallization procedure.
Surprisingly, the difference between i- V¢ and V¢ was observed to be >20 mV, even for
the Cu-plated cells. This manifests that the quasi-Fermi level splitting of majority and
minority carriers in the absorber was not effectively transferred to the external voltage
[10, 311]. Detailed diagnosis remains to be performed.

Regarding the optical response, the higher short-circuit current density (Js¢) in Cu-
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plated cells could be explained by its lower metal coverage of 1.6% than the 4.4% of the
SP-Ag solar cells. In addition, it is noteworthy that the solar cells were not encapsulated,
thus the measured J¢ is somehow compensated by counting both the fractions B and C as
shadow areas, rather than only counting the fraction C as shadow portion in the top finger
part (see discussion related to Figure D.4(a)). The finger shape has been reported to play
an important role in the optical properties in the module [412, 413]. We believe that the
optical advantage of the Cu-plated cell over the screen-printed cell is potentially higher
when measured with encapsulated cells [412, 413]. As for the fill factor (FF) of the cells,
with respect to the screen-printed cells, the Cu-plated SHJ cell shows a significant average
FF improvement by 4.65%ps.. It has been theoretically and experimentally proven that
the c-Si absorber itself could provide sufficient lateral electron transport towards the
metal electrodes [170, 313]. For the p-side, we calculated the diffusion length of the holes
to be 1080 um. This value is bigger than the finger gap of 915 pm in plated Cu grid, but
smaller than the finger gap of 1740 um in printed Ag grid. Therefore, the low FF in the
screen-printed cell should be mainly caused by the large finger gap on the p-side of
the cell. Additional factors such as finger resistance, the contact resistivity at the layer
interfaces, and the selectivity of the functional layers in the cell precursors, remain to
be investigated. The measured pseudo fill factor (pFF) values are 85.10% + 0.36% and
84.07% + 0.12%, and the calculated series resistance (Rs, sunsvoc) values were calculated to
be 0.93 +0.02 Q cm? and 1.71 + 0.02 Q cm?, for Cu-plated solar cell and SP counterpart,
respectively. The overall power conversion efficiency shows an average improvement of
1.9%,ps.- Figure D.6 shows the corresponding comparative I-V curves and cell parameters
of our champion devices, from n-side illumination. One can clearly see the optical
and electrical advantages in Cu-plated cell over the screen-printed counterpart. The
champion bifacial Cu-plated SHJ device shows a power conversion efficiency of 22.10%
from n-side illumination. Measuring from p-side illumination, the bifaciality factor was
calculated to be 0.99. In addition, it may be important to note that the data in Table
D.1 and Figure D.4 are from this laboratory case study. In other words, one cannot treat
the comparative data as evidence of technical outperformance of Cu-plating technique
over screen-printing technique. Besides, the issues we have in our lab-scale, standard,
screen-printed solar cells may not exist at an industrial level. Thus, the purpose of the
above analysis only lies in gaining insights about the cause of the observed difference in
our solar cell performance.

Table D.1: Solar cell parameters of 4 cm? SHJ devices with plated Cu and SP-Ag metallization approaches. The
cell precursors were fabricated from one batch. The designed metal coverage values are 1.6% and 4.4%,
respectively. The reported values are the average based on three cells illuminated from the n-side. The standard
deviation is calculated for each external parameter.

Metal Open-circuit voltage ~ Short-circuit current density ~ Fill factor Efficiency
[Voc, mV] Usc, mA/cm?] LFF, %] [, %]

PlatedCu 716+1.5 38.07 + 0.04 80.76 + 0.04 22.02 +0.06

SP-Ag 710 £3.5 37.24 £ 0.02 76.11 +£0.07 20.12+0.10

D.4 Conclusions
In summary, via cyclic voltammetry approach, we studied the electrochemical behav-
iors on both sides of the wafer in the one-step simultaneous Cu-plating process, based on
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Figure D.6: Champion bifacial SHJ solar cell results with plated Cu and SP-Ag metallization approaches,
illuminated from the n-side. The cell area is 4 cm?, and the designed metal coverage values are 1.6% and 4.4%,
respectively.

which the evaluation on the double-side plating control can be made. The results show
that the the initial Cu growth on Ag seed layer is an overpotential deposition. With a 2-step
deposition approach, we improved finger adhesion and achieved relatively uniformly
distributed Cu fingers. With appropriate morphological manipulation on the plated Cu
finger, we fabricated a new type of hybrid-shaped Cu finger, which consists of a rectangu-
lar bottom part and a round top part with an utmost effective aspect ratio value of 1.73.
Finally, with respect to our lab-scale, standard, low-temperature screen-printed silicon
heterojunction solar cells, the Cu-plated devices showed both optical and electrical ad-
vantages. The champion bifacial Cu-plated device shows a power conversion efficiency
of 22.1% from front side (i/n) illumination, and a bifaciality factor of 0.99.



Controllable bifacial Cu-plating
for c-Si solar cells (I1)

This appendix provides supporting information of Appendix D, which was included in
the publication of Solar RRL ™" [371]

E.1. Bifacial SHJ solar cell images from front side (i/n)

(b) |”|||I||Il

Figure E.1: Images of the front sides (i/ n) of our (a) Cu-plated and (b) screen-printed SHJ solar cells. For each
type of solar cell, the rear side (i/ p) is using the same metal grid as that applied on the front side.

*C. Han, G. Yang, P. Procel, D. O’Connor, Y. Zhao, A.Gopalakrishnan, X. Zhang, M. Zeman, L. Mazzarella, and O.
Isabella, “Controllable simultaneous bifacial Cu-plating for high efficiency crystalline silicon solar cells,” Solar
RRL, 2100810, 2022. February 12, 2022, doi:10.1002/s01r.202100810.

145



146 E. Controllable bifacial Cu-plating for c-Si solar cells (II)

E.2. Reflectance and transmittance curves of the substrate that was used in bifacial
solar cell measurements
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Figure E.2: Reflectance (R) and transmittance (7) curves of the substrate that was used in bifacial solar cell
measurements.

E.3. CV scans with varied scan rates in monofacial deposition process
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Figure E.3: CV scans with varied scan rates in monofacial deposition process.
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E.4. Geometrical calculations of areas A, B, and C

Area A: Downward trajactory of light

Critical angle 0 ;:

Incoming light Air

tan 6., =1, thus 0, = 45°

Area B: Total internal reflection
Critical angle 6, ,:
Npir * SiN 90° = N * SN 20, 5,

thus, 6., = 20.9°

Area C: Reflection loss (shadow area)
Width of area C w:
wc=2x(0.5D xsin 6.,)=0.36 D

Figure E.4: Geometrical calculations of areas A, B, and C.

E.5. Prototype sketches of two types of hybrid-shaped fingers

(a) (b)
A Incoming light _ Incoming light
Air \ Air > \L ‘ ‘

Figure E.5: Prototype sketches of two types of hybrid-shaped fingers.
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E.6. SEM images of the silicon surface after SP-Ag and ITO removal

Figure E.6: SEM images of the silicon surface after SP-Ag and ITO removal, at magnifications of (a) 100x, and (b)
1000x at the labelled area in (a).
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