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Summary

Large-scale deployment of photovoltaic (PV) technology is imperative for realizing a fu-
ture sustainable and electrified energy system. Over the past decades, technological ad-
vancements that enhance the efficiency of PV technologies have been one of the crucial
aspects for significantly reducing the cost of PV-generated electricity. Among various
crystalline silicon (c-Si) PV technologies, silicon heterojunction (SHJ) solar cells, which
have achieved the highest efficiency of single-junction c-Si solar cells, hold great promise
for advancing the energy transition facilitated by PV technologies even further. More-
over, notable efficiency enhancements, which are well beyond the theoretical efficiency
limit of single-junction c-Si solar cells, have been experimentally demonstrated by com-
bining SHJ solar cells with semi-transparent perovskite solar cells in tandem configura-
tions. This thesis focuses on addressing the challenges of efficient deployments of doped
hydrogenated nanocrystalline silicon-based (nc-Si:H-based) layers for high-efficiency
front/back-contacted (FBC) SHJ solar cells and applications of FBC-SHJ bottom-cells
in two-terminal (2T) and four-terminal (4T) tandem devices with perovskite top-cells,
supported by advanced opto-electrical simulations.

Firstly, the development of transparent doped nc-SiO,:H layers alongside various in-
terfacial engineering techniques for their effective integration into FBC-SH] solar cells is
presented. We highlight the remarkable flexibility in tunning the opto-electrical prop-
erties of doped nc-SiO,:H layers by adjusting their deposition conditions. In general,
(m)-type nc-SiO:H layers offered a wider range of optical transparency for achieving
low activation energies (E,) as compared to the (p)-type counterparts. By implementing
optimized interfacial engineering techniques developed for doped contact stacks based
on nc-SiO :H layers in FBC-SH] solar cells, we showcased a significant improvement in
fill factor (FF) of more than 12%jps,, raising it from 65.6% to 77.9%. Besides, the opti-
cal transparency of (n)nc-SiO :H-based window layers was demonstrated by an average
1.5 mA/cm? higher short-circuit current density (Jsc) as compared to (n)a-Si:H counter-
parts.

Afterwards, the design and optimization of efficient hole collectors based on bi-layer
(p)-contact ((p)nc-SiO:H + (p)nc-Si:H) for high-efficiency SHJ solar cells are shown.
Through a combination of theoretical understanding and experimental observations,
several strategies were found to reduce the contact resistivities of (p)-type contact stacks.
These strategies include using a thinner (i)a-Si:H layer, employing a (p)nc-SiO :H with
a larger difference between the optical bandgap (Eps) and E,, finding an appropriate
thickness combination of (p)nc-SiO :H and (p)nc-Si:H, and applying the optimized hy-
drogen plasma treatments (HPTs). Optimizing these strategies contributed to achieving
certified FFs well above 80% in both front and rear junction solar cells. In addition, the
variation in the contact resistivity of (p)-type contact stacks was found to impact the dis-
tribution of lateral and vertical transport of holes on the illuminated side of solar cells.
This was supported by device simulations which gave more insights into different com-
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ponents of lateral contributions.

Subsequently, the opto-electrical properties of various (n)-layers, including (n)a-
Si:H, (n)nc-Si:H and two types of (n)nc-SiO:H layers and their implementation (as thin
as 2 nm) into rear junction FBC-SH]J solar cells are compared. A minimum thickness of
around 8 nm was identified for (n)nc-SiO :H layers to maintain the passivation quality
and be effective as the electron transport layer. On the other hand, the minimum thick-
ness required for (n)nc-Si:H and (n)a-Si:H can be as thin as 3 to 4 nm. This difference
could be associated with their dissimilar capability of incorporating active doping in
such thin thicknesses (< 10 nm). Specifically, (n)a-Si:H was the most conductive layer,
then followed by (7)nc-Si:H and (n)nc-SiO :H layers when they were deposited on (i)a-
Si:H layers. Despite the high E, of a 3-nm-thick (n)nc-Si:H layer, the solar cell endowed
with this (n)-contact together with the optimized HPTs delivered a certified efficiency
of 22.2% and a FF of 80.1%, and showed a 0.61 mA/cm? Jgc gain over the (n)a-Si:H
counterpart mainly owing to the higher transparency of (n)nc-Si:H. Furthermore, we
observed unexpected surface oxidation of (n)nc-Si:H likely induced by the TCO sputter-
ing, which was not seen for (n)a-Si:H. To avoid this interfacial oxidation, an additional 2
nm (n)a-Si:H was added on top of this 3-nm-thick (7)nc-Si:H and significantly improved
the FF from 78.6% to 80.0%.

With the optimized hole and electron collectors, the effects of (i)a-Si:H deposition
temperature on the performance of SHJ solar cells are investigated. At the lower end
of temperatures ranging from 140 °C to 200 °C, Fourier-transform infrared spectroscopy
measurements revealed that these (i)a-Si:H films were less dense, thus hindering their
surface passivation capabilities. However, after applying the additional HPTs on (i)a-Si:H
layers, those layers deposited at lower temperatures exhibited significant improvements
and better passivation qualities as compared to their counterparts deposited at higher
temperatures. Conversely, although cells with (7)a-Si:H deposited at the lowest temper-
ature (140 °C) exhibited the highest Vpcs, the related FFs were poorer as compared to
their higher temperature counterparts. The optimum trade-off between Vpc and FF for
the SHJ cells was found with temperatures ranging from 160 °C to 180 °C, resulting in
independently certified efficiencies of 23.71%. With further improved (p)-layers that en-
abled a FF of 83.3%, an efficiency of 24.18% was achieved.

Furthermore, optical simulation-aided design and development of SH] bottom
sub-cells for high-efficiency 2T and 4T perovskite/SH]J tandem solar cells are presented.
For front-flat and rear-textured 2T tandem devices, we developed and compared var-
ious (7)a-Si:H passivating layers for (100)-oriented flat c-Si surfaces. These (i)a-Si:H
passivating layers include (i)a-Si:H mono-layer, (i)a-Si:H bi-layer and (i)a-Si:H bi-layer
combined with an HPT. Afterwards, they were combined with (n)a-Si:H, (n)nc-Si:H, and
(m)nc-SiO :H layers for SHJ bottom-cell applications. A long minority-carrier lifetime
of 16.9 ms was achieved when combining (i)a-Si:H bi-layers with (n)nc-Si:H (extracted
at the injection level of 10'°> cm™) in a symmetrical configuration. Together with pho-
tostable mixed-halide perovskite top-cells developed by Eindhoven University of Tech-
nology, we demonstrated tandem efficiencies above 23% (a maximum of 25.1%) using
all three types of (n)-layers. Experimental observations and optical simulations suggest
that both (n)nc-SiO,:H and (n)nc-Si:H are promising for high-efficiency tandem solar
cell applications. This is attributed to minimized reflection at the interfaces between
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the perovskite and SHJ sub-cells through optimized interference effects, demonstrating
the applicability of such light management techniques to various tandem structures.
Besides, thanks to the united efforts among the Netherlands Organization for Applied
Scientific Research (TNO), Interuniversity Microelectronics Centre (imec), Eindhoven
University of Technology and Delft University of Technology, we demonstrated a 4T
tandem solar cell with an efficiency of 30.1% that features a certified semitransparent
perovskite top-cell.

Last but not least, apart from concluding the main research findings obtained from
this thesis, we also provide outlooks on future research topics that can advance further
the development of SHJ solar cells. Especially, as an outlook beyond the classical FBC-
SHJ solar cell architecture, we propose various novel SHJ-based solar cell architectures.
Their potential performance was assessed and compared via rigorous opto-electrical
simulations and a maximal efficiency of 27.60% was simulated for FBC-SH] solar cells
featuring localized contacts.






Samenvatting

Dutch translation by Youri Blom.

Grootschalige inzet van fotovoltaische (PV) technologie is noodzakelijk voor het
realiseren van een duurzaam en geélektrificeerd energiesysteem in de toekomst. In
de afgelopen decennia zijn technologische ontwikkelingen die de efficiéntie van PV-
technologieén verbeteren, een van de cruciale aspecten geweest om de kosten van
door PV opgewekte elektriciteit aanzienlijk te verlagen. Van de verschillende kris-
tallijn silicium (crystalline silicon in het Engels, c-Si) PV-technologieén hebben si-
licium heterojunctie (SHJ) zonnecellen, die het hoogste rendement hebben bereikt
van enkelvoudige-junctie c-Si-zonnecellen, veel potentie om de energietransitie die
wordt gefaciliteerd door PV-technologieén nog verder te bevorderen. Bovendien zijn
significante efficiéntieverbeteringen, die veel verder gaan dan de theoretische effi-
ciéntielimiet van enkelvoudige-junctie c-Si-zonnecellen, experimenteel aangetoond
door SHJ-zonnecellen te combineren met semi-transparante perovskiet-zonnecellen
in tandemconfiguraties. Dit proefschrift richt zich op het aanpakken van de uitdagin-
gen van efficiénte implementaties van gedoteerde gehydrogeneerde nano-kristallijne
silicium-gebaseerde (nc-Si:H-gebaseerde) lagen voor zeer efficiénte voor-/achterzijde
gecontacteerde (front/back-contacted in het Engels, FBC) SHJ-zonnecellen en toe-
passingen van FBC-SHJ bodemcellen in tandempanelen met twee terminals (2T) en
vier terminals (4T) met perovskiet-top-cellen, ondersteund door geavanceerde opto-
elektrische computersimulaties.

Eerst wordt de ontwikkeling van transparante gedoteerde nc-SiO :H-lagen naast ver-
schillende tussenlaag-gerelateerde engineeringtechnieken voor hun effectieve integratie
in FBC-SHJ-zonnecellen gepresenteerd. We tonen de opmerkelijke flexibiliteit aan bij
het afstemmen van de opto-elektrische eigenschappen van gedoteerde nc-SiO,:H-lagen
door hun depositie-omstandigheden aan te passen. Over het algemeen boden (n)-type
nc-SiO :H-lagen een breder bereik van optische transparantie voor het bereiken van lage
activeringsenergieén (E,) in vergelijking met de (p)-type tegenhangers. Door geoptima-
liseerde tussenlaag-gerelateerde engineeringtechnieken te implementeren die zijn ont-
wikkeld voor gedoteerde contactlaagstapelingen op basis van nc-SiO :H-lagen in FBC-
SHJ-zonnecellen, hebben we een aanzienlijke verbetering van de vulfactor (fill factor in
het Engels, FF) van meer dan 12%,g, laten zien waardoor deze is gestegen van 65,6%
tot 77,9%. Bovendien werd de optische transparantie van (n)nc-SiO x:H-gebaseerde ven-
sterlagen aangetoond door een gemiddeld 1,5 mA/cm? hogere kortsluitstroomdichtheid
(short-circuit current density in het Engels, Jsc) in vergelijking met (n)a-Si:H tegenhan-
gers.

Daarna wordt het ontwerp en de optimalisering van efficiénte gatencollectoren op
basis van het dubbellaagse (p)-contact ((p)nc-SiO :H + (p)nc-Si:H) voor hoog-efficiénte

XV



XVi Samenvatting

SHJ-zonnecellen getoond. Door een combinatie van theoretisch inzicht en experimen-
tele waarnemingen zijn verschillende strategieén gevonden om de contactweerstanden
van (p)-type contactlagen te verminderen. Deze strategieén omvatten het gebruik van
een dunnere (i)a-Si:H-laag, het gebruik van een (p)nc-SiO ,:H met een groter verschil tus-
sen de optische bandgap (Ep4) en E,, het vinden van een geschikte laagdiktecombinatie
van (p)nc-SiO,:H en (p)nc-Si:H, en het toepassen van de geoptimaliseerde waterstof-
plasma-behandelingen (hydrogen plasma treatments in het Engels, HPTs). Het optima-
liseren van deze strategieén heeft bijgedragen aan het behalen van gecertificeerde FF’s
van ruim boven de 80% in voor- en achterzijde-junctie-zonnecellen. Bovendien bleek de
variatie in de contactweerstand van (p)-type contactlaagstapelingen van invloed te zijn
op de verdeling van lateraal en verticaal transport van gaten aan de belichte zijde van
zonnecellen. Dit werd ondersteund door computersimulaties die meer inzicht gaven in
de verschillende componenten van de laterale bijdragen.

Vervolgens worden de opto-elektrische eigenschappen van verschillende (n)-lagen,
waaronder (n)a-Si:H, (n)nc-Si:H en twee soorten (n)nc-SiO :H-lagen en hun implemen-
tatie (zo dun als 2 nm) in achterzijde-junctie FBC-SHJ zonnecellen vergeleken. Een mi-
nimale dikte van ongeveer 8 nm is geidentificeerd voor (n)nc-SiO,:H-lagen om de pas-
siveringskwaliteit te behouden en effectief te zijn als elektronen-transportlaag. Aan de
andere kant kan de minimale dikte die nodigis voor (n)nc-Si:H en (n)a-Si:H lagen zo dun
zijn als 3 tot 4 nm. Dit verschil komt mogelijk door hun ongelijke vermogen om hoge
actieve doteringsconcentraties in dergelijke dunne lagen (<10 nm) te realiseren. (n)a-
Si:H was de meest geleidende laag, gevolgd door (n)nc-Si:H en (n)nc-SiO :H lagen nadat
zij op (i)a-Si:H lagen werden gedeponeerd. Ondanks de hoge E, van deze 3 nm dikke
(n)nc-Si:H-laag leverde de zonnecel voorzien van dit (n)-contact samen met de geopti-
maliseerde HPTs een gecertificeerd rendement van 22,2% en een FF van 80,1% , en ver-
toonde een Jsc-winst van 0,61 mA/ cm? ten opzichte van de (n)a-Si:H-tegenhanger, voor-
namelijk dankzij de hogere transparantie van (n)nc-Si:H. Verder zagen we onverwachte
oxidatie aan het (n)nc-Si:H oppervlak waarschijnlijk geinduceerd door TCO-sputteren,
wat niet werd waargenomen voor (n)a-Si:H. Om deze grensvlakoxidatie te voorkomen,
werd een extra 2 nm (n)a-Si:H laag gedeponeerd bovenop deze 3 nm dikke (n)nc-Si:H
laag en dit verbeterde de FF aanzienlijk van 78,6% naar 80,0%.

Met de geoptimaliseerde gaten- en elektronencollectoren, zijn de effecten van de
(i)a-Si:H depositie-temperatuur op de prestaties van SHJ-zonnecellen onderzocht. Voor
lagere temperaturen, variérend van 140 °C tot 200 °C, onthulden Fourier-transformatie
infraroodspectroscopie-metingen dat deze (i)a-Si:H-films minder dicht waren, waar-
door hun oppervlaktepassiverings-mogelijkheden werden belemmerd. Echter, na het
uitvoeren van de extra HPTs op (i)a-Si:H-lagen, vertoonden de lagen, die bij lagere
temperaturen werden gedeponeerd, significante verbeteringen en betere passiverings-
eigenschappen in vergelijking met hun tegenhangers die bij hogere temperaturen
werden gedeponeerd. Omgekeerd, hoewel cellen met (i)a-Si:H gedeponeerd bij de
laagste temperatuur (140 °C) de hoogste Vpc’s vertoonden, waren de bijbehorende FF’s
slechter in vergelijking met hun tegenhangers gedeponeerd bij hogere temperaturen.
De optimale combinatie van Vpc en FF voor de SHJ-cellen is gevonden bij temperaturen
variérend van 160 °C tot 180 °C, resulterend in onafhankelijk gecertificeerde efficiénties
van 23,71%. Met verder verbeterde (p)-lagen die een FF van 83,3% mogelijk maakten,
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werd een efficiéntie van 24,18% behaald.

Verder worden met behulp van optische simulaties het ontwerp en de ontwikkeling
van SHJ bodemcellen voor zeer efficiénte 2T- en 4T-perovskiet/SHJ-tandemzonnecellen
gepresenteerd. Voor voorzijde-vlak en achterzijde getextureerde 2T tandem-cellen heb-
ben we verschillende (i)a-Si:H passiveringslagen ontwikkeld en met elkaar vergeleken
voor (100)-georiénteerde vlakke c-Si-oppervlakken. Deze (i)a-Si:H passiverende lagen
bevatten een (i)a-Si:H monolaag, een (i)a-Si:H dubbellaag en een (i)a-Si:H dubbellaag
gecombineerd met een HPT. Daarna werden ze gecombineerd met (n)a-Si:H-, (n)nc-
Si:H- en (n)nc-SiO,:H-lagen voor SH] bodemcel-toepassingen. Een lange levensduur
van minderheidsdragers van 16,9 ms werd bereikt bij het combineren van (i)a-Si:H
dubbellagen met (n)nc-Si:H (bij een injectieniveau van 10'® cm™) in een symmetrische
configuratie. Samen met fotostabiele mixed-halogenide perovskiet topcellen ontwikkeld
door de Technische Universiteit Eindhoven, hebben we tandem-efficiénties van meer
dan 23% (maximaal 25,1%) aangetoond met behulp van alle drie soorten (n)-lagen. Ex-
perimentele waarnemingen en optische simulaties suggereren dat zowel (n)nc-SiO,:H
als (m)nc-Si:H veelbelovend zijn voor zeer efficiénte tandem-zonneceltoepassingen. Dit
wordt toegeschreven aan minimale reflecties op de grensvlakken tussen de perovskiet-
en SHJ-subcellen door geoptimaliseerde interferentie-effecten, wat de toepasbaar-
heid van dergelijke lichtmanagementtechnieken op verschillende tandemstructuren
aantoont. Bovendien hebben we dankzij de gezamenlijke inspanningen van TNO, In-
teruniversitair Micro-elektronica Centrum (imec), Technische Universiteit Eindhoven
en Technische Universiteit Delft een 4T tandem-zonnecel gedemonstreerd met een ef-
ficiéntie van 30,1% en waarbij de semi-transparante topcel onafthankelijk gecertificeerd
is.

Tenslotte, naast het concluderen van de belangrijkste onderzoeksresultaten die uit
dit proefschrift zijn verkregen, werpen wij ook een blik op toekomstige onderzoeks-
thema’s die de ontwikkeling van SHJ-zonnecellen kunnen bevorderen. Vooral als een
vooruitblik op de klassieke FBC-SHJ-zonnecelarchitectuur, stellen we verschillende
nieuwe op SHJ gebaseerde zonnecelarchitecturen voor. Hun potentiéle prestaties
werden beoordeeld en vergeleken via rigoureuze opto-elektrische simulaties en een
maximale efficiéntie van 27,60% werd gesimuleerd voor FBC-SHJ-zonnecellen met
lokale contacten.






Introduction

1.1 The indispensable energy transition: renewable energy
on the upbeat

Global warming, an increasingly severe challenge for all humankind, is a true reality. An
evident example of climate change is represented by the glacier retreat in Greenland.

Greenland, the largest island in the world, is the second-largest ice body worldwide
with nearly 80% of its surface covered by ice [1]. As calculated, if all the ice of Greenland
is melted, there is a global sea level rise of 7.2 meters [2]. Since the 1980s, the mass loss
of the Greenland ice sheet has drastically increased nearly sixfold from 51 + 17 Gt/year
to 286 + 17 Gt/year till 2018. This accelerated mass loss has contributed 13.7 + 1.1 mm to
the global sea level rise from 1972 to 2018 [3]. During this period, the global land-ocean
temperature increased by 0.84 °C [4], which also increased the sea level through thermal
expansion of the ocean [5]. Moreover, the ten warmest years in the past 2000-plus years
have occurred in the recent decade, and this temperature rise is still happening [4]. Sci-
entists have assessed the effects of global warming with evidence and indicated higher
probabilities of negative impacts on our world, such as extreme temperatures, droughts,
scarcity of drinking water and food, extreme precipitation and economic damage [6].
The root cause of global warming is the high emissions of heat-trapping greenhouse
gases (GHGs) and insufficient capacity to process them, especially the rise of carbon
dioxide (CO,) concentrations due to our fossil fuel-based industry. Since the start of the
industrial era around 1750, the atmospheric concentration of CO; has increased by 50%,
which is even more than the natural evolution over a period of 20,000 years [4].

In an attempt to limit global warming to a minimum extent, Paris Agreement has
been signed and entered into force with global efforts and collaborations in 2015. The
goal of the Paris Agreement is to constrain the global temperature increment to be no
more than 2 °C, and preferably 1.5 °C as compared to pre-industrial levels (1850-1900)
[7]. Till 2022, the global temperature has increased by 1.05 °C since 1880 [4]. Therefore, to
achieve this target set by Paris Agreement, human activity-induced CO; emissions have
to be minimized. Figure 1.1 illustrates the projected total energy supply and CO, emis-
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Figure 1.1: The projected total energy supply and CO2 emissions for the Net-Zero emissions by 2050 scenario.
Source from IEA [8].

sions for the International Energy Agency (IEA) Net-Zero emissions by 2050 scenario [8].
As seen in Figure 1.1, the current total energy supply heavily relies on fossil fuels such as
coal, oil and natural gases. While in the Net-Zero emission by 2050 scenario, substantial
progress has to be made to rapidly shift away from fossil fuels-dominated energy supply
to renewable energy supply, which includes solar, wind, hydro, modern bioenergy and
other renewables. According to the recent report from The Intergovernmental Panel on
Climate Change (IPCC) [9], solar energy holds enormous potential among all renewable
energy sources and offers the smallest economic cost to reduce net CO; emissions.

1.2 Photovoltaic solar cell technology

Solar energy is taking the lead in the energy transition and becoming the new king of
electricity delivery among all available renewable energy sources [10]. In 2010, electricity
generated by solar energy was negligible in all major power systems [11]. In 2021, around
6% and 3.72% of annual electricity production was from solar energy for Europe and
the world, respectively [12, 13]. As more recently calculated by IEA Photovoltaic Power
Systems Programme (PVPS), solar energy theoretically contributed 8.7% and 6.2% to the
electrical demand of Europe and the world respectively by the end of 2022 [14]. While
to meet the goal the world sets for 2050 (the Paris Agreement), at least 25% of electricity
generation should be fulfilled with solar energy by 2050 according to the International
Renewable Energy Agency (IRENA) [15]. Recently, research from Haegel and colleagues
forecasts that over 40% of the world’s electricity demand will be covered by solar energy
in 2050 [11]. Furthermore, according to Ram, et al. [16], the significance of solar energy
is also emphasized by its substantial contribution of 69% to the primary energy supply
in a projected 100% renewable energy system for 2050.

The conversion of solar energy to useful electricity is achieved via Photovoltaic (PV)
technology by using solar cells, whose basic working principle will be first elaborated
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Figure 1.2: The schematic representation of the basic working principle of a solar cell. (i) Absorption of photons
generates electron-hole pairs. (ii) In practice, electrons and holes may recombine. (iii) Preferably, selective
transport and collection of electrons and holes are facilitated by the electron transport layer (ETL) and the
hole transport layer (HTL), respectively. (iv) Mobile electrons transport through an external circuit and (v)
recombine with holes. In the figure, e” represents an electron and h* refers to a hole. Figure adapted from [18].

in this section. Subsequently, the diverse PV solar cell technologies and the market are
briefly introduced.

1.2.1 The basic working principle and the efficiency limits of solar cells
Solar energy, or light, is electromagnetic radiation that consists of massless photons with
different energies. The energy of a photon is given by E = hv, where h is Planck’s con-
stant, v is the frequency of the light. A solar cell, which is mainly composed of semicon-
ductor materials, can generate a potential difference upon its illumination to light. This
phenomenon is referred to as the photovoltaic (PV) effect, which was first discovered by
Alexandre-Edmond Becquerel back in 1839 [17]. The basic working principle of a solar
cell is schematically illustrated in Figure 1.2.

As depicted in Figure 1.2, the energy conversion process in a solar cell can be compre-
hended as follows. Firstly, light is absorbed by an absorber, resulting in the generation of
electron-hole pairs when the incident photons have sufficient energy equal to or larger
than the bandgap (E) of the absorber (see Section 2.1.1 for the definition of Eg). Ide-
ally, as the generated electrons and holes diffuse to (near) the surfaces of the absorber,
they are selectively transported and collected towards the corresponding electrodes fa-
cilitated by the electron transport layer (ETL) and the hole transport layer (HTL), respec-
tively. However, in practice, a portion of the generated electrons and holes undergo re-
combination (various recombination mechanisms are introduced in detail in Section
2.1.3), thus hindering the collection of generated charge carriers. Lastly, the generated
electrons flow out of the solar cell, travelling through an external circuit containing a
load, and eventually recombining with holes.

The performance of a solar cell is typically evaluated by its power conversion effi-
ciency (1), which is the ratio of the maximum power generated by the solar cell to the
total energy received from incident light. The 7 of a solar cell can be derived from the
short-circuit current density (Js¢), the open-circuit voltage (Voc) and the fill factor (FF)
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of the cell extracted under standard test conditions (STC). The STC is defined by an irra-
diance of 1000 W/m?, an AM 1.5G spectrum and a solar cell temperature of 25 °C. More
details on characterizing these external parameters (Jsc, Voc,FF and n) of a solar cell are
presented in Section 3.2.2.

A solar cell cannot transform 100% of the incident solar energy into electricity. Apart
from the fundamental thermodynamic limit that allows a maximum efficiency of around
85% (detailed discussion can be found in [18]), the Shockley-Queisser limit (or the de-
tailed balance limit), which was developed back in 1961, predicted around 30% theoret-
ical efficiency limit for single-junction solar cells [19]. Specifically, by considering only
radiative recombination (see Section 2.1.3) in solar cells and using the 6000 K blackbody
spectrum as the solar spectrum, they found a theoretical efficiency of 30% with an ab-
sorber featuring a bandgap of 1.1 eV and with a cell temperature of 300 K [19]. Further
with measured global AM 1.5G solar spectrum and a cell temperature of 298.15 K (25
°C), maximum efficiencies were calculated to be 32.85% and 33.16% for absorbers with
bandgaps of 1.15 eV and 1.34 eV, respectively [20]. With the addition of a perfect back
reflector at the rear side of the solar cell, the highest efficiency of 33.77% with a bandgap
of 1.34 eV was calculated [20]. For single-junction c-Si solar cells, a practical efficiency
limit of 29.43% was recently reassessed considering additional factors, including but not
limited to, non-radiative Auger recombination and bandgap narrowing occurring at high
injection conditions [21].

1.2.2 Evolution of c-Si PV solar cell technologies

The PV industry is a technologically diverse market where different types of solar cells
share the same basic working principle. Over the past decades, unprecedented cost re-
duction has been achieved for PV-generated electricity, which is already lower than fossil
fuel-based electricity in large parts of the world [10, 22]. The cost reduction mainly orig-
inates from the gradual maturing of PV solar cell technologies, the continuous improve-
ment in the efficiency of solar cells (modules), the progressive expansion of the produc-
tion capacity and the decrease in manufacturing costs [23-25]. Among different factors
that promote the advancement of the PV industry, uninterrupted technological innova-
tions are of great importance. Nowadays, the commercial PV market is dominated by
wafer-based crystalline silicon (c-Si) technologies. Thanks to the abundance of Si, pro-
cessing maturity, high efficiency and long service time (over 25 years), c-Si technologies
owned around 95% of the global annual PV production in 2021 [26]. In this section, dif-
ferent types of c-Si solar cells are briefly introduced and their schematic sketches are also
provided in Figure 1.3.

Al-doped back surface field solar cells

Starting with the aluminium-doped back surface field (Al-BSF) solar cells, they fea-
ture simple architecture and were the main working horse of the PV industry in the
past decades till 2013. As sketched in Figure 1.3 (a), typical Al-BSF solar cells use a
positive-type ((p)-type) wafer as the substrate and feature a front-diffused homojunc-
tion phosphorus-doped n* emitter and a full-area rear Al-doped p* BSF [27]. The latter
is formed during the firing process of screen-printed Al paste at the rear side of the
solar cells. The front metal contact is also formed by screen printing with a subsequent
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Figure 1.3: The schematic representations of the evolution of c-Si PV solar cell technologies: (a) Al-doped back
surface field (Al-BSF) solar cells [27]; (b) Passivated emitter and rear cells (PERC) [28]; (c) Passivated emitter
and rear locally diffused cells (PERL) [29]; (d) Passivated emitter and rear totally diffused cells (PERT) [30]; (e)
Solar cell with a tunnel oxide passivating contact (TOPCon) on the rear side [31]; (f) Solar cell with TOPCon
on both sides [32]; (g) Silicon heterojunction (SHJ) solar cells [30]; (h) Dopant-free SHJ solar cells [33]. The
presented structures are typical device designs that are adapted from their corresponding references.
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firing step, which allows the glass frit contained in the metal paste to etch away the
front anti-reflecting SiO,/SiN, layer, thus forming direct contact between the metal
and the n* emitter layer. In practice, co-firing of the front and rear sides is utilized for
fabricating Al-BSF solar cells. Typically, the V¢ of Al-BSF solar cells is limited to below
650 mV. Such alow V¢ is mainly due to the full-area direct contact of metal and Si at the
rear side, which results in high recombination losses of photogenerated electrons and
holes at the metal-silicon interface. At this interface, a high density of defects introduces
energy states that facilitate defect-assisted Shockley-Read-Hall recombination (more
details can be found in Section 2.1.3). In addition to the low V¢, Al-BSF solar cells also
have high parasitic absorption and non-optimum internal reflection at the rear side
[34]. The best Al-BSF solar cell has demonstrated a conversion efficiency of 20.29% [35].
Commercially, the Al-BSF cells exhibit efficiencies of around 20% [36].

Passivated emitter and rear cells

The recombination losses, especially at the rear side of Al-BSF solar cells, can be reduced
by introducing a dielectric passivating layer between the Si absorber and rear metal con-
tact. This type of solar cell is referred to as the passivated emitter and rear cells (PERC)
as first reported in 1989 [37]. As seen from a typical commercial (p)-type PERC solar
cell sketched in Figure 1.3 (b), the rear side features point contacts together with heavily
doped p* regions, while the non-contacted surface is covered by a dielectric layer stack
such as AlO,/SiN,, with the double functions of suppressing the surface recombination
and enhancing the internal reflectance [38, 39]. The point contacts can be formed by
using laser ablation combined with screen-printed Al and a firing step. The non-contact
area is protected by SiNy which is resistant to the Al paste during the firing process. Com-
prehensive reviews about PERC solar cells can be found elsewhere [38, 40].

Instead of utilizing the Al-doped p* BSE PERC-based architectures (PER'’X’) such
as (p)-type passivated emitter rear locally diffused (PERL) [41] and (p)-type passivated
emitter rear totally diffused (PERT) [42] solar cells, featuring either locally- or fully-
diffused boron-doped regions, respectively, are also industrial appealing [23, 43]. In
both (p)-type PERL and PERT, the contact regions are heavily doped with boron, while
for PERT cells, non-contact regions are relatively less doped as compared to contact
regions. Thanks to those boron-doped regions, the recombinations at the rear side
can be suppressed and the contact resistance is also reduced around contacting areas.
Overall, for the PER’X’ family, a long-held record efficiency of 25% was achieved with a
high Vo of 706 mV back in 1999 [42, 44, 45]. In mass production till 2022, the PERC cells
have efficiencies of about 24% [46].

Solar cells with carrier-selective passivating contacts

For both Al-BSF and PER’X’ solar cells, although doping of wafers can partially reduce the
recombination by minimizing the concentration of minority carriers at the metal/Si in-
terface, it also introduces significant Auger recombination, free carrier absorption (FCA)
and bandgap narrowing that limit their efficiencies [47-50]. To alleviate the direct con-
tact between the metal and silicon wafer, solar cells with carrier-selective passivating
contacts (CSPCs) are being developed. As the name suggests, stacks of thin-film layers
are deposited on both sides of the wafer to passivate the surface defects of the wafer
and selectively collect the photogenerated charge carriers. The prominent examples are
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low-thermal budget silicon heterojunction (SHJ) solar cells [51] and high-thermal bud-
get tunnel-oxide passivating contacts (TOPCon) [52] or doped polysilicon (poly-Si) on
oxide junction (POLO) [53] solar cells (see Figure 1.3 (e) - (h)). For SHJ or TOPCon solar
cells, optimized thin (< 10 nm) hydrogenated intrinsic amorphous silicon ((#)a-Si:H) lay-
ers or ultra-thin (< 2 nm) silicon oxide (SiO,) layers are utilized, respectively, to provide
excellent chemical passivation of c-Si substrates. Then, typically, doped a-Si:H and poly-
Si layers, or their alloys with oxygen or carbon [54-66], are implemented to achieve car-
rier selectivity for SHJ] and TOPCon solar cells, respectively. SHJ solar cells have reached
arecord efficiency of 26.81% [67] with a high V¢ of 751.4 mV in a front/back-contacted
(FBC) configuration, and 26.7% in an interdigitated back-contacted (IBC) architecture
[68]. Till the end of 2022, the best TOPCon solar cell efficiency has reached 26.4% [69]
and POLO-IBC demonstrated an efficiency of 26.1% [70]. In production lines till 2022,
solar cells with CSPCs deliver efficiencies of around 25% (71, 72].

These concepts of CSPCs entail the use of either doped a-Si:H or poly-Si layers
which exhibit high parasitic absorption when placed at the illuminated side of the solar
cells. Alternatively, dopant-free transition metal oxides (TMOs), which own higher
transparency than the abovementioned silicon-based layers, can mitigate this optical
loss while providing sufficient carrier selectivity. Materials with high work function
(WF), such as molybdenum oxide (MoO,) [73-76], tungsten oxide (WO,) [77, 78] and
vanadium oxide (VOy) [79], can be used as hole transport layers (HTLs). Materials with
low WE such as lithium fluoride (LiFy) [80], magnesium oxide (MgO,) [81], magnesium
fluoride (MgF,) [82], titanium oxide (TiO,) [83, 84], or strontium fluoride (SrF,) [85] can
be used as electron transport layers (ETLs) [27, 80]. In particular, in the Photovoltaic Ma-
terials and Devices (PVMD) group of Delft University of Technology, we implemented
MoO, as the HTL with standard (i)/(n)a-Si:H on the rear side in front-junction solar
cells. With this structure, we demonstrated a record certified efficiency of 23.83% for
this type of solar cells [86, 87]. As sketched in Figure 1.3 (h) [33], researchers presented a
21.4%-efficient solar cell with dopant-free contacts on both sides, where MoO,/ITO/Ag
and ZnO/LiF,/Al contact stacks are used for hole and electron collections, respectively.
Besides, both unencapsulated SHJ solar cells and encapsulated modules endowed with
MoO, were reported to retain over 95% of their initial efficiencies after standard damp
heat stability tests [88-90], demonstrating the promising viability of this technology.
Nevertheless, additional research is required for further progressing TMO-based SHJ
solar cells.

Si-based tandem solar cells

High efficiencies achieved by solar cells with CSPCs are approaching the theoretical ef-
ficiency limit of a single-junction c-Si solar cell, which was calculated to be 29.43% [21].
This limitation is mainly due to the spectral mismatch between the absorption charac-
teristics of the c-Si absorber and the broad solar spectrum (see Figure 1.4 (a)). Especially,
photons with higher energy than 1.12 eV, which is the bandgap energy of c-Si, will gen-
erate charge carriers with excessive energy that will be eventually lost as heat. This is
referred to as the thermalization loss as shown in Figure 1.4. To minimize this thermal-
ization loss and overcome this efficiency limitation, high bandgap materials that absorb
more efficiently the high energy photons can be stacked on top of c-Si solar cells to form
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Figure 1.4: The spectral mismatch between the AM 1.5G solar spectrum and absorption characteristics of (a)
a single-junction c-Si absorber (light blue, Eg = 1.12 €V), and (b) a tandem solar cell based on a c-Si absorber
(light blue) and a perovskite (light purple, Eg=1.69¢eV).

tandem solar cells. As illustrated in Figure 1.4 (b), this architecture allows for better uti-
lization of the solar spectrum. Typically, perovskite solar cells, which can be fabricated
with low-cost materials and processes, are used as top sub-cells together with market-
dominating c-Si solar cells as bottom sub-cells. The typical perovskite/c-Si tandem con-
figurations are sketched in Figure 1.5.

Asseenin Figure 1.5 (a), amonolithic two-terminal (2T) perovskite/c-Si tandem solar
cell consists of a perovskite top sub-cell and a front/back-contacted c-Si bottom sub-cell
that are electrically connected in series. This architecture allows a simple interconnec-
tion of sub-cells and low manufacturing costs. Due to the series connection, the current
density of the tandem cell is limited by the sub-cell with the smaller current density.
To enable high-efficiency 2T tandem solar cells, one has to ensure optimum current-
matching conditions at the maximum power point (Jypp). As highlighted by research
on thin-film silicon tandem (micromorph) solar cells, FF values of tandem devices can
be improved by slightly mismatching the Jsc of sub-cells [91]. Similarly, a more recent
study on 2T perovskite/c-Si tandem solar cells also shows that the minimum FF of tan-
dem devices was obtained when they featured nearly matched Jsc of both sub-cells [92].
This implies that a slightly lower Jsc tandem due to Jsc mismatching can be compensated
by the increment of FF, thus resulting in a rather wide distribution of maximum tandem
cell efficiency. The FF dependence on Jsc mismatching then becomes highly important
when considering energy yield analysis as real-world environments mostly provide non-
matching conditions. Nevertheless, Jsc matching is still a good first approximation to
enable high-efficiency 2T perovskite/c-Si tandem solar cells. Moreover, the design of 2T
tandem solar cells must also account for processing challenges as perovskite top sub-
cells are processed using c-Si bottom sub-cells as substrates [93].

Another common tandem architecture is the four-terminal (4T) tandem solar cell.
As shown in Figure 1.5 (c), the top and bottom sub-cells are electrically decoupled but
optically coupled by an insulating layer in between. Therefore, mechanically stacked
4T tandem solar cells allow independent fabrication and operation of both sub-cells.
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Figure 1.5: The schematic representations of typical (a) two-terminal (2T), (b) three-terminal (3T) and (c) four-
terminal (4T) perovskite/c-Si tandem solar cells. For 2T and 3T tandem solar cells, sub-cells are monolithically
stacked, while for the 4T solar cell, sub-cells are separated by an optical coupling layer (OCL).

However, as compared to 2T tandem solar cells, 4T tandem solar cells require additional
transparent conductive oxide (TCO) layers, which can cause additional parasitic absorp-
tion losses. Besides, another substrate for the perovskite top sub-cell and more exterior
electronics are needed for 4T tandem solar cells and modules, respectively, thus increas-
ing the costs of the PV system [94]. Nevertheless, as 4T tandem solar cells do not re-
quire current matching, they are insensitive to spectrum variations and are expected to
enable higher energy yield than the 2T counterparts [94]. However, some studies have
indicated that spectrum variations do not significantly impact the energy yields of 2T
tandem solar cells, resulting in comparable energy yields to 4T tandem solar cells un-
der real-world conditions [95, 96]. Both tandem configurations can be adapted to bifa-
cial designs, which are promising to provide a higher energy yield than their monofacial
counterparts [94, 97, 98]. Especially, researchers have highlighted advantageous appli-
cations of bifacial 4T tandem solar cells over the 2T counterparts. This is primarily due to
the better tolerance on albedo changes, the less sensitive requirement on the bandgap
of the perovskite top sub-cells and theoretically higher energy yield that is more pro-
nounced with higher albedos when using 4T tandem solar cells [98].

Keeping in mind the restrictions of 2T and 4T tandem solar cells, three-terminal (3T)
tandem solar cells (Figure 1.5 (b)) that do not require current matching and avoid addi-
tional optical losses have also attracted considerable research interest [99-103]. Thanks
to those advantages, the energy yield of a 3T tandem device is predicted to be more
promising than the 2T and 4T tandem solar cells, as studied for selected locations in the
United States [104]. However, 3-terminal tandem solar cells require a rather complicated
c-Sibottom sub-cell (such as an IBC solar cell) and complex stringing at the module level
[105-107].

All aforementioned tandem configurations are expected to feature theoretical effi-
ciencies of over 40% [102, 108]. And till May of 2023, 2T, 3T and 4T tandem solar cells
have achieved record efficiencies of 33.7% (area: 1.0035cm?), 29.56% (area: 24.5cm?),
and 30.79% (area: 64 cm?), respectively [109-112]. Challenges remain in scaling up and
mitigating the instability of the perovskite sub-cells. Notably, perovskite modules have
commenced mass production and have been deployed for field operations in utility-
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scale solar farms [113]. Moreover, it has been reported that the first volume manufac-
turing line of perovskite/silicon tandem solar cells is set to initiate production in 2023
[114]. Altogether, thanks to the substantial research progress made on perovskite/c-Si
tandem solar cells [115-118], the momentum of a further increase in cell efficiency is
secured.

1.2.3 The c-Si PV market

The status of the c-Si PV market in 2022 and the market evolution predictions are pre-
sented in Figure 1.6 [43]. In fact, various c-Si cell technologies as introduced above and
their different market shares reflect the overall evolution of mainly the efficiency of solar
cells and the cost of production [119, 120]. It is predicted that Al-BSF cells will be phased
out within 2023 [23, 43]. Due to the relatively straightforward upgrade from Al-BSF to
PERC production lines and mature technology developments, the PV market is currently
dominated by PERC solar cells with a total market share of around 80%. Nevertheless,
PERC solar cells are projected to experience a decline in market share to slightly above
10% in the next decade, as more efficiency-promising TOPCon and SHJ solar cells are
expected to undergo rapid growth. Other technologies such as back contact solar cells
and Si-based tandem solar cells are believed to expand in the coming years gradually.

100% — — f
90% —
80% —

£ 70%
<
% 60% s Q
o
3 E =
£ 50% s >
© =] o
= T 2
o 40% g E
5 3
S 30%
20%
10%
0%
SPGI2022 2022 2023 2025 2027 2030 2033
EBSF B PERC on p-type mono-Si W passivated contacts on p-type mono-Si
®TOPCon on n-type mono-Si Si-heterojunction (SHJ) on n-type mono-Si  mBack contact (p and n-type)

m Si-based tandem

Figure 1.6: The market shares of different c-Si solar cell technologies in 2022 and predictions till 2033 [43]. The
S&P Global (SPGI) data for 2022 is presented as a reference [121]. Different c-Si technologies are presented,
namely, Al-doped back surface field (BSF), passivated emitter rear contact (PERC), tunnel oxide passivated
contact (TOPCon), silicon heterojunction (SHJ), back contact and Si-based tandem solar cells.

Overall, continuous technological innovations and economies of scale strongly sup-
port the current success of the PV industry. In March of 2022, the world celebrated its
first terawatt (TW) PV installation capacity [122]. In 2050, the world would require about
70 TW accumulative deployment of PV [11, 123]. To achieve this goal, PV solar cell tech-
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nologies have to reduce or avoid the use of rare, expensive and toxic materials during
manufacturing and also feature good recyclability after their service time [123]. Most im-
portantly, solid political commitments and joint inter-governmental efforts are essential
to ensure the realization of this common goal, providing a fair share for all.

1.2.4 A brief recap of the efficiency progression of SH]J solar cells

Among various c-Si solar cells, SHJ solar cell technology, which is also the focus of this
PhD project, is a promising candidate to supply electricity with competitively low lev-
elized cost of electricity (LCOE) thanks to its high efficiency [67], low temperature co-
efficient (efficiency change < -0.25%/°C as compared to around -0.35 to -0.45%/°C for
diffused junction (Al-BSF and PER’X’ solar cells) and around -0.28%/°C for TOPCon so-
lar cells [124-126], high achievable bifaciality factor [127], simple and low-temperature
processing related benefits (thinner wafers and low thermal budget) [128]. Here a sum-
mary of the certified record efficiency progression of low-thermal budget SHJ solar cells
is illustrated in Figure 1.7.
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Figure 1.7: The certified record efficiency progression of low-thermal budget SHJ solar cells since the first
"HIT’ solar cell was reported by Panasonic (Sanyo) [51, 67, 68, 109, 129-139]. Note that only the "HIT’ solar cell
reported in 1992 was not certified. The star symbol represents the champion 26.81%-efficient FBC-SH]J solar
cell. Both LONGi and Huasun achieved a certified efficiency of 25.26% in June and July of 2021, respectively,
while LONGi’s cell having an area of 244.53 cm? and Huasun's cell having an area of 274.5 cm?, respectively.

The SHJ solar cells with (i)a-Si:H layers, also initially known as "Heterojunction with
Intrinsic Thin-layer’ (HIT) solar cells were first introduced by Panasonic (Sanyo) with an
efficiency of 18.1%, significantly marking better Voc and FF values at cell level than those
achieved in similar c-Si solar cell architectures without the (i)a-Si:H passivating layer
[51]. Apart from the continuous developments from Panasonic (Sanyo) that resulted
in an efficiency of 23.7% with a 98-um-thin wafer (area: 100.7 cm?) in 2011 [124, 134-
137, 140], the high-efficiency SH]J solar cell technology also attracted numerous research
interests from universities, research institutes and companies worldwide [27, 125, 141,
142], especially around the expiration period of 'core’ SHJ patents [143]. Two years later,
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in 2013, Panasonic (Sanyo) improved the efficiency to 24.7% by reducing the interface
recombination of (i)a-Si:H/c-Si together with minimizing the resistive losses in the solar
cells [138]. In 2014, they realized another jump in efficiency to 25.6% by implementing
an IBC configuration [139]. Nevertheless, soon after, FBC-SHJ solar cell fabricated by
Kaneka reached an efficiency of 25.1%, which also focused on recombination mitigation
at the (i)a-Si:H/c-Si interface [129]. In 2017, Kaneka achieved an efficiency of 26.7% for
an IBC-SHJ solar cell [68], which was a long-held record efficiency for single-junction
c-Si solar cells until November 2022. At that time, LONGi announced a record-breaking
efficiency of 26.81% for an FBC-SH]J solar cell (area: 274.4 cm?), which features a Jgc of
41.5mA/cm?, a Voc of 751.4 mV, a FF of 86.07% [67].

1.2.5 Motivation

The optimized opto-electrical performance, thus high efficiencies achieved for SHJ solar
cells, must require a thorough theoretical understanding of device designs, experimental
optimizations and careful processing. Tremendous efforts are being put internationally
into the technology development and multi-gigawatt industrialization of SHJ solar cells
and modules [27, 43, 125, 128, 141, 144-148]. However, the increasing demand of raw
materials such as silver and indium, which are critical to this PV solar cell technology, has
triggered comprehensive studies on the growth perspectives of this PV solar cell technol-
ogy, from both the industrialization and sustainability standpoints [43, 148, 149]. Over-
all, to facilitate the mass implementation of SHJ cells that can contribute to the energy
transition, it is crucial to develop SHJ solar cells with high efficiency while minimizing
the consumption of scarce resources.

More specifically, as sketched in Figure 1.3 (g), typical FBC-SH]J solar cells feature
layer stacks consisting of (i)a-Si:H passivating layers combined with doped a-Si:H lay-
ers. Electrically, these layer stacks should fulfil critical requirements to achieve high Vp¢
and FF of SHJ solar cells. These requirements include excellent surface passivation of
the c-Si absorber, sufficient selectivity of photogenerated charge carriers, and low con-
tact resistance with adjacent TCO layers. Apart from the necessity of optimized (i)a-Si:H
passivating layers for achieving excellent chemical passivation of the c-Si surface, such
requirements point to doped thin-film Si layers with minimum activation energy (E;) for
both electron and hole contacts, and favourably a wider Eg for hole collections [150, 151].
However, due to the moderate doping efficiency of a-Si:H films, their E, is in the order
of a few hundred millielectronvolts (meV) [152-154]. Attempts to reduce the E, by in-
creasing the doping in the a-Si:H films often result in increases in defect density, which
deteriorate the effective collections of charge carriers [155].

Despite the limited doping efficiency of a-Si:H films, when the light illuminates the
solar cells, part of the incident light will be parasitically absorbed by a-Si:H window lay-
ers. This leads to significant Jsc loss of SHJ solar cells because of the short diffusion
length of charge carriers in such materials [128, 156]. One way to minimize this optical
loss is to reduce the thicknesses of a-Si:H layers, which has revealed trade-offs between
the optical and electrical performance of solar cells [51, 156, 157], thus limiting the over-
all efficiency of solar cells. Alternatively, a-Si:H can be alloyed with oxygen (O) or carbon
(C) to become more transparent thanks to their widened Eg. Enhancing transparency
often results in degraded electrical performance of solar cells, which restrains the effi-
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ciency improvement [59, 158-161].

To quench the abovementioned material limitations, doped hydrogenated nanocrys-
talline silicon (nc-Si:H) that features superior opto-electrical properties over standard
a-Si:H films is alternatively implemented in SHJ solar cells [67, 162-166]. As will be dis-
cussed later in detail (Section 2.4), nc-Si:H is a mixed-phase material that consists of
nanocrystals embedded in the amorphous matrix. The existence of nanocrystals that
can be efficiently doped allows a high conductivity within the material. Besides, nc-
Si:H features lower absorption in the short-wavelength range [163, 164, 167] than a-Si:H,
thus allowing less parasitic absorption when nc-Si:H is placed on the illuminated side
of solar cells. The optical transparency can be further enhanced with its oxide alloys,
or the so-called hydrogenated nanocrystalline silicon oxide (nc-SiO,:H). Depending on
the deposition conditions, nc-5iO :H features unique tunable opto-electrical properties,
which in addition enable the flexibility to tailor the solar cell performance [168-175].
However, nc-Si:H-based materials exhibit substrate-dependent growth characteristics
and thickness-dependent conductivity [176-178]. In SHJ solar cells with (7)a-Si:H pas-
sivating layers, it is challenging to facilitate prompt nucleations of nanocrystals and thus
maintain excellent electrical properties within a thin nc-Si:H-based layer.

This thesis mainly focuses on addressing the challenges of efficient deployments
of doped nc-Si:H-based layers for high-efficiency SHJ solar cells. Moreover, to deliver
higher efficiencies than single-junction SHJ solar cells without adding substantial cost,
the development of tandem solar cells that combine SHJ bottom sub-cells with per-
ovskite top sub-cells is also a topic of this thesis.

1.2.6 Aim and outline

This thesis aims at understanding and developing high-efficiency SHJ solar cells utiliz-
ing doped nc-Si:H-based CSPCs, as well as their applications as bottom sub-cells in tan-
dem devices with perovskite top sub-cells. Firstly, the tunable opto-electrical properties
of doped nc-SiO :H layers were explored, and various approaches to effectively imple-
menting these layers into SHJ solar cells were evaluated. Then, rigorous opto-electrical
simulation-guided design and optimization of charge carrier collectors based on nc-
SiO,:H and nc-Si:H for high-efficiency SH]J solar cells were conducted. The investigation
of critical requirements for optimizing the (i)a-Si:H layers was also carried out. Eventu-
ally, the optimized SHJ bottom sub-cells were combined with perovskite top sub-cells
forming high-efficiency 2T and 4T tandem solar cells.

Following the introductory chapter that emphasizes the significance of PV solar cell
technology for energy transition, particularly the high-efficiency SHJ solar cell technol-
ogy, this thesis is structured as follows:

¢ In Chapter 2, the basic principles underlying the physics of SHJ solar cells are in-
troduced. Carrier generation and recombination in solar cells are first presented. Then,
typical FBC-SHJ device structures, mechanisms of selective transport and collection of
charge carriers, properties of a-Si:H and nc-Si:H-based layers and key aspects of imple-
menting them for high-efficiency SHJ solar cells are briefly reviewed and discussed.

* In Chapter 3, the experimental process and equipment used for fabricating FBC-
SHJ solar cells are described. Following this, the main characterization setups for as-
sessing opto-electrical and structural properties of thin-film layers, passivation quality,
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contact resistivity, device external parameters and spectral response are mentioned to-
gether with brief introductions on their working principles.

* In Chapter 4, an evaluation of different strategies to improve opto-electrical param-
eters of SHJ contact stacks founded on highly transparent nc-SiO :H layers is presented.
In this chapter, we first explore the opto-electrical properties of doped nc-SiO :H lay-
ers and build up a database of material properties with nc-SiO :H layers. Aiming at the
efficient application of nc-SiO :H layers for high-efficiency FBC-SHJ solar cells, we fur-
ther investigate the effects of different interface treatments on the electrical properties
of doped nc-SiO :H layers (stack) and the performance of solar cells.

¢ In Chapter 5, the design and optimization of hole collectors based on bi-layer
(p)nc-SiO :H and (p)nc-Si:H for high-efficiency SHJ solar cells are shown. By following
guidelines obtained from our device simulations, contact resistivities of doped contact
stacks, especially, the (p)-type contact stacks with varied deposition conditions, different
layer combinations and additional hydrogen plasma treatments (HPTs), are evaluated.
The extracted contact resistivities of doped contact stacks are subsequently utilized to
gain insights into the performance of solar cells.

* In Chapter 6, the implementation of ultra-thin electron collectors based on nc-
Si:H together with HPTs for high-efficiency SHJ solar cells is demonstrated. The de-
velopment of thin (n)-type window layers that are not thicker than 8 nm aims at min-
imizing losses induced by their parasitic absorption. The opto-electrical properties are
compared among thin (n)a-Si:H, (n)nc-Si:H and two types of (n)nc-SiO :H with device-
relevant conditions. Then, we apply these (n)-layers into FBC-SHJ solar cells, and we
evaluate the performance and interfacial properties of those devices with different (n)-
layers.

¢ In Chapter 7, the effects of (i)a-Si:H deposition temperature on high-efficiency SHJ
solar cells are investigated. We present the optical and microstructural properties of (i)a-
Si:H layers deposited under various temperatures, and the performance of solar cells is
further evaluated by examining those properties. Through this study, the requirements
for realizing an optimized (i)a-Si:H layer (stack) for high-efficiency SHJ solar cells are
revealed.

* In Chapter 8, the optical simulation-aided design and development of SHJ bottom
sub-cells for high-efficiency 2T and 4T perovskite/SHJ tandem solar cells are presented.
The optimization of SHJ solar cells dedicated to 2T tandem applications is performed.
Besides, optical simulations are employed to enable the optimization of device designs
with respect to light management. Finally, high-efficiency 2T and 4T perovskite/SH]J tan-
dem solar cells are demonstrated.

 In Chapter 9, the main results presented in this thesis are summarized and the out-
looks on future research for developing high-efficiency SHJ solar cells as well as tandem
solar cells are provided. Especially, as an outlook beyond the classical FBC-SH]J solar cell
design, we propose and evaluate the potential performance of various novel SHJ-based
solar cell architectures.

1.2.7 Main contributions to the field
The work endowed in this thesis primarily contributes to the advancement of research
and technology development on efficient implementations of nc-Si:H-based contact
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stacks for high-efficiency SHJ solar cells, through the engineering of material proper-
ties and heterointerfaces. The efficiencies of FBC-SH]J solar cells were improved from
around 18% to over 24% within this thesis. The best device exhibited an efficiency of
24.18% with a FF of 83.3%. As compared to our lab-standard screen-printed devices, this
best cell features reduced Ag consumption thanks to the use of Cu-electroplating and
reduced TCO consumption by utilizing double-layer anti-reflection coatings (DLARCs).
The developed contact stacks also serve as benchmarks for other SHJ-related solar cell
research conducted in the PVMD group of Delft University of Technology. Moreover, this
work also explored the application of these developed contact stacks for perovskite/SHJ
tandem solar cells, leading to new possibilities for the progression towards highly per-
forming tandem devices. The specific main contributions to the field are outlined as
follows:

* Overview of tunable opto-electrical properties of doped nc-SiO :H. We explored
and showcased the significant adjustability of the opto-electrical characteristics of
doped nc-SiO,:H layers by varying their deposition conditions. The high flexibility of
tuning those material properties allows one to tailor the selective transport of charge
carriers and thus the solar cell performance. In general, (n)-type nc-SiO :H layers offer a
wider range of optical transparency for achieving acceptable low E, values as compared
to the (p)-type counterparts, indicating the relaxed optimization efforts and preferred
implementation of (n)-type nc-SiO :H-based window layers for high-efficiency SHJ
solar cells.

* Heterointerfaces engineering for nc-SiO,:H-based contact stacks. We applied
various heterointerface engineering techniques to facilitate prompt nucleations of
nanocrystals in doped nc-SiO :H-based layers and to ensure less resistive doped-
Si/TCO interfaces. These techniques include the use of oxygen-absent nc-Si:H seed
layers, HPTs, doped a-Si:H capping layers, post-HPT and their various combinations.
Beneficial effects were found on the electrical properties of layers (stack) and the FF of
corresponding solar cells by applying these techniques.

* Bi-layer (p)nc-SiOx:H + (p)nc-Si:H hole collector. We performed simulation-
guided optimization of hole collectors by using (p)nc-SiO,:H with (p)nc-Si:H. In par-
ticular, (p)nc-SiO :H preserves the passivation quality and enables sufficient band
bending at c-Si/(i)a-Si:H interface, while (p)nc-Si:H enhances the transport of holes to
ITO and the band bending as well. The contact resistivities of (p)-type contact stacks
can be reduced by several means, including using a thinner (7)a-Si:H layer, employing
a (p)nc-SiO :H with a larger difference between the optical bandgap and E,, finding an
appropriate thickness combination of (p)nc-SiO,:H and (p)nc-Si:H, and applying the
optimized HPTs. As a result of the reduced contact resistivities, the proposed bi-layer
(p)-layer stack was efficiently utilized for improving the FF of SHJ solar cells. Moreover,
the corroborative experimental and simulation results suggest that the contact resistiv-
ities of the (p)-contact stack located on the illuminated side can also affect the vertical
and lateral transport of holes in solar cells.

e Ultra-thin (n)nc-Si:H-based electron collector. We demonstrated the successful
application of an ultra-thin layer of only 3-nm-thick based on (n)nc-Si:H plasma growth
conditions without the use of additional contact or buffer layers. Despite the high E, of
this thin (n)nc-Si:H layer, the solar cell endowed with it delivered a certified efficiency
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of 22.2% with a FF above 80%. This cell featured a higher Jsc with comparable FF and
Voc as compared to the (n)a-Si:H counterparts. By using the optimized HPTs prior to
the deposition of this thin (n)nc-Si:H layer, all external parameters of resulting solar cells
were enhanced. Besides, we additionally identified unexpected oxidation at the (n)nc-
Si:H/ITO interface, which can be mitigated by inserting a 2-nm-thick (n)a-Si:H. Thus,
the proposed bi-layer (n)nc-Si:H/(n)a-Si:H electron collector led to further improved FF
of solar cells.

* Microstructural modifications of (i)a-Si:H. We observed that (i)a-Si:H layers be-
came hydrogen-rich and less dense when deposited at lower temperatures or combined
with the HPTs. The (i)a-Si:H deposited at a lower temperature exhibited a more signif-
icant boost of minority carrier lifetime after applying the HPTs as compared to higher
temperature counterparts. At the device level, we noticed a trade-off between V¢ and
FF when varying deposition temperatures of (i)a-Si:H layers. This reveals critical criteria
for optimizing (i)a-Si:H for high-efficiency SHJ solar cells: (i) excellent surface passiva-
tion quality to reduce losses induced by interface recombination and simultaneously (ii)
less-defective (i)a-Si:H bulk to not disrupt the charge carrier collections. Particularly, the
(p)-contact is more sensitive to the bulk quality of (i)a-Si:H layers than the (n)-contact.
Furthermore, we noticed distinctive absorption peaks near Si-H wagging-rocking mode
in the infrared spectra of (i)a-Si:H, which seemingly reveal microstructural properties of
thin-film (7)a-Si:H layers.

¢ SHJ bottom sub-cells for 2T perovskite/SHJ tandem solar cells. We re-optimized
the (i)a-Si:H passivating layer together with various doped layers on (100)-oriented flat
c-Si surface, specially for their applications in front-flat and rear-textured 2T tandem
solar cells. The adjustment of deposition parameters is necessary as the (100)-oriented
flat c-Si surface is more prone to detrimental epitaxial growth as compared to the (111)-
oriented counterparts. Together with researchers from Eindhoven University of Technol-
ogy, efficiencies from 23% to 25% were demonstrated for tandem solar cells with bottom
sub-cells featuring various (n)-layers, namely, (n)a-Si:H, (m)nc-Si:H and (n)nc-SiO,:H.
Moreover, observations from experimentally prepared devices and optical simulations
suggest that both (n)nc-Si:H and (n)nc-SiO,:H layers are promising for application in
high-efficiency tandem solar cells. This is possible mainly thanks to their capability to
minimize intermediate reflections between the perovskite and c-Si absorbers, demon-
strating the applicability of such light management to various tandem structures.

* SHJ bottom sub-cells for 4T perovskite/SHJ tandem solar cells. As a result of joint
efforts among the Netherlands Organization for Applied Scientific Research (TNO), In-
teruniversity Microelectronics Centre (imec), Eindhoven University of Technology and
Delft University of Technology, we presented a 30.1%-efficient 4T tandem solar cell. This
tandem solar cell comprises a semi-transparent perovskite top sub-cell with a certified
efficiency of 19.7% and an FBC-SH]J bottom sub-cell with a filtered efficiency of 10.4%.
The FBC-SH] solar cell featured an optimized DLARC to enable minimized reflection to
air in the single junction application. As revealed by optical simulations, when utilizing
air as the OCL, this optimized DLARC in single junction SHJ solar cells can also con-
tribute to the current generation in bottom sub-cells of 4T tandem solar cells.









Fundamentals of the physics of
SH] solar cells

The basic working principle of solar cells, as briefly introduced in Section 1.2.1, involves
the generation and recombination of charge carriers, and also the selective transport
and collection of charge carriers. To elaborate on this aspect, in this chapter, we first
introduce in more detail the concepts of carrier generation and recombination in solar
cells. Then, specifically, the fundamentals of SHJ solar cells including the typical device
structures, mechanisms of selective transport and collection of charge carriers, and the
properties of a-Si:H and nc-Si:H-based layers are briefly reviewed and discussed.

2.1 Basic working principles of solar cells

2.1.1 Electronic band structure of semiconductors

Semiconductors feature electronic band structures that are determined by their crys-
tal properties. In an isolated atom, its electrons occupy the atomic orbitals that feature
discrete energy levels. In a solid that consists of a significant number (e.g. the den-
sity of Si atoms in crystalline Si is around 5 x 1022 cm™3) of identical atoms, there are
overlappings of atomic orbitals among adjacent atoms. As a result, each discrete quan-
tized energy level splits into a large number of discrete energy levels. Due to the large
number of atoms, the energy differences between adjacent levels are extremely small.
Consequently, those energy levels are considered to be (quasi-)continuous and form the
so-called energy bands with allowed energy states. The outermost valence electrons are
mostly relevant for the formation of those energy bands. While the bandgap (Eg) de-
scribes the energy states that are excluded by those abovementioned energy bands due
to their finite widths and forbids the occupation by electrons.

As illustrated in Figure 2.1 for a typical nondegenerate semiconductor with a temper-
ature above absolute zero, the lower energy band of allowed states, or the valence band,
is nearly full of electrons as electrons tend to fill the lowest available energy states. While
the upper energy band of allowed states, or the conduction band, is almost empty of
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Figure 2.1: Allowed energy bands (valence band and conduction band) and the bandgap of a typical semicon-
ductor when the temperature is above absolute zero degrees. The zoom-in (left) illustrates the closely ‘spaced’
energy levels either almost empty or occupied by electrons (red dots). Ec represents the lowest energy state
in the conduction band. Ey represents the highest energy state in the valence band. The bandgap Ej is the
energy difference between E¢ and Ey. Figure adapted from [179].

electrons [179]. Thanks to the thermal energy that is sufficient for some electrons to un-
dergo thermal excitation from the valence band to the conduction band, these electrons
can occupy the energy states in the conduction band. The excitation of those negatively
charged electrons results in the formation of an identical number of positively charged
holes in the valence band. The movements of excited electrons in the conduction band
and holes in the valence band are responsible for the conductivity of the semiconductor.
When the temperature is at absolute zero, none of the electrons can jump from the va-
lence band to the conduction band, thus no movable or free electrons and holes in the
semiconductor and the material is not conductive in this case.

The operation of a semiconductor device depends on the concentrations of elec-
trons in the conduction band and holes in the valence band that contribute to the charge
transport. Under thermal equilibrium (an unperturbed state of a system) and for non-
degenerate semiconductors, the total concentration of electrons in the conduction band
(n) and holes in the valence band (p) can be expressed as (with Maxwell-Boltzmann ap-
proximation, the complete derivation can be found in [179]):

Er—Ec
n=ny= Ncexp(————) for Ec—Er=3kgT 2.1)
kT
Ev-E
p=po= Nvexp(%) for Ep—Ey=>3ksT 2.2)
B

where ny and py are the total concentration of electrons in the conduction band and
holes in the valence band under thermal equilibrium, respectively. The N¢ and Ny are
the effective density of states function in the conduction and valence band, respectively.
The kg is Boltzmann’s constant and T is the absolute temperature. The Ef is the Fermi
energy or Fermi level, which is the electrochemical potential of the electrons in a ma-
terial and represents the average energy of electrons in the material [18]. For an intrin-
sic semiconductor, its Fermi level approximately lies around the center of the bandgap.
While the location of the Fermi level can be manipulated via doping to make semicon-
ductors extrinsic ((n)-type or (p)-type). Dopant atoms such as phosphorus or boron add
electrons to the conduction band or add holes to the valence band, while leaving fixed
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Figure 2.2: Tllustrations of the generation process of an electron-hole pair via absorption of a photon (left)
and different recombination mechanisms (right), namely, radiative recombination, Auger recombination and
Shockley-Read-Hall (SRH) recombination. Figure adapted from [18].
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positively or negatively charged ions in the material, respectively. Materials with suffi-
cient doping concentrations or favored locations of Fermi level are critical for achieving
efficient selective transport in solar cells which will be discussed in Section 2.3. Further,
by multiplying equations 2.1 and 2.2, we obtain the following relation under thermal
equilibrium:

E
np = nopo = NcNvexp(— —=) = n? 2.3)
kT

where n; is the carrier concentration of an intrinsic semiconductor in which n = ng =
p = po = nj. Equation 2.3 states that, under thermal equilibrium, the nypo product is a
constant for a certain (intrinsic or extrinsic) semiconductor at a given temperature. This
equation is also known as the law of mass action.

2.1.2 Generation of excess charge carriers

As depicted in Figure 2.2, upon illumination with the light on a certain semiconductor,
excess electrons can be excited from the valence band to the conduction band if the en-
ergy of the photons (Ejp,) is not less than the Eg. In the meanwhile, excess holes (unoc-
cupied states) are formed in the valence band. Both excess electrons in the conduction
band and excess holes in the valence band can contribute further to charge transport. As
the semiconductor is no longer under thermal equilibrium, the Fermi level will split into
two quasi-Fermi levels that describe the occupation states in the conduction band with
electrons (Ep,) and in the valence band with holes (Egp). Then the total concentration of
electrons in the conduction band (n) and holes in the valence band (p) can be expressed
as:

Epn—F
n=ng+An= Noexp(—=2——C) 2.4)
ks T
Ey - Ep
p = po+Ap = Nyexp( Py (2.5)

kgT
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where An and Ap are the concentrations of excess electrons and holes, respectively.
By multiplying equations 2.4 and 2.5, and combining with equation 2.3, we obtain:

E iV
npznizexp( Fn Heh qiVoc

Fp _ 2
T el T

The difference between the two quasi-Fermi levels (Ep, — Epp) is the electrochemical
energy of generated electron-hole pairs (uen). By dividing the pe, with the elementary
charge, we obtain the so-called implied open circuit voltage (iVpc), which represents
the maximum possible potential that can be eventually extracted from a solar cell. As
expected from equation 2.6, the iV is related to the carrier concentrations that can be
affected by recombination as will be elaborated in Section 2.1.3.

It is worth noting that for a certain type of semiconductors, or the so-called indirect
bandgap semiconductors (such as c-Si), the position (crystal momentum) of the high-
est point of the valence band and the lowest point of the conduction band may not be
aligned. Therefore, the excitation of electrons from the valence to the conduction band
requires additional momentum that is provided by lattice vibrations (phonons). Differ-
ently, direct bandgap semiconductors (such as amorphous silicon, gallium arsenide, or
generally most thin-film PV absorbers) feature aligned the highest point of the valence
band and the lowest point of the conduction band. Due to the resulting different absorp-
tion coefficient, indirect bandgap semiconductors typically require thicker materials (of-
ten around hundreds of micrometers thick) to sufficiently absorb the light, especially for
light with long wavelengths (lower energies), as compared to direct bandgap semicon-
ductor counterparts (typically thinner than a few micrometers). It is worth mentioning
that typical metal-halide perovskites also feature high absorption coefficients thanks to
the direct transition from band to band [180], despite the direct-indirect character of the
bandgap of methylammonium lead iodide (CH3NH3Pbls) is also revealed [181].

)= nizexp( ) (2.6)

2.1.3 Recombination mechanisms

In a real solar cell, not all photogenerated charge carriers can be successfully collected
as those excited electrons tend to fall back to their initial energy levels. In other words,
the electron-hole pair will recombine and release energy either in the form of a pho-
ton (band-to-band radiative recombination) or transferred to the third electron/hole or
lattice vibrations (non-radiative recombination). In the following sections, different re-
combination mechanisms as illustrated in Figure 2.2 are introduced. Different recombi-
nation mechanisms can occur in parallel and the total recombination rate is the sum of
all individual recombination rates.

Radiative recombination

Radiative recombination is the dominant mechanism in direct bandgap semiconduc-
tors, such as gallium arsenide. During this recombination process, an electron falls back
from the conduction band to the valence band and recombines with a hole. In the mean-
while, a photon is emitted with an energy similar to the bandgap of the semiconductor
that interacts weakly with the semiconductor. With continuous illumination and un-
der steady-state conditions, the net radiative recombination rate (R;,q) is expressed as
(derivation process can be found in [18]):
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Rrada = B(np — nopo) @.7

where £ is the proportionality factor that can be calculated based on the absorption
coefficient of the semiconductor [182, 183]. If there is no excess carrier, the R;,q is zero.
Minority carrier lifetime (7), which is defined as the average time that takes an excess
minority carrier to recombine, is an important indicator for evaluating solar cell perfor-
mance and in the case of an (n)-type semiconductor it can be expressed as:

)
R
where Ap is the concentration of excess holes and R is the recombination rate. Then,
by substituting equation 2.8 to equation 2.7 and assuming Ap = An, we obtain the radia-
tive recombination associated minority carrier lifetime as:

(2.8)

1
~ Blng + po+An)

According to equation 2.9, for (n)-type and under low-injection conditions (pg <« ng,
An < nyp), then a higher doping concentration Np and thus a higher ny will reduce the
Trad- While under high-injection conditions (An > nyp), the 7,59 is dominated by the An.
Similar derivations can be made for a (p)-type semiconductor. For both typical c-Si and
metal-halide perovskite absorbers, non-radiative recombination is dominant. Different
mechanisms related to non-radiative recombination are discussed in the following sec-
tion.

(2.9)

Trad

Auger recombination

As illustrated in Figure 2.2, the Auger recombination process involves three particles.
During this process, the energy conservation of the recombining electron and hole is
achieved by transferring the energy to another electron or hole instead of emitting light.
As a consequence, a third electron (or hole) can be excited to higher energy levels in the
conduction band (or deeper energy levels in the valence band). Eventually, the excited
third electron (or hole) will relax back to the conduction band edge (or rise back to the
valence band edge) through thermalization by transferring its energy to lattice vibra-
tion (phonon modes). Depending on whether electrons or holes are the majority car-
riers, the Auger recombination is dominated either by the electron-electron-hole (eeh)
or electron-hole-hole (ehh) process, respectively. Traditionally, the total recombination
rates of the two processes are expressed as [18]:

Raug = Raugeeh + Raugenh = Cn nzp +Cp np2 (2.10)

where C,, and C, are the proportionality constants. For a highly doped (Np >
1x10¥cm™3 [47)) (n)-type semiconductor and under low-injection conditions (assume
An = Ap), by combining equations 2.8 and 2.10, the associated minority carrier lifetime
can be then approximated as [47]:

1

— (2.11)
Cn N3

T p,Auglow =
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For high-injection conditions, the Auger lifetime can be approximated as [47]:

1

T joh = —————— 2.12
p,Aughigh (Cpy+ Cp)Anz ( )

According to equations 2.11 and 2.12, the Auger recombination rate is higher with
increased doping concentration at low-injection conditions and increased excess charge
carrier generations at high-injection conditions.

Shockley-Read-Hall recombination

Different from the abovementioned two intrinsic recombination mechanisms, Shockley-
Read-Hall (SRH) recombination is an extrinsic process. In realistic semiconductors, im-
purity atoms or lattice defects can generate defects within the crystal, forming discrete
electronic energy states within the bandgap [179]. Those allowed energy states (ET) or
trap states facilitate the recombination of electrons and holes as illustrated in Figure 2.2
[184, 185]. More effective SRH recombination can happen through those trap states that
have equal probabilities of capturing electrons and holes (e.g. around mid-gap). This
process is usually non-radiative and the excess energy is dissipated in the form of lattice
vibration or heat. The SRH recombination rate is obtained as (derivation process can be
found in [18]):

2
np— 1
: P . (2.13)
U—p(l’H‘ m)+;-(p+p1)

Rsgy = vin Nt
with

1y = niexp(ET — Epi Ep— E
kgT kgT
where vy, is the thermal velocity (around 1 x 107 cm/s in Si at 300 K), opand o, are
the charge carrier capture cross-sections, Nt is the trap density, Er is the trap energy,
Ep; is the intrinsic Fermi level. Then by combining equations 2.8 and 2.13, the SRH-
associated minority carrier lifetime (7sgry) for an (n)-type semiconductor (assume An =
Ap) can be expressed as (derivation process is not shown):

), p1=niexp( ),

I on(ng+An+m)+aop(po+Ap+p1) 2.14)
SRH = Vth n0 p N1 (19 + po + An) :

Considering low-injection conditions, then 7sgy; can be simplified as:

1 nm p1
TSRH,low = —(o,(1+ _)+Up_) (2.15)
UthO n0 p Ny o Po
For high-injection conditions:
Op+op
TSRHhigh = ————— (2.16)
VthO n0 p N1

As seen from equations 2.15 and 2.16, the Tsgy at both low-injection and high-
injection conditions depend on the o5, 0, and the Ny. Especially for low-injection
conditions, the doping density (via np) and Et (via n; and p;) also affect the 7gpy.
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Recombi-
nation

Oxygen Fuel

Figure 2.3: The three essential components for defect-assisted recombination (right) in analogy to the well-
known fire triangle (left). The creation of this figure was inspired by Dr. Paul Procel.

As illustrated in Figure 2.3, in analogy to the well-known fire triangle (heat, oxy-
gen and fuel), defect-assisted recombination also needs three essential components,
namely, an electron, a hole and a trap state. Therefore, the effective reduction of defect-
assisted recombination can be then achieved by minimizing the concentration of either
one of the charge carrier types or reducing the density of the trap state. Especially with
respect to the latter, monocrystalline silicon that has continuous and unbroken crystal
lattice without any grain boundaries until the wafer edges is preferably used for high-
efficiency c-Si solar cells as compared to multicrystalline silicon, which consists of many
small random-oriented crystalline grains and many defects near those grain boundaries.

Surface recombination

Any real semiconductor device is not infinitely in size, therefore, there are abruptly ter-
minated surfaces. On the surface, a vast amount of valence electrons cannot form co-
valent bonds resulting in so-called dangling bonds, which create allowed energy states
within the bandgap that facilitate SRH recombination. Instead of forming discrete al-
lowed energy states due to impurities or lattice defects as mentioned previously, a dis-
tribution of allowed energy states within the bandgap is formed due to the existence of
surfaces. The surface recombination rate (Rgyface) at a single-level surface state can be
expressed as [186]:

2
nsps — 1N

5 (s +m) + 55 (ps + p1)

(2.17)

Rgurface =
with

Spo =0 pVm NsT, Sno = 05V NsT,

where S0 (Sno) is the surface recombination velocity parameters of holes (electrons),
ps (ns) is the concentration of holes (electrons) at the surface, Nyt is the surface energy
states per unit area. Moreover, by integrating over the bandgap at the interface, one
can obtain the recombination rate that describes a continuum of independent (non-
interacting) surface energy states [187, 188]. Surface recombination velocity (SRV, S) can
be defined as [186]:




26 2 Fundamentals of the physics of SH]J solar cells

§ = Bourface (2.18)
Ang

where Ang is the excess carrier density at the surface. Considering realistic devices
in which band bending exists near the wafer surfaces, an effective surface recombina-
tion velocity (Sef) can be determined by replacing Ang and Rgyrface With An(x = d) and
Rsurface (X = d) in equation 2.18, respectively. The An(x = d) represents the excess mi-
nority carrier concentration at a virtual surface located at the edge of the surface space-
charge region, which has a position of x = d. Strategies, as provided in Figure 2.3, can
be also applied for minimizing the Se and different passivation mechanisms will be dis-
cussed in Section 2.1.4.

Effective minority carrier lifetime

In practice, effective minority carrier lifetime (z.¢) that considers all the abovemen-
tioned bulk and surface recombination mechanisms in a semiconductor is typically
measured. The 7.4 for symmetrical samples with non-diffused surfaces can be ex-
pressed as [189-192]:

1 1 2§
— = g et (2.19)
Tef T W
with
1 1 1 1
—= + +

TB TRad TAug TSRH

where 73 is the minority carrier lifetime of bulk, W is the wafer thickness, S repre-
sents the effective surface recombination velocity at the surface. It is worth noting equa-
tion 2.19 is only valid for samples with a sufficiently long 7 that allows photogenerated
charge carriers to reach both surfaces and with low S to avoid transport-limited profiles
around the surfaces [191]. For high-quality c-Si wafers such as (n)-type float-zone (FZ)
monocrystalline Si, the bulk recombination is minimized (g = 2000 us, typically much
higher). Therefore, the 7 reflects mainly the surface passivation quality. It can be also
seen from equation 2.19 that surface passivation is more crucial when a thinner wafer is
used.

2.1.4 Surface passivation strategies

Passivation techniques that minimize surface recombination are critical to achieve high-
efficiency solar cells. As discussed in Figure 2.3, two main surface passivation strategies
are proposed: (i) reducing the density of surface trap states via chemical passivation;
(ii) minimizing the concentration of either one of the charge carrier types through field-
effect passivation. Accordingly, both passivation mechanisms are often jointly imple-
mented to realize excellent surface passivation. Depending on the c-Si solar cell tech-
nology as already introduced in Figure 1.3, a thin dielectric layer stack (e.g., Al,O3,SiNy
[193] for PER'X’ solar cells), a thin semiconductor layer stack (e.g., (i)a-Si:H/doped a-
Si:H in SHJ solar cells [51]) or a combination of thin dielectric and semiconductor layers
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(e.g., SiOx/doped poly-Si in TOPCon solar cells [52, 53]) is typically deployed for high-
efficiency solar cells. On the one hand, those layer stacks can saturate the surface dan-
gling bonds by forming chemical bonds with oxygen, silicon and hydrogen atoms. On
the other hand, the electric field (or band bending) near the c-Si surface induced by lay-
ers with either fixed charges, doping or proper work function results in the reduction of
either type of charge carriers.

2.2 Typical architectures of front/back-contacted (FBC) SHJ

solar cells

As introduced in Section 1.2.2, typical SHJ solar cells (see Figure 1.3 (g)) feature c-Si
wafers sandwiched by layer stacks consisting of (i)a-Si:H and doped a-Si:H for chemi-
cal passivation and junction formation, respectively. On top of those a-Si:H layer stacks,
transparent conductive oxide (TCO) layers are commonly needed. Due to the poor lat-
eral conductivity of few-nanometer-thick doped a-Si:H layers, TCO is usually necessary
for providing sufficient lateral conductance of charge carriers towards the front metal
electrodes. Typically, around 75 nm of tin-doped indium oxide (ITO) that also serves
as an anti-reflection coating (ARC) is applied for the stand-alone SHJ solar cells. While
on the rear side, a thicker TCO is mainly used for enhancing the internal reflection thus
maximizing the infrared response of the solar cells, and preventing metal diffusion or
spiking [194-196]. Eventually, the overlaying metal contacts are deposited for extracting
the charge carriers to the external circuit.

As illustrated in Figure 1.3, dominating industrial solar cells nowadays, such as PERC
solar cells on (p)-type wafers (see Figure 1.6), generally feature a front junction (FJ) archi-
tecture. In this configuration, the minority carriers can be collected near their genera-
tion locations, thus reducing recombination-induced losses, which originate from insuf-
ficient diffusion length of minority charge carriers in the bulk of the wafer and high sur-
face recombination rate at Si/metal interfaces. It is worth noting that PERC technology
to date may not be limited by the wafer quality anymore as TOPCon solar cells with (p)-
type wafers have demonstrated a record efficiency of 26.0% [197]. Nevertheless, thanks
to both the use of high bulk quality of (n)-type c-Si wafers and excellent surface passiva-
tion, SHJ solar cells allow a high degree of flexibility when designing the device’s polarity
for achieving high efficiencies. Typical monofacial FJ and rear junction (RJ) FBC-SH]J so-
lar cells with (n)-type c-Si substrates are shown in Figure 2.4. For both configurations,
charge carriers (holes for FJ cells and electrons for R]J cells) are collected at the front side
involving transporting through both vertical and lateral directions. While the carrier col-
lection on the rear side is only associated with vertical transport due to the full coverage
of metal electrodes.

It is widely reported that the rear junction SHJ solar cells exhibit more relaxed opto-
electrical design requirements than their front junction counterparts. Specifically, there
are fewer restrictions when choosing the front TCO (including its thickness) and the
metal designs (e.g., the pitch size) in R]J solar cells, as they can benefit more from c-Si
wafer-assisted lateral transport of majority carriers (electrons) [198, 199]. The reported
beneficial effects for RJ solar cells over FJ solar cells can be mainly ascribed to that (i)
(n)-type contact stacks (including c-Si/ (i) a-Si:H/ (n)-layer/ TCO/Metal) generally exhibit
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a lower contact resistance (p¢) from c-Si to TCO as compared to the (p)-type counter-
parts, while a lower p. is critical for enabling c-Si wafer-assisted lateral transport; (ii)
under typical illumination conditions (sufficiently high concentrations of both charge
carrier types), the wafer sheet resistance for electrons is comparable and even lower to
that of a typical 75-nm-thick TCO [200]; (iii) the sheet resistance for electrons is roughly
three times lower than that of holes mainly due to the higher electron mobility than that
of holes.

Besides, inherently from the symmetrical nature of SHJ solar cells, SHJ devices can
be easily adapted to bifacial designs (see Figure 2.4) [124], which enables higher energy
yield than a monofacial design and lesser usage of TCO and metals [200]. In bifacial
designs, the abovementioned wafer-assisted lateral transport of charge carriers can be
particularly interesting and critical, as both front and rear collections of charge carriers
are accomplished by vertical and lateral transport of charge carriers.

(n)a-Si:H
(a) Monofacial (n)c-Si g:+ 00
(i)a-SizH : :
¢ VWWWWWWWW

(p)a-Si:H (n)a-Si:H

(n)a-Si:HW . ’ . (p)a-Si:H

Figure 2.4: Schematic sketches of typical architectures of FBC-SH]J solar cells: (a) monofacial front junction (FJ,
left) and rear junction (R], right) configurations; (b) bifacial configurations. The arrows indicate the transport
of charge carriers.

(b) Bifacial

2.3 Selective transport and collection of charge carriers in SHJ

solar cells
Despite a low p. from c-Si to TCO being critical for enhancing the wafer-assisted lateral
transport of charge carriers, p. also reflects the effectiveness of charge carrier transport
across discontinuous interfaces due to different Eg or work function (WF) of adjacent
materials. That is, p. also provides insights into the transport mechanism of charge car-
riers [151, 201]. Besides, the effectiveness of this transport process also poses strong in-
dications to the eventual performance of solar cells. A schematic energy band diagram
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of an (n)-type SHJ solar cell including the main transport mechanisms of charge carriers
from c-Si to TCO is illustrated in Figure 2.5 [151].
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Figure 2.5: The schematic energy band diagram of a typical SH]J solar cell with an (n)-type c-Si wafer under dark
and thermal equilibrium (the solid black line is the bottom of the conduction band; the solid pink line is the top
of the valence band). The AE; and AEy represent the conduction and valence band offsets, respectively. The
colored arrows in green and red are for the transport of holes and electrons, respectively. The corresponding
transport mechanisms of charge carriers are thermionic emission (TE), direct tunnnelling (DT), trap-assisted-
tunnelling (TAT) and band-to-band tunnelling (B2BT). The dashed lines indicate energy levels of different
defect states within the bandgap. Those dashed lines also illustrate that the energy band bending can affect
the energy levels of defect states. Figure adapted from [151].

The collection of negative charges is based on the transport of electrons towards the
conduction band energy. A band bending is formed inside c-Si near the c-Si/(i)a-Si:H
interface. The consequent band bending is determined by the properties of the (n)-
type contact stack (c-Si/ (i)-layer/ (n)-layer/ TCO/metal), which is affected by the relative
Fermi level position in each compositional material [150, 151]. Accordingly, the trans-
port of electrons is favored towards the c-Si/(i)a-Si:H interface. For a fixed c-Si wafer, a
practical approach to improve band bending is to reduce the activation energy (E;) of the
(n)-layer, which is defined as the energy difference between the Er and E for (n)-layers
(150]. In the meanwhile, due to different E; between the c-Si (1.12 eV) and the (i)a-
Si:H (~1.7 eV), energy barriers or the so-called band offsets (AEc,,, for conduction band,
AEy,, for valence band) are formed at the c-Si/(7)a-Si:H interface. It is reported that for
(?)a-Si:H with varied bulk hydrogen content (~12% — 24%), the conduction band offset
(AEc) is generally smaller (~0.22 — 0.31 eV) than the valence band offset (AEy ~0.39 -
0.61 eV), and the latter is more sensitive to increase linearly with a higher hydrogen con-
tent of the (i)a-Si:H film [125, 202]. Thanks to both the band bending and the AEy ,,
the diffusion of holes towards and across the c-Si/(i)a-Si:H interface (electron collection
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side) is prevented. As a result, there are highly asymmetric concentrations of electrons
and holes within the c-Si near the c-Si/(i)a-Si:H interface. The large difference in carrier
concentration at c-Si interfaces suggests a high-quality selective contact [150, 203, 204].

Subsequently, the accumulated electrons near the c-Si/(i)a-Si:H interface can cross
the potential barrier formed by the (i)a-Si:H/(n)-layer via thermionic emission (TE)
[205], or with support of tunnelling processes such as direct tunnelling (DT) [205, 206]
and trap-assisted-tunnelling (TAT) [151, 207-209]. Mainly depending on the WF and
electronic properties of the (n)-layer and TCO, band bending and band offset are also
present between adjacent materials. Typical TCO layers used in SHJ solar cells are
(n)-type degenerate semiconductors, which have their Er lying inside their conduction
band. As both sides are (n)-type materials, electrons can move across the poten-
tial barriers formed at the (n)-layer/ITO interface via the conduction band with the
abovementioned transport mechanisms as indicated in Figure 2.5 (TE, DT and TAT).
Simulation studies suggest that the transport barrier from the (n)-layer to TCO can be
minimized by using a TCO with a low WF (e.g, by increasing carrier concentration Ntco
of TCO), which is preferred due to the reduced WF mismatch between the TCO and
the (n)-layer [150, 151, 210, 211]. Besides, an (n)-layer with a low E, can enhance the
band bending near the c-Si/(i)a-Si:H interface, and enable a reduced transport barrier
from the (n)-layer to the TCO [151]. Eventually, electrons can be easily transported from
TCO to the metal electrode thanks to the typical ohmic contact between TCO and metal
electrode [200, 212].

The collection of positive charges is based on holes transporting up to the (p)-layer
and electrons in the adjacent TCO layer. Holes are accumulated (due to band bend-
ing) while electrons are repelled near the c-Si/(i)a-Si:H interface (because of band bend-
ing and AEc ). Similar to that of the electron collection, the accumulated holes can
cross the (i)a-Si:H/(p)-layer interface via TE, DT and TAT, although the significance of
the specific mechanisms varies for the transport of electrons and holes [151, 209]. A
theoretical study from our group suggests that the band bending can be enhanced with
a (p)-layer that exhibits a high Eg and a low E, [150]. Note that at (p)-layer/TCO in-
terface, charge exchange occurs via band-to-band tunnelling (B2BT) or TAT tunnelling
processes [151, 213]. It is worth noting that a proper energy alignment between the va-
lence band of the (p)-layer and the conduction band of TCO is essential to make B2BT
possible [151, 214]. The energy alignment between the valence band of the (p)-layer and
the conduction band of TCO is essential to discriminate if B2BT or TAT mechanism dom-
inates the charge transfer. In the presence of the aforementioned energy alignment, the
transport is mainly based on B2BT in direct energy transition between electrons from the
TCO conduction band jumping into (p)-layer valence band energy state, and vice versa.
In the absence of such energy alignment, the charge exchange is based on TAT mecha-
nisms as indirect energy transitions or recombination of electrons from TCO with holes
from c-Si at defect states inside the (p)-layer occur near the (p)-layer/TCO interface. In
general, B2BT is preferred because it implies only direct energy transitions [151, 214].
While transport based on TAT happens through the energy states inside (p)-layer near
(p)-layer/TCO interface in a form of capturing and emission (recombination) of charge
carriers, and it is generally less efficient than the B2BT counterpart [151]. The proper
energy alignment can be achieved by adjusting the E, of the (p)-layer and/or the WF
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Figure 2.6: Contour plot of (a) pc and (b) FF of IBC-SH]J solar cell as function of E; and Ntcg at (p)-type contact
stack. Figure adapted from [151].

of TCO. In particular, a (p)-layer with a low E, enables more flexibility in the electronic
properties of the TCO. Despite a low E, required, the band bending near the c-Si/(i)a-
Si:H interface can be also enhanced with a (p)-layer that exhibits a high Eg [150]. Due to
the amorphous nature of typical Si-based thin-film layers used for SHJ solar cells, thus
the existence of numerous energy states within their bandgap, transport via TAT is rather
relevant in practical ‘non-ideal’ devices. More detailed discussions, including TAT via
dangling bond states and tail states, can be found in [151]. In general, the optimization
of hole collection requires more attentive effort than electron collection, this is due to (i)
the inherently larger c-Si/(i)a-Si:H band offsets (AEy,, > AEc,,) for hole transport, and
(ii) the more sensitive transport through (p)-layer/ TCO interface that relies on tunnelling
processes.

The transport of charge carriers across heterointerfaces is typically evaluated by the
pc [151, 201]. It has been proven experimentally that the minimization of p. of SHJ con-
tact stacks is essential for achieving high-efficiency SHJ solar cells [80, 164, 215]. The
physical material parameters affecting p. and thus the Vpc and FF of solar cells were
assessed in a previous study [151], which constructed a detailed technology computer-
aided design (TCAD) simulation framework replicating the transfer length method [216,
217]. As discussed before, the transport of charge carriers is ultimately driven by material
properties that define the Er of layers forming the contact stacks. For instance, for (p)-
type contact stack, Figure 2.6 presents guidelines for improving the performance of SHJ
solar cells with two practically accessible material properties, namely, E, of doped layers
and Ntco of TCO. As seen in Figure 2.6, different combinations of these two parameters
lead to various p. values, which provide insight into distinct dominating transport mech-
anisms of charge carriers. More details on correlating various transport mechanisms
(e.g., B2BT, TAT) and various combinations of E; and Ntco for both (n)- and (p)-type
contact stacks can be found in the previous work [151]. As the simulation study suggests
[151], the V¢ of solar cells is solely determined by the quality of the band bending inside
the c-Si near its interface with (i)a-Si:H, whereas the FF is additionally influenced by the
quality of the charge carrier transport at the doped-layer/TCO interface. Moreover, re-
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ducing the E, while increasing the Ntco leads to a reduction of p. of contact stacks, thus
enhancing the FF of solar cells.

Last but not least, for a given solar cell under illumination, ideal selective contact
stacks should first provide excellent surface passivation, thus allowing a maximized
quasi-Fermi level splitting or a high iVoc (see equation 2.6). This iVpc then reflects
the recombination losses of the c-Si absorber. Besides, ideal contact stacks should also
ensure an eventual device Vpc to be the same as iV, indicating an ideal selectivity
[36, 218]. However, for realistic contact stacks, due to imperfect surface passivation,
cells can feature lower iVpc values as compared to the ideal case due to recombination,
which limits the V¢ of devices. Moreover, the splitting of quasi-Fermi levels may not
be maintained till the terminal electrodes, resulting in a voltage drop from iVp¢ to Voc.
In this case, the device V¢ is limited by the extraction of the majority carriers through
those contact stacks [36].

2.4 a-Si:H, nc-Si:H and their alloys for SHJ solar cells

As seen in Sections 2.2 and 2.3, Si-based thin-film stacks that consist of (i)a-Si:H and
doped a-Si:H/nc-Si:H-based layers play a crucial role in achieving efficient SHJ solar
cells. In this section, a concise literature review regarding the general properties of those
materials and their relevance in the passivation, selective transport of charge carriers
and light management in SHJ solar cells is presented.

2.4.1 Atomic structure and electronic band structure

Schematic illustrations of the atomic structure of c-Si, a-Si:H and nc-Si:H are presented
in Figure 2.7. Different from c-Si that is tetrahedrally bonded with long-range periodic
order, a-Si:H features a disordered covalent network consisting of Si-Si and Si-H bonds.
Besides, a-Si:H also contains Si atoms that are not fourfold coordinated, such as under-
coordinated (often referred to as ‘dangling bonds’) and over-coordinated (often referred
to as ‘floating bonds’) bonds. The existence of hydrogen is critical for saturating the dan-
gling bonds thus enabling reduced defect density as compared to the unhydrogenated
a-Si [219-221]. The hydrogen can reside in the a-Si:H in different ways, such as form-
ing bonds with Si atoms and/or presenting as isolated hydrogen molecules in the a-Si:H
network [222]. Studies based on infrared absorption spectroscopy also revealed the non-
homogeneous distribution and different configurations of defects in the material, such
as monovacancies, divacancies and nanovoids [223, 224]. Instead of featuring only the
amorphous phase, nc-Si:H (or also referred to as hydrogenated microcrystalline silicon,
pc-Si:H) contains small crystalline grains embedded in the amorphous matrix, and fea-
tures a certain volume fraction of voids [177, 225, 226]. The existence of crystalline grains
gives rise to additional grain boundary defects, which can be well-passivated by hydro-
gen [225, 227]. Those Si-H hydrides at grain boundaries can be characterized by using
infrared spectroscopy [227-229].

As a result of the different atomic structures between c-Si and a-Si:H, they also have
different electronic band structures. Ideally, as for c-Si, it features a perfect crystalline
lattice thus leading to a well-defined band gap of 1.12 eV. While in a-Si:H, due to the
disordered amorphous network, there is the existence of band tails that represent expo-
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Figure 2.7: Schematic illustration of atomic structures of c-Si, a-Si:H and nc-Si:H. The grey and blue dots indi-
cate silicon and hydrogen atoms, respectively. The red lines represent dangling bonds.

nential distributions of localised electronic states extending from the band edges into
the bandgap. Those band tail states originate from energy states of electrons forming
strained bonds in the material. Besides, around the mid-gap, there are defect states that
are ascribed to the dangling bonds in the material. Charge carriers in both the band tail
states and defect states have significantly reduced carrier mobility, therefore, the mo-
bility gap is defined for a-Si:H (typically around 1.7 eV to 1.9 eV [18, 230]). Accordingly,
mobility edges are often used instead of band edges for c-Si. Moreover, the disordered
amorphous network (missing the k-selection rule) makes a-Si:H a direct bandgap semi-
conductor [18].

In practice, optical bandgaps are more frequently measured and reported. For amor-
phous semiconductors, their optical bandgaps are usually obtained by the Tauc plot
(Etauc) [231] or by equal to the energy at which the absorption coefficient reaches 10%
cm™! (Epa). As reported for a-Si:H [230, 232, 233], the extracted optical bandgap can be
used as an indicative parameter for the mobility gap. Due to the mixed-phase composi-
tions, the (mobility) bandgap of nc-Si:H may vary depending on the fraction of different
material phases and the number of hydrogen atoms incorporated into the amorphous
phase. Typically, E¢ayc or Eos values ranging from around 1.8 to 2.3 eV were reported for
nc-Si:H layers [234-238]. More discussions on the size effect of nanocrystals on the Eigyc
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of nc-Si:H layers, which is linked to the quantum confinement effect in silicon nanocrys-
tals, can be found in literature [234, 235, 237-240]. The difference in extracted Eiayc Or
Ep, between a-Si:H and nc-Si:H suggests a potential preferred implementation of nc-
Si:H layers as the window layer in SHJ solar cells.

2.4.2 Growth mechanisms

Both a-Si:H and nc-Si:H can be prepared via different deposition techniques, mainly
chemical (e.g. chemical vapour deposition, CVD [152, 241-246]) and physical processes
(e.g. sputtering [247-250]). As plasma-enhanced CVD (PECVD) (more details about
PECVD are discussed in Section 3.1.2) is generally used for growing those Si-based thin-
films nowadays, the growth mechanisms of those thin-films based on low temperature
(around 200 °C) PECVD processing will be discussed. The advantages of PECVD over
other deposition techniques are briefly discussed in [251].

a-Si:H

Silane (SiH,4) is commonly used as the precursor gas for depositing a-Si:H. In the PECVD
reactor chamber, the dissociation of SiHy is triggered by accelerated electrons that gain
energy from the applied electric field. Among different ions, radicals, and other species
that exist in the plasma [251, 252], the (presumed) most abundant SiHs radical in the
plasma that results in high-quality a-Si:H (low defect density), is considered to be the
only film-growing precursor in the most popular a-Si:H growth model [253-256]. This
model is schematically depicted in Figure 2.8.
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Figure 2.8: Schematic illustration of the a-Si:H growth model based on SiH3 radical and atomic hydrogen.
Figure adapted from [251, 257].

As illustrated in Figure 2.8, the SiHs radicals from the plasma can diffuse to the sur-
face of the growing a-Si:H. As the surface is hydrogen-terminated, no chemical bond is
formed when those radicals land on the surface. Instead, they are physisorbed on the
surface and subsequently diffuse along the surface. While the radical is diffusing on the
surface, it might: (i) abstract a hydrogen atom from the surface forming gaseous SiH,
and leaving a dangling bond, which is the site for another SiHs radical to form a chemical
bond with the surface; (ii) form a chemical bond with a surface dangling bond resulting



2.4 a-Si:H, nc-Si:H and their alloys for SHJ solar cells 35

film growing; (iii) react with another SiH3 and form gaseous Si;Hg; (iv) desorb from the
physisorbed site. Besides, as reported elsewhere [258], SiH3 can also directly insert into
strained Si-Si surface bonds, thus not relying on the available dangling bonds.

Nevertheless, this model does not consider the effect of atomic hydrogen in the
plasma, which can be the product during the dissociation of SiH4 and/or intentionally
hydrogen-diluted SiH4 plasma. As reported [259], atomic hydrogen from H, plasma can
result in the abstraction of surface hydrogen thus increasing the density of the surface
dangling bonds. Besides, atomic hydrogen can also passivate dangling bonds and break
weak Si-Si bonds resulting in a structurally relaxed atomic network, and this is also often
referred to as chemical annealing [260].

Overall, this model does not thoroughly reveal the growth mechanism of a-Si:H, es-
pecially when other radicals such as SiH, and SiH become abundant under certain pro-
cess conditions [261]. Moreover, the limitations of this model and also interesting dis-
cussions on hydrogen-elimination during the film growth are given in [257, 262].

nc-Si:H

As compared to the deposition of a-Si:H, the role of hydrogen is more critical for obtain-
ing a nc-Si:H layer as a highly hydrogen-diluted SiH, plasma is often required [263, 264].
Accordingly, higher deposition power is often applied to enable more efficient dissocia-
tion of H, to supply sufficient atomic hydrogen [265] as compared to a-Si:H deposition
[251]. A few models on growth mechanisms of nc-Si:H have been proposed and they can
be categorized into three main groups: (i) surface models including the surface diffu-
sion model [266-268] and the selective etching model [269-271]; (ii) bulk models such
as the chemical annealing model [271-273]; and (iii) growth model based on plasma-
synthesised nanocrystals [274, 275].

Similar to the surface diffusion model as introduced for a-Si:H, the mobility of rad-
icals on the surface of the growing film is further enhanced thanks to the high flux of
atomic hydrogen impinging the surface, which improves the surface hydrogen coverage
[276]. As a result, the radicals have higher probabilities to bond with sites featuring fa-
vorable energy, thus forming stable Si-Si bonds and eventually crystallites. As for the
selective etching model, although there is simultaneous growth of both the amorphous
and crystalline phases, atomic hydrogen is thought to preferentially etch the disordered
amorphous phase rather than the crystalline phase on the surface, resulting in films with
nanocrystals and voids that are not filled by a-Si:H [270].

However, using solely those surface models cannot explain experimentally observed
low-temperature (around 200 to 250 °C) solid-phase crystallization of a-Si:H by post-
deposition hydrogen plasma exposure. Specifically, by using the layer-by-layer depo-
sition approach [271, 277] in which the a-Si:H deposition and hydrogen plasma were
alternatively applied, the crystalline fraction of the film is increased and this crystal-
lization is happening throughout the whole layer. This observation is explained by the
chemical annealing model. That is, atomic hydrogen that penetrates the surface can dif-
fuse in the Si network and lead to reactions, such as annihilating strained Si-Si bonds
[260, 278], inserting into strained Si-Si bonds [273], breaking Si-H bonds and releasing
energy [271, 279]. Consequently, those hydrogen-mediated cross-linking reactions can
promote the rearrangement of the atomic structure and result formation of a crystallized
network.
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Apart from the abovementioned radicals and atomic hydrogen, energetic SiH,* and
H* ions, which drift to the surface of the growing film, can impact the growth of nc-Si:H
[280]. It was observed that when depositing nc-Si:H layers on glass substrates, depo-
sition conditions with a lower ion bombardment can result in a fully crystallized bulk
likely due to reduced amorphization by energetic heavy SiH,* ions [264]. However, there
was an amorphous interlayer with the glass substrate. On the other hand, this initial
amorphous layer disappeared when the film was deposited under high ion bombard-
ment conditions. Here, the direct growth of nanocrystals on the glass substrate is as-
cribed to the more effective H* ion implantation, which leads to higher hydrogen con-
tent needed for nucleation at the initial growing phase [280]. Moreover, it is also reported
that higher ion energy resulted in small-sized nanocrystals (a few nanometers) embed-
ded in the porous and hydrogen-rich film, while smaller ion energy enabled larger grain
sizes [229].

Notably, aside from growing nanocrystals via surface and/or bulk reactions as dis-
cussed previously, studies have indicated that the nanocrystals can be synthesised in
plasma, resulting in direct nanocrystal deposition on the substrate [274, 275]. To al-
low the efficient generation of silicon nanocrystals in the plasma, the deposition con-
ditions, such as pressure (or partial pressure of SiH4), power and gas precursor com-
positions, need to be optimized. The optimized conditions should aim to increase the
number of growth species (e.g. radicals) and enhance their residence time in the plasma
[281, 282]. These together facilitate the formation of higher-order silane molecules (e.g.
SioH , SigH,), which serve as precursors for the generation of nanocrystals [283]. Subse-
quently, these higher-order silanes can accumulate and agglomerate, giving rise to the
formation of nanocrystals. The presence of atomic hydrogen is reported to be crucial
for the crystallization of the amorphous silicon cluster in the gas phase [284]. As these
plasma-synthesised silicon nanocrystals can be positively charged, they can be accel-
erated towards the substrate, potentially leading to amorphization of the surface of the
growing film. Therefore, it is crucial to ensure a soft landing of these nanocrystals on
the substrate, not only to prevent amorphization of the already deposited film but also
to preserve the structural integrity of these nanocrystals after landing [285]. As demon-
strated in previous studies, this can be achieved by tuning the bias voltage and the sub-
strate temperature [286, 287]. It is worth noting that the deposition conditions, which
enable the formation of plasma-synthesised nanocrystals, are close to (or in the early
stage of) the powder formation plasma regime (high power and high pressure). Precise
control of the process, thereby avoiding detrimental powder formation, is necessary for
obtaining high-quality films [281, 283].

To summarize, the growth of nc-Si:H layers involves mainly radicals, ions, atomic hy-
drogen and plasma-synthesised nanocrystals (if applicable), which allow the realization
of materials with varied opto-electrical properties by tuning the deposition conditions.
Comprehending the growth mechanisms of both a-Si:H and nc-Si:H layers assists in op-
timizing these layers with desired properties for their applications in SHJ solar cells.

2.4.3 Doped a-Si:H, nc-Si:H and nc-SiO,:H
Despite the abovementioned intrinsic a-Si:H and nc-Si:H, doped layers with higher con-
ductivities are often required to contribute to the selective transport of charge carriers as
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discussed in Section 2.3. Both (n)-type and (p)-type a-Si:H and nc-Si:H can be prepared
by adding the precursor gases containing, typically, phosphorus and boron during their
depositions, respectively [152, 241, 288, 289]. The doping mechanism is commonly ex-
plained according to the autocompensation model [290], which reveals the unavoidable
formation of dangling bonds when doping a-Si:H. As reported, dark conductivities (o)
of around 1072 S/cm were achieved for both (n)- and (p)-type a-Si:H, whereas the op-
timized (n)-type layer exhibited a slightly higher optimized o4 as compared to the (p)-
type counterpart [241]. The corresponding minimum Ej, is around 150 meV for (n)-type
a-Si:H and approaching 200 meV for (p)-type a-Si:H [152, 241]. Further reduction of the
E, is hardly achievable, partially because the doping efficiency, which is the fraction of
dopant atoms in fourfold coordination (active dopant atoms) over total dopant atoms,
generally decreases with increasing dopant contents [290, 291].

With respect to efficient selective transport of charge carriers, nc-Si:H can feature
more favorable electrical properties (e.g., lower achievable E;) than doped a-Si:H.
Thanks to the embedded nanocrystals, doped nc-Si:H layers allow higher doping ef-
ficiency than that of doped a-Si:H layers [291]. Typical optimized doped nc-Si:H can
exhibit o4 well above 1 S/cm and 10 S/cm for (p)-type and (n)-type layers, respectively,
with values of E, that are well below 100 meV [292, 293]. Excessive incorporation of
doping gas precursors (e.g., diborane (ByHg) and phosphine (PH3)) can result in the
amorphization of the deposited films [293, 294]. Besides, hydrogen, which is more rel-
evant for the growth of nc-Si:H, can also induce possible dopant passivation or dopant
deactivation [295-297]. It is worth mentioning that unlike a-Si:H, due to the confirmed
anisotropy properties in the growth direction of nc-Si:H layers [225, 298, 299] (see also
Figure 2.10), these nc-Si:H layers can feature different conductivities in vertical and
lateral directions.

When deploying doped nc-Si:H as the window layer of SHJ solar cells, it usually
induces less parasitic absorption as compared to the a-Si:H mainly due to its lower
absorption coefficients, especially, in the short wavelength range (around A < 600 —
700 nm) [173]. Further reduction of parasitic absorption is possible by using oxy-
gen-alloyed nc-Si:H (nc-SiO :H), which features further enhanced transparency while
(potentially) maintaining good conductivity [173]. Besides, nc-SiO :H also has tunable
opto-electrical properties by adjusting the deposition conditions, for example, by vary-
ing the CO; and H, flows during depositions [300]. This feature also allows one to tailor
the selective transport of charge carriers with high flexibility [150].

2.4.4 Key aspects of their applications for SH]J solar cells
With respect to the applications of both a-Si:H and nc-Si:H layers into SHJ solar cells, the
following aspects should be considered.

c-Si surface orientation: optimizing (i)a-Si:H passivating layer for (100) vs (111) ori-
entations

For typical FBC-SH]J solar cells, c-Si wafers are double-side-textured mainly for improv-
ing the light management of solar cells. With respect to its application for 2-terminal
(2T) perovskite/c-Si tandem solar cells, c-Si bottom sub-cells with a front-side-flat and
rear-side-textured (single-side-textured, SST) morphology are often employed for de-
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positing on their top solution process-based perovskite sub-cells. It should be noted
that researchers have also successfully showcased efficient 2T tandem solar cells with
solution-processed perovskite on double-side-textured c-Si bottom sub-cell [301]. In
this thesis, SST <100> c-Si wafers were prepared with (100)-oriented flat front surface
and (111)-oriented textured rear surface. Therefore, passivation optimizations of both
surfaces are necessary for achieving high-efficiency single-junction and tandem appli-
cations.

® si

Si(111)-(1x1):H  Si(100)-(1x1):2H  Si(100)-(2x1):H

Figure 2.9: Schematic sketches of hydrogenated structures present on Si(111) and Si(100) surfaces. Figure
adapted from [302, 303].

As compared to (111)-oriented surface, the passivation of (100)-oriented flat c-Si sur-
face is rather challenging as it is prone to result in detrimental epitaxial growth, espe-
cially, when depositing high hydrogen diluted (i)a-Si:H layers [303-307]. Although it is
still elusive to explain this difference between the (100) and (111) surfaces, possible ori-
gins are discussed here. Schematic illustrations of ideal c-Si surfaces with different ori-
entations are given in Figure 2.9. As seen in Figure 2.9, (111) surface features one exposed
bond and three back bonds per Si atom, while (100) surface has two exposed bonds and
two back bonds per Si atom. For (100)-oriented surface, two bonds need to be formed
for each atom of the growing film. That is, there is no rotation freedom for the bonded
atom and thus benefiting the crystalline growth. While (111) surface allows a mono-layer
bonded by a single back bond, which features rotation freedom and promotes the forma-
tion of the amorphous phase [306, 307]. Besides, as a result of two hydrogen-terminated
bonds per surface atom for (100) surface instead of only one per surface atom for (111)
surface, possible longer surface diffusion of radicals can facilitate crystal formation on
(100) surface [307]. Moreover, as discussed in [303], an ideal (100) surface can easily
form unique dimer bonds (see Figure 2.9, Si(100)-(2x1):H) and epitaxial growth happens
as long dimer strings, which are perpendicular to the surface.

Substrate- and thickness-dependent growth of nc-Si:H

Typically, the growth of nc-Si:H layers, or the evolution of their compositions (nanocrys-
tals and amorphous phase) depends on the nature of the substrate and the thickness
of the nc-Si:H layer [176-178]. As reported by Roca i Cabarrocas, et al., [176], before
the growth or nucleation of nanocrystals in the film, an amorphous incubation phase
(around 15 nm) was first formed when depositing the nc-Si:H layer on the glass sub-
strate. The gradual increment of the volume fraction of nanocrystals was seen after the
nucleation with increasing film thickness and reached the steady state with a thickness
of around 100 nm. Moreover, for a substrate coated with a-Si:H, the growth of nanocrys-
tals was hardly observed even with a 100-nm-thick film deposited. Interestingly, the
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amorphous incubation phase was mitigated by directly depositing the nc-Si:H layer on
a c-Si substrate.

As discussed in works of literature [176, 263, 308], the transition from the amorphous
incubation phase to the nucleation of the nanocrystals is assisted by a highly porous and
hydrogen-rich layer. Indeed, such a transitional layer could promote structure relaxation
mediated by the diffusion of hydrogen in the film, thus facilitating the formation of the
crystallites. The proceeding growth of nanocrystals is then favored thanks to those exist-
ing crystallites. Therefore, various substrates that can affect differently the initial growth
of the film are expected to result in either prompt or delayed nucleation of nanocrystals.
Similar reasons can be applied to explain the thickness-dependent growth of nc-Si:H
layer.

Overall, those substrate- and thickness-dependent growth characteristics of nc-Si:H
layers become critically relevant when applying them in SHJ solar cells, which feature
(da-Si:H passivating layer and might require limited thicknesses of nc-Si:H layers for the
optimum device performance. Therefore, in this thesis, efforts have been devoted to
facilitating fast nucleation of nanocrystals, which enable efficient band bending near
the c-Si surface.

Microstructure of a-Si:H and nc-Si:H (nc-SiO +H) in SHJ solar cells
The microstructures of typical a-Si:H applied in SHJ solar cells are schematically de-
picted in Figure 2.10. As seen in Figure 2.10, a-Si:H layer (free from epitaxial growth)
consists of three main components [309]. Starting from the substrate to the free sur-
face, they are (i) the interface layer (around 1 to 2 nm) that is hydrogen-rich and highly
porous, or also referred to as the Si-H; interface layer [309-311], (ii) the bulk layer that
contains less hydrogen and is more compact than the interface layer as Si-H is the more
dominant hydrides [262, 309, 311] and (iii) the surface layer (around 1 to 2 nm) with
a high hydrogen content and void-rich (more fraction of Si-H, or Si-Hz as compared
to the bulk) [262, 309, 310]. Therefore, for SHJ solar cells that have relatively thin (i)a-
Si:H (usually not thicker than 10 nm [312]), not only the microstructure properties of the
bulk component but also that of the interface and the surface components are impor-
tant for understanding the performance of the device. Especially, those microstructure
properties can be tuned or affected by adjusting deposition conditions [313] or applying
post-deposition plasma treatment [175].

Subsequential growth of doped nc-Si:H (nc-SiO :H) layer on (i)a-Si:H, applicable
to this study, is also schematically drawn in Figure 2.10. As outlined in Section 2.4.2,
nanocrystals can be produced via various mechanisms. Based on the microstructural
characterization results presented in Chapter 6, we can dismiss the (insignificant) con-
tribution of plasma-synthesized nanocrystals, as no instant nanocrystal growth on (i)a-
Si:H layer was observed. Therefore, considering previously discussed substrate- and
thickness-dependent growing characteristics of nc-Si:H (nc-SiO :H), their growth model
consists of [176, 264]: the amorphous incubation layer, the nucleation phase of crys-
tallites, the bulk layer with growing nanocrystals until reaching stationary growth, the
surface layer including growth zone and surface roughness. Due to the amorphization
induced by the impinging of energetic ions, the growth zone features slightly smaller
nanocrystals and a higher amorphous fraction than the top surface of the bulk layer.
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Figure 2.10: Schematic illustrations of ()a-Si:H (left) and nc-Si:H/nc-SiO :H (right) deposited on c-Si and ()a-
Si:H passivated c-Si, respectively. The growth model presented for nc-Si:H/nc-SiO :H layers is representative
of those prepared in this work. Figures adapted from [264, 309, 322].

The microstructure and the corresponding opto-electrical properties of nc-Si:H-based
layers depend on the deposition conditions such as plasma excitation frequency [163,
314, 315], gas precursors [166, 173, 316], substrate temperature [163, 317, 318], power
and pressure [170, 229, 319], and also importantly, the microstructural properties of the
substrate modified by plasma treatment [312, 320, 321]. Understanding the microstruc-
tures of nc-Si:H layers underscores the significance of finely adjusting their deposition
conditions and potentially applying pre- or post-deposition treatments, which are cru-
cial to achieve layers with desired opto-electrical properties for SHJ solar cells. Further-
more, this understanding also plays a key role in comprehending the J-V characteristics
of SHJ solar cells.

2.5 Conclusions

In this chapter, we briefly presented the fundamentals of the physics of SHJ solar cells.
We first introduced carrier generation and recombination and highlighted the impor-
tance of minimizing surface recombination for SHJ solar cells. Then, typical architec-
tures of FBC-SHJ solar cells were mentioned and compared. Through discussions on the
mechanisms of selective transport and collection of charge carriers, we pointed out the
preferred implementation of nc-Si:H-based contact stacks for high-efficiency SHJ solar
cells. Subsequently, the microstructure, growth mechanisms and opto-electrical prop-
erties of a-Si:H and nc-Si:H-based layers were introduced. Lastly, we discussed the key
aspects of applying both a-Si:H and nc-Si:H-based layers for high-efficiency SHJ solar
cells, which are related to the device performance in terms of the passivation, selective
transport of charge carriers and light management.









Experimental

In this chapter, the experimental process and tools used for the fabrication of FBC-SHJ
solar cells are introduced first. Afterwards, we present the main characterization tech-
niques utilized for thin-film layers and devices, where the latter can be dedicated sam-
ples for evaluating passivation quality, contact resistivity or solar cell performance.

3.1 Experimental process and equipment

3.1.1 Process flows for single-junction FBC-SHJ solar cells and bottom

sub-cells for monolithic 2T perovskite/c-Si tandem solar cells
An overview of process flows for FBC-SH]J solar cells is presented in Figure 3.1. For
fabricating FBC-SH]J solar cells as sketched in Figure 3.1 (b), we used 4-inch Topsil
(n)-type double-side-polished float-zone (FZ) <100>-oriented c-Si wafers, which are
280 * 20-pum thick with resistivities of 3 + 2 {2-cm. To prepare double-side-textured
(DST) FBC-SH]J solar cells, both sides of those wafers were randomly textured by di-
luted tetramethylammonium hydroxide (TMAH) solution with ALKA-TEX (GP Solar
GmbH) as additives [323]. Then, those wafers were cleaned by sequentially dipping
them into 99% room-temperature nitric acid (HNOs3), 69.5% 110 °C HNOs3, and then
0.55% hydrofluoric acid (HF) [324]. All Si-based thin-film layers were deposited via a
multi-chamber radio-frequency (RE 13.56 MHz) or very-high-frequency (VHE 40.68
MHz) plasma-enhanced chemical vapor deposition (PECVD) cluster tool (Elettrorava
S.p.A.). Besides, additional hydrogen plasma treatment (HPT) and VHF treatment were
optionally applied on (i)a-Si:H layers (before depositions of doped Si layers). During
PECVD depositions, we first deposited (i)a-Si:H/(n)-layer stack. Then with a short
vacuum break, wafers were flipped for subsequent depositions of (i)a-Si:H/(p)-layer
stack. After PECVD, RF magnetron sputtering (Polyteknic AS) was used for depositing
TCO layers, such as ITO and tungsten-doped indium oxide (IWO) [325] on both sides
of the wafers. For wafers that feature TCO layers deposited at room temperature, they
were annealed in air at 180 °C for 5 minutes. Eventually, solar cells were finished with
different metallization approaches, namely, Ag screen printing, Ag evaporation and

43
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Figure 3.1: The (a) process flows and schematic sketches of (b) double-side-textured, (c) single-side-textured
FBC-SH]J solar cells and (d) single-side-textured bottom sub-cells for monolithic 2T perovskite/c-Si tandem
solar cells. In all sketches, represents (i)a-Si:H, (n) refers to (n)a-Si:H, (n)nc-Si:H, (n)nc-SiO x:H or their possible
combinations, (p) corresponds to (p)a-Si:H, (p)nc-Si:H, (p)nc-SiO x:H or their possible combinations. In (b) -
(d), the devices can be either in rear junction or front junction configuration.

Cu-electroplating. Unless otherwise stated, solar cells with screen-printed Ag contacts
went through a curing step in the air at 170 °C for 40 to 45 minutes. Alternatively, cells
can feature an electroplated Cu front grid and a 500-nm-thick thermally evaporated
Ag rear electrode [127]. To further improve the anti-reflection effect of solar cells, a
100-nm-thick SiO layer was optionally deposited via e-beam evaporation on the front
side of the devices. A geometrical factor of 1.7 was used for calculating the deposition
durations for the textured surface based on the depositions on flat substrates. Single
junction c-Si solar cells fabricated in this thesis have designated areas ranging from
4cm? to 7.84 cm?,

While to make single-side-textured (SST) FBC-SH]J solar cells (see Figure 3.1 (c)), we
first deposited PECVD (Novellus Systems Inc.) grown SiN,:H on one side of polished
c-Si wafers. As SiNy:H is comparatively etching-resilient to diluted TMAH solution, the
bare c-Si side that is not covered with SiN,:H was randomly textured. Afterwards, wafers
were dipped into a buffered-HF (BHF) solution to completely remove the SiN,:H. This
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(a) (b)

Figure 3.2: The front side of fabricated wafer samples that include (a) screen-printed double-side-textured, (b)
front electroplated double-side-textured and (c) screen-printed single-side-textured FBC-SH]J solar cells, and
(d) diced single-side-textured bottom sub-cells for monolithic 2T perovskite/c-Si tandem solar cells.

produced single-side-textured wafers that feature one side (100)-oriented flat surface
and the other side (111)-oriented textured surface. Subsequent Si-based thin-film layer
depositions, TCO sputtering and metallization were similar to that of DST FBC-SH] solar
cells.

To prepare bottom sub-cells for monolithic 2T tandem solar cells, SST solar cells were
completed with a front ITO layer (around 30-nm-thick) (see Figure 3.1 (d)). Later, the
wafers were diced into 2.5 cm x 2.5 cm-sized samples with Disco DAD321 (Figure 3.2)
prior to deposition of perovskite top sub-cells. The fabricated monolithic 2T tandem
solar cell features a designated area of 1 cm?.

The fabricated DST, SST FBC-SHJ solar cells and SST bottom sub-cells for tandem
devices are shown in Figure 3.2.

3.1.2 Main manufacturing tools for SHJ solar cells

Plasma-Enhanced Chemical Vapor Deposition

As shown in Figure 3.3, a multi-chamber Plasma-Enhanced Chemical Vapor Deposition
(PECVD) cluster tool (Elettrorava S.p.A.) was used for depositing Si-based thin-film lay-
ers and applying HPT treatments. To minimize cross-contamination, the system fea-
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Figure 3.3: The photo of the PECVD (or so-called AMIGO) cluster tool and the schematic sketch of the de-
position chamber. Note that for the deposition chamber equipped with the VHF generator, there is an addi-
tional heater beneath the bottom showerhead electrode. Photo credit: Dr. Yuan Gao. The schematic sketch is
adapted from [326].

tures dedicated deposition chambers for individually depositing intrinsic, (n)-type and
(p)-type materials. A schematic representation of the deposition chamber is provided in
Figure 3.3. As seen in the sketch, after loading and pre-heat the sample (substrates are
often heated up to 160 °C to 180 °C) in the deposition chamber, various precursor gas
mixtures are supplied via the bottom showerhead electrode, which features a dimen-
sion of 12 x 12 cm?. When both the gas mixtures and the pressure have stabilized, the
RE/VHF generator supplies power to accelerate and energize electrons between two par-
allel capacitively coupled electrodes. Electrons with enough energy can dissociate the
precursor gas molecules by collisions, forming reactive radicals, ions and other species.
Eventually, radicals can diffuse to the surface of the growing film while positive ions can
diffuse to the plasma sheath and be further attracted to the substrate. In this thesis,
for the deposition of (i)a-Si:H, silane (SiH4) or hydrogen-diluted silane (H, and SiHy)
was used. Doping gases such as phosphine (PHs) or diborane (B,Hg) were additionally
added for forming (n)-type or (p)-type Si-based thin-film layers, respectively. Besides,
those layers were further alloyed with oxygen by supplying carbon dioxide (CO,) into
the deposition chamber. While to obtain the optimized material properties (e.g., passi-
vation quality, opto-electrical properties) of each layer, the deposition parameters such
as power density, pressure, substrate temperature and gas compositions need to be ad-
justed accordingly and these parameters are listed in the following individual chapters.

Radio-frequency Magnetron Sputtering

The radio-frequency (RF) magnetron sputtering system from Polyteknic AS (see Figure
3.4) was used for depositing TCO layers. Argon (Ar), an inert gas, is used as the sputtering
gas. As seen in Figure 3.4, Ar atoms that are injected into the deposition chamber can be
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Figure 3.4: The photo of the RF magnetron sputtering system (or so-called ZORRO) and the schematic sketch
of the deposition chamber. Photo credit: Dr. Yuan Gao. The schematic sketch is adapted from [326].

ionized by energetic electrons when RF power is applied. The positively charged Ar*
ions accelerate to the target (cathode) and eject target atoms due to collisions. Those
released target atoms with enough kinetic energy can eventually diffuse to the substrate
(anode) and contribute to film growth. The magnets placed behind the target are to
confine electrons to be close to the surface of the target, and so does the plasma. This
results in an increased probability of ionizing Ar atoms, which improves the deposition
rate of the sputtering process and also the quality of the deposited films. In this thesis, we
used a 4-inch ITO target that contains 90 wt% In, O3 and 10 wt% SnO,, and a 4-inch IWO
target that consists of 95 wt% In,O3 and 5 wt% WO3 [325]. The ITO films were prepared
at elevated substrate temperatures of around 100 °C to 110 °C, while the IWO films were
deposited at room temperature [325, 327, 328].

Metallization: Ag screen printing, Cu-electroplating and Evaporation
Screen printing which is well-established and dominant in the current PV industry is
also the main metallization approach for our solar cell optimizations. To form metal
contacts by screen printing, a squeegee first sweeps a viscous metallic paste over the
screen surface and prints the paste on the substrate through the openings of the screen,
then followed by a curing process at elevated temperatures. The screen is constructed
with an interwoven thin-wire mesh that is coated with a micro-coating emulsion layer
and features designated openings for patterning the metal contacts. The printed finger
width is often limited to a minimum of around 20 to 30 pum [329]. In this thesis, we used
low-temperature Ag paste from DuPont and the screen produced by KOENEN GmbH.
More details on the screen printing setup utilized in the PVMD group can be found else-
where [330].

Alternatively, Cu-electroplating is developed and utilized for forming ultra-fine metal
fingers (width < 15 um) with low finger resistivity (typically 1.7 + 0.1 u{2 - cm from Cu-
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electroplating and 10.0 + 5.0 u{2- cm from Ag screen printing in our lab) [127, 331]. Be-
sides, unlike the screen-printed Ag grid, the electroplated Cu grid appears to be void-
free in the bulk and is conformal on the surface [127]. The working principle of Cu-
electroplating is based on reduction-oxidation reactions. Both the wafer sample (cath-
ode) and the sacrificing Cu sheet (anode) are immersed, usually, in a CuSO4-based elec-
trolyte. During the electroplating process, Cu is deposited on the wafer sample through
the reduction reaction of Cu?* ions. As Cu®* ions are continuously consumed in the
electrolyte, the sacrificing Cu sheet supplies Cu?* ions via the oxidation reaction. In or-
der to form desired grid patterns on the wafer, in this thesis, a full area of 100-nm-thick
thermally evaporated Ag seed layer was first deposited on top of the TCO layer. Then,
photolithography steps including applying photoresist, exposure and development were
conducted to cover the area that is not intended to form the Cu grid with photoresist.
After Cu-electroplating, the remaining photoresist and the underneath Ag seed layer
were removed. Detailed descriptions of the Cu-electroplating process are available in
our publications [127, 331]. Metal contacts obtained from both Ag screen printing and
Cu-electroplating usually feature thicknesses of around 15 pm — 25 um.

For cells with the electroplated Cu front grid, we thermally evaporated Ag as the seed
layer (100-nm-thick) for conducting Cu-electroplating and as the rear electrode (500-
nm-thick). The working principle of metal evaporation is to heat up the metallic source
to above its melting point, then metal is evaporated and condensed back to the solid
state on the substrate surface that features a lower temperature. For metals with low or
high melting points, either thermal (resistive heating) evaporation or e-beam evapora-
tion can be applied, respectively. For thermal evaporation, a tungsten boat that holds
the metallic source is resistively heated up by applying a high current. While e-beam
evaporation utilizes magnetically focused high-energy electrons to melt metals located
in a water-cooled crucible. In this thesis, the Provac PRO500S system was used for metal
evaporation. We used thermal evaporation for Ag and e-beam evaporation for Al de-
position although Al features a relatively low melting point of 660.32 °C. This is to avoid
possible alloying of Al with the tungsten boat. Last but not least, e-beam evaporation was
also used for depositing a SiO,, layer (the melting point of SiO, is 1710 °C) for forming a
double-layer anti-reflection coating (DLARC) with the TCO layer underneath.

3.2 Characterizations

3.2.1 Thin-film characterizations

For controlling the fabrication process of solar cells and understanding the device per-
formance, the thickness, opto-electrical and microstructural properties of thin-films
were characterized on dedicated samples prior to solar cell fabrication. Here, brief in-
troductions on the techniques used for characterizing Si-based thin-films are provided.
Detailed descriptions of TCO and metal characterizations are given in [332].

Optical Properties

Spectroscopic ellipsometry (SE) (M-2000DI system, J.A. Woollam Co., Inc.) was used
for extracting information such as the thickness, refractive index and optical bandgap
of thin-film layers deposited on either front-flat glass (Corning Eagle XG) or wafer sub-
strates. SE is a contact-free optical measurement technique that detects the change of
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the polarization state of a known polarized light when it is obliquely reflected from a
sample [333]. Specifically, two wavelength-dependent values are measured, the ampli-
tude ratio (V) and the phase difference (A) between the p- (parallel to the plane-of-
incidence) and s-polarized (perpendicular to the plane-of-incidence) light waves. The
measured ¥ and A are defined by the ratio of the complex amplitude reflection coeffi-
cients (rp, rs) via [334]:

»
s

p = tan(¥)e'® = 3.1)

where rp and rs are related to sample properties (e.g. complex refractive index) via
Fresnel equations [333]. In most cases, an optical model is needed to fit the measured
data to obtain the properties of the measured sample. The incident angle is often cho-
sen to be close to the Brewster angle to maximize the difference between the ry, and r; for
better measurement sensitivity, and the Brewster angle is determined by the refractive
indices of two adjacent materials [333]. In this thesis, for layer(s) deposited on the glass
substrate, the incident angles were set to vary from 55° to 70° with 5° as the interval, while
for layer(s) deposited on the c-Si substrate, the incident angles were 65°, 70° and 75°. For
a-Si:H, the Cody-Lorentz dispersion model is mainly used. While for nc-Si:H-based ma-
terials, we used effective medium approximations (EMA) with Bruggeman analysis mode
to describe the mixed amorphous and crystalline silicon phases of those materials [334].
A schematic sketch of the sample for SE measurements and an example of extracted op-
tical constants (refractive index n and extinction coefficient k) are presented in Figure
3.5. The experimentally extracted optical constants of various layers were used as inputs
for optical simulations.
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Figure 3.5: The schematic sketch of the sample for SE measurements (left) and the extracted optical constants
of a typical (79)a-Si:H layer (right).

Alternatively, Steag ETA-Optik mini-RT was also used for extracting the optical prop-
erties of thin-film layers deposited on the glass substrate. The mini-RT setup consists of
a halogen lamp, a monochromator and separate photodiodes for detecting the reflected
and transmitted light. The measured wavelength-dependent reflectance (R) and trans-
mittance (7) are fitted with the Scout software using a thin-film multi-layer model. The
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O’Leary-Johnson-Lim (OJL) model was used to obtain the properties of Si-based thin-
film layers, including thickness, optical constants (n and k) and bandgap (Ep) [335-337].
From both SE and mini-RT measurements, the absorption coefficient of the film can be
calculated based on its extinction coefficient, which can be further used to determine the
optical bandgap Ey4 of the film. The Ey, is defined as the energy at which the absorption

coefficient reaches 104 cm™!.

Electrical Properties

Temperature-dependent dark conductivity (04) measurements were conducted to ex-
tract the E, of doped Si thin-film layers, which is insightful for understanding the selec-
tive transport of charge carriers as introduced in Section 2.3. The o4 of a semiconductor
is expressed as:

0d4=q(npn+plp) 3.2)

where ¢ is the elementary charge; n and p are the density of electrons and holes
under thermal equilibrium, respectively; p, and p, are the mobility of electrons and
holes, respectively. It is known that both n and p are related to Ef as seen in equations
2.1 and 2.2, we can then substitute equations 2.1 and 2.2 into equation 3.2 and obtain
under dark conditions (nu, > pu, for (n)-type and pu, > nuy, for (p)-type):

Er-E¢

Od,n = qinNcexp( ) for (n)-type (3.3)

Ey—Er
kg T
From equations 3.3 and 3.4, itis apparent that g4 is temperature-dependent. Under a
certain temperature, the 04(7) can be obtained by conducting dark I-V measurements:

0d,p = qpp Nvexp( ) for (p)-type 3.4)

dl
oq(T) = v (3.5)

where d is the distance between electrodes, I and V are the measured current and
applied voltage, respectively; ¢ is the thickness of the deposited layer, [ is the length of
electrodes. By measuring the o 4(7T) for a range of temperatures, then based on equations
3.3 and 3.4, the E, can be obtained by:

Ep— EC Ea

04,n(T) =0oexp( T T )= erXp(—m) for (n)-type (3.6)
Ey—-Ep Ea

0q,p(T) = ooexp( T )= erXp(—m) for (p)-type (3.7

where 0, is the pre-exponential factor. Equations 3.6 and 3.7 can be rewritten as:
1 )= E
od(T) ~ “ksT

A curve of In(1/04(T)) over 1/ kg T can be drawn, then the slope of the fitted straight
line indicates the E,. In this thesis, samples as sketched in Figure 3.6 were prepared,

In( —Ino, (3.8)
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Figure 3.6: The schematic illustration of the sample structure used for temperature-dependent o4y measure-
ments (left) and the derivation of E, for a typical (p)nc-Si:H layer (around 101-nm-thick) deposited on glass
substrate (right). Note, doped Si thin-film layers can be deposited directly on glass substrates or on (i)a-Si:H-
coated glass substrates.

where 300-nm-thick Al strips were evaporated on doped layers and were used as the
contacts for the temperature-dependent I-V measurements (temperature swept from
130 °C to 60 °C). Depending on the o4 of the doped layers, bias voltages of either 1V, 10
V or 100 V was applied for more reliable measurements. Note, the extraction of o4(7T)
for doped layers or (i)a-Si:H/doped layer stacks deposited on glass substrates, relied on
the thickness of the doped layers, as it was anticipated that the current predominantly
travels through the doped layers. It is worth noting that the derived E, might be over-
estimated, or the o4 might be underestimated, particularly in the case of very thin (e.g.
below 20 nm) doped layer (stack) deposited on an (i)a-Si:H layer. This is primarily be-
cause of: (i) the band bending formed between (i)a-Si:H and doped layer (stack), leading
to an overestimation of extracted E, compared to the E, of the bulk of the doped layer
(stack); (ii) the current can pass through the (i)a-Si:H layer when the doped layer (stack)
is of similar o4 as that of (i)a-Si:H layer. As the doped layer (stack) increases in thickness,
the impact from the (i)a-Si:H layers diminishes. On the other hand, in cases where the
doped layer (stack) features microstructural inhomogeneity across its thickness, such as
nc-Si:H-based layer (see Figure 2.10), the extracted E, and 04 may not accurately rep-
resent the properties of the entire layer (stack). Especially, the electrical properties of
nc-Si:H-based layers in vertical directions, which are more relevant in solar cell appli-
cations, can differ from those properties derived from coplanar measurements. Never-
theless, this characterization approach still serves as a practical and valuable method for
evaluating the electrical properties of doped layers, providing insights into the perfor-
mance of solar cells throughout this thesis. An example plot is provided in Figure 3.6.

Microstructural Properties

Fourier transform infrared (FTIR) spectroscopy (Thermo Scientific Nicolet 5700 in the
transmittance mode) was utilized for assessing the Si-H bonding configurations of (i)a-
Si:H layers, which may be related to their passivation capabilities and impact the trans-
port of charge carriers in solar cells. FTIR measures the infrared spectrum of the sam-
ple that usually features characteristic absorption peaks originating from vibrations of
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bonds in the material. During the measurement, broadband IR radiation is emitted
and enters the interferometer. Within the interferometer, the IR beam is directed to
the beamsplitter, which splits the beam into two beams. One beam is reflected off of
a fixed mirror and another one is reflected off of a movable mirror. Afterwards, the split
IR beams reach back to the beamsplitter and recombine. The movement of the movable
mirror causes optical path differences between the split beams, thus resulting in inter-
ference (wavelength-dependent and covers the full infrared spectrum that comes from
the source) on the recombined beam. Later, this beam is further directed to the sam-
ple and reaches the detector. The obtained interferogram (time-domain) is eventually
Fourier-transformed into a transmittance spectrum that is a function of the frequency
(wavenumber, w). From the FTIR measurement, the absorption coefficient (a(w)) can
be determined from the transmittance (T'(w)) via:

_ In(T (w))
r

alw) = (3.9

where ¢ is the thickness of the film. Then for a certain absorption peak, the integrated
absorption or the absorption strength (I) can be obtained with [338]:

I:f(M)dw 3.10)
)

For (§)a-Si:H, a microstructure factor (Rsy) that is defined for Si-H stretching modes
(SM) can be extracted as [339]:

I
Roy = —M 3.11)

Iism + Insm
where LSM and HSM stand for low-frequency SM (at 1980 — 2010 cm’!) and high-
frequency SM (at 2070 — 2100 cml), respectively [223, 338, 340]. Further, we calculated
the hydrogen content (Cyy) of the film as the following:

Nu _ IsmAvsm + IHsmAHsM

Cu =
Nsi Nsi

(3.12)

where Ny and Ng; (5 x 1022 cm™3) are the atomic density of H and Si atoms, respec-
tively. Arsm and Apsm are proportionality constants with approximately Apsy = (9.0 £
1.0) x 10! cm™2 and Apgym = (2.2 £0.2) x 10°° cm~2 [338]. Similarly, Cy can be also ex-
tracted via absorption peak due to Si-H wagging-rocking mode (W-RM) with Aw.gpy and
Iw.rMm [338]. As discussed in Chapter 7, only relative comparisons among samples are
given for double-side-textured samples.

In this thesis, we used single-side-flat Siegert Czochralski (Cz) <100> c-Si wafers with
thicknesses of 525 + 20 um and resistivities of 15 + 5 2 - cm unless otherwise stated.
To gain more insights into the properties of (i)a-Si:H layers deposited with cell-relevant
conditions, samples with different structures as sketched in Figure 3.7 were prepared. As
for the optimization of (i)a-Si:H on the flat (100)-oriented surface, around 30-nm-thick
(i)a-Si:H layers were deposited on the flat (100)-oriented surface. While for the optimiza-
tion of (i)a-Si:H for double-side-textured solar cells, those FTIR wafers were textured
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Figure 3.7: Schematic sketches of sample structures for FTIR spectroscopy measurement (left) and an example
infrared spectrum of an (i)a-Si:H layer deposited on flat (100)-oriented surface (right). In the infrared spec-
trum plot, the W-RM stands for Si-H wagging-rocking modes, BM refers to Si-H polyhydrides bending modes,
SM represents Si-H stretching modes. In the SM region, the green and red dashed lines represent the fitted
Gaussian function for LSM and HSM, respectively. The blue solid lines are the overall fittings.

on both sides and symmetrically coated with (i)a-Si:H layers. For those double-side-
textured samples, instead of being quantitatively analyzed as flat samples, only relative
comparisons were made (discussed in Chapter 7). All samples were measured with a
wavenumber range of 4000 cm™! to 400 cm™ and with a resolution of 2 or 4 cm™!. An ex-
ample infrared spectrum of an (i)a-Si:H layer deposited on a flat (100)-oriented surface
is shown in Figure 3.7. Besides, the Si-H W-RM (at around 640 cm™ [338, 341, 342]), Si-
H polyhydrides bending mode (BM) (at around 880 cm™! [343]) and Si-H SM modes (at
around 2000 cm™! and 2090 cm'! [223, 338, 340]) that are most relevant for an (i)a-Si:H
layer are also highlighted in Figure 3.7.

Raman spectroscopy (Renishaw inVia Micro-Raman Microscopy) was deployed for
obtaining the crystallinity of doped Si thin-film layers, especially, the nc-Si:H-based lay-
ers. Raman spectroscopy relies on Raman scattering or inelastic scattering of the pho-
tons that results in frequency shifts of scattered photons as compared to the excitation
frequency of incident photons. Depending on the energy transfer between the lattice
and the scattered photon, the frequency shift can be classified as Stokes shift (or down-
shift, where the scattered photon loses energy and the lattice gains energy in the form
of a phonon) and anti-Stokes shift (or upshift, where the scattered photon gains energy
by absorbing a phonon from the lattice). During the measurement, a monochromatic
laser beam is directed to and focused on the sample. In the meanwhile, reflected light
and scattered light pass through filters, which ensure only frequency-shifted scattered
photons are eventually fed into the detector. The Raman spectra of c-Si and a-Si:H show
characteristic transverse optical (TO) peaks at near 520 cm™! and 480 cm™!, respectively
[344, 345]. Due to the mixed phase composition of nc-Si:H-based materials, their typical
spectrum consists of crystalline silicon peaks (510 cm™! and 520 cm™) that are superim-
posed on a broad amorphous silicon peak (480 cm™). The crystalline fraction (Fc) can
be extracted by [346]:




54 3 Experimental

Fo= D10t 20 (3.13)
Is10 + Is20 + Iugo

where I, represents the integrated area of the Gaussian fitting peak centred at x cm™.
More detailed discussions on the extraction of F¢ from the Raman spectrum can be
found elsewhere [346-348]. In this thesis, Si thin-film layers were deposited on glass
substrates and a green laser (Ajaser = 514 nm) was used for Raman spectroscopy mea-
surements. The penetration depths of the laser light are in the order of hundreds of
nanometers for typical nc-Si:H-based layers fabricated in this thesis. An example Ra-

man spectrum of a (p)nc-Si:H layer is presented in Figure 3.8.
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Figure 3.8: The schematic sketch of the sample structure for Raman spectroscopy measurement (left) and an
example Raman spectrum of a (p)nc-Si:H that features an extracted crystalline fraction (Fg) of 69.9% (right).
In the Raman spectrum plot, the fitting of the background, amorphous peak and two crystalline peaks are
illustrated. The crystalline peak-1 and crystalline peak-2 refer to the peaks centred at around 510 cm™! and
520 cm™!. The background fit is the sum up of four other Gaussian distributions that are related to transverse
acoustic (TA), longitudinal acoustic (LA), longitudinal optical (LO), two-phonon excitation and Si-H wagging
mode of the amorphous phase [347, 349].

3.2.2 Contact stack evaluations and solar cell characterizations

Along with the fabrication process of solar cells, samples for evaluating the passivation
quality and contact resistivity of contact stacks were also prepared. In this section, the
techniques used for evaluating the contact stacks and the eventual solar cells are briefly
introduced.

Passivation Quality Evaluation

The photoconductance lifetime tester (Sinton WCT-120) was used for measuring the
passivation quality during the development of contact stacks for SHJ solar cells and
monitoring the passivation quality along the fabrication of solar cells. To conduct the
measurement, the test sample is placed on a temperature-controlled stage that features
a built-in photodiode to measure the intensity of the light. Then a lamp located above
the sample flashes light for a short period of time, which introduces photoconductance
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changes in the sample due to the generation and recombination of excess charge carri-
ers. Those changes in photoconductance of the sample are sensed by an RF coil that is
inductively coupled to the wafer conductivity. Similar to equation 3.2, the photoconduc-
tivity (opn) can be related to the excess minority carrier concentration (An = Ap > po)
via:

Oph = q(ng+An)uy, + gApLy (3.14)

Then, based on the continuity equation, a generalized expression of the injection
level-dependent effective minority carrier lifetime (7.¢) can be written as [350]:
Ap(1)

Teit(AP) = G T dAp @ dr (.15

where G(f) is the photogeneration rate. To measure samples with short lifetimes
(Tefr < 200 ps), the quasi-steady-state-photoconductance (QSSPC) mode [351] that fea-
tures a long time constant of the flash lamp is applied. In this case, G(¢) > dAp(t)/dt
and equation 3.15 can be simplified as:

Ap(1)
G(1)

To measure samples with long lifetimes (zq¢ > 200 ps), transient photoconductance
decay (Transient PCD) mode which sets the flash lamp to provide a short light pulse
that decays rapidly is used. This results in G(t) < dAp(#)/dt and equation 3.15 can be
approximated as:

Teff(Ap) = (3.16)

Ap(1)

Ap)=———"—"— 3.17
Tert(AP) =~ 41 Gy rdr G.17)
The implied open-circuit voltage (iVoc) can be then calculated via [351]:
ksT, A +A
B M) (3.18)

iVoc(Ap) = —In(
q ni

In this thesis, the reported 7 values were obtained at an injection level (An = Ap)

of 1 x 10'5 cm™3. The extracted iV at one sun corresponds to the T at high injection
levels with a An or Ap usually around or above 1 x 10'® cm=3. Figure 3.9 depicts the
schematic sketch of the sample structure for lifetime measurements (left) and an exam-
ple of an effective minority carrier lifetime curve of a double-side-textured c-Si symmet-

rically passivated by (i)a-Si:H layers.

Contact Resistivity Measurement

The dark current-voltage setup (Cascade Summit probe station CAS33 Microtech) was
utilized for characterizing the contact resistivity (p.) of the contact stacks implemented
in solar cells. Figure 3.10 depicts the prepared symmetrical samples that feature contact
stacks identical to those implemented in solar cells, whether it be the (n)- or (p)-contact
stack. The contact stack consists of a space-charge layer inside the c-Si bulk, (i)a-Si:H,
(n)- or (p)-layers, TCO and metal. The (n)-type or (p)-type c-Si wafer was used for evalu-
ating (n)- or (p)-contact stack, respectively. While the measurement is taking place, the
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Figure 3.9: The schematic sketch of the sample structure for lifetime measurements (left) and an example of
an effective minority carrier lifetime curve of a double-side-textured c-Si symmetrically passivated by (i)a-
Si:H layers (right). Note, the wafer type, its morphology and the thin-film coating(s) on both sides can differ
depending on the intended testing purposes.

test sample is contacted on both sides, and a voltage difference is applied to induce a
current that passes through the test sample (Ifyrce). In the meanwhile, the voltage on
each side of the test sample is measured separately. Specifically, the voltage of the top
surface of the sample (V4) and the voltage of the sample chuck that is in contact with
the rear side of the sample (V1) are independently extracted without being affected by
the Iforce. Then, the total resistance of the test sample (Rgample) can be calculated via:

Rsample = u (3.19)
Lorce
In this way, the Rsample can be obtained with a high level of accuracy as this prob-
ing configuration minimizes possible impacts from, for instance, the sample chuck and
contacting probes due to their contact resistance with the sample. Those can introduce
measurement uncertainties, especially, for samples with relatively low resistance (sev-
eral tens of mf2).
With the known sample area, the Rsample (With a unit of m(2) can be converted to
the resistivity of the sample (R sample) With a unit of m(- cm?. Then, the total contact
resistivity of samples (Rs contacts) can be calculated with:

Rs,contacts = Rs,sample - Rs,bulks (3.20)

where R sample is the total sample resistivity measured directly via the symmetrical
sample, Rspulks is the bulk resistivity contributions from c-Si and thin-film layers that
form the doped contact stacks. With known R;pyks, we can extract the R contacts that
originates from the contact interfaces. Thus, the p. of contact stacks on one side of the
sample can be obtained via:

e @ (3.21)
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Figure 3.10: The schematic sketch of symmetrical samples used for extracting the contact resistivity (pc) of
contact stacks (left) and the derivation of the total resistance of a (p)-type sample (right). In the plot, the V}g
represents the voltage measured on the top surface of the sample, the V7, is the voltage measured on the sample
chuck that is in contact with the rear surface of the sample. It e is the applied current that passes through
the test sample.

where the term ‘2’ is used by assuming the ideal symmetry of contact stacks on both
sides of test samples. In our samples, the p.Tco/metal Of TCO/metal interface, typically,
ITO/Ag interface is approximately 1.5 m{) - cm? [327], which negligibly contributes to
the total p. of the contact stacks. Thus, the variation of extracted p. reflects mainly the
effectiveness of selective transport of charge carriers from c-Si to TCO [151, 201].

IIluminated Current-Voltage Evaluation

The solar simulator (AAA class Wacom WXS-90S-L2) was used to characterize the illu-
minated current-voltage performance of fabricated solar cells. From the measurement,
external parameters, namely, short-circuit current density (Jsc), open-circuit voltage
(Voc), fill factor (FF) and power conversion efficiency (1)) are extracted. The measure-
ments were performed under standard test conditions (STC) as already introduced in
Section 1.2.1. A xenon lamp and a halogen lamp are equipped in the system to simulate
the AM 1.5G solar spectrum. Prior to sample measurement, calibration of the simulated
spectrum is performed with reference solar cells calibrated at Fraunhofer ISE CalLab.
While the solar cell is being illuminated, it undergoes a voltage sweep (typically from 1.0
to -1.0 V, and more preferably, from 0.8 to -0.2 V) and the resulting generated current is
measured. A shadow mask is placed on top of the solar cell to shade the non-active area
of the solar cell. The current density-voltage (J-V) curve of a 24.18%-efficient FBC-SH]J
solar cell fabricated in this thesis is presented in Figure 3.11.

As illustrated in Figure 3.11, both the Jsc and Vo are extracted from the cross points
of the J-V curve and the corresponding axes. The FF represents the ratio of the power
output at the maximum power point (Pyppp = Jmpp X Vmpp) to the product of Jsc and Vpc.
The 1 is determined as the maximum power generation over the incident irradiance (fj,
=1000 W/m? under STC).
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Figure 3.11: The J-V curve of a fabricated 24.18%-efficient FBC-SHJ solar cell. The inset formulas introduce
the definitions of fill factor (FF) and efficiency (n). The voltage scan for the presented measurement ranged
from 0.8 to -0.2 V, and data points with voltage beyond the Vg, as well as those with negative voltages are not
displayed in the plot.

Series Resistance Assessment

Sinton Suns- Vpc-150 lllumination-Voltage Tester was used to obtain the series resistance-
free J-V curves of solar cells, which are valuable, especially, for extracting the series resis-
tance of the device [52, 351, 352]. The Suns-Vpc measurement measures the open-circuit
voltage of a solar cell as a function of the incident light intensity. The measurement of
light intensity is accomplished by utilizing a calibrated reference solar cell. With the
known Jsc value of the sample solar cell at 1-sun condition (irradiance of 1000 W/m?)
from the abovementioned illuminated I-V measurement, the pseudo current density
(pJ) at certain illumination intensity (x sun) can be expressed as [353, 354]:

pJ = Jsc(1 sun) — Jsc(x sun) (3.22)

Accordingly, with various illumination intensities, a pseudo J-V (p/-pV) curve can be
plotted where pV is the measured V¢ at x sun. Since all the data points are noted under
open-circuit voltage conditions, the measurement does not consider the loss induced
by electrical transport. The effect of shunt resistance is still taken into account in the
measurement. Just like that of the illuminated J-V curve, it is also possible to derive a
pseudo FF (pFF) that reflects the potential achievable FF of the solar cell when excluding
the impact of series resistance. In this thesis, the resistivity of solar cells (Rs sunsvoc) 1S
calculated via:

Jsc Vi
Rs sunsvoc = (pFF — FF) % (3.23)

MPP
On the illumination side of the solar cell, charge carriers can transport both vertically
and laterally from the c-Si bulk to the metal electrode. It is possible to distinguish the re-
sistance contributions from both directions by combining the aforementioned contact
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resistivity measurements with the extracted Rs sunsvoc Values. This aspect is further elab-
orated in Chapter 5.

Quantum Efficiency Measurement

An in-house-built external quantum efficiency (EQE) setup was used for evaluating the
spectral response of fabricated solar cells. The EQE is the fraction of incident photons
that generate electron-hole pairs, which are successfully collected, with respect to the
total incident photons. In the measurement process, a xenon short arc lamp emits light
that travels through the monochromator and is modulated by a chopper. The chopped
monochromatic light is subsequently directed towards the sample, and the generated
photocurrent is measured by converting it to voltage. The voltage is then measured using
a lock-in amplifier. Mathematically, EQE(A) is expressed as:

EQE() = Iph—m (3.24)
quph,/l
where Iph(/l) is the photocurrent that can be measured, Woh,a is the spectral photon
flow incident on the solar cell. The Wpp, 3 is not directly measurable but can be indirectly
determined by using at least one calibrated photodiode (or reference solar cell(s)) with
known EQE:

f
ey

i (3.25)
gEQE™ ()

Wona =
where I;‘;lf(/l) can be measured and EQEIEfUL) is known. After obtaining the EQE(1)
for the sample, the Jsc rqr can be determined by:

1200 nm AMLS
Jsc,EQE = —67[300 EQEM)CPPh,A' dA (3.26)

nm

where ‘PS}I\:[,{S is the spectral photon flux of AM 1.5G spectrum [355] and the integra-

tion range is set from 300 nm to 1200 nm. In this thesis, the EQE was measured without
the influence of the front metal grid and with a spot size of around 2 x 3 mm?. Active-area
power conversion efficiency (nactive) was calculated using the Jsc gqr together with Voc
and FF obtained from I-V measurements. We observed that certain solar cells, which
typically have low Vp¢ values as a result of insufficient selectivity of contact stacks [36],
exhibit lower Jsc gqg than Jsc obtained from illuminated I-V measurements. This obser-
vation could be related to the significant recombination of the solar cell that results in
non-linearity in spectral response. This non-linearity can be more easily detected under
low light intensity monochromatic illumination conditions used for EQE measurements
(without bias light), despite a reasonable Jsc can be obtained from the I-V measurement
with standard test conditions [356, 357].

Spectrophotometer setups (PerkinElmer Lambda 950 and 1050 systems) were used
to extract the wavelength-dependent transmittance (T') and reflectance (R) of the testing
layer (stack), wafer samples and, especially in this part, the reflection loss of solar cells.
The Lambda spectrophotometry systems utilize light sources that are capable of emit-
ting light covering a broad wavelength range from ultraviolet, visible, to near-infrared
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Figure 3.12: An example EQE and 1 — R of a double-side-textured FBC-SH]J solar cell (left) and the resulting IQE
(right). The area with dashed lines indicates collection losses due to parasitic absorption and recombination
of charge carriers.

(UV-Vis-NIR) (a deuterium arc lamp for A < 320 nm and a tungsten-halogen lamp for
A within 300 nm and 3300 nm). The emitted light can hit diffraction gratings, which
are capable of selecting certain wavelengths of light to be redirected towards the sample
through a sequence of mirrors. An integrating sphere (IS) coated with a highly diffusive
reflective material is installed to ensure all transmitted or reflected light can be captured
by detectors after multiple internal reflections. Eventually, the measurements are com-
pared to reference transmittance and reflectance spectra, therefore delivering results in
relative terms (7 and R in percentage relative to the incident light intensity).

In this thesis, the reflectance R measured with a spot size of around 3 x 14 mm? is
used in combination with the measured EQE. As the EQE spectrum incorporates the
losses due to reflectance, the overall reflectance of the cell is measured to determine
the Internal Quantum Efficiency (IQE). The IQE represents the proportion of absorbed
photons that are eventually collected as charge carriers, indicating the ability of a cell
to utilize absorbed photons. In other words, the IQE can be employed to evaluate losses
caused by parasitic absorption and recombination. The IQE(A) can be obtained by using:

EQE(L)

IQEW =12

(3.27)

where R(A) is the measured reflectance for a given wavelength A, and 1 — R(A) repre-
sents the effective absorptance when the rear side of the solar cell is opaque. Example
EQE and 1 - R of a double-side-textured FBC-SH]J solar cell are given in Figure 3.12, and
the resulting IQE of the solar cell is also provided.

3.3 Conclusions

In this chapter, the experimental process and equipment used for fabricating FBC-SH]J
solar cells were introduced. Following this, the main characterization setups for as-
sessing opto-electrical and structural properties of thin-film layers, passivation quality,
contact resistivity, device external parameters and spectral response were presented to-
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gether with brief introductions on their working principles.







Doped nc-SiO :H layers for SHJ
solar cells

This chapter is based on the publication:

Y. Zhao, L. Mazzarella, P. Procel, C. Han, G. Yang, A. Weeber, M. Zeman, and O. Is-
abella, “Doped hydrogenated nanocrystalline silicon oxide layers for high-efficiency c-Si
heterojunction solar cells,” Progress in Photovoltaics: Research and Applications, vol. 28,
no. 5, pp. 425-435, 2020.

Abstract

Hydrogenated nanocrystalline silicon oxide (nc-SiO :H) layers exhibit promising opto-
electrical properties for serving as carrier-selective contacts in SHJ solar cells. However,
achieving high conductivity while preserving c-Si surface passivation quality is techno-
logically challenging for growing thin doped nc-SiO :H layers (< 20 nm) on the (i)a-Si:H
passivating layer. In this chapter, we present the evaluation of different heterointerface
engineering strategies to improve the opto-electrical properties of layer stacks founded
on highly transparent nc-SiO ,:H layers. Using PECVD, we first investigated and demon-
strated the significant adjustability of opto-electrical properties of doped nc-SiO :H lay-
ers by varying their main deposition conditions. In general, we confirmed that (n)-type
nc-Si0 :H layers offer a wider range of optical transparency for achieving lower acti-
vation energies as compared to the (p)-type counterparts. Afterwards, we assessed the
electrical properties of these layers with the application of various heterointerface engi-
neering techniques before and after doped layer depositions. Noticeably, we improved
the dark conductivities from 0.79 S/cm to 2.03 S/cm and 0.02 S/cm to 0.07 S/cm for
(n)- and (p)-layer (stack), respectively. The results suggest that the optimized interfacial
treatments after (7)a-Si:H deposition not only promoted the nucleation of nanocrystals
but also improved the c-Si surface passivation quality. Accordingly, we demonstrated
FF improvement of 13.5%gps. from 65.6% to 79.1% in front/back-contacted SHJ solar
cells. We achieved conversion efficiencies of 21.8% and 22.0%, for front and rear junction
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configurations, respectively. The optical effectiveness of the layer stack based on (n)nc-
SiO :H was demonstrated by an average 1.5mA/ cm? higher Jsc thus a nearly 1%gps.
higher average cell efficiency as compared to cells with (n)a-Si:H.

4.1 Introduction

Silicon heterojunction (SHJ) solar cells have demonstrated excellent efficiencies that are
well beyond 26% [67, 68], and therefore becoming one of the most promising photo-
voltaic (PV) technologies to reduce the levelized cost of electricity. The crucial ingre-
dient to achieve such high efficiency is the remarkable high open-circuit voltage (Voc),
which is above 750 mV [67, 139, 358, 359]. Typically, SHJ solar cells feature layer stacks
consisting of intrinsic and doped a-Si:H thin layers (< 15 nm) grown by PECVD. Those Si-
based thin-film layers must feature certain properties to build efficient contacts in terms
of carrier selectivity and carrier selective transport for obtaining a high fill factor (FF) in
solar cells [150]. Such layer properties point to minimal activation energy (E,) for both
(n)- and (p)-contacts whereas a wider bandgap (Eg) is more favourable for the collection
of holes ((p)-contact).

Despite their limited thickness, a-Si:H-based thin-films induce significant parasitic
losses when placed on the sunny side of the cell [156]. Besides, doped a-Si:H layers have
minimum achievable E, values in the order of hundreds of meV due to their moderate
doping efficiency [153]. The attempt to reach higher doping within a-Si:H films increases
the defect density, which will deteriorate the effectiveness of the carrier collection [155].
To quench this material bottleneck and owing to their superior electrical and favorable
optical properties, hydrogenated nanocrystalline silicon (nc-Si:H) layers have been pro-
posed for carrier-selective-contacts (CSCs) in SHJ solar cells [162-164, 360]. The ma-
terial consists of small nanocrystals embedded in the amorphous matrix [361] giving
confirmed anisotropy properties in the growth direction [225]. Furthermore, nc-Si:H al-
loyed with oxygen (nc-SiO,:H) allows tunable opto-electrical properties [173, 300], with
the advantage of simultaneously obtaining higher E; and lower E,, when compared to a-
Si:H. This unique feature also enables more flexibility to tailor the selective transport of
charge carriers, which enhances the performance of solar cells [150]. Interestingly, with
similar optical transparency, (n)-type nc-SiO :H layers exhibit generally higher conduc-
tivity than (p)-type counterparts [169, 174]. Accordingly, the use of (p)-type nc-SiO :H as
a front emitter in SHJ cell, which demands more sensitive processing and optimizations
than (n)-type counterpart, is rarely reported [160, 362, 363].

On the other hand, in SHJ solar cell applications, it is challenging to maintain an
excellent electrical cell performance while optimizing the optical layer properties due
to the substrate growth selectivity on top of the (i)a-Si:H layer [176]. Research and de-
velopments have been devoted to studying the interface treatment to properly grow a
nanocrystalline structure [320, 321, 364-366]. In particular, hydrogen plasma treatment
(HPT) is widely studied for improving the c-Si/(i)a-Si:H chemical interface-passivation
quality [367, 368]. From Si thin-film experience, this treatment can also result in a low-
temperature crystallization of a-Si [369] that might be beneficial for nanocrystal growth.
Aside from HPT, oxygen-absent seed layer [365, 366] and CO, plasma treatments [321]
are also utilized to minimize the incubation layer thickness of thin nc-Si:H layers. It is
also well known that very-high-frequency (VHF) plasma may induce less ion bombard-
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ment compared to radio-frequency (RF) [370] and thus, it is more efficient for reaching
higher crystallinity fraction (F¢) within thin layers [314]. Therefore, it is critical to explore
nucleation methods for achieving excellent bulk conductivity and nanocrystal growth of
thin (< 20 nm) doped nc-SiO :H layers while maintaining excellent surface passivation
quality.

In this chapter, we explore highly transparent selective transport layers for carrier
collection based on nc-SiO :H for SHJ solar cells. After the section about experimental
details, the remainder of this chapter is organized as follows: first, we study the tunable
opto-electrical properties of doped nc-SiO :H layers by varying their PECVD deposition
parameters. Afterwards, we investigate the effects of different interfacial treatments in
both (n)-type and (p)-type layer stacks. Finally, we examine the impact of these interfa-
cial treatments on the performance of front/back-contacted SHJ solar cells.

4.2 Experimental

For layer optimizations, doped nc-SiO ,:H layers were deposited on glass substrates with
thicknesses from 40 to 100 nm. Characterization techniques for extracting thicknesses,
optical properties (refractive index n @A = 632 nm and bandgap Ej), electrical proper-
ties (E, and dark conductivity o4) and microstructural properties (microstructure fac-
tor defined for Si-H stretching modes Rsyp) of layers are introduced in Section 3.2. The
PECVD deposition conditions used for layers and interfacial treatments in this chapter
are presented in Table 4.1.

To investigate the effects of nucleation on the growth of doped nc-SiO:H layers,
the depositions of oxygen-absent doped nc-Si:H layers, pre-HPT and/or VHF (i)nc-Si:H
treatment were applied right after the (i)a-Si:H deposition. After the depositions of the
doped layer (stack), post-HPT and doped a-Si:H capping layer were additionally applied
(see Table 4.1). Note, the pre-HPT etches around 2 to 3 nm of the (i)a-Si:H. In solar cells,
the indium tin oxide (ITO) layers were sputtered on both the front and rear sides of the
devices with thicknesses of 75 nm and 120 nm, respectively. Cells were completed with
screen-printed Ag electrodes, which were cured in an oven in the air atmosphere at a
temperature of 170 °C for 45 minutes for each side. Solar cells fabricated in this study
have a designated area of 7.84 cm? with 12.5% metal coverage or 3.92 cm? with 4.4%
metal coverage. The active area efficiency (1active) Was obtained by using Voc and FF
measured under STC together with integrated Jsc pqg extracted from the EQE measure-
ment on the active area of the device (see Section 3.2.2). Therefore, the influence of
optical shading caused by the front metal grid is excluded for nactive-

4.3 Results and Discussions

4.3.1 Tunable opto-electrical properties of doped nc-SiO :H

To evaluate the optimal trade-off of opto-electrical parameters of doped nc-SiO :H for
solar cell applications, we performed a series of experiments by varying the PECVD pro-
cess parameters as presented in Table 4.1. The summary of measured 7, oq, and Ey!,

11n the article on which this chapter is based, the term ‘Ey,’ was given whereas the correct term was supposed
to be ‘Eq’ as described in Section 3.2.1. As aresult, ‘Ey’ is used in this chapter instead of wherever ‘Eg4’ is used
in the article. This labelling issue neither changes visual or numerical elements in the article nor affects its
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Table 4.1: PECVD deposition parameters for optimization of doped nc-SiO :H layers and for various interfa-
cial treatments (doped nc-Si:H seed layers, pre-HPT, VHF (i)nc-Si:H treatment, post-HPT and doped a-Si:H
capping layers).

PECVD u pre- VHF post-

parameters (mne-Si0 :H (p)nc-SiO :H (mnc-SitH (p)nc-Si: HPT (inc-SiH HPT (n)a-Si:H (p)a-Si:H

Frequency
(MHz)

Temperature
(°C)
Pressure
(mbar)

13.56 13.56 13.56 13.56 13.56 40.68 13.56 13.56 13.56
180 180 180 180 180 180 180 180 180

1.1-4.4 14-3 2.7 2.2 2.7/22% 4 2.7 0.6 0.9

Power
density 55-90 55-90 76 90 63 69 21 28 16
(mW/ cmz)
SiHg4
(sccm)
Ha
(sccm)
CO2
(sccm)
PH5P
(sccm)
B2Hg®
(sccm)

1 0.8 1 0.8 - 1.2 - 40 8

60 - 160 110-210 100 170 200 120 200 - 24

a: 2.7 mbar for (n)-side and 2.2 mbar for (p)-side;
b. 295 in Hp;
€: 200 ppm in Hy.

E, and F¢ of doped nc-SiO,:H, nc-Si:H and a-SiO,:H layers within the explored PECVD
process window is illustrated in Figure 4.1.

As shown in Figure 4.1 (a), we first address the trade-off between the optical and
electrical properties of doped nc-5iO :H layers. For (n)-type layers, along with the incre-
ment of n, the improvement of g4 is generally observed, which indicates a lower fraction
of (n)a-SiO,:H [371] but more conductive (n)nc-Si:H and/or (n)a-Si:H phase inside the
material. To be more specific, increasing the deposition pressure and decreasing depo-
sition power result in layers featuring larger n, and these are also observed by Gabriel
et al. who ascribe the increasing of n with decreased ‘power to pressure ratio’ to less
incorporation of oxygen in the mixed-phase material [170]. Besides, changing directly
the composition of precursor gases, mainly decreasing H, flow and CO, flow, results in
higher n as well, which is observed in the literature as well [170-172, 371]. However, the
nanocrystalline phase is hardly seen when depositions feature insufficient H, dilution
(less than or equal to 60 sccm) or inappropriate pressure (less than or equal to 1.1 mbar
and greater than or equal to 4.4 mbar) (see (n)a-SiO ~Hin Figure 4.1 (a)). Indeed, nucle-
ation of nc-Si requires sufficient atomic hydrogen in the plasma, while this is not likely to
happen when H dilution is too low and deposition pressure is too high [172, 266, 372].

discussion and conclusions.



4.3 Results and Discussions 67

10" T T ER— T " i O " 600
= £(a) =] Enﬁ?:(mnc-s@ H Y - (b) 1 —_—
10" ¢ "= ol L o = 1400 >
L & & (nncSiosH-1 ] =) (9]
10% ¢ o =4 o r g 00 E 500 IS
— 3 4 o L oG C E e
£ 5 / (ncsiogH2 A® [Sols| | o 5 o g o | w
s s B e
= TE / r(c) e ® /%ﬂ. q
S WA 3 wasgdey 2. 190 o
10° ¢ /'9 ) [0 wesio O (plasion L lgoé/ E ‘s 40 &
= / & (MncSiOH @ (p)nc-SiOH [ AN A W
10 e ! B (n)nc-SitH @ (p)nc-Si:H L ,EV’OO (\) N 20
E 1 Q 1 n T N T N T N = k| . 1 . 1 . 1 0
20 24 28 32 36 40 2.0 2.4 2.8 3.2
n @\ =632nm (-) E, (eV)

Figure 4.1: The opto-electrical properties of doped nc-SiO :H, nc-Si:H and a-SiO:H layers during the opti-
mization process: (a) dark conductivity o4 as a function of refractive index n; (b) activation energy E, and
(c) crystalline fraction F¢ as a function of bandgap Eo. Note, half-down symbols represent nc-SiO :H layers;
solid symbols indicate nc-Si:H layers without CO2 during the depositions; open symbols suggest a-SiO :H (or
amorphous phase-dominant materials), which are based on fitted F when it is below 25% as their nanocrystal
peaks are hardly distinguishable from their Raman spectra; dashed lines in figures 1(a) and (c) are guides to the
eye; colored rectangular areas in figure (b) indicate the optical window of achieving favorable E, (< 200 meV)
for solar cells application. In figures (a) - (c), doped nc-SiO ,:H layers that are used in fabricating solar cells are
marked with yellow half-down symbols.

As for (p)-type layers, changes in deposition conditions induced the increased 7 of
(p)-type layers may be explained similarly to that of (n)-type layers. The increased n
is mainly seen by increasing deposition pressure, B,Hg flow and decreasing deposition
power, H, flow and CO. flow. The (p)a-SiO :H shown in Figure 4.1 (a) is due to high
CO; flow (greater than 2.8 sccm), high B,Hg flow (greater than 25 sccm), low H flow
(less than 130 sccm) or high pressure (greater than 3 mbar). The amorphization induced
by the high B,Hg flow could be related to a similar finding reported in [168], where a
monotonic decrement of F¢ is observed with an increased TMB/SiH, ratio. Moreover,
for both (n)- and (p)-type layers, highly conductive nc-Si:H layers are obtained when
CO; is missing during the deposition.

Moreover, as shown in Figure 4.1 (b), (n)-type layers exhibit a wider optical win-
dow to achieve favoured E, for solar cell applications as compared to (p)-type layers.
Therefore, the front surface field (FSF) featuring (n)nc-SiO :H is supposed to be a bet-
ter candidate and easier to apply in solar cells than (p)nc-SiO :H. Lastly, as shown in
Figure 4.1 (c), the variation of extracted Fc with Ej reflects the change of constituents
of this mixed-phase material. The positive correlation between F¢ and E, of doped nc-
SiO :H is mainly due to more hydrogen and/or more oxygen incorporation into the layer
[172], while the atomic hydrogen-induced nucleation effect can still compensate for the
amorphization effect from oxygen. However, when oxygen incorporation exceeds a cer-
tain limit, the nanocrystal growth is compromised as discussed in the works of literature
[168, 172, 298, 371].

Overall, tunable opto-electrical properties of doped nc-SiO :H layers enable the flex-
ibility to tailor the selective transport of charge carriers for enhancing the performance
of solar cells [150]. In Table 4.2, we report the optimized opto-electrical properties of
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Table 4.2: Opto-electrical properties of selected doped nc-SiO :H layers for solar cells.

Layers 04 (S/cm)  E, (meV) Eg (eV) n@632nm(-) Fc (%)  Thickness (nm)
(n)nc—SiOx:H—l 1.02 46.6 2.72 2.63 60.1 63.4
(n)nc—SiOx:H—Z 0.01 132.1 2.96 2.13 56.3 50.3

(p)nC-SiOx:H 0.02 103.6 2.31 3.11 32.3 68.7

both (p)-type and (n)-type nc-SiO :H layers for subsequent solar cell applications.

4.3.2 Interfacial treatments on doped layer stacks

In this section, the variations in doped layer (stack) electrical properties (E; and o4)
were evaluated with different interfacial treatments, including pre-treatments and
post-treatments that were applied before or after doped layer depositions, respectively.
To obtain device-relevant layer (stack) properties, we coated glass substrates with 10-
nm-thick ()a-Si:H followed by depositions of (n)-type layer stack ((7)nc-SiO :H-1 +
(nmnc-Si:H) or (p)-type layer stack ((p)nc-SiO,:H + (p)nc-Si:H). To accelerate the nucle-
ation of nc-SiO :H, we introduced pre-treatments including pre-HPT, the application of
an oxygen-absent (n)nc-Si:H or a (p)nc-Si:H seed layer, and VHF (i)nc-Si:H treatment.
Post-treatments such as doped a-Si:H capping layer applied after the growth of the layer
stacks were tested. Additionally, we also applied a post-HPT after the deposition of
(n)-layer stacks. Figures 4.2 (a) and (b) present the schematic illustration of interfacial
treatments applied on (7)-type and (p)-type layer stack, respectively. Figures 4.2 (c) and
(d) exhibit the effects of pre- and post-treatments on doped layer stacks, whereas those
treatments were already optimized in terms of plasma conditions and deposition time to
have better electrical properties of doped layers without causing significant detrimental
impacts on the passivation quality when applied for solar cell applications. In Figure
4.2 (c), the combined treatment-1 represents the pre-HPT + (n)nc-Si:H seed + (n)-type
layer stack + post-HPT + (n)a-Si:H, while combined treatments-2 represents: pre-HPT +
VHEF (i)nc-Si:H treatment + (n)-type layer stack + post-HPT + (n)a-Si:H. The distinction
between these two combined treatments lies in the application of either (7)nc-Si:H seed
or VHF (i)nc-Si:H treatment before the deposition of (n)-layer stacks.

As seen in Figure 4.2 (c), considering (n)-type layer stack without any treatment indi-
cated as the reference, layers exposed to single pre-treatment and post-treatment exhibit
decrements of E,. Especially, for the single treatments, the use of (n)a-Si:H capping layer
plays the most significant role in reducing E, from 53.5 meV to 36.5 meV and doubling
04 from 0.79 S/cm to 1.57 S/cm. Such an effect strongly suggests that (n)a-Si:H allows
a better interface contact with metal than (n)nc-Si:H counterpart. Note that (n)a-Si:H
we used in this experiment was previously optimized with an E, of 206 meV and a o4
0f 0.02 S/cm. Thus, this observation might also suggest potentially easier surface oxida-
tion of (n)nc-Si:H compared to (n)a-Si:H upon exposure to air. Faster nucleation is seen
by applying pre-HPT, oxygen-absent (n)nc-Si:H and VHF (i)nc-Si:H treatment, which in-
crease g4 as compared to the reference sample. However, it is worth noting that the layer
stack after the 20-minutes post-HPT treatment exhibits slightly reduced lateral o4 than
the reference sample. Since the lateral o4 is measured by probing contacts which are
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Figure 4.2: Schematic illustrations of pre- and post-treatments applied on (a) (n)-type layer stack (approx. 76
(n)nc—SiOx:H—l + 4 nm (n)nc-Si:H) and (b) (p)-type layer stack (approx. 74 nm (p)nc—SiOx:H + 8 nm (p)nc-
Si:H), respectively. Measured electrical properties (E; and o) of (c) (n)-type and (b) (p)-type layer stacks with
different pre- or post-treatments. For pre-treatments, both the pre-HPT and VHF (i)nc-Si:H treatment have
a duration of 2 minutes. The thicknesses of oxygen-absent seed layers are around 3 nm for (n)nc-Si:H and 4
nm for (p)nc-Si:H. For post-treatments, the doped a-Si:H capping layer has a thickness of 2 nm. The treatment
time of post-HPT after the deposition of (n)-type layer stack is 20 minutes.

formed on the surface of the layer, the reduction of lateral o4 indicates that the surface
of the layer stack is less laterally conductive after post-HPT. We speculate that surface
amorphization (a few nanometers) is induced by this low-power post-HPT leading to a
less conductive amorphous film. Nevertheless, we could not detect such shallow-surface
F¢ changes as compared to the thick bulk layer. This is due to the Raman Spectroscopy
used in this study, which features a penetration depth in the range of hundred nanome-
ters. HPT-induced amorphization of nc-Si:H is reported [373], for which a layer with
initial F¢ over 20% (with the existence of grain boundaries) experienced a decrease of
F¢ after HPT, resulting from migrating H atoms that minimize lattice strain energy. As
reported elsewhere [374], the formation of a few nanometers disordered surface layer
on (p)-type CZ-Si after HPT was confirmed by cross-sectional transmission electron mi-
croscopy (TEM). In any case, by means of SE, we observed no etching of the (n)-type
layer stack after the post-HPT. By combining the applied pre- and post-treatments, we
were able to improve further the o4 of the (n)-type layer stacks from 0.79 S/cm to 2.03
S/cm as compared to the reference sample.

For (p)-type layer stack, we noted positive effects in applying pre-treatments in terms
of lower E, and higher o4. Among pre-treatments, the most obvious enhancement of E,
(from 111.2 meV to 96.4 meV) and o4 (from 0.02 S/cm to 0.03 S/cm) is seen when apply-
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Figure 4.3: (a) Injection level-dependent minority carrier lifetime (74) curves and (b) infrared spectra mea-
sured for symmetrical samples with (i)a-Si:H, (i)a-Si:H with additional pre-HPT and (i)a-Si:H with additional
pre-HPT and VHF (i)nc-Si:H treatment. Note that in figure (b), the background subtraction and the resulting
fitting range, as used in the article on which the chapter is based, have been improved by consistently utilising
the procedure applied in Chapter 7. These improvements do not affect the conclusions drawn in the article.

ing VHF (i)nc-Si:H treatment. The VHF plasma conditions used in this study are acting
mainly as surface treatment, since no change in thickness was detected by SE, even after
6 minutes of deposition. Similar to that of (n)-type layer stack, the o4 was boosted to 0.07
S/cm and E, was reduced to 81.1 meV by adding a (p)a-Si:H capping layer on (p)-type
layer stack. Moreover, we also observed improved electrical properties by combining the
pre-HPT and VHF (i)nc-Si:H treatment as compared to the reference sample, while the
combined treatments do not outperform samples with the corresponding single treat-
ments.

To further understand the effects of pre-HPT and VHF (i)nc-Si:H treatment on the
thin (7)a-Si:H layer, we evaluated the passivation quality and the layer’s microstructure.
To this purpose, we prepared double-side textured symmetrical samples with 10-nm-
thick (i)a-Si:H layers on each side with the abovementioned treatments. We monitored
the effective lifetime (7¢f) of those symmetrical samples and measured the structural
change in those layers with Fourier-transform infrared spectroscopy (FTIR). Figure 4.3
(a) depicts the injection level dependent 7.4 and the infrared spectra related to the (i)a-
Si:H without treatment, with pre-HPT, and with pre-HPT + VHF (i)nc-Si:H treatment.
Note, the deposition conditions of pre-HPT for the (n)-side, as listed in Table 4.1, were
used as the representative HPT for those symmetrical samples.

As shown in Figure 4.3 (a), the reference sample without treatment demonstrated
a T slightly over 4 ms (at the injection level An of 1 x 10'° cm™3), while we noticed
improved passivation quality (z.f above 5 ms) when pre-HPT was implemented after
the deposition of (i)a-Si:H. Interestingly, applying pre-HPT + VHF (i)nc-Si:H treatment,
we observed the most significant 7. enhancement resulting in a 7¢ beyond 11 ms.

To investigate possible reasons for these enhancements in passivation quality, we
report in Figure 4.3 (b) the corresponding infrared spectra of these symmetrical passi-
vation samples, which reveal the changes in hydrogen content and microstructure of
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(a-Si:H layer. As seen in Figure 4.3 (b), the absorption peak can be de-convoluted into
two Gaussian distributions, which are related to the low stretching mode (LSM) and high
stretching mode (HSM) of Si-H bonds. It has been demonstrated that the LSM is at-
tributed to monohydrides in small volume deficiencies [343, 375], whereas HSM is as-
signed to mainly the monohydrides and some polyhydrides at internal surfaces of larger
volume deficiencies like nano-sized voids [338, 343, 375]. As a result of the different Si-H
bonding nature of LSM and HSM, a higher fraction of HSM, thus a higher Rgy (defined
previously in section 3.2.1) indicates a less compact (underdense) or void-rich film.

As shown in Figure 4.3 (b), we observed overall increased absorption strength after
applying either only HPT or combined treatments (HPT + VHF (i)nc-Si:H treatment) on
(da-Si:H layer. These observations imply increased hydrogen content inside the (i)a-
Si:H layer [367], which can enhance its passivation capability. Besides, the Rsy was
also increased when either only HPT or combined treatments were applied, thus sug-
gesting the reduced compactness of the (i)a-Si:H layer after those treatments. In other
words, the microstructure of (j)a-Si:H gets closer to the amorphous-to-crystalline tran-
sition region, which can foster more effectively the nucleation of doped nc-Si:H-based
layers [308]. Besides, HPT can induce high compressive stress within the amorphous
silicon network, which has been reported to be crucial for the nucleation of nanocrys-
tals from the amorphous phase [376]. The elevation in compressive stress caused by
HPT can be ascribed to several factors, including (i) the incorporation of hydrogen into
the strained Si-Si bonds, (ii) the hydrogen-hydrogen repulsive force, and (iii) the pres-
ence of trapped H, molecules in the a-Si:H [376]. These factors are closely associated
with our HPT or combined treatments treated (i)a-Si:H layers, which exhibited signifi-
cant hydrogen incorporation and possibly trapped Hy molecules within formed vacan-
cies (see Figure 4.3 (b)). Despite the existence of vacancies can reduce the compressive
stress in the a-Si:H [377], our HPT and combined treatment may allow more presence of
H, molecules inside these potentially formed vacancies as suggested by the substantial
increase of absorption strength of the HSM. Therefore, these treatments might also ini-
tiate the nucleation based on intrinsic stress accumulated within the film. These effects
on the nucleation of nanocrystals are expected to be more noticeable when those doped
layers have thinner thicknesses.

To sum up, the investigated pre-treatments applied for both (n)-type and (p)-type
layer stacks can enhance the electrical properties of test samples. In the meanwhile,
the combination of pre-HPT and VHF (i)nc-Si:H treatment was found to significantly
improve the c-Si/(i)a-Si:H interface passivation quality. As for post-treatments, boosts
of o4 are observed when doped a-Si:H capping layers are applied on the corresponding
doped layer stacks. In the following, we investigated the effects of the aforementioned
interfacial treatments on the performance of solar cells.

4.3.3 Solar cells

Front/back-contacted SHJ solar cells were fabricated featuring the (n)-type and (p)-type
layer stacks discussed in Figure 4.2. In order to evaluate both optically and electrically
the aforementioned interfacial treatments on the solar cell level, we located the layer
stacks under study on the front of the device. Therefore, we analyzed various (n)-type
((p)-type) layer stacks in rear (front) junction devices. The schematic illustrations of
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Figure 4.4: Schematic sketches of reference cells for investigating effects of interfacial treatments applied on (a)
(f)a-Si:H/ (n)-type layer stack (8 nm (i)a-Si:H + 12 nm (n)nc»SiOx:H—l +3 nm (n)nc-Si:H) and (b) ()a-Si:H/(p)-
type layer stack (8 nm (a-Si:H + 10 nm (p)nc-SiO :H + 10 nm (p)nc-Si:H). In (a), the rear side ()a-Si:H/ (p)-type
layer stack remains unchanged as 8 nm (#)a-Si:-H + 10 nm (p)nc—SiOx:H +10 nm (p)nc-Si:H. In (b), the rear side
(9)a-Si:H/(n)-type layer stack is fixed as 8 nm (9)a-Si:H + pre-HPT + 2 nm (n)nc-Si:H seed + 8 nm (n)nc-SiO :H-1
+ 3 nm (n)nc-Si:H + post-HPT + 2 nm (n)a-Si:H.

reference solar cells are shown in Figure 4.4. Besides the various interfacial treatments
herein analyzed, the layer stacks under study closely follow the sort of potentially opti-
mized contact stack for achieving efficient transport of charge carriers across heteroin-
terfaces in SHJ cells [150]. In a nutshell, such an optimal layer stack comprises (i) an
optimized (i)a-Si:H to achieve excellent surface passivation, (ii) a high bandgap silicon-
alloy layer with a low E;, (e.g. nc-SiO :H) to induce strong band banding at c-Si/ (j)a-Si:H
interface and (iii) a layer with low E, (e.g. oxygen-absent nc-Si:H) to enable efficient
charge exchange with the TCO.

During the evaluation of (n)-type layer stacks, the rear side (p)-type layer stack was
kept constant as 8 nm (i)a-Si:H + 10 nm (p)nc-SiO +H+10nm (p)nc-Si:H, with reference
(n)-type layer stack as 8 nm ()a-Si:H + 12 nm (mnc-Si0,:H-1 + 3 nm (nm)nc-Si:H (see
Figure 4.4 (a)). The external parameters of corresponding solar cells are presented in
Figure 4.5.

As seen in Figure 4.5 (a), the reference cell showed a FF of 65.6%, a Vpc of 723 mV, a
Jsc,eqe 0f 38.5 mA/cm? and a TNactive Of 18.3%. When pre-HPT was applied, we measured
improved EQE response, which is related to bandgap widening inside (i)a-Si:H with H
incorporation that improves the short wavelength response [368]. However, the cell with
only pre-HPT exhibited a comparable V¢ but a drastic FF drop of over 10%,p,s. as com-
pared to the reference cell. Such an effect could be ascribed to unexpected changes in
contact properties of (n)nc-Si:H/ITO interface, even though further investigation is nec-
essary for understanding this observation. While FF drop was induced by pre-HPT, it
was fully recovered and even improved when we additionally applied a post-HPT or with
an extra (n)a-Si:H capping layer. Among these solutions, (n)a-Si:H was more beneficial
with a FF gain of 6.3%,ps. as compared to the reference cell. Such an effect is consistent
with results discussed in Section 4.3.2, where the (n)a-Si:H capping layer delivered lower
E, and higher o4 values when (n)a-Si:H is in contact with the metal. Both observations
might be related to the possible easier surface oxidation of (n)nc-Si:H than (n)a-Si:H.
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Figure 4.5: The J-V parameters of solar cells with different interfacial treatments applied (a) on (n)-type layer
stack in rear junction configuration and (b) on (p)-type layer stack in front junction configuration as described
in Figure 4.4. In (a), combined treatments-1 represents pre-HPT + 2 nm (n)nc-Si:H seed + (n)-type layer stack +
post-HPT + 2 nm (n)a-Si:H. In (b), the cell with *pre-HPT + VHF (i)nc-Si:H features more optimized thicknesses
of (i)a-Si:H on both sides and (n)nc-SiO +Hon the rear side. Each data point represents one solar cell.

Moreover, in solar cells, (n)-type layer stack is in contact with sputtered ITO instead of
metal. Thus, the gain of FF by applying (n)a-Si:H capping layer may also result from dif-
ferent mechanisms as compared to the sample shown in Figure 4.2 (c). Nevertheless, a
study of the (n)-type layer/ITO interface using X-ray photoelectron spectroscopy depth
profiling measurements showed that (n)a-Si:H forms a better interface with sputtered
ITO as compared to (n)nc-Si:H [378]. This is due to (i) a lack of oxygen segregation, (ii)
much less oxidized Si atoms near the interface region and (iii) less ITO diffusion into
(m)a-Si:H layer, while the formation of highly oxidized interface and ITO in-diffusion
happened when (n)nc-Si:H was applied [378]. Besides, the formation of a-SiO :H(In)
in ITO/(n)-Si interface during sputtering of ITO, which builds a potential barrier (i.e.
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blocking the transport of electrons), was also reported [379]. Those studies may explain
the gain of FF by applying the (n)a-Si:H capping layer before ITO sputtering. Similarly,
the possible shallow surface amorphization of layer stack result from the post-HPT as
discussed in Section 4.3.2 may explain the improved FF of the solar cell, because amor-
phous layers relax the sharp potential change at TCO hetero-interfaces thus improving
energy band alignment [380]. Nevertheless, the highly absorptive (n)a-Si:H induced an
overall degradation of the Js¢c gqr to below 38 mA/ cm?. Moreover, the insertion of 2-nm-
thick (n)nc-Si:H seed layer in combination with pre- and post-HPT provides a tiny FF
improvement (0.4%gps.) but with a passivation degradation of 6 mV as compared to the
cell with only pre- and post-HPT. This little gain of FF may be ascribed to the faster nu-
cleation induced by the oxygen-absent (n)nc-Si:H seed layer [365, 366], while the drop
of Vo is due to the rather aggressive deposition of (n)nc-Si:H directly on (i)a-Si:H layer.
Eventually, a solar cell with combined treatments-1, namely, pre-HPT + 2 nm (n)nc-Si:H
seed + (n)-type layer stack + post-HPT + 2 nm (n)a-Si:H, exhibits a 7.6%,ps, of FF im-
provement relative to the reference cell.

Similarly, we investigate the effect of different treatments for (p)-type layer stack in
front junction solar cells as shown in Figure 4.4 (b). The reference (i)a-Si:H/(p)-type
layer stack consists of 8 nm (9)a-Si:H + 10 nm (p)nc-SiO,:H + 10 nm (p)nc-Si:H. We kept
the optimized strategy of (n)-type layer stack (combined treatments-1) as discussed in
Figure 4.5 (a) for all cells unless otherwise stated.

As illustrated in Figure 4.5 (b), compared to the reference cell, different single pre-
treatments, namely, pre-HPT, (p)nc-Si:H seed layer and the VHF (i)nc-Si:H treatment im-
proved the FF without deteriorating Vpc, which remains above 720 mV. It is worth noting
that both VHF (i)nc-Si:H treatment and (p)a-Si:H capping layer were demonstrated to be
effective single treatments for improving the FF of 2.2%,ps. from 72.1% to 74.3%. The FF
enhancement corresponds to observed o4 and E, enhancements as reported in Figure
4.2 (b). However, (p)a-Si:H, which is highly parasitically absorptive, degraded the Js¢ rqEr
from 37.0 mA/cm? to 35.2 mA/cm?. Therefore, there was no gain in nacive by applying
the (p)a-Si:H capping layer. Lastly, we combined pre-HPT and VHF (i)nc-Si:H treatment.
Together with further thicknesses optimizations of layer stacks, we were able to obtain
a cell with overall improved Voc from 721 mV to 723 mV, Jsc g from 37.0 mA/ cm? to
37.8 mA/cm?, FF from 72.1% to 76.9% and Nactive from 19.2% to 21.0% as compared to
the reference sample. The gain of performance is expected, as discussed in Figure 4.3
(b), since (i)a-Si:H layer after the combined treatments, tends to promote nucleation of
nanocrystals while providing excellent passivation quality to c-Si/(i)a-Si:H interface.

In return, as inspired by the optimized combined pre-HPT and VHF (i)nc-Si:H treat-
ment for (p)-type layer stack, these treatments were also applied for (n)-type layer stack
in solar cells as shown in Figure 4.4 (a). Indeed, as known from Figure 4.2 (a), by re-
placing (n)nc-Si:H seed layer (combined treatments-1) with VHF (i)nc-Si:H treatment
(combined treatments-2), the o4 of (n)-type layer stack was further improved. How-
ever, the passivation quality of solar cells before TCO was hardly preserved with direct
application of (m)nc-SiO :H-1 layer after the pre-HPT and VHF (i)nc-Si:H treatment. In-
stead, the use of (n)nc-SiO,:H-2 exhibited a better-preserved passivation quality when it
was combined with pre-HPT+VHF (i)nc-Si:H treatments and even with thinner (i)a-Si:H
layer beneath. Together with more advantageous optical properties of (n)nc-SiO,:H-2,
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Table 4.3: The illuminated J-V characterizations and pseudo FF of the best solar cells.

Cell area Metal Junction Voc Jsc FF n pFF
Cell 2 Coverage i a 2

(cm”) %) position (mV) (mA/cm?) (%) (%) (%)
0

#1 Front 718 32.9 77.9 18.4 81.0
7.84 12.5

#2 Rear 714 34.0 75.3 18.3 81.5

#3 Front 714 38.6 79.1 21.8 83.6
3.92 4.4

#4 Rear 712 39.3 78.6 22.0 83.9

4: Front or rear junction solar cells used either (n)nc-SiO +H-1or (n)nc-SiO :H-2 layer, respectively.

the combination of combined treatments-2 with (n)nc-SiO,:H-2 offers simultaneously
better passivation and transparency, which are beneficial when they are placed on the
illuminated side of solar cells. Therefore, we used combined treatment-2 with (n)nc-
SiO :H-2 for further optimizing rear junction cells, together with the optimized (p)-type
layer stacks featuring pre-HPT and VHF (i)nc-Si:H treatment as shown in Figure 4.5 (b).
On the other hand, mainly due to the relaxed optical limitations when layer stack is ap-
plied on the rear side of solar cells, the combined treatment-1 with (n)nc-SiO :H-1 were
implemented for front junction solar cells.

The J-V parameters of the best front and rear junction solar cells featuring a cell area
of 7.84 cm? are listed in Table 4.3 (cells #1 and #2). The corresponding design of the
front metal grid features a metal coverage of 12.5%, which limited the measured Jsc to
a maximal 34.0 mA/cm?. Alternatively, we redesigned the front metal grid, which allows
a lower metal coverage of 4.4%. This new design was implemented with cells that have
a designated area of 3.92 cm?. By implementing the new cell design together with fine-
tuning the thicknesses of layers stacks and the interfacial treatments, more performant
solar cells were obtained (see Table 4.3, cells #3 and #4). Especially, the optimizations
of (p)-layer stacks, including the thickness combinations of the (p)nc-SiO :H and (p)nc-
Si:H from 10 nm + 10 nm (cells #1 and #2) to 4 nm + 12 nm (cells #3 and #4), are further
elaborated in Chapter 5.

Thanks to the highly transparent (n)nc-SiO :H-2 layer, atleast 0.7 mA/ cm? higher Jsc
values were obtained for rear junction cells as compared to front junction cells in both
‘7.84 cm?’ and ‘3.92 cm?’ cell designs. Nevertheless, the higher FF values achieved in
front junction configuration yield eventually similar 7 for both junction configurations.
Note that these cells in Table 4.3 do not have a double-layer anti-reflection coating on
the front to demonstrate more clearly the transparency of our optimized (n)-type layer
stack. Finally, cells with both front and rear junction structures achieved 1 of around
22.0%.

Furthermore, to clarify the advantage of using (7)nc-SiO :H layer stack over (n)a-
Si:H layer, the J-V parameters and EQE curves of rear junction solar cells with either
combined 8 nm (n)nc-SiO :H-2 + 3 nm (n)nc-Si:H + 2 nm (n)a-Si:H layer stack or only 6
nm (n)a-Si:H are compared in Table 4.4 and Figure 4.6, respectively. Note, in Table 4.4, all
cells feature 8 nm (7)a-Si:H + pre-HPT + VHF (i)nc-Si:H treatment before the deposition
of (n)-type layers.

As presented in Table 4.4, solar cells with (n)nc-SiO :H layer stack exhibited an av-




76 4 Doped nc-SiO,:H layers for SH]J solar cells

Table 4.4: The illuminated J-V parameters of rear-junction solar cells using different front (n)-type layer
(stack). Results are averaged from three similar solar cells.

(n)-type layer Cell area C(I::I/ZE] o Junction Voc Jsc FF n
(stack) (cm?) %) 8 position (mV) (mA/cm?) (%) (%)
(o]
(mne-Si0 :H 7133+1.2 389405 79.0+03 21.9+0.2
layer stack 3.92 4.4 Rear
(n)al—Si:Hb 712.0+£ 1.0 374+03 794+02 21.1+0.2

4: 8 nm (i)a-Si:H + pre-HPT + VHF (i)nc-Si:H treatment + 8 nm (mnc-Si0 :H-2 + 3 nm (n)nc-Si:H + post-HPT
+2nm (n)a-Si:H ((n)nc—SiOx:H—Z with combined treatments-2);
b. g hm (i)a-Si:H + pre-HPT + VHF (i)nc-Si:H treatment + 6 nm (n)a-Si:H.

erage efficiency gain of 0.8%,ps, as compared to the (n)a-Si:H counterparts, primarily
thanks to an average gain of 1.5 mA/cm? in their Jsc. Specifically, Figure 4.6 further
reveals that the use of (n)nc-SiO,:H layer stack led to a significantly enhanced EQE re-
sponse from 300 nm to 650 nm and a slightly improved infrared response (from 1000 nm
to 1200 nm).

1.0 T T

EQE (-)

——(n)nc-SiO :H layer stack

—o— (n)a-Si:H

400 600 800 1000 1200
Wavelength (nm)

Figure 4.6: The EQE curves of rear junction cells with only 6 nm (n)a-Si:H layer and 8 nm (n)nc-SiO :H-2 + 3
nm (n)nc-Si:H + 2 nm (n)a-Si:H layer stack.

Even though transport mechanisms have been unveiled for achieving ultimate FF in
SHJ cells [150], the pre-conditioning for achieving optimum growth of layers, less resis-
tive interfaces and other experimental steps, such as pre- and post-treatments as well
as back-end metallization, heavily impact the road towards more efficient transport of
charge carriers. The notable difference between pFF and FF as seen in Table 4.3 indi-
cates further optimization efforts are required to minimize the transport resistivity of
charge carriers. In this respect, a measurement of the contact resistance between doped
layer stacks and TCO layers would provide more insights. Therefore, Chapter 5 further
details the design and optimization of hole collectors based on extracted contact resis-
tivities of doped contact stacks.
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Last but not least, additional optimizations of TCO and front metal grid are required
for improving further the cell efficiency. It is expected that solar cells with mainly doped
nc-SiO :H and nc-Si:H layer stacks, combined with (i) thinner wafers, (ii) lower met-
allization fraction and (iii) high-mobility TCOs, such as hydrogenated fluorine-doped
indium oxide [327], will enable efficiency well beyond 23% even without double-layer
anti-reflective coating. Moreover, we also expect that doped nc-Si:H-based layers de-
posited under VHF will deliver better layer properties and cell performances than layers
deposited under RE

4.4 Conclusions

In this chapter, we developed transparent carrier-selective transport layers mainly based
on nc-SiO :H alongside interfacial treatments to improve carrier collection in SHJ solar
cells.

Doped nc-SiO :H layers featuring state-of-the-art opto-electrical properties were
achieved, and the selected layers were integrated into FBC-SH]J solar cells. We observed
improved electrical properties (E, and ogq) of test structures after pre-treatments (pre-
HPT, oxygen-absent nc-Si:H seed layer and VHF (i)nc-Si:H treatment) and also excellent
passivation on c-Si/(j)a-Si:H interface with an 7.¢ over 11 ms when combined pre-HPT
and VHF (i)nc-Si:H treatments were applied. The post-treatments, especially 2 nm of
(ma-Si:H and (p)a-Si:H capping layer applied on (n)-type and (p)-type layer stacks,
respectively, exhibited significant improvements on o4 from 0.79 S/cm to 2.03 S/cm for
(n)-type layer stacks and from 0.02 S/cm to 0.07 S/cm for (p)-type layer stacks. Eventu-
ally, we implemented various interfacial treatments into front/back-contacted SHJ solar
cells giving a guideline for nanocrystalline film development. We monitored the FF and
Voc to evaluate the effects of different treatments, which affect the nucleation of doped
layers and/or their interface with ITO. Combining optimized interfacial treatments on
the layer stacks, we improved the FF from 65.6% in a rear junction cell to 77.9% in a
front junction cell with a cell area of 7.84 cm?. Furthermore, cells with an area of 3.92
cm? featuring further reduced metal coverage demonstrated improvements of FF from
77.9% to 79.1% and 75.3% to 78.6%, thus enhancements of 77 from 18.4% to 21.8% and
18.3% to 22.0% for front and rear junction solar cells, respectively, with the perspective
of further improvements by optimizing the front metal grid, bulk thickness and using
more transparent TCO.
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Abstract

Low activation energy (E,) and wide bandgap (Eg) are favored for (p)-contacts to
achieve effective hole collection in silicon heterojunction (SHJ) solar cells. In this work,
we studied PECVD (p)-type hydrogenated nanocrystalline silicon oxide, (p)nc-SiO +H
combined with (p)nc-Si:H as (p)-contact in front/back-contacted SHJ solar cells. We first
evaluated the effect of hydrogen plasma treatments applied at the (i)a-Si:H/(p)-contact
interface on the thickness-dependent E; of (p)-contacts. Notably, when the (p)nc-Si:H
layer is thinner than 20 nm, the E; of (p)-contacts was decreased by applying the com-
bined hydrogen plasma treatment and very-high-frequency (i)nc-Si:H treatment. Such
combined interface treatments also significantly reduced the contact resistivity of the
(p)-contact stacks (pc,p), resulting in an improvement of 6.1%aps, in FF of the completed
solar cells. Thinning down the (i)a-Si:H passivating layer to 5 nm leads to a low p,p
(144 m() - cm?) for (p)-contact stacks. Interestingly, we observed an increment of FF
from 72.9% to 78.3% by using (p)nc-SiO :H layers featuring larger differences between
their optical gap (Eps) and E,, which tend to enhance the built-in potential at the c-
Si/(i)a-Si:H interface. Furthermore, we observed clear impacts on pc ,, Voc, and FF

I This paper was invited for publication in the special issue ‘SiliconPV 2020’ of Solar Energy Materials and Solar
Cells, Proceedings of the 10th International Conference on Silicon Photovoltaics.
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by optimizing the thicknesses of (p)-contacts that influence their E,. In front junction
solar cells, the vertical and lateral transport of holes towards the front metal electrode
is affected by pc,p of (p)-contact stacks. This observation is also supported by TCAD
simulations which revealed different components of lateral contributions. Lastly, we
obtained both front junction and rear junction solar cells with certified FF well-above
80% and the best efficiency of 22.47%.

5.1 Introduction

Front/back-contacted silicon heterojunction (FBC-SH]J) solar cells with carrier-selective
passivating contacts based on hydrogenated amorphous silicon (a-Si:H) achieved con-
version efficiency well-above 25% [129]. However, the application of (p)a-Si:H for hole
collection is challenging because of its high parasitic absorption [156] and moderate
doping efficiency [152-154]. The latter imposes constraints on the energy alignment for
charge carrier transport from c-Si bulk to the indium tin oxide (ITO) transparent conduc-
tive oxide (TCO), thus limiting the device fill factor (FF) and open-circuit voltage (Voc)
[150, 151, 155, 214, 381, 382]. A theoretical study performed by our group [150] suggests
that an efficient (p)-contact prefers a wide bandgap (Eg) and a low activation energy (Ea)
for improving the junction built-in voltage (14,), thus improving the selectivity for holes.
Specifically, we assume a heterostructure that consists of a (n)c-Si substrate and a (p)-
type layer. For simplicity, we neglect the (i)-type layer in between the (n)c-Si and the
(p)-type layer. Under thermal equilibrium, the band bending at (n)c-Si/(p)-type layer
interface is indicated by the 14,; and it is defined as [150]:

Vi = (/)p —¢n (6.1)

and

$p=Xep+Egp—Eap (5.2)

with ¢, the work function of the (p)-type layer, ¢, the work function for the (n)c-Si
substrate, e, the electron affinity of the (p)-type layer, Eg j, and E,  the bandgap and
activation energy of the (p)-type layer, respectively. By substituting equation 5.2 into
equation 5.1, we obtain:

Wi =Xep+ Egp—Eap—®n (5.3)

Since ¢, is fixed for the (n)c-Si and the e, is assumed constant for silicon thin-film
layers [383], to maximize the V}; (and also c-Si band bending), a maximal Eg ;, — E, p, is
preferred. That is, the requirement for a low E, ;, (p)-type layer is relaxed if the layer also
features a higher Eg ,, [150].

As already discussed in Chapter 4, hydrogenated nanocrystalline silicon oxide (nc-
SiO :H), featuring tunable and superior opto-electrical properties over standard a-Si:H,
has been proposed as carrier-selective passivating contact and implemented in SHJ solar
cells [160, 173-175, 300, 362, 363, 384-392]. Specifically, E, and Eg of nc-SiO,:H can be so
finely tuned that efficient selective transport of charge carriers can be achieved. To fur-
ther improve the selective transport of holes, (p)nc-SiO :H and (p)nc-Si:H can be com-
bined in a (p)-contact stack [150]. Indeed, aside from their optical advantages over the
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standard doped a-Si:H layers [164, 175], the bi-layer (p)-contact minimizes the transport
losses by (i) improving the hole accumulation at ¢-Si/(i)a-Si:H interface with a wide Eg
(p)nc-SiO :H, and (ii) enhancing the charge exchange from (p)-contact to ITO and also
the band bending near the c-Si/(i)a-Si:H interface with a low E, (p)nc-Si:H layer. Due
to the substrate-dependent and thickness-dependent growth characteristics of (p)nc-
SiO :H [176], prompt nucleation of nanocrystals [175] is required for its implementation
into SHJ solar cells featuring an (i)a-Si:H passivation layer, thus achieving a low E, (p)-
contact close to the c-Si/(i)a-Si:H interface.

To provide more insights about the transport mechanisms of charge carriers, efforts
have been devoted to investigating the origins of solar cell series resistance (Rseries), re-
vealing contributions from the bulk of the component materials and their discontinuous
interfaces due to different E; of adjacent materials [216, 393-395]. Among those contri-
butions, doped contact stacks are interesting due to their major contributions to the total
device Rgeries [212, 217, 396-398] in terms of contact resistivity (po.). Experimental [201]
and theoretical studies [151] reveal close correlations between p. and external param-
eters (FF and Vpc) of solar cells, where p. can be tuned by adjusting the properties of
the doped layer (E, and Eg) and the TCO layer (carrier concentration, Ntco). In other
words, manipulation of those electrical properties in bi-layer hole collectors based on
(p)nc-SiO :H and (p)nc-Si:H determines the alignment of energy states and thus the ef-
fectiveness of the charge carrier transport. The transport mechanisms of charge carriers
are discussed in detail in Section 2.3.

In this chapter, we first investigated the thickness-dependent E, of the bi-layer
charge carrier collectors based on (p)nc-SiO :H and (p)nc-Si:H as a function of inter-
facial treatments [175]. Afterwards, we assessed the p. j, of (p)-contact stacks under
varying contacting conditions. Accordingly, we evaluated the effect of p. , on the V¢
and FF of FBC-SHJ solar cells. To infer the hole transport losses, we decomposed the
Rgeries Of solar cells in vertical and lateral contributions and we conducted advanced
device simulations to understand the lateral collection mechanism of holes in various
front junction cell configurations.

5.2 Methodology

We present in Table 5.1 the PECVD deposition conditions of (p)-contact investigated in
this study. We determined the optical bandgap (Ey4) of the thin-film layers with SCOUT
software [335, 336]. In solar cells, 75 nm and 150 nm indium tin oxide (ITO) were de-
posited on the front and rear sides, respectively. Solar cells studied in this chapter feature
a designated cell area of 3.92 m?.

TCAD Sentaurus from Synopsys Inc. was used for numerical simulations with exper-
imentally measured geometry, E,, and Ey4 as input parameters [399]. More details about
models and parameters can be found in previous studies [150, 151, 201]. In this chap-
ter, we used (i)a-Si:H, (p)nc-SiO,:H, (p)nc-Si:H, ITO, Ag electrodes as shown in Figure 5.1
for the collection of holes. These layers induce band bending inside the c-Si, which is
referred to as the space-charge layer inside the (n)c-Si bulk in this study. Therefore, we
define the (p)-contact stack that consists of a space-charge layer inside the (n)c-Si bulk,
(da-Si:H, (p)nc-SiO,:H, (p)nc-Si:H, ITO, and Ag. A schematic sketch of the band diagram
of (p)-contact stack (till ITO) is given in Figure 5.1 [150].
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Table 5.1: PECVD parameters for optimization of (p)nc-SiO :H, (p)nc-Si:H, HPT, VHF ()nc-Si:H treatment.

PECVD parameters (p)nc-Si0 x:H (p)nc-Si:H HPT VHF (i)nc-Si:H
Frequency
MH2) 13.56 13.56 13.56 40.68
Temperature 180 180 180 180
°C)
Pressure 14-3 2.2 22 4
(mbar)
Power density
W/ em?) 76 90 63 69
SiHq 0.8 0.8 . 1.2
(sccm)
Ha 170 170 200 120
(sccm)
CO2 1.4 0 - -
(sccm)
a
B2Hs 10 10 - -
(sccm)
. b
Deposition rate 0.018-0.036 0.047 . ~0¢
(nm/s)
Duration ) ) 120 120
(s)

4:200 ppm in Ha;

b. The deposition rate refers to layers deposited on the flat glass substrates;
€: The deposition is hardly detectable by SE measurement after 6 minutes of deposition.

Energy

Nid

o

space-charge layer

o¥

o

Band bending

Distance

Figure 5.1: The band diagram under the dark thermal equilibrium condition (diagram) of the proposed (p)-
contact stack for SHJ solar cells with the bi-layer (p)-contact. In general, the (p)-contact stack consists of a
space-charge layer inside the (n)c-Si bulk, ()a-Si:H, (p)nc-SiO :H, (p)nc-Si:H, ITO, and Ag (not shown here).

Figure adapted from [150].
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5.3 Results and Discussions

5.3.1 Activation energy of the (p)-layer stack

The bi-layer (p)-contacts, consisting of a (p)nc-SiO,:H (10 nm) and a (p)nc-Si:H (varied
thickness), were deposited on glass substrates coated with an (i)a-Si:H (10 nm). This
test structure aims for taking into account the substrate-dependent growth of nc-SiO :H
thin-films, which is relevant in SHJ solar cells [176]. We assessed the E, and o4 of the
(p)-contact with schematic structures given in Figure 5.2. To accelerate the nucleation
of the (p)nc-SiO,:H, we additionally applied a combined interface treatment including
hydrogen plasma treatment (HPT) and very-high-frequency (VHF) (i))nc-Si:H treatment
(thereafter, simply denoted as HPTs) before the (p)-contact deposition, as is proposed in
Chapter 4 [175]. The thickness-dependent E, and o4 of (p)-contacts with and without
interface treatment are illustrated in Figure 5.2.
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o ' (p)nc-Si:H E 3
m . HPTs 3 -
w® 400 . ()a-si — ] .
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.e// \\.\‘& E
——aa a4 ]
oL v v IA E 10711
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(p)nc-Si:H (nm)

Figure 5.2: The influence of interfacial HPT + VHF treatment (HPTs) on E; and o4 of bi-layer (p)-contact
consisting of a 10-nm-thick (p)nc-SiO x:H and a (p)nc-Si:H with varied thickness. The insets illustrate the
schematic structures for assessing E; and o4 of the bi-layer (p)-contacts.

As depicted in Figure 5.2, similar to what has been reported by Roca i Cabarrocas
et al, [176], E, decreased and o4 increased in both types of (p)-contacts (w/o and w/
HPTs) with increasing (p)nc-Si:H thickness. Both E, and o4 tend to gradual saturation
for (p)nc-Si:H thicknesses above around 20 nm (see Figure 5.2). Besides this general
trend, we also observed that the HPTs induced improvements in the electrical proper-
ties of (p)-contacts, especially, when (p)nc-Si:H is thinner than 20 nm. In other words,
the HPTs promote the formation of slightly more conductive layers with lower E, val-
ues and thus potentially a better performing (p)-contact for SHJ solar cell applications.
Therefore, the HPTs were chosen to enhance the selective transport of holes [150], be-
cause it may lead to reduced resistive losses and therefore higher FFs in completed solar
cells.
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5.3.2 Contact resistivity of the contact stacks

As shown in Figure 5.3 (b), symmetrical samples were prepared with doped contact
stacks that originate from solar cells, as schematically sketched in Figure 5.3 (a), to
extract the p. of dope contact stacks [396]. The method of obtaining the p. is described
in detail in Section 3.2.2. With this, we first studied the effects of the HPTs and the
thickness of (j)a-Si:H layer on the p¢ , of the (p)-contact stacks. Then, we assessed the
effects of (p)nc-SiO :H layers that featured different Egq and E,. Lastly, we investigated
the p.,, by varying the thickness combinations in the bi-layer (p)-contact.

(a) (b)
6y | ] AV VVAAA
(i)a-Si:H
~260 pm ~260 um ~260 um ~260 pm
FZ (n)c-Si FZ (n)c-Si FZ (p)c-Si FZ (n)c-Si
. . 1-5Qcm 1-5Qcm 1-5Qcm 1-5Qcm
(i)a-Si:H

(n)—contactm M w M
re VNN IWVW VW TVWWW

Figure 5.3: Schematic sketches of (a) the front junction (left) and rear junction (right) solar cells studied in this
chapter, and (b) symmetrical samples for extracting the p. of (p)-type (left) and (n)-type (right) contact stacks.
The (n)-contact represents either (n)a-Si:H or the optimized (n)nc-SiO x:H—based layer stack as discussed in
Chapter 4 [175], where the (p)-contact refers to the (p)nc-SiO :H + (p)nc-Si:H layer stack. In (b), we used either
(p)- or (n)-type c-Si bulk for studying the (p)- or (n)-contact stacks, respectively.

Effect of the HPTs and (i)a-Si:H layer thickness on contact resistivity

To investigate the effect of the HPTs and the thickness of (i)a-Si:H layer on p¢, , of the
(p)-contact stacks, we fabricated symmetrical samples, following the structure depicted
in Figure 5.3 (b), with (p)-contact consisting of a 4-nm-thick (p)nc-SiO :H and a 16-nm-
thick (p)nc-Si:H layer. We evaluated carrier transport and passivation quality in terms of
Pe,p of (p)-contact stacks and iVoc of the symmetrical samples before ITO sputtering, as
shown in Figure 5.4.

Looking at the samples with a 7-nm-thick (7)a-Si:H (see Figure 5.4), it is noticeable
that the HPTs significantly reduced the average pc,, from 1221 m(}- cm? down to 325
m()-cm?. As the pc1to/ag of ITO/Ag interface is around 1.5 m{2- cm? [327], its contribu-
tion is negligible to the total p,, of the contact stack. The reduced p,, then reflects the
improvement of contacts from c-Si to ITO, which indicates that the HPTs enabled en-
hanced selectivity for the transport of holes. This beneficial effect on p¢ , is consistent
with the reduced E, of the (p)-contact [150] as is shown in Figure 5.2. Furthermore, the
HPTs boosted the passivation quality of the (p)-type wafer, resulting in an iVoc improve-
ment of 18 mV which is similar to what was reported previously for the (n)-type wafer
after applying the optimized HPTs [175]. By further thinning the (i)a-Si:H layer thickness
from 7 nm to 5 nm, the p, , was cut down to 144 m(2-cm?, which is lower than the major-
ity of reported values in literature featuring either (p)a-Si:H or (p)nc-Si:H as (p)-contact
[164, 201, 217, 396-398, 400]. Nevertheless, it is not our intention to pass any unfair ar-
gument on the goodness of (p)nc-SiO,:H-based (p)-contact with respect to the (p)a-Si:H
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Figure 5.4: The contact resistivity pc,p and iVoc of (p)-contact stacks without and with HPT + VHF (i)nc-Si:H
interface treatment (or simply denoted as HPTs), and depending on the (i)a-Si:H layer thickness. The passiva-
tion quality of the symmetrical test samples was measured before ITO sputtering. The results present averaged
Oc,p from two symmetrical samples and the error bars represent the standard deviations.

contact with the context provided. Specifically, p,, was reduced more than twice by re-
ducing the thickness of the (i)a-Si:H layer by only 2 nm. This layer is directly beneath the
(p)-contact and applying a thinner layer does hardly impact the passivation quality. This
observation on the reduction of p,, with a thinner (i)a-Si:H is in line with the trends that
have been reported by Leilaeioun et al. with a (p)a-Si:H layer [397]. Indeed as reported
by others [400-402], a thinner (7)a-Si:H may improve the carrier collections through in-
creased carrier tunneling probability. Within this series, a 6-nm-thick (i)a-Si:H layer de-
livered the highest iVoc of 728 mV and a relatively low pc , of 222 m{)- cm?. Thus we
implemented this (i)a-Si:H layer thickness together with the HPTs in the samples that
will be discussed in the following sections.

Effect of opto-electrical properties of (p)nc-SiO :H on contact resistivity

To maximize the V; p at the c-Si/(i)a-Si:H interface and, thus, the hole accumulation at
the c-Si/(da-Si:H interface [150], we applied (p)nc-SiO,:H with a varying difference be-
tween Eyy and E, by adjusting the deposition pressure as given in Table 5.1, where Ey,
is considered as an indication of the layer’s mobility gap (Eg) [232]. Here, we compared
symmetrical test samples, which featured a 4-nm-thick (p)nc-SiO :H deposited after the
optimized HPTs and coated with a 12-nm-thick (p)nc-Si:H layer. To extract the E; and
Ep4 of the three different (p)nc-SiO :H layers, slightly different from the structure shown
in Figure 5.2, we deposited 20-nm-thick (p)nc-SiO:H layers on glass substrates without
the (i)a-Si:H coating. The measured E, and Eoq of (p)nc-SiO :H layers are given in Ta-
ble 5.2 and indicated as Type-a, Type-b, and Type-c. Then, we evaluated the iVpc of
symmetrical samples before ITO sputtering and pc,, of (p)-contact stacks endowed with
(p)nc-SiO :H layers featuring various Eoq — E, values. The results are shown in Figure 5.5.
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Table 5.2: The opto-electrical properties of three types of (p)nc-SiO :H layers prepared with different deposi-
tion pressure.

(p)nc-SiO :H  Deposition pressure (mbar) ~ Epg (€V)  Ea (meV)  Epg — Ea (eV)

Type-a 3.0 2.19 320 1.870
Type-b 2.2 2.36 353 2.007
Type-c 1.4 2.51 424 2.086
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Figure 5.5: The contact resistivity pc,p and iVpc of (p)-contact stacks with (p)nc-SiO :H layers featuring var-
ious Egq — Ea. The passivation quality of the symmetrical test samples was measured before ITO sputtering.
The results present averaged pc,p from two symmetrical samples and the error bars represent the standard
deviations.

As illustrated in Figure 5.5, by widening the Eys — E, difference from Type-a to Type-
b (from 1.870 eV to 2.007 eV), pc,, of the (p)-contact stacks significantly drops. Its value
was reduced from 1027 m{2 - cm? to 307 m€2-cm?. We ascribe the reduction of Pc,p by
using Type-b (p)nc-SiO,:H layer to the improved Vj; ,, which indicates an enhanced
band bending at the c-Si/(i)a-Si:H interface and therefore an increased hole accumu-
lation [150]. By using Type-c (p)nc-SiO :H layer, which features much higher E, and
Epy — E5 as compared to that of Type-a (p)nc-SiO :H layer, the p j, of the contact stacks
was also significantly reduced. A degradation in iVpc was observed for the sample with
Type-c (p)nc-SiO,:H as compared to samples with Type-a and Type-b (p)nc-SiO :H. We
ascribe this to the loss in chemical passivation of (i)a-Si:H, which is sensitive to the var-
ied plasma conditions for realizing the opto-electrical properties of Type-c (p)nc-SiO :H.
Therefore, considering both passivation quality and electrical behavior, Type-b (p)nc-
SiO :H is preferred for solar cell fabrication.

Effect of thickness combinations of the bi-layer (p)-contact on contact resistivity

Aside from building up a sufficient Vbi,p at the c-Si/(j)a-Si:H interface, a low E; (p)-
contact is critical for achieving an effective transport of holes from the (p)-contact to
the ITO. As known from the thickness-dependent E, of (p)-contact discussed in Section
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5.3.1, we tuned the E; of the (p)-contact via varying the thickness combinations between
(p)nc-SiO :H and (p)nc-Si:H. In Figure 5.6, we present their influence on p¢,, of the sym-
metrical test samples.
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Figure 5.6: The contact resistivity pc,p and iVoc of (p)-contact stacks with varying (p)nc-SiO :H and (p)nc-Si:H
layer thicknesses. The passivation quality of the symmetrical test samples was measured before ITO sputtering.
The results present averaged pc,p from two symmetrical samples and the error bars represent the standard
deviations.

As can be seen in Figure 5.6, the average p,, decreased to a minimum of 291 m$-cm?
with increasing thickness fraction of (p)nc-Si:H. The p, , reduction can be explained by
the thickness-dependent E, of the (p)-contact as shown in Figure 5.2. Indeed, by lower-
ing the E,, not only the band bending at the c-Si/(i)a-Si:H interface enhances, but also
the potential barrier for holes decreases [150]. Both effects can contribute to the more
efficient transport of holes from c-Si to ITO. Besides, this also explains the enhanced
iVoc up to 726 mV by increasing the (p)nc-Si:H thickness. It is worth noting that in the
absence of (p)nc-Si:H (20 + 0 nm) beneath the ITO layer, we observed a diode behavior
of the symmetrical test sample. We ascribe this to an excessively large transport barrier
at the (p)-contact/ITO interface possibly due to a parasitic junction in our 20-nm-thick
(p)nc-SiO :H. Further, the complete removal of the (p)nc-SiO,:H (0 + 15 nm) resulted in
an iVpc of only 655 mV, which indicates a very defective c-Si/(i)a-Si:H interface. In re-
turn, this defective interface might also negatively affect the p,, of the contact stacks.
Therefore, the best thickness combination in terms of both iVpc and p,, was found for
the stack with 4 nm (p)nc-SiO :H + 12 nm (p)nc-Si:H. The presence of a 4 nm thick (p)nc-
SiO :H layer not only guarantees an excellent passivation quality but also enhances the
band bending at c-Si/(i)a-Si:H interface.

To sum up, we found that the application of the HPTs together with a thinner (i)a-Si:H
layer is crucial to minimize the carrier transport losses (o ) in the (p)-contact stacks.
We also observed (p)nc-SiO :H with a larger Ey4 — E, difference is critical for a significant
reduction of p. . Lastly, a bi-layer (p)-contact with a thicker (p)nc-Si:H tends to deliver
alower p¢ p.
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5.3.3 Solar cells

The studies about p.,, of (p)-contact stacks reveal various possible approaches to re-
duce the p. , by improving the selectivity and minimizing the transport losses of holes.
Accordingly, these approaches were further evaluated in both front and rear junction
SHJ solar cells, as sketched in Figure 5.3 (a), to analyze their influence on the resistivity
and performance of solar cells. To this purpose, we first extracted the solar cell’s pFF via
Suns-Voc measurement and then used the pFF to evaluate the solar cell’s Rs sunsvoc (With
a unit of mQ - cm?) (see Section 3.2.2) [52, 351, 352]. In the subsequent sections, the key
performance metrics (Voc, FF, pFF and Rssunsvoc) Of solar cells are presented and dis-
cussed as the trend in efficiency of these solar cells is primarily influenced by the FF of
these devices.

Effect of the HPTs and (i)a-Si:H layer thickness on solar cell performance

We fabricated front junction solar cells that feature an (n)a-Si:H as (n)-contact at the rear
side, while optionally applying the HPTs and varying (i)a-Si:H layer thickness before the
deposition of the front (p)-contact stack (4 nm (p)nc-SiO :H + 16 nm (p)nc-Si:H). The
key performance metrics of solar cells are depicted in Figure 5.7.

As shown in Figure 5.7, the HPTs boosted the average FF from 70.9% to 77.0% cor-
responding to a halved Rg sunsvoc from 2920 m2 - cm? to 1440 mS) - cm?. This reduction
in Rs sunsvoc is expected from the previous contact resistivity study discussed in Figure
5.4, where we observed a more-than-twice reduction in the p,; of the (p)-contact stacks
by applying the HPTs. By reducing the thickness of the (i)a-Si:H layer beneath the (p)-
contact from 7 to 5 nm, we observed a 2.3%,ps, FF gain without significant loss in Voc.
Accordingly, the average R sunsvoc reduced from 1440 m2 - cm? to 930 mQ - cm?. There-
fore, (i)a-Si:H with a thickness of around 5 to 6 nm is promising to improve the device FF
while preserving Voc.

Effect of opto-electrical properties of (p)nc-SiO :H on cell performances

In Figure 5.8, we present the effect of (p)nc-5iO :H layers featuring various Egq — E, values
on J-V parameters of rear junction FBC-SH]J solar cells ((p)-contact located on the rear
side). These results highlight the effect of Eys — E, on the vertical collections of holes.
The thickness of the (i)a-Si:H layer under the (p)-contact is 6 nm. The front side of the
solar cells features an (n)a-Si:H layer as (n)-contact.

As shown in Figure 5.8, we observed a slight decrease of Vo from 720 to 717 mV but
an improvement in FF from 72.9% to 78.3% with increasing Ey4 — E;. Correspondingly,
the extracted average Rssunsvoc Was halved from 2002 m€2-cm? down to 972 m{2 - cm?.
Since the (p)-contact stacks are placed at the rear side of the solar cells, we can conclude
the gain in FF mainly comes from the reduced vertical resistance contribution, which
originates from decreased p¢,, of the (p)-contact stacks as discussed in Figure 5.5.

Effect of thickness combinations of the bi-layer (p)-contact on cell performance

To evaluate the influence of the (p)-contact including the different thickness combina-
tions, we compared V¢ and FF of FBC-SH]J solar cells with different layer stacks as men-
tioned in Figure 5.6. The J-V parameters of both front and rear junction configurations
are presented in Figures 5.9 and 5.10, respectively.
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Figure 5.7: Front junction FBC-SHJ solar cells processed without and with HPT + VHF (i)nc-Si:H interface
treatment (or simply denoted as HPTs) with varying thicknesses of (i)a-Si:H beneath the (p)-contact (4 nm
(p)nc-SiO :H + 16 nm (p)nc-Si:H): (@) Voc; (b) FF and pFF; (€) Rs sunsvoc- Solar cells feature a nominal 3.2%
front metal coverage. The results present averaged parameters from four solar cells (the sample with 5 nm
(i)a-Si:H represents the results of two cells). The error bars represent the standard deviations.

In the series of front junction cells as shown in Figure 5.9, (n)-contact based on (n)nc-
SiO :H as previously optimized in Chapter 4 was applied on the rear side [175]. We ob-
served that Vpc and FF change simultaneously with increasing the thickness fraction of
(p)nc-Si:H. As compared to cells with only 20 nm (p)nc-SiO :H as (p)-contact, solar cells
with (p)nc-Si:H layers exhibited significant FF improvements, revealing the crucial role
of a low E, layer that is in contact with the ITO and additionally enhancing the band
bending at the c-Si/(i)a-Si:H interface [175]. Indeed, FF was increased by more than
8.5%aps. to up to 79.5% by applying the ‘4 + 12 nm’ (p)-contact combination. Accordingly,
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Figure 5.8: Rear junction FBC-SHJ solar cells with (p)nc-SiO :H featuring varying Eos — Ea in the (p)-contact
(4 nm (p)nc—SiOx:H + 16 nm (p)nc-Si:H): (a) Vpc; (b) FF and pFF; (c) R sunsvoc- Solar cells feature a nominal
4.4% front metal coverage. The results represent averaged parameters from three solar cells (the sample with
Type-a (p)nc-SiO :H represents the results of two cells). The error bars represent the standard deviations.

the average Rs sunsvoc Was also reduced from 2310 mS2- cm? down to 950 m? - cm? for all
cells with a (p)-contact consisting of both (p)nc-SiO,:H and (p)nc-Si:H. In the mean-
while, the V¢ was also improved from 692 mV to 714 mV when using the optimized ‘4
+ 12 nm’ (p)-contact combination. Due to the aggressive deposition conditions of our
(p)nc-Si:H, at least 4 nm of (p)nc-SiO :H was again proven to be necessary to preserve
the device passivation quality, which also affects the FF. Moreover, for cells with only
15 nm of (p)nc-Si:H, we also observed an increased average Rs sunsvoc When the cell was
poorly passivated.

Lastly, (p)-contacts with a fixed 4-nm thick (p)nc-SiO :H and with a varying thickness
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Figure 5.9: Front junction FBC-SH]J solar cells with varying thicknesses of (p)-contact ((p)nc-SiO :H + (p)nc-
Si:H): (a) Voc; (b) FF and pFF; (c) Rs sunsvoc- Solar cells feature a nominal 4.4% front metal coverage. The
results represent averaged parameters from three solar cells. The error bars represent the standard deviations.

of (p)nc-Si:H were applied to rear junction FBC-SH]J solar cells. The corresponding J-V
parameters are reported in Figure 5.10. The front side of the solar cells has an (n)a-Si:H
layer as the (n)-contact.

As illustrated in Figure 5.10, we noticed a general increment of average Voc and FF
by increasing the (p)nc-Si:H layer thickness. The gains in Vpc and FF are expected be-
cause of the reduced E, of the (p)-contact, supported by the thickness-dependent E,
of (p)-contact that is already shown in Figure 5.2. Besides, the absolute gain in FF was
more pronounced when increasing the (p)nc-Si:H layer thickness from 4 nm to 8 nm. We
ascribe this to the initial sharp reduction of E, of the (p)-contact when (p)nc-Si:H is thin-
ner than 10 nm (see Figure 5.2). Further increasing the thickness of the (p)nc-Si:H layer
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Figure 5.10: Rear junction FBC-SH]J solar cells with (p)-contacts featuring a fixed 4-nm thick (p)nc-SiO :H but
varying (p)nc-Si:H layer thicknesses: (a) Voc; (b) FF and pFF; (c) Rs sunsvoc- Solar cells feature a nominal 4.4%
metal coverage. The results represent averaged parameters from three solar cells. The error bars represent the
standard deviations.

resulted in the gradual saturation of the FF at around 78.5%. This was also reflected in
the evolution of the R sunsvoc Of solar cells, where the average Rs sunsvoc tended to reach
a minimum of 1200 m{2 - cm? with the increasing (p)nc-Si:H layer thickness.

5.3.4 Resistivity contributions of solar cells: Rg jateral VS R vertical

In front junction solar cells with a (n)-type c-Si wafer, (p)-contact stacks involve not only
vertical but also lateral collections of holes. This stimulates our interest in distinguish-
ing the resistance contributions from both directions. To this end, we decomposed the
Rs,sunsvoc of the abovementioned front junction FBC-SHJ cells with the assistance of the
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symmetrical test samples as shown in Figure 5.3 (b). With the obtained Rs sunsvoc, We can
derive the lateral Rg jateral that originates from the front side of the solar cells via:

Rs,lateral = Rs,SunsVoc - Rs,vertical (5.4)

where:

Rs,vertical = (Rs,symmetrical,p + Rs,symmetrical,n)/ 2 (5.5)

the R symmetrical,p @8Nd Rs symmetrical,n cOrrespond to resistivity contributions mea-
sured from symmetrical samples with the (p)-contact stacks and the (n)-contact stacks,
respectively. The Rg symmetrical,p @1d Rs symmetrical,» are divided by 2 to obtain vertical re-
sistivity contribution from one side of the contact stack as that in solar cells, which are
denoted as R vertical,p and Ry vertical, n- Therefore, aside from the symmetrical (p)-contact
stacks samples that were already made, we also fabricated symmetrical samples with
(n)-contact stacks, which have the same structures as the rear (n)-contact stacks in the
corresponding solar cells. As front junction solar cells were studied, we consider here
only the vertical transport of electrons through the rear (n)-contact stacks.

The R sunsvoc breakdown of solar cells with different layers and treatments is illus-
trated in Figure 5.11.

3500 : T T T T T 3500
a I
( ) - Rs,vertical,n 1T (b) - Rs,vertical,n |
3000 | - Rs,vertical,p ] - Rs,vertical,p 73000
|:| Rs,lateral |:| Rs,lateral
2500 - 2500
—~ -RS,SUHSVOC 4
§ 2000 | 1
G i
E 1500} 1 1
<’ ]
1000 - § .
500 |- § .
0 f
7 7 6 5 20+0 15+4 7+10 4+12 2+13 0+15

W/oHPTs!  w/HPT <o . i
()a-Si:H (nm) (p)nc SiO :H + (p)nc-Si:H (nm)

Figure 5.11: The Ry sunsvoc decompositions of front junction FBC-SHJ solar cells with R yertical and R jateral:
(a) the effect of the HPTs and (i)a-Si:H layer thickness; (b) the effect of thickness combinations of the bi-layer
(p)-contact. Rg yertical is distinguished between (n)-type contact stacks R vertical,» and (p)-type contact stacks
Rg vertical,p- The error bars represent the standard deviations.

As it can be seen from the analysis of R sunsvoc in Figures 5.11 (a) and (b), the vari-
ations in pc,, of the (p)-contact stacks (see Section 5.3.2) change not only directly the
Ry vertical,p but also the distribution of the Ry jateral. In Figure 5.11 (a), the (n)a-Si:H based
(n)-contact stacks account for an R vertical,n Of 102 mQ-cm? (o, of 63 m§2-cm?), which
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is less resistive than (p)-contact stacks. After applying the HPTs, we observed a signifi-
cant reduction in R vertical, p as a result of the decrement of p. , of the (p)-contact stacks.
In the meanwhile, we also recognized a lower contribution from Rq jateral. The reduction
of Rs lateral may result from both stronger band bending and better collection of holes
from (p)-contact to the ITO layer. Moreover, thinning down the (i)a-Si:H beneath the (p)-
contact also follows the trends but with rather comparable reductions of both R vertical, p
and R Jateral. In fact, (p)-contact stacks with thinner (i)a-Si:H layer features lower vertical
resistance, which promotes lateral transport through ITO, thus a lower Rq 1ateral as well.

In Figure 5.11 (b), the contribution of the (n)-contact stack based on (n)nc-SiO <Hto
the Rs vertical,» accounted for 71 m2 - cm? (p,, of 33 mQ)-cm?). Differently, by varying
thickness combinations of the (p)-contact, we observed a trade-off between Ry vertical,p
and Rq jateral- Due to the observed diode behavior of the symmetrical sample (see Figure
5.6) with only (p)nc-SiO :H (20 + 0 nm’ (p)-contact), we present only its device Rs sunsvoc,
which is the most resistive within the series. Along with the increased thickness fraction
of (p)nc-Si:H layer, we noticed the gradual lowering of Rg yertical because of the reduced
Pc,p of the (p)-contact stacks (see Figure 5.6). However, the increased contribution from
Rs Jateral compensated the reduced Rs vertical, thus maintaining the R sunsvoc 0f solar cells
nearly constant. We ascribe this to competing effects between the ones on carrier collec-
tions due to thinner (p)nc-SiO,:H and thicker (p)nc-Si:H. It is worth noting that a thicker
(p)nc-SiO :H or (p)nc-Si:H tends to enhance the band bending inside (n)c-Si as a result
of thickness-dependent E, of (p)-contact, thus reducing pc , and promoting the lateral
transport inside ITO for both cases. Therefore, on the one hand, a thinner (p)nc-SiO:H
is less likely to induce an efficient space-charge layer (band bending) inside the (n)c-
Si bulk as compared to its thicker counterpart. Thus, a thinner (p)nc-SiO :H layer may
require more support for the lateral transport of holes from the space-charge layer in-
side the (n)c-Si bulk. On the other hand, a thicker (p)nc-Si:H is capable of reducing
the E, of the (p)-contact and thus the p. , and for this reason, a more efficient lateral
transport of holes inside the ITO is expected. As it can be seen from Figure 5.11 (b), the
increased Rg Jateral With thinner (p)nc-SiO :H and thicker (p)nc-Si:H indicates that more
holes transport laterally through the (n)c-Si bulk. Therefore, there is a more dominating
effect of the (p)nc-SiO,:H layer thickness on the lateral transport distribution of holes.
Besides, similar Rssunsvoc values with different vertical and lateral components also re-
veal that R sunsvoc Was limited by lateral transport in the device ascribed to ITO mobility
and front Ag grid pitch size. Lastly, the cell that has only (p)nc-Si:H presents both in-
creased Rg vertical and Rg Jateral that result from increased p, , and deteriorated Voc.

To gain a better understanding of the role of the Rq jateral as observed in Figure 5.11
(b), we performed TCAD simulations to analyze front junction FBC-SHJ solar cells
featuring varied thickness combinations of the bi-layer (p)-contact. We evaluated the
charge per second that moves laterally in each layer on the front sides of solar cells
under maximum power point (MPP) conditions. Since the lateral current flow through
the (p)-contact is negligible as compared to the one of the c-Si bulk and the ITO layer,
we present here only the results of the c-Si bulk and ITO layer. The values are nor-
malized for all samples and are shown in Figure 5.12 (a). Note, the component that
is missing in Figure 5.12 (a) to reach 100% for each thickness combination indicates
non-collected (recombined) carriers as compared to the optimal sample featuring ‘4 +
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12 nm’ (p)-contact.
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Figure 5.12: The (a) simulations and (b), (c) schematic sketches of simulated lateral current flow distributions
within the c-Si bulk and ITO layer in front junction FBC-SH]J solar cells with varying thickness combinations
of the bi-layer (p)-contact. Note, the component that is missing in (a) to reach 100% for each thickness combi-
nation indicates non-collected (recombined) carriers as compared to the optimal sample featuring ‘4 + 12 nm’
(p)-contact. The p , (b) and pc, p,(c) represent the contact resistivity of the contact stacks featuring’15 + 4 nm’
and ‘2 + 13 nm’ (p)-contact, respectively. Ny () and Ny, () refer to the hole concentration in the space-charge
layer of (n)c-Si for cells featuring 15 + 4 nm’ and ‘2 + 13 nm’ (p)-contact, respectively.
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As noticeable in Figure 5.12 (a), the lateral current flow at MPP increased with a
thicker (p)nc-Si:H (or a thinner (p)nc-SiO,:H). By lowering the p¢ , of the (p)-contact
stacks, the probability of holes to be transported from the c-Si to the ITO increases. In-
terestingly, with increasing the thickness of the (p)nc-Si:H layer (or decreasing the thick-
ness of the (p)nc-SiO :H layer), we observed varied c-Si bulk contributions. Not only the
absolute current that is laterally transported through the c-Si bulk increased but also its
relative fraction increased. This is evident, especially, by comparing samples with ‘15
+4nm’ and ‘4 + 12 nm’ (p)-contacts. As expected, these increased c-Si bulk contribu-
tions elucidate the higher R jaeral @s observed in Figure 5.11 (b). Besides, the schematic
sketches of lateral current flows in the simulated solar cells are shown in Figures 5.12
(b) and (c). In fact, from the simulations, the hole concentration (V) in the space-
charge layer differs by implementing (p)-contacts with different thickness combinations.
Specifically, the V;, in the space charge layer is around 10'7 cm for the cell with ‘15 + 4
nm’ (p)-contact, which is nearly one order of magnitude higher than that of the cell with
‘2 + 13 nm’ (p)-contact. This varied N, in the space-charge layer is reflected in the form
of varied space-charge layer thickness as shown in Figures 5.12 (b) and (c). Although the
cell with ‘15 + 4 nm’ (p)-contact features a higher p., , as compared to that of the cell with
‘2 + 13 nm, a stronger band bending induced by the thicker (p)nc-SiO :H promotes the
carrier lateral collection through ITO, and vice versa.

With the knowledge of solar cells’ performances and during this study further care-
ful processing of the FBC-SHJ solar cells, we present in Figures 5.13 (a) and (b) the in-
dependently certified I-V characteristics of the best front and rear junction FBC-SHJ
solar cells, respectively. The corresponding R sunsvoc decompositions of solar cells are
also presented in Figure 5.13. For the front junction solar cell, we used (n)a-Si:H as (n)-
contact and we implemented the optimized 6 nm (j)a-Si:H and ‘4 + 12 nm’ (p)-contact
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together with the HPTs at the front side. While for the rear junction solar cell, instead of
‘4 + 12 nm’ (p)-contact, we applied ‘4 + 16 nm’ due to less strict optical limitations when
the (p)-contact is located at the rear side of the solar cell. With these, we have achieved
FF 0of 80.9% and 80.4% for front and rear junction configurations, respectively. Moreover,
thanks to the more transparent (n)-contacts based on (n)nc-SiO :H placed on the sunny
side [175], we achieved an efficiency as high as 22.47% in the rear junction configuration.

Lastly, as seen from the decompositions of solar cells’ Rs sunsvoc, the higher Rq jateral for
this rear junction cell indicates that more electrons transport laterally through the (n)c-

Si bulk as compared to the fraction transporting through the ITO. This corresponds to

similar observations as previously reported by Bivour, et al. [198].
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T T T T T T T T T 1200 T 1400
r —{100.0 [ 11200
o 3 ] R e
' A.i=(3.915£0.020) cm’ J L 11000
[ /.=(146.8+1.4)mA N —{80.0
B 1000~ v -(716.7+1.8) mVv k] 1 B a00 ég
= [ FF=(80.90+0.57)% Y 4 = [ 7 S
£ 750f- Pop=(8511£0.94) mwW 5' 00§ %
] [ n=(21.74£0.26)% H . H r 1600 =
=] F y’ 4 < S
F : —{400
50.0 N H i L 1400
C — 1
=="ISFH 1
- L3 —
250 H 200 L 1200
- .
r 11 ]
[N S YR NSRRI | AR S 0
0 200 400 600 800 . .
Front junction cell
Voltage V [mV]
(b) Rear junction cell
T T 1200 : 1400
F ] R
oo ne e sesasanenn, ] —
r —100.0 - R vertcao| |
o ] R
1250 Aq=(3.915£0.020)ecm’ .- ] e[| 100
E l.=(1521:1.4)mA Tsoo
T 1000 Vee=(719.2£1.8)mV ] 5 <
E T Fro(80.41+0.56)% 1 Z 800 E
£ F Pupp=(87.99£0.97) mW o H —|600 ; %;
£ 750 n=(2247:027)% ] H 600 £
S F 4 [ I
F —400
0.0 : b 400
F — H ]
E ="ISFH ]
250 S 200
F . 7
- . ]
PN - U IR | BEUNE S PN o
0 200 400 600 800 . .
Rear junction cell
Voltage V [mV]

Figure 5.13: The independently certified I-V characteristics and device parameters of the best (a) front junc-
tion and (b) rear junction FBC-SH]J solar cells. The corresponding decompositions of solar cells’ Rg sunsvoc are
also presented. The I-V characteristics certifications were performed at ISFH CalTeC (Germany).

5.4 Conclusions

In this chapter, we investigated and optimized hole collectors — or (p)-contact stacks

- based on bi-layers of (p)nc-SiO +H and (p)nc-Si:H, which are integrated into high-
efficiency SHJ solar cells.

We determined the thickness-dependent E; of the bi-layer (p)-contact, for which the
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thicker the (p)nc-Si:H the lower the E, of the (p)-contact. Meanwhile, we demonstrated
the necessity of our optimized HPTs interfacial treatment, which significantly improved
the electrical properties of the bi-layer (p)-contact, especially when the (p)nc-Si:H is
thinner than 20 nm. Accordingly, the HPTs also induced significant p. , reduction of
the (p)-contact stacks. Besides, a thinner (i)a-Si:H layer was proved to minimize trans-
port losses for holes and we report a (p)-contact stack featuring a low contact resistivity
(pc,p 0f 144 mQ2- cm?) when (i)a-Si:H is 5 nm. Interestingly, (p)nc-SiO ~Hlayers featuring
a larger Eo4 — E, were found to be beneficial for reducing the pc,,. Moreover, by varying
the thickness combinations in the (p)nc-SiO :H and (p)nc-Si:H stacks, we were able to
prove the critical roles of both (p)nc-SiO :H and (p)nc-Si:H. In particular, (p)nc-SiO :H
preserves the passivation quality and enables sufficient band bending at c-Si/(9)a-Si:H
interface, while (p)nc-Si:H enhances the transport of holes to ITO and the band bending
as well.

Subsequently, we observed that the FF evolution of solar cells was closely correlated
to their Rssunsvoc and to the p¢ , of (p)-contact stacks. It is worth noting that in front
junction FBC-SH]J solar cells, the p,j, of (p)-contact stacks was found to affect the dis-
tribution of vertical and lateral transport of holes. The application of the HPTs and a
thinner (i)a-Si:H layer reduced both vertical and lateral resistance losses at the same
time. Differently, we noticed a trade-off between vertical and lateral resistance when we
varied the thickness combinations of the (p)-contact. The latter finding was supported
by TCAD simulation, from which we observed increased contributions from the space-
charge layer inside the (n)c-Si bulk when a thinner (p)nc-SiO,:H and a thicker (p)nc-Si:H
were applied. Our best cells were certified to feature FF well-above 80% for both front
and rear configurations, and an efficiency of 22.47% was achieved for a rear junction
solar cell.
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Abstract

Low parasitic absorption and high conductivity enable (7)-type hydrogenated nanocrys-
talline silicon ((n)nc-Si:H), eventually alloyed with oxygen ((n)nc-SiO,:H), to be deployed
as the window layer in high-efficiency silicon heterojunction (SHJ) solar cells. Besides
the appropriate opto-electrical properties of these nanocrystalline films, a reduction of
their thickness is sought for minimizing parasitic absorption losses. Many strategies pro-
posed so far revealed practical limits of the minimum (n)-layer thickness that we address
and overcome in this manuscript. We demonstrated the successful application of an
ultra-thin layer of only 3-nm-thick based on (n)nc-Si:H PECVD plasma growth condi-
tions without the use of additional contact or buffer layers. For simplicity, we still name
this ultra-thin layer as (n)nc-Si:H and the solar cell endowed with it delivered a certified
efficiency 1 of 22.20%. This cell showed a 0.61 mA/cm? overall Jsc gain over the (n)a-
Si:H counterpart mainly owing to the higher transparency of (n)nc-Si:H, while main-
taining comparable Vpoc > 714 mV and FF > 80%. Our optimized (n)nc-Si:H layer yields
low absorption losses that are commonly measured for (n)nc-SiO,:H films. In this way,

I This paper was invited for publication in the special issue ‘EU PVSEC’ (2022) of Progress in Photovoltaics:
Research and Applications.
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we are able to avoid the detrimental effect that oxygen incorporation has on the elec-
trical parameters of these functional layers. Further, by applying a MgF,/ITO double-
layer anti-reflection coating, the cell with 3-nm-thick (n)nc-Si:H exhibited a Jsc gqr up
to 40.0 mA/cm?. By means of EDX elemental mapping, we additionally identified the
(mnc-Si:H/ITO interface is critical for electron transport due to unexpected oxidation.
To avoid this interfacial oxidation, insertion of a 2-nm-thick (n)a-Si:H on the 3-nm-thick
(mnc-Si:H contributed to FF gains of 1.4%,ps. (FF increased from 78.6% to 80.0%), and
showing further room for improvement.

6.1 Introduction

Front/back-contacted silicon heterojunction (FBC-SH]J) solar cells with passivating con-
tacts based on hydrogenated amorphous silicon (a-Si:H) have demonstrated conver-
sion efficiency () well above 25% [129]. To reduce the parasitic absorption at the il-
luminated side, doped a-Si:H is often substituted by doped hydrogenated nanocrys-
talline silicon (nc-Si:H) and/or its oxygen alloy (nc-SiO,:H) that concurrently enable bet-
ter transparency and higher conductivity [132, 160, 173-175, 300, 360, 403]. These ad-
vantageous opto-electrical properties of nc-Si:H-based thin-films mainly originate from
their mixed-phase compositions, which consist of nanocrystals embedded in the amor-
phous matrix [361, 404].

However, nc-Si:H-based thin-films feature thickness- and substrate-dependent
growth characteristics [176, 405]. Therefore, efforts have been devoted to minimizing
the thickness of the initial amorphous incubation layer regardless of the influence
from the substrate. Methods, such as applying a CO, plasma treatment [320, 321],
employing an oxygen-absent doped/non-doped seed layer and/or a contact layer
[164, 175, 321, 365, 366, 386, 406], using a very-high-frequency (VHF) plasma [163, 314],
utilizing a phosphorous treatment [388], and implementing a hydrogen plasma treat-
ment [364] or a low-temperature crystallization by hydrogen plasma [369, 407] were
reported. Such approaches can accelerate the nucleation of nanocrystals, thus enabling
doped layers with low activation energies (E,). And those low values of E, are critical for
achieving effective carrier-selective transport through nc-Si:H-based carrier-selective
passivating contacts (CSPCs) in SHJ solar cells, which feature (i)a-Si:H passivating layers
[150]. Besides, prompt nucleations also provide the possibility to minimize the total
thicknesses of the nc-Si:H-based CSPCs which results in a lower parasitic absorption
while maintaining advantageous electrical properties, especially, when they are located
on the illuminated side of the solar cells. As reported, for rear junction SHJ solar cells that
feature a (n)nc-Si:H-based window layer, the thickness of this (n)nc-Si:H layer should
generally be at least around 10 nm to achieve a decent FF of above 77% [163, 164].
For a (n)nc-SiO,:H-based contact, a minimum of approximately 8-nm-thick (n)-type
nc-Si0 :H in addition to a nc-Si:H layer stack, which acts as a seed and/or contact
layer, is needed to form effective electron CSPCs for ensuring excellent electrical cell
performance including preserving the surface passivation quality [386, 387]. Attempts
for further reducing the thicknesses of nc-Si:H-based (n)-contact have so far resulted in
losses of both FF and Vg of the solar cells [164, 387, 408]. Despite this limited thickness,
the typical rather slow deposition rates of nc-Si-based thin-films as compared to a-Si:H
[175] also impose challenges for their industrial feasibility. Therefore, the development
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of a thin (n)-contact that preserves the electrical performance of solar cells is of great in-
terest for reducing parasitic absorption by lowering material consumption and enabling
higher industrial throughputs.

In this study, we aim at minimizing the parasitic absorption of the (n)-type window
layers while keeping excellent electrical performances. We investigated and compared
the opto-electrical properties of (n)a-Si:H, (n)nc-SiO +H, and (n)nc-Si:H layers and their
performances (as thin as 2 nm) in rear junction FBC-SHJ solar cells. By means of our
optimized hydrogen plasma treatment (HPT) and very-high-frequency (VHF) (i)nc-Si:H
treatment (hereafter denoted as HPTs), we demonstrated the successful application of
an ultra-thin layer of only 3-nm-thick based on (n)nc-Si:H PECVD plasma growth con-
ditions without the use of additional contact or buffer layers that delivered a certified
conversion efficiency (1) of 22.20%. Furthermore, to understand the interfacial proper-
ties of thin (n)-layers and their effect on the solar cell output parameters, we performed
high-resolution transmission electron microscopy (HRTEM) measurements and energy
dispersive X-Ray (EDX) elemental mapping analyses on completed solar cells.

6.2 Experimental details
In this study, the PECVD deposition conditions that were adjusted to obtain various (7)-
type layers, namely, (n)a-Si:H, (n)nc-Si:H and (n)nc-SiO :H, are listed in Table 6.1. More
descriptions of the PECVD deposition conditions of (p)-contact can be found in Table
5.1 [312]. Specifically, to characterize the opto-electrical properties of different (n)-type
layers, two sample configurations were used as schematically illustrated in Figure 6.1 (a).
As seen in Figure 6.1 (a), for the first configuration, (n)-type layers with a thickness of ap-
proximately 20 nm were directly deposited on glass substrates. For the second configu-
ration and to simulate the actual structure in solar cells that feature (i)a-Si:H passivating
layers, 5 to 20-nm-thick (n)-type layers were deposited on 10-nm-thick (i)a-Si:H coated
glass substrates. Spectroscopic ellipsometry (SE) was used to measure the thicknesses
of deposited layers and to extract the refractive index (n), the extinction coefficient (k)
and the optical bandgap (Ey4). Raman spectroscopy (equipped with a green laser, Ajger
=514 nm) was used to characterize the microstructures of (n)-type thin-films with sam-
ple structures as shown in Figure 6.1 (a). The schematic sketches of fabricated FBC-SH]J
solar cells with various (n)-layers as the (n)-contacts are illustrated in Figure 6.1 (b).
Along with the fabrication process of solar cells, the implied Vo (iVoc) of solar cell
precursors were measured before and after the ITO sputtering. For HRTEM and EDX
analysis of fabricated solar cells, an FEI cubed Cs-corrected Titan was used, operating
at 300 kV. EDX maps were obtained using the 4-detector ChemiSTEM of Thermo Fisher.
Ray-tracing GenPro4 optical simulations [409] with inputs from SE-characterized n and
k of Si thin-films and ITO were performed for our fabricated SHJ solar cells.

6.3 Results and Discussions

6.3.1 Opto-electrical properties and Raman spectra of (n)a-Si:H, (n)nc-
SiO,:H and (n)nc-Si:H

The opto-electrical properties of optimized (n)a-Si:H, (n)nc-SiO :H and (n)nc-Si:H are

shown and compared in Figure 6.2 and Table 6.2.
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Table 6.1: PECVD parameters for optimized of (n)nc-SiO x:H, (m)nc-Si:H, HPT, VHF (i)nc-Si:H treatments.

PECVD

(ma-Si:H  (mnc-Si:H  (mnc-SiO :H-1  (m)nc-SiO _:H-2 HPT  VHF (i)nc-Si:H
parameters X X

Frequency
(MHz)

Temperature
(°C)
Pressure
(mbar)

13.56 13.56 13.56 13.56 13.56 40.68
180 180 180 180 180 180

0.6 2.7 2.7 1.5 2.7 4

Power density

(mW/cm?) 28 76 76 76 63 69

SiH4
(sccm)

Ha

(sccm)

CO2
(sccm)

PH3?
(sccm)

40 1 1 1 - 1.2

- 100 100 100 200 120

11 1.2 1.2 1.2 - -
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- - - - 120 120
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Figure 6.1: Schematic sketches of (a) sample structures to extract n, k, Eos, 04, Ea and Raman spectra of (n)-
type layer; and (b) rear junction FBC-SHJ solar cells with different (n)-layers stacks studied, namely, (n)a-Si:H,
(mnc-Si:H and (m)nc-SiO :H.

Electrically, as illustrated in Figure 6.2, around 20-nm-thick (n)nc-Si:H that was de-
posited on a glass substrate showed the highest o4 of 1.07 S/cm and the lowest E; of
52.6 meV. This is due to its higher crystalline fraction thus enabling higher doping effi-
ciency as revealed later with Raman spectroscopy measurement. However, the o4 drops
to 3.5x10* S/cm and the E, increases to 304.4 meV when (n)nc-Si:H was deposited on
an (9)a-Si:H coated glass substrate. Similarly, substrate-dependent o4 and E, were ob-
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Figure 6.2: The o (left) and E, (right) of (n)nc-SiO :H, (n)nc-Si:H and (n)a-Si:H layers as function of the layer
thickness and of the different substrates.

Table 6.2: Opto-electrical properties of optimized (n)a-Si:H, (m)nc-SiO :H and (n)nc-Si:H

b b
Layers Depo(;i]tnilc;r;ratea @A= 232 nm @ ~E2(z)4nm @ :278 nm @ ~02% nm @ fg nm
) (eV) (S/cm) (S/cm) (S/cm)
(ma-Si:H 0.101 4.16 1.86 5.9x103 1.1x102  1.8x10™°
(mnc-Si0 :H-1 0.023 2.60 2.26 8.9x103  99x10%  1.3x108
(mnc-Si0 ;H-2 0.031 2.08 2.60 3.8x107  2.6x108  2.4x107
(mnc-Si:H 0.027 3.25 1.95 1.07 35x10%  1.9x1077

. Deposition rates were calculated based on the measured thicknesses of deposited layers and their
deposition time;
b, Layers were deposited on 10-nm-thick (#)a-Si:H coated glasses.

served for both (n)nc-SiO :H films. This substrate-dependent growth characteristic is
known for nc-Si:H-based thin-films [176, 321, 405, 410]. Ultimately, by thinning all lay-
ers down to around 5 nm, which is close to the thickness of (7)-contact in solar cells,
(m)a-Si:H resulted to be the most conductive, followed by (n)nc-Si:H, (n)nc-SiO :H-1,
and (n)nc-Si0:H-2. As will be discussed later in this section, the higher o4 and generally
lower E, of (n)a-Si:H could be attributed to its deposition conditions and its distinctive
doping properties, which differ from the amorphous incubation phase of nc-Si:H-based
films. Moreover, we observed thickness-dependent o4 and E, not only for (n)nc-SiO +H
and (n)nc-Si:H layers, but also for (n)a-Si:H layers. That is, a thicker layer exhibits a
higher 04 and a lower E,. Apart from the known evolution of nanocrystals that results in
improved electrical properties for nc-Si:H-based layers [176], the effects due to the un-
derlying (i)a-Si:H layer, as discussed in Section 3.2.1, can also play a role for observed
thickness-dependent E; and o4 of both nc-Si:H-based layers and (n)a-Si:H layers. It
is unlikely that the thickness-dependent E, and o4 of (n)a-Si:H layers can be ascribed
to the non-coalesced films during their initial stage of layer growth [411], which results
in reduced material densities and thus may negatively affect their electrical properties.
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Nevertheless, thickness-dependent electrical properties were also reported previously
for (n)a-Si:H thicker than around 100 nm [412-414], and those were ascribed to the exis-
tence of a resistive space-charge layer at the substrate-film interface or a resistive surface
layer, which becomes more dominant when the layer gets thinner.

As listed in Table 6.2, (n)a-Si:H, which features the highest n and the lowest Ey, is
optically the least favorable among these various (rn)-layers. It will be better to make
(mnc-Si:H and (n)nc-SiO :H-1 layers, while (n)nc-SiO :H-2 features the lowest n of 2.08
and the largest Egp4 of 2.60 eV. The larger Ey4 of nc-Si:H as compared to (n)a-Si:H could
be ascribed to the formation of small Si nanocrystals embedded in (n)a-Si:H matrix,
where the quantum size effect of nanocrystals [415], higher H-incorporation into the
amorphous matrix due to the H-rich deposition condition [368] or higher void fraction
[411] may play a role. Despite the aforementioned possible explanations for (n)nc-Si:H,
the incorporation of oxygen into the amorphous matrix further widens the Ey4 of both
(mnc-Si0:H layers [416]. In particular, a relatively higher fraction of oxygen incorpora-
tion could account for the higher Ey, of (n)nc-SiO ~H-2 as compared to (n)nc-Si0 +H-1.
The n and k of various (n)-type thin-films as a function of wavelength are provided in
Appendix A, Figure A.1.

To further correlate the opto-electrical properties of various (n)-type thin-films to
their microstructural properties, we measured Raman spectra of various (n)-type thin-
films deposited on top of bare glasses and the ones on 10-nm-thick (i)a-Si:H coated
glasses. The results are reported in Figure 6.3.

T T T T T T T T T T T T T T T T

(n)nc-Si:H
(n)nc-Si:H -~

i (n)nc-Si0 :H-1 |

(n)nc-Sio :H-1

Intensity (a.u.)
Intensity (a.u.)

(mnc-Sio :H-2 | (n)nc-Si0 :H-2

(n)a-SiH | ; i (n)a-Si:H |
Aol Ty

! L L i i L L L h L L i i L L L

320 360 400 440 480 520 560 600 640 680 320 360 400 440 480 520 560 600 640 680

Raman shift (cm™) Raman shift (cm™)

Figure 6.3: Raman spectra of various (n)-type thin-films that were deposited on top of the (a) glass substrate,
and (b) 10-nm (§)a-Si:H coated glass substrate. Dashed vertical lines indicate the Raman shift of 480 cm! and
520 cm™!. Schematic sketches of sample structures are shown in Figure 6.1 (a). The thicknesses of deposited
(n)-type thin-films are around 20 nm.

As illustrated in Figure 6.3 (a), where layers were deposited directly on glass sub-
strates, both nc-Si:H and (m)nc-SiO :H-1 exhibited distinguishable peaks near 520 cm™,
which is characteristic of crystalline Si [344]. This evidences the existence of Si nanocrys-
tals in the films, although those crystalline Si peaks slightly downshifted to around 510
cm’!, which is an indication of rather small-size Si nanocrystals in our deposited 20-
nm-thick films [417-419] and/or the tensile strain effect of Si nanocrystals [420]. It is
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worth noting that these crystalline Si peaks were also superimposed on a broad amor-
phous Si peak centered at 480 cm™ [345], which suggests the coexistence of amorphous
and nanocrystal phases in those films. Nevertheless, the existence of Si nanocrystals
in (n)nc-Si:H and (n)nc-SiO ,:H-1 enabled better doping efficiencies than amorphous Si
[152, 153, 421, 422], explaining their relative higher o4 and lower E, as reported in Fig-
ure 6.2. However, (n)nc-SiO :H-1 exhibited a slightly lower o4 as compared to (n)nc-Si:H
due to oxygen incorporation, which results in a weakened doping efficiency [423]. On the
other hand, the (n)nc-SiO ~H-2 layer revealed a relatively lower fraction of Si nanocrys-
tals, which could be ascribed to the excessive oxygen incorporation, suppressing the
growth of nanocrystals [168, 172, 298, 371]. This observation also explains the highest
Eoq and the lowest o4 obtained for (n)nc-SiO :H-2. As expected, only a broad amor-
phous Si peak was observed for (n)a-Si:H.

When equivalent-thick 20 nm (n)-type thin-films were deposited on (i)a-Si:H coated
glasses, all layers appeared to be nearly fully amorphous as shown in Figure 6.3 (b). This
is probably due to the green laser used for measuring their Raman spectra, whose pen-
etration depth is in the range of hundreds of nanometers for our nc-Si:H-based layers.
Thus the non-negligible signals from the 10-nm-thick (i)a-Si:H coatings may overwhelm
the signals from those tiny crystals [315]. Nevertheless, those nc-Si:H-based layers were
amorphous-phase-dominant as nanocrystals were yet to be well-developed to promote
higher o4 or lower E, than that of the standard (n)a-Si:H (see Figure 6.2 and Table 6.2).
This is because the initial amorphous incubation phase of nc-Si:H-based layer might
feature different doping efficiency from that of the standard (n)a-Si:H. As known from
the secondary-ion-mass spectroscopy studies for thin (p)nc-Si:H (< 10 nm) and standard
(p)a-Si:H by Umishio H, et al. [315], we attribute our observations of higher o4 and gen-
erally lower E, for the (n)a-Si:H than nc-Si:H-based layers to the following reasons: (i)
the nearly ten times higher flow of doping gas (PH3) for (n)a-Si:H that can contribute to
a higher phosphorous content in (n)a-Si:H (see Table 6.1), (ii) the probably higher phos-
phorous incorporation efficiency under the deposition conditions of (n)a-Si:H, and (iii),
alesser significant dopant inactivation induced by the hydrogen passivation in (n)a-Si:H
than in those nc-Si:H-based layers [296, 424, 425].

As for thickness-dependent o4 and E,, for all nc-Si:H-based films, we suspect that
the trends should be still related to the nucleation and growth of nanocrystals despite
having observed broad amorphous peaks in Raman spectra obtained by the green laser.
This assumption is reasonable as for (n)nc-Si:H and (n)nc-SiO:H-1 thicker than 15 nm
there were steeper slopes of variations of 04 and E, than that of the standard (n)a-Si:-H
(see Figure 6.2). This suggests an improved doping efficiency with higher fractions of
nanocrystals when layers get thicker. Especially, (n)nc-SiO :H-1 layers thicker than 15
nm had already demonstrated a lower E, than that of the standard (n)a-Si:H (see Figure
6.2 (b)). To further reveal the nanocrystalline fractions in those layers, an ultraviolet laser
should be implemented [315].

6.3.2 Solar cells — Various (n)-type window layers < 8 nm

Based on the opto-electrical and microstructural properties of various (n)-type thin-
films as shown in Section 6.3.1, we fabricated rear junction FBC-SHJ solar cells as
sketched in Figure 6.1 (b). Before the depositions of (n)-contacts, we also applied pre-
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viously optimized HPTs [175], which were found to have negligible effects on the o4
for all (n)-type layers with thicknesses around 5 nm (See Appendix A, Figure A.2). In
this section, we compare the performance of solar cells featuring various single-layer
(n)-contacts (i.e. without additional contact or buffer layers) with different thicknesses.
Based on previous optimizations, the 3-nm-thick (n)nc-Si:H was chosen as it is the
minimum thickness that can already deliver good Vpc and FF (see Appendix A, Figure
A.3). The J-V parameters of solar cells are given in Figure 6.4.
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Figure 6.4: The J-V characteristics of rear junction FBC-SH]J solar cells with various (n)-type contacts: (a) iVoc
and Vo, (b) Jsc, (€) FF, and (d) . The results represent averaged parameters of four solar cells (3.92 cmz) and
the error bars represent the standard deviations.

First, as shown in Figure 6.4 (a), we discuss the effect of the ITO sputtering on the
passivation quality of solar cells with different window layers, which are reflected by the
iVoc with and without the ITO. Within the thickness range investigated, we observed
iVoc drops of around 10 - 19 mV for all cell precursors with less conductive (and high
E,) (mnc-Si0,:H-2 after ITO sputtering. In comparison, the use of 3 nm and 8 nm (n)nc-
SiO :H-1 showed much lower iVpc degradations and even improved iVoc, respectively.
We ascribe this to the thickness-dependent o4 and E, (see Figure 6.2), and the stronger
capability of more conductive (and alower E,) (n)nc-SiO ,:H-1 to preserve the field-effect
passivation after the ITO sputtering as compared to (rn)nc-SiO :H-2. Moreover, we ob-
served a nearly 10 mV iV degradation for cell precursors with 3-nm-thick (n)nc-Si:H.
Notwithstanding this 3-nm-thick (n)nc-Si:H might have higher o4 and lower E, than that
of 8-nm-thick (n)nc-SiO,:H-1 as expected from Figure 6.2, this degradation could be at-
tributed to the too-thin thickness and seemingly porous or less dense structure of this
(mnc-Si:H that makes it less robust to sputtering damages as will be discussed later in
Section 6.3.3. Despite the comparisons among different (7)-contacts, samples with the
same type but a thicker (n)-contact showed better passivation resilience against the ITO
sputtering as compared to the thinner counterparts.

Besides, we observed significant degradations from iVpc to Vo after cell metalliza-
tions with both (n)nc-SiO,:H layers thinner than 5 nm as seen in Figure 6.4 (a). For in-
stance, although cells with 2 nm to 4 nm (n)nc-SiO :H-2 exhibited comparable iVoc of
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around 705 mV before metallization (with ITO), the loss from iV to Vg increased for
cells with the thinner (n)nc-SiO,:H-2. We linked those larger losses to the insufficient
selectivity and increased recombinations, which seem to be related to the thickness-
dependent o4 and E, of (n)-contacts as shown in Figure 6.2 [150]. Nevertheless, cells
with 8-nm-thick (n)nc-SiO,:H-2 showed the minimum iVpc to Vpc drops among the
(mnc-Si0,:H-2 thickness series. Similar observations were found for cells with (7)nc-
SiO :H-1 and (n)a-Si:H where a thicker (n)-contact accounts for lesser iVoc to Voc degra-
dations. Similar trends were also found before by H. Wernerus, et al. for both (n)nc-Si:H
and (n)a-Si:H in rear junction SHJ solar cells [411]. Therefore, around 8 nm of (n)nc-
SiO :H single-layer is at least required for preserving the passivation quality while being
capable of effective electron collections [386, 387]. Despite the iV losses after ITO and
metallization for cells with the 3-nm-thick (n)nc-Si:H, mainly thanks to the initial high
iVoc of 745 mV achieved before ITO sputtering, the completed solar cells can still exhibit
a good Vo of around 719 mV. This high iV could be attributed to beneficial hydrogen
incorporations during the deposition of (n)nc-Si:H layers [165, 315].

Then as illustrated in Figures 6.4 (b) and (c), cells with both 8-nm-thick (n)nc-SiO :H
exhibited recovered Jsc [408] and higher FF [150, 387, 391] values as compared to their
thinner counterparts. These variations can again be related to the thickness-dependent
o4 and E, trends as seen in Figure 6.2. Specifically, the recovered Jsc values resulted from
the reduced recombinations and the improved selective transport of electrons, which
were also suggested by their improved Vo values (See also Appendix A, Figure A.4). For
well-passivated solar cells (Voc > 710 mV), the J-V characteristics of solar cells corre-
sponded well to the optical properties of (n)-layers and electrical properties of around
5-nm-thick layers as summarized in Table 6.2. In other words, (n)-layer with a higher
o4 (lower E,) or a larger Ey4 tends to deliver a higher FF [150] or Jsc in the solar cell, re-
spectively. Thus, cells with (n)a-Si:H demonstrate the highest average FF of 78.9% while
cells with 8-nm-thick (n)nc-SiO :H-2 exhibit the highest average Jsc of 39.2 mA/ cm?.
However, both of their n were slightly limited by the non-optimal tradeoff between the
optical and electrical properties of their (n)-contacts. Interestingly, solar cells with only
3-nm-thick (n)nc-Si:H featured not only a favored average Jsc of 38.9 mA/cm? but also a
decent average FF of 78.6% and a V¢ of 719 mV, thus the highest average n of 22.0% was
achieved.

Note that this 3-nm-thick (n)nc-Si:H (n)-contact is expected to feature a high E,
value of around 590 meV (see Figure 6.2) and yet, the corresponding solar cells deliv-
ered decent FFs above 78.6% (see Figure 6.4). Notwithstanding the limited active dop-
ing, in such a thin Si layer, the electrons are able to tunnel directly from (n)c-Si to TCO,
making the transport of electrons less sensitive to the condition of (n)-contact/TCO het-
erointerface after processing. Therefore, electrons can be collected effectively as long as
the passivation quality is well-preserved. In the case of thicker layers, a similar transport
path also happens if the nc-Si:H-based (n)-contacts feature well-developed nanocrystals
[151] and with special processing conditions at (n)-contact/TCO interface [175]. How-
ever, the parasitic absorption of thick (7)-contacts will limit the efficiency of solar cells.
Nevertheless, (n)-contact with a low E, still benefits the effective collection of electrons
[150]. Thus, a combination of thinner (n)-contacts exhibiting low E, is promising to
boost the conversion efficiency of solar cells.
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The EQE, 1 - R spectra and IQE spectra of cells with 8-nm-thick (n)nc-SiO,:H (both
types), 3-nm-thick (n)nc-Si:H and 4-nm-thick (n)a-Si:H are plotted in Figure 6.5.
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Figure 6.5: The (a) EQE, 1 - R spectra, and (b) IQE spectra of rear junction FBC-SHJ cells with various (rn)-
contacts.

As shown in Figure 6.5 (a), the differences among various EQE spectra were mainly
found in the wavelength range from 300 nm to 600 nm. In this wavelength range, com-
pared to the cell with (n)a-Si:H, the (mnc-Si0 :H-2 cell exhibits a Jsc e gain of 0.8
mA/cm?, while both (7)nc-SiO ,+H-1 and (n)nc-Si:H counterparts show Jsc gqr improve-
ments of around 0.6 mA/cm?. These EQE differences once more correspond well to the
reported optical properties of the (n)-layers as given in Table 6.2. Specifically, the derived
IQE spectra in Figure 6.5 (b) further reveal the dominant role of parasitic absorptions of
various (n)-type window layers on these EQE differences [173]. This finding was also
confirmed by performing optical simulations of our solar cells (See Appendix A, Figure
A.5). Although the cell with 8-nm-thick (n)nc-SiO :H-2 showed the highest integrated
Jsc,eqe of 39.3 mA/ cm?, the device with 3-nm-thick (n)nc-Si:H delivered a comparable
Jsc,eqe of 39.2 mA/ cm? thanks to the ultra-thin thickness of the (n)-contact. Those re-
sults suggest that this 3-nm-thick (n)nc-Si:H is an optically promising window layer for
FBC-SH]J solar cells.

6.3.3 Solar cells - HRTEM and EDX elemental mapping

We further conducted HRTEM with EDX elemental mapping to investigate: (i) the
thickness of (n)-type layers deposited; (ii) the microstructural characteristics of various
(n)-type films deposited in solar cells; (iii) the appearance of (n)c-Si/(i)a-Si:H and (n)-
contact/ITO interfaces. The HRTEM images resulting from the front side interfaces of
solar cells with 4-nm-thick (n)a-Si:H and 3-nm-thick (n)nc-Si:H are provided in Figure
6.6.

As illustrated in Figures 6.6 (a) and (b), together with recognizing around 6.5-nm-
thick (i)a-Si:H layer (See Appendix A, Figure A.6), we confirmed that the deposited thick-
nesses of (n)-contacts in the devices are close to the designated thicknesses, which were
approximately 4 nm and 3 nm for (n)a-Si:H and (n)nc-Si:H, respectively. Besides, both
(n)-contacts exhibited nearly fully amorphous microstructures. Although the (n)nc-Si:H
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Figure 6.6: HRTEM cross-sectional images of FBC-SH]J solar cell’s (n)-contact structures featuring (a) ~4-nm-
thick (n)a-Si:H, and (b) ~3-nm-thick (7)nc-Si:H viewed from <110> orientation. The white dashed lines are
guides to the eyes for distinguishing (n)c-Si/(i)a-Si:H and (n)-contact/ITO interfaces. In Figure (b), the red
dashed lines and arrows highlight the 1 to 2 nm sub-layer that is rougher than the (i)a-Si:H + (n)nc-Si:H bulk.
The inset of Figure (b) is the magnified region of the red dashed lines and arrows. The dashed colored rect-
angular areas include possible Si atoms double stacking faults and tiny twinned crystals with the c-Si wafer
substrate. Figure (c) exhibits the magnified dashed blue rectangle in Figure (b). In Figure (c), the dashed yel-
low lines represent the consistent Si atoms stacking with the c-Si wafer, and the green dashed lines represent
the Si atoms stackings with different orientations from the c-Si wafer.
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layer appeared amorphous, 1 to 3 nm crystalline seeds embedded in otherwise amor-
phous material cannot be excluded in the relatively thick TEM foil of about 20 nm. Typ-
ically, the amorphous incubation phase is around 2 to 3-nm-thick when the layer is de-
posited on ()a-Si:H [426]. As the (n)nc-Si:H layer used in this study was only around 3
nm, it was difficult to observe any nanocrystalline phase in this 3-nm-thick (n)nc-Si:H
layer. As the incubation phase is also part of the formation of (n)nc-Si:H layer, we still
consider this 3-nm-thick layer to be (n)nc-Si:H or based on (n)nc-Si:H PECVD plasma
growth conditions. Further advanced characterizations could help us to identify the
eventual existence of nanocrystals in such a thin layer. For simplicity, we still name
this 3-nm-thick layer as (n)nc-Si:H unless otherwise stated. Nevertheless, this (n)nc-
Si:H layer exhibited different characteristics from the standard (n)a-Si:H. For the solar
cell with (n)nc-Si:H, we observed a 1 to 2-nm-thick sub-layer that was rougher than that
of the (9)a-Si:H + (n)nc-Si:H bulk. This sub-layer can be attributed to the formation of
oxygen-rich (n)nc-Si:H/ITO interface as elaborated later in Figures 6.7 (a) and (b) with
EDX results. Besides, it is also worth noting that for the cell with 3-nm-thick (n)nc-Si:H,
on some occasions Si atoms double stacking faults and tiny twinned crystals on top of
the c-Si substrate could be seen as shown in Figure 6.6 (c). A comprehensive study with
similar observations was recently reported [427]. The formation of those crystals at c-
Si/(i)a-Si:H interface could be induced by the highly hydrogen-diluted plasma and the
lack of oxygen during the deposition [266, 371, 428]. For these reasons, unlike (n)nc-Si:H,
we hardly observed those crystalline structures at c-Si/(i)a-Si:H interface for both cells
with (n)a-Si:H and (n)nc-SiO :H-2 (See Appendix A, Figure A.6).

As shown in the oxygen (O) maps of Figures 6.7 (a) and (b), we observed more oxy-
gen presence in/near the P-rich region of the 3-nm-thick (n)nc-Si:H as compared to
the (n)a-Si:H counterparts. Further, from the Si map, we also identified a reduced Si
atomic fraction of deposited (n)nc-Si:H close to ITO, while (n)a-Si:H remains a similar
atomic percentage of Si as compared to that of the (i)a-Si:H beneath. Similar obser-
vations of reduced Si atomic fraction and prominent O incorporation were also found
for (n)nc-SiO :H-2 (See Appendix A, Figure A.6). Therefore, both O and Si maps of the
cell with (n)nc-Si:H indicate significant amounts of oxygen incorporations into the de-
posited (n)nc-Si:H. The more numerous oxygen incorporations can be ascribed to the
possibly more porous or less dense phase of (n)nc-Si:H as it was close to the interme-
diate highly porous amorphous-to-crystalline transition phase [308]. This finding sug-
gests a possible less resistive (n)a-Si:H/ITO interface as compared to (7)nc-Si:H/ITO in-
terface, which may additionally explain the slightly higher FF observed for cells with
(n)a-Si:H aside from the fact that our 4-nm-thick (n)a-Si:H was more conductive than
3-nm-thick (n)nc-Si:H (see Figure 6.4). Similar observations were also reported by S.
Sheng, et al., who conducted X-ray photoelectron spectroscopy (XPS) depth profiling
measurements on (n)-type layer/ITO interface for amorphous silicon solar cells [378].
The (n)a-Si:H/ITO interface exhibited advantageous characteristics as compared to that
of (muc-Si:H, such as lack of oxygen segregation, less oxidized Si thin-films around the
interface region, and less ITO in-diffusion. While as seen in our EDX results, indium (In)
was well constrained within ITO for all (n)-contacts investigated. Lastly, due to the very
tiny atomic fractions and large scatterings of phosphorus (P) content in all samples, we
cannot justify if there is any statistical difference in P content from those EDX results
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Figure 6.7: The scanning TEM (STEM) high-angle annular dark-field (HAADF) images combined with chemical
compositional mapping measured by EDX of solar cells with (a) ~4-nm-thick (n)a-Si:H, and (b) ~3-nm-thick
(n)nc-Si:H (n)-contacts. The white dashed lines are guides to the eyes for distinguishing (n)c-Si/(i)a-Si:H and
(n)-contact/ITO interfaces. Note, the phosphorus (P) signal detected outside P-rich zones is an artifact, just
as the oxygen (O) signal in the c-Si substrate. Figure (c) presents the (relative) atomic fractions (intensity) of
different elements (HAADF) for EDX mapping results that are shown in Figures (a) and (b). The ‘0-nm’ position
lies inside the (n)c-Si wafer and it is close to the (n)c-Si/(i)a-Si:H interface.

between the two samples, though a near-zero P content in the oxygen-rich (n)nc-Si:H
layer can be concluded from the EDX results. Further investigations are needed for a
more complete comparison between the (active) doping concentrations in the various
thin (n)-contacts.

6.3.4 Solar cells — Effects of interfacial treatments

To mitigate the possible resistive interface of (n)nc-Si:H with ITO as observed in Figure
6.7, we deposited a 2-nm-thick (n)a-Si:H capping layer on top of the 3-nm-thick (n)nc-
Si:H. This extra (n)a-Si:H aims at improving mainly the transport of electrons through
(n)a-Si:H/ITO interface. Besides, the effects of HPTs, which were already applied for
solar cells with 3-nm-thick (n)nc-Si:H (n)-contact in Figure 6.4, are also investigated in
this section. The J-V parameters of solar cells are shown in Figure 6.8.

As presented in Figure 6.8, the HPTs significantly improved iVpc of cells before ITO
sputtering from 734 mV to 745 mV. Aside from an 11 mV gain of V¢, we also observed a
slightly increased Jsc and a nearly 3%,ps, FF improvement by applying the HPTs. These
improvements are related to more hydrogen incorporation induced by the treatments,
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Figure 6.8: The schematic sketches and external parameters of rear junction FBC-SHJ cells featuring 3-nm-
thick (n)nc-Si:H as the (n)-type contact as function of HPTs and (n)a-Si:H capping layer interfacial treatments.
Solar cells without any treatment are denoted as the reference (Ref.). The results represent averaged parame-
ters with four solar cells (3.92 cmz) and the error bars represent the standard deviations.

which improve the passivation quality and increase the bandgap of (i)a-Si:H layers [368].
Nevertheless, the additional 2 nm of (n)a-Si:H capping layer further improved the FF to
80%, which could partially be attributed to a better (n)a-Si:H/ITO interface as expected
from the EDX results and also a more conductive layer stack as the (n)-contact as dis-
cussed in Section 6.3.1. Although we observed a slightly lower iV already before ITO
deposition when (n)a-Si:H capping layer was applied, the sample preserved its passi-
vation quality after ITO sputtering, unlike passivation degradations observed for other
(n)nc-Si:H single-layer counterparts. Nevertheless, mainly due to extra parasitic absorp-
tion that was induced by this additional (n)a-Si:H layer, solar cells exhibited 0.4%gps,
lower efficiency as compared to the cells with only the HPTs. Overall, 3-nm-thick (n)nc-
Si:H with the optimized HPTs is appealing to be used as the window layer mainly thanks
to the high Jsc and the promising FF of the solar cells.

6.3.5 Solar cells — Certified I-V and the double-layer anti-reflection coat-
ing
The best cell with 3-nm-thick (n)nc-Si:H and the reference cell with 4-nm-thick (n)a-Si:H
were chosen to be independently certified at ISFH CalTec (Hamelin, Germany). Both
cells featured the same layer stacks and fabrication process except for the layers used as
the (n)-contact. The measured I-V parameters are shown in Figure 6.9. The cell with 3-
nm-thick (n)nc-Si:H exhibited a certified 1 of 22.20%, which is 0.44%, higher than that
of (n)a-Si:H counterparts mainly due to the highly transparent thin (n)nc-Si:H window
layer. As reported previously [163, 164], for doped layers thicker than ~9 nm, Jsc gains
were observed for cells with doped nc-Si:H rather than for cells with a-Si:H with compa-
rable thicknesses. Here, we exploited further the more optical advantageous (n)nc-Si:H
over the (n)a-Si:H at an ultra-thin thickness level (~3 to 4 nm). Comprehensive studies
including fine-tuning of our processes are needed to draw more detailed conclusions.
It is worth noting that our screen-printed Ag front fingers feature a designated width
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of ~70 um, which leaves still plenty of room for improving further the Jsc of the solar
cells. Nevertheless, our 3-nm-thin (n)nc-Si:H enabling cell efficiency above 22% is thin-
ner than the state-of-art minimum required thickness for (n)nc-Si:H or (n)nc-SiO ~H-
based (n)-contacts for high-efficiency SHJ solar cells [163, 164, 386, 387], thus allowing
lower material consumptions and potentials for higher industrial throughputs.
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Figure 6.9: The independently certified I-V characteristics and device parameters of the best rear junction
FBC-SHJ solar cells featuring (a) 3-nm-thick (n)nc-Si:H and (b) 4-nm-thick (n)a-Si:H contact. Both cells feature

the same layer stacks and fabrication process except for the (n)-contact. The certifications were performed at
ISFH CalTeC (Hamelin, Germany).
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Figure 6.10: The EQE and 1 - R spectra of rear junction FBC-SHJ cell featuring 3-nm-thick (n)nc-Si:H with and
without MgF; for forming the double-layer anti-reflection coating with ITO.

To further explore the potential of the optimized stack, we applied an additional 100-
nm-thick MgF, layer on top of the ITO to form the double-layer anti-reflection coating
(DLARC) [325, 429]. We demonstrated a Jsc gor up to 40.0 mA/ cm? for the cell with 3-
nm-thick (n)nc-Si:H as shown in Figure 6.10. This Jsc rqr gain brings the active area cell
efficiency Naciive t0 22.88%, which originates from the better anti-reflection effects in-
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duced by the DLARC. Thus, we observed 0.2 mA/cm? and 0.6 mA/cm? Jsc pqr improve-
ments in the wavelength ranges below and above 600 nm, respectively, by applying the
MgF, layer. Further improvements to achieve cell nj over 23% in the short-term are (i) a
more transparent TCO, such as IFO:H [327], (ii) a lower front metal coverage via finer-
line screen printing or copper-electroplating [430] and (iii) a better passivation quality
by applying a bi-layer (i)a-Si:H layer stack [427, 431].

6.4 Conclusions

In this chapter, aiming at minimizing the parasitic absorptions induced by (n)-type win-
dow layers, we studied opto-electrical properties of (n)a-Si:H, two types of (n)nc-SiO :H,
and (n)nc-Si:H layers and implement them (as thin as 2 nm) into rear junction FBC-SH]J
solar cells.

We first investigated and compared various (n)-type layers both optically and electri-
cally, where (n)a-Si:H was the least optical favorable then followed by (n)nc-Si:H and two
(m)nc-SiO:H layers. However, due to the observed thickness- and substrate-dependent
electrical properties, nc-Si:H-based layers exhibited lower o4 and generally higher E,
values than that of (n)a-Si:H when they were deposited on (i)a-Si:H coated glasses with
thicknesses below 20 nm. Then, those layers were integrated into rear junction FBC-SH]J
solar cells. We noticed a strong correlation between (n)-contacts properties and passiva-
tion qualities of cells after ITO sputtering. That is, a thicker and a more conductive (n)-
contact tended to exhibit a higher passivation resilience to ITO sputtering and a smaller
gap from iVpc to V¢ thanks to the improved selectivity. Besides, we also found that (n)-
layer with a higher Ey4 or a larger o4 (lower E,) delivered a higher Js¢ or a higher FF in
well-passivated solar cells (Voc > 710 mV), respectively.

Subsequently from HRTEM and EDX analysis, a higher oxygen presence near (n)nc-
Si:H/ITO interface was revealed as compared to the (n)a-Si:H counterpart, which sug-
gests a less resistive (n)a-Si:H/ITO interface and thus contributing to slightly higher FFs
observed in solar cells. Eventually, we demonstrated the successful application of an
ultra-thin layer of only 3-nm-thick based on (n)nc-Si:H PECVD plasma growth condi-
tions together with the optimized HPTs that delivered a certified n of 22.20%. This cell
showed 0.61 mA/cm? Js¢ gain over the (n)a-Si:H counterpart owing to the higher trans-
parency of (n)nc-Si:H, while maintaining comparable Vp¢ > 714 mV and FF > 80%. Fur-
ther, the cell with 3-nm-thick (n)nc-Si:H featuring MgF,/ITO DLARC exhibited a Js¢ gqE
0f 40.0 mA/cm? and achieved an active area cell efficiency nactive 0f 22.88%.
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Abstract

Excellent surface passivation induced by (7)a-Si:H is critical to achieve high-efficiency
silicon heterojunction (SHJ) solar cells. This is key for conventional single-junction solar
cell applications but also for bottom-cell applications in tandem devices. In this study,
we investigated the effects of (i)a-Si:H deposition temperature on passivation quality
and SHJ solar cell performance. At the lower end of temperatures ranging from 140 °C
to 200 °C, it was observed with Fourier-transform infrared spectroscopy (FTIR) that (i)a-
Si:H films were less dense, thus hindering their surface passivation capabilities. How-
ever, with the additional hydrogen plasma treatments (HPTs), those (i)a-Si:H layers de-
posited at lower temperatures exhibited significant improvements and better passiva-
tion qualities than their counterparts deposited at higher temperatures. On the other
hand, even though we observed the highest Vs for cells with (i)a-Si:H deposited at the
lowest temperature (140 °C), the related FFs were poorer as compared to their higher
temperature counterparts. The optimum trade-off between V¢ and FF for the SHJ cells
was found with temperatures ranging from 160 °C to 180 °C, which delivered indepen-
dently certified efficiencies of 23.71%. With further improved (p)-layers that enabled a

I This paper was invited for publication in the special issue ‘EU PVSEC’ of Progress in Photovoltaics: Research
and Applications.
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FF of 83.3%, an efficiency of 24.18% was achieved. Thus, our study reveals two critical
requirements for optimizing the (7)a-Si:H layers in high-efficiency SHJ solar cells: (i) ex-
cellent surface passivation quality to reduce losses induced by interface recombination
and simultaneously (ii) less-defective (i)a-Si:H bulk to not disrupt the charge carrier col-
lection.

7.1 Introduction

Front/back-contacted silicon heterojunction (FBC-SH]J) solar cells have achieved re-
markable efficiencies well above 26% [67]. Application of SHJ cells in tandem devices
resulted in record two-terminal (2T) perovskite-silicon tandem efficiencies beyond 30%
[109]. One of the crucial ingredients that enable such high efficiencies is the excellent
open-circuit voltage (Voc) above 750 mV of SHJ cells, which is mainly provided by a
few nanometer thick hydrogenated intrinsic amorphous silicon ((i)a-Si:H) film. There-
fore, careful optimization of the (ij)a-Si:H deposition conditions is essential to enable
high-efficiency SHJ solar cells and their application in tandem solar cells. In general,
optimized ()a-Si:H should be deposited with a high bulk quality while suppressing
the detrimental epitaxial growth at the c-Si/(i)a-Si:H interface [432]. Approaches have
been proposed to enhance the surface passivation qualities of (i)a-Si:H layer, such as
using hydrogen-diluted SiH, [433-436], pre- or post-hydrogen plasma treatment (HPT)
[175, 368, 437-442], (i)a-Si:H bi-layer or multi-layer stacks [131, 132, 427, 431, 436, 443—
446] and post-annealing [432, 447, 448]. Subsequent overlaying of doped layers and
transparent conductive oxide (TCO) layers on the (i)a-Si:H layers also impose chal-
lenges on preserving their passivation qualities of the c-Si surface [155, 449].

Apart from the necessity of having excellent passivation induced by (i)a-Si:H, SHJ
solar cells should also feature efficient charge carrier transport from c-Si bulk to the
TCO. Notwithstanding the importance of tuning the electrical properties of doped lay-
ers and TCO layers for achieving efficient selective transport of charge carriers [150],
different bulk qualities of (i)a-Si:H may also differently impact the charge carrier collec-
tion [431, 450, 451]. Interestingly, either (i)a-Si:H mono-layers or bi-layers that feature
an underdense (9)a-Si:H layer close to c-Si surface showed better passivation qualities
as compared to their dense counterparts. On the other hand, those underdense films
may also cause increased series resistance of solar cells [431, 450, 451]. Therefore, the
revealed trade-off between passivation and carrier collection with respect to (i)a-Si:H
requires attentive optimization efforts.

Aiming at further understanding and exploring the potential of the excellent passiva-
tion induced by (i)a-Si:H, in this study, we analyzed in detail the optical and microstruc-
tural properties of (i)a-Si:H layers deposited under various temperatures between 140
°C and 200 °C, and applied them to SHJ solar cells. Besides, the effects of our opti-
mized HPT and very-high-frequency treatment (hereafter simplified as HPTs) [175] on
(7)a-Si:H passivation quality were also studied. We addressed the microstructural evo-
lution of (i)a-Si:H layers under various conditions via Fourier-transform infrared (FTIR)
spectroscopy measurements. Accordingly, those microstructural properties of (i)a-Si:H
layers provided possible explanations for their passivation capabilities and their impacts
on solar cells.
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Table 7.1: PECVD deposition parameters of different (i)a-Si:H layers, HPT and VHF treatment.

PECVD parameters (da-Si:H-1  (ia-Si:H-2 HPT VHF treatment
SiHs 40 10 0 12
(sccm)
Ha 0 30 200 120
(sccm)
Pressure 2.712.2
(mbar) 0.7 14 (for (m)/ (p)-side) 4.0
Power density
(mW/cm?) 20.8 20.8 62.5 90.3
Temf(’%ature 140-200  140-200 180 180
Frequency
(MHz) 13.56 13.56 13.56 40.68
Duration } . 120 120

(s)

7.2 Experimental details

In this chapter, various (i)a-Si:H layers as listed in Table 7.1 were obtained by adjust-
ing their deposition conditions. Additionally, we also applied the previously optimized
HPTs on (i)a-Si:H layers. The main deposition parameters are provided in Table 7.1 [175].
The detailed deposition conditions of doped layers can be found in Chapters 5 and 6
[167, 312]. Different glass and (n)-type c-Si samples, as schematically illustrated in Fig-
ure 7.1, were prepared to evaluate the effects of the deposition temperature and HPTs on
(a-Si:H layers and their further applications in SHJ solar cells. The abbreviations, stack
descriptions and temperatures for layers and HPTs investigated in this study are given
in Table 7.2. Specifically, spectroscopic ellipsometry (SE) was used to extract the optical
bandgap (Ep4) and refractive index (n at the wavelength of 632 nm) of (i)a-Si:H layers
deposited on glass substrates. Note, the deposition conditions of HPT for the (p)-side, as
listed in Table 7.1, were used as the representative HPT for both FTIR and symmetrical
(da-Si:H passivation samples. The HPTs etch around 2 nm of the (i)a-Si:H bi-layer on
each side of the c-Si wafer.

For solar cell fabrication, room-temperature sputtered tungsten-doped indium oxide
(IWO) layers were deposited with thicknesses of 50 nm and 150 nm on the front and rear
sides, respectively [325]. Solar cells were fabricated either with screen-printed (SP) Ag
contacts on both sides or alternatively, with our optimized room-temperature copper-
electroplating metallization approach to form the front metal grid while using 500-nm-
thick thermally evaporated Ag for forming the rear contact [127]. To further improve
the anti-reflection effect of the completed solar cells, a 100-nm-thick SiO, was option-
ally deposited on the front side of the devices [325, 429]. Solar cells fabricated in this
chapter have a designated area of 3.92 cm?. The independently certified I-V parame-
ters were obtained from the CalTeC of the Institute for Solar Energy Research Hamelin
(ISFH), Germany.

Based on FTIR measurements, we extracted the microstructure factor (Rgy) that is
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defined for Si-H stretching modes (SM) of (i)a-Si:H layers as described in Chapter 3.2.1.
Note, in this case, the a* (w) that represents the effective absorption coefficient at w was
used. The a*(w) is proportional to -In(T(w))/ ¢t if a* (w)t < 1. The T(w) is the transmit-
tance obtained from the FTIR measurements, and ¢ is the effective thickness of the film,
which counts for films deposited on both sides. Typically, FTIR analyses are performed
on films deposited on flat c-Si substrates, however, in this work, the textured c-Si sub-
strates as integrated in the SHJ solar cell devices are used. For simplicity, the effective
film thickness on each side is assumed to be 1.7 times of film thickness that is perpen-
dicular to the pyramid facet. Note, in reality, the effective film thickness is larger than
this assumption due to effects induced by the use of textured samples, such as reduced
reflection thus resulting in enhanced light incorporation and prolonged optical path.
Nevertheless, the relative comparisons among samples are still valid with this assump-
tion.

(a) Ep (b)
(i)a-Si:H-1/(i)a-Si:H-2 AMVAAAAAA ()/(i)+HPTs
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Figure 7.1: Schematic sketches of sample structures for (a) extracting Eg4 and n, (b) FTIR measurements, (c)
obtaining 7., and (d) rear junction FBC-SHJ solar cells fabricated in this study. In part (d), SP stands for
screen-printed and Evap. is the abbreviation of the ‘evaporated’.

7.3 Results and Discussions

7.3.1 Temperature effects on optical properties of (i)a-Si:H mono-layers
To understand the effects of (i)a-Si:H deposition temperature on their optical properties,
we deposited the two types of (i)a-Si:H (~20 nm) described in Table 7.1 on glass sub-
strates (see Figure 7.1 (a)). Figure 7.2 presents the extracted Eg4 and n at the wavelength
of 632 nm of (i)a-Si:H layers via SE.

As shown in Figure 7.2, for the temperature range investigated (140 °C to 200 °C), we
observed monotonic decrements of the Eys and increments of the n with higher depo-
sition temperatures for both (9)a-Si:H layers. A higher Ey4 often indicates a higher hy-
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Table 7.2: Abbreviations, stack descriptions and deposition temperatures for layers and HPTs forming the SHJ
solar cells.

Abbreviations Descriptions Temperature (°C)
(0] 1 nm (i)a-Si:H-1 + 7 or 8 nm (i)a-Si:H-22 140 - 200
HPTs HPT + VHF treatment 180
(n) 3nm (n)nc—Si:Hb +2nm (n)a-Si:H 180
(p) 5nm (p)nc—SiOX:Hb + 16 nm (p)nc-Si:-H 180

4: 7 nm and 8 nm (i)a-Si:H-2 for (n)- and (p)-layers, respectively;
b. With such thin thicknesses, both the 3 nm (n)nc-Si:H [167] and 5 nm (p)nc-SiO x:H are
amorphous-phase dominant (see Figure B.1) and yet to develop well-defined nanocrystals.
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Figure 7.2: The Ey4 and n of (i)a-Si:H layers deposited at variable temperatures.

drogen content in the (i)a-Si:H layer [202]; that is, both (i)a-Si:H layers deposited under
lower temperatures were likely to be more hydrogen-rich than the higher temperature
counterparts. Besides, we ascribe the lower n of (i)a-Si:H deposited under lower tem-
peratures to the relatively lower film densities. Those observations agree well with pre-
vious studies [435, 446]. Therefore, based on both Ey4 and r, the films seem to become
denser but they incorporate less hydrogen by increasing the deposition temperature of
the (7)a-Si:H layers.

7.3.2 Temperature and HPTs effects on (i)a-Si:H layers’ microstructural
properties

To prevent possible epitaxial growth of the highly hydrogen-diluted (i)a-Si:H-2 when de-

posited directly on c-Si, we followed the bi-layer approach that improved the passivation

quality and efficiency of our SHJ solar cells (see Appendix B, Table B.2). The bi-layer con-

sists of a 1-nm-thick (j)a-Si:H-1 layer without additional hydrogen-dilution [452] that

acts as a buffer for the subsequent deposition of the highly hydrogen-diluted (i)a-Si:H-2
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layer. To gain more insights into the (9)a-Si:H layers with cell-relevant growth condi-
tions, it is worth noting that we used double-side-textured substrates with the same (7)a-
Si:H thicknesses as used in solar cells for FTIR measurements. The microstructure and
hydrogen-bonding configuration of bi-layer stacks deposited under various tempera-
tures were assessed by FTIR on dedicated samples as sketched in Figure 7.1 (b). Besides,
we also evaluated the effects of HPTs on the microstructural properties of the bi-layer
stacks. The infrared spectra of different (i)a-Si:H bi-layers are presented in Figure 7.3.
The infrared spectra of single (i)a-Si:H layers deposited at 160 °C were given in Appendix
B, Figure B.3.

As seen in Figure 7.3 (a), detailed information from the peaks around the wavenum-
ber of 2000 cm™, 880 cm™! and 640 cm™ can be extracted to characterize our (i)a-Si:H
bi-layers. Firstly, the peak around 2000 cm™! can be typically deconvoluted into two
Gaussian distributions for a-Si:H, which are related to the Si-H low-frequency SM (LSM)
and high-frequency SM (HSM) as visible in Figure 7.3 (a). It has been demonstrated that
the LSM is attributed to monohydrides in small volume deficiencies [343, 375], whereas
HSM is assigned to mainly the monohydrides and some polyhydrides at internal sur-
faces of larger volume deficiencies like nano-sized voids [338, 343, 375]. As a result of the
different Si-H bonding nature of LSM and HSM, a higher fraction of HSM, thus a higher
Rsm (defined previously in Section 3.2) indicates a less compact or void-rich film. For
simplicity, as for (i)a-Si:H bi-layers without HPTs, peaks centered at 2000 cm™ and 2090
cm’! are assigned to LSM and HSM, respectively.

As seen around the SM region in Figure 7.3 (a), for (9)a-Si:H bi-layers without HPTs,
instead of the I gy that only slightly vary with deposition temperatures, we observed
more significant monotonic decrements of Ijygy with increasing deposition tempera-
tures. As a result, (7)a-Si:H bi-layers deposited at lower temperatures featured larger Rsm
values as compared to the higher temperature counterparts. In other words, (7)a-Si:H
bi-layers were more void-rich as they contain silicon hydrides at internal void surfaces
when deposited at lower temperatures, which could result in higher hydrogen content
in the films as well. This finding is in good agreement with the optical properties we
reported in Figure 7.2 as well as with previous studies [435, 446, 453-455]. Moreover, at
the wavenumber of around 880 cm™!, which reflects the bending modes (BM) of polyhy-
drides [343], we observed peaks with gradually decreased absorption strength for layers
with higher deposition temperatures. This also suggests the relatively higher fractions of
polyhydrides for films deposited under lower temperatures.

Similar to (i)a-Si:H bi-layers without HPTs, the Rsy for the (9)a-Si:H bi-layers with
HPTs was also higher for films deposited at lower temperatures, although the Rgy differ-
ences between different temperatures were less prominent (see Figure 7.3 (a)). The over-
all increased Rsy indicates that hydrogen-incorporation through our HPTs reconfigures
the Si-H bonding configurations and favors the formation of the HSM components in
the (i)a-Si:H bi-layers. The formation of polyhydrides that contribute to the HSM after
HPTs is also reflected in the observed peaks that represent polyhydrides BM as presented
in Figure 7.3 (a). It is worth noting that we applied a slight shift of frequency from 2000
cm! to 2010 cm! for the LSM to obtain better fittings to the raw data. This shift of fre-
quency is a result of the reduced electrical screening of the Si-H dipole vibrations by a
less dense dielectric and additionally indicates the formation of more porous films af-
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Figure 7.3: The infrared spectra of (i)a-Si:H bi-layers deposited (a) at various temperatures with (w/) or without
(w/0) HPTs; (b) with various thicknesses w/ or w/o HPTs. For part (a), the thickness of deposited layers, which
is perpendicular to the pyramid facet, before and after HPTs is in total 18 nm and 14 nm on both sides of the
substrate, respectively. For part (b), these (i)a-Si:H bi-layers consist of a 1-nm-thick (i)a-Si:H-1 layer with a
(9)a-Si:H-2 layer featuring varied thickness, the deposition temperature was fixed at 160 °C and the indicated
thickness numbers are total thickness on both sides of the wafer. These thicknesses were estimated based on
the deposition rates calculated from flat samples. In both parts, W-RM stands for Si-H wagging-rocking modes,
BM refers to Si-H polyhydrides bending modes, SM represents Si-H stretching modes. In the SM region, the
green and red dashed lines represent the fitted Gaussian function for LSM and HSM, respectively. The blue
solid lines are the overall fittings. Note that the series of samples in Figure 7.3 (a) were processed in different
batches as compared to Figure 7.3 (b).

ter HPTs as discussed in the previous work [224]. Besides, we also noticed the overall
improved absorption strength of the SM as compared to films without HPTs [175]. This
could be correlated to the following causes: (i) the HPTs incorporate significant amounts
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of additional hydrogen into the films [224]; (ii) as the (i)a-Si:H bi-layers after HPTs are
thinner, hydrogen-rich ‘interface’ or ‘surface’ layers will be more dominant (HSM) in
reference to the ‘bulk’ component (LSM) [309], and therefore featuring relatively higher
volume deficiencies. Thus, the average dielectric constant will be lower and, as a conse-
quence, the proportionality constant of the dipole oscillation is lower as well [456]. For
a given hydrogen content, this lower proportionality constant will eventually result in
enhanced absorption signals for layers with HPTs. Nevertheless, the latter cannot be the
main contribution to the overall enhanced absorption signals, and HPTs indeed resulted
in significant additional hydrogen-incorporation into the (i)a-Si:H bi-layers. Overall, it is
not straightforward to calculate absolute hydrogen concentration based on the propor-
tionality constants provided in literature [338] because these ‘constants’ may vary with
layers’ thicknesses for very thin films, and with the textured morphology of our FTIR
samples, which enables the prolonged optical path of infrared light inside the (i)a-Si:-H
bi-layers as compared to typically used flat samples.

With respect to the Si-H wagging-rocking mode (W-RM), commonly one absorption
peak centered at the wavenumber of 640 cm! is observed [338, 341, 342, 457]. Instead,
it should be noticed that we observed at least three distinguishable peaks at around 610
cml, 620 cm™! and 645 cm™! (see Figure 7.3 (a)). Although similar observations were
reported in the literature for a-Si:H, only two peaks around 590 and 635 cm™ were iden-
tified [340, 458]. To the best of our knowledge, here we report for the first time at least
three distinctive peaks around the W-RM for ()a-Si:H. To further investigate the possi-
ble origin of this unexpected multi-peak characteristic, we carried out experiments with
variable (i)a-Si:H bi-layer thickness as shown in Figure 7.3 (b). These (i)a-Si:H bi-layers
consist of a 1-nm-thick (7)a-Si:H-1 layer with a (i)a-Si:H-2 layer featuring varied thick-
nesses. Interestingly, with a thicker bi-layer, we noticed a progressively decreased ab-
sorption strength of the peak at around 610 cm! (see Figure 7.3 (b)). In the meanwhile,
the signature of peaks at around 610 cm™! and 620 cm™ became less distinguishable for
thicker layers as they started to merge with the third absorption peak centered at around
645 cm™!. This thickness-dependent characteristic suggests that the peak at around 610
cm! may be attributed to well-defined silicon-hydride wagging mode(s) that is(are) spe-
cific to the ‘surface’ or ‘interface’ nature between the (i)a-Si:H and c-Si surface, while
peaks at around 645 cm! (also 620 cm™!) may be ascribed to the ‘bulk’ component as
proposed in [309] (detailed discussions can be found in Appendix B, Figure B.4). Unlike
that of SM, due to the insufficiently distinctive assignments of absorption peaks around
W-RM (340, 341, 343, 459], it is not possible for us to deconvolute the observed W-RM
absorption peaks. Still, several attempts for deconvoluting W-RM have been reported
previously for investigating the phase transition from a-Si:H to pc-Si:H, in which a simi-
lar vibrational origin for peaks at 620 cm! and 2100 cm™! was proposed [460, 461].

Nevertheless, for (i)a-Si:H bi-layers without HPTs as shown in Figure 7.3 (a), we no-
ticed that the absorption strength of mainly the peak at the wavenumber of 610 cm™! de-
creases with increasing deposition temperatures, while the absorption strength of peaks
at 620 cm™! and 645 cm™! seemingly only slightly varied. That is, (i)a-Si:H bi-layers de-
posited at higher temperatures featured reduced ‘surface’ or ‘interface’ components,
thus resulting in a higher fraction of ‘bulk’ components according to our speculations
based on samples with varied thicknesses. It is known that the ‘surface’ and ‘interface’
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parts of the (i)a-Si:H are more void- and hydrogen-rich as compared to the ‘bulk’ coun-
terpart mainly due to their higher fraction of polyhydrides [262, 309-311]. Thus the vari-
ations of absorption strength around the W-RM may reflect a denser film with higher
deposition temperatures. This finding agrees well with the observed lower Rgy with
higher deposition temperatures as seen from the SM (see Figure 7.3 (a)). Furthermore,
for (i)a-Si:H bi-layers with HPTs, the same temperature-dependent trend was found.
Similarly, we also observed systematically enhanced absorption strength of peaks after
HPTs, which can be attributed to the same reasons as proposed for the SM. Overall, es-
pecially for layers with HPTs, those absorption peaks around W-RM seem to be more
sensitive to varied deposition temperatures as compared to those around the SM. Thus,
those peaks around W-RM might be capable of revealing more details about the changes
in microstructure and Si-H bonding configurations in the film or the interface between
c-Siand the film (see also the discussion in Appendix B, Figure B.4). To understand more
about these absorption peaks around the W-RM, more distinct assignations of specific
Si-H vibrational modes around those wavenumbers would provide more insights.

To summarize, for layers with and without HPTs, a lower deposition temperature
tends to result in more void-rich and hydrogen-rich (i)a-Si:H layers. The HPTs signifi-
cantly incorporate additional hydrogen into the films and increase the large volume de-
ficiencies of the films, and consequently, resulting in more hydrogenated surfaces in the
(9)a-Si:H layers.

7.3.3 Temperature effects on passivation quality for SHJ solar cells

We investigated the effects of (i)a-Si:H deposition temperature on the passivation quali-
ties of the (i)a-Si:H layers and the effects of the additional HPTs on symmetrically coated
c-Si wafers (see the schematic sketch in Figure 7.1 (c)). Further, the passivation qualities
of the (i)a-Si:H layers coated with doped contacts were also investigated. The 7. values
of symmetrical samples are plotted in Figure 7.4 (a).

As seen in Figure 7.4 (a), for passivation samples with only (i)a-Si:H bi-layer (open
symbols), higher deposition temperatures of (i)a-Si:H bi-layers resulted in better pas-
sivation qualities. This could be attributed to the denser or less-defective (i)a-Si:H bi-
layers deposited at higher temperatures as confirmed by our FTIR measurements (see
Figure 7.3 (a)) [454]. However, when additional HPTs were applied, the trend is reversed.
For ()a-Si:H bi-layer deposited under 140 °C (160 °C) and treated with HPTs, the T was
boosted from 1.4 ms (4.2 ms) to 11.7 ms (12.3 ms), while the passivation qualities with
the additional HPTs showed fewer improvements and even degraded 7 ¢ for (i)a-Si:H bi-
layers deposited with temperatures above 160 °C. As known from the FTIR results shown
in Figure 7.3 (a), the HPTs increase both the porosity and the hydrogen concentration of
the (i)a-Si:H bi-layer. In the meanwhile, HPTs could also create defects near the c-Si/ (i)a-
Si:H interface [428]. We ascribe the observed better passivation qualities with (i)a-Si:H
bi-layer deposited under lower temperature conditions to: (i) their initial highly porous
microstructure, which is beneficial for more effectively preventing the possible detri-
mental epitaxial growth induced by highly hydrogen-diluted (i)a-Si:H-2; (ii) protecting
near-surface c-Si bulk from defect formations induced by hydrogen radicals within HPTs
[446]; (iii) their higher concentrations of polyhydrides, which could be beneficial for fur-
ther passivating the c-Si dangling bonds as they can act as hydrogen-reservoir for hydro-




126 7 Effects of (i)a-Si:H deposition temperature on high-efficiency SH]J solar cells

25

25 T T u u (b) (n)/HPTS/(i)/c-Si/(i)/HPTs/(p)
(a) O ()/essifi) m T =180°C, T, varies
_ | HPTs/(i)/c-Si/(i)/HPTs € 20l 13513400  Liasisiio
g 20r A A (n)/HPTS/(i)/c-Si/(1)/HPTS/(n)| | = Tossissm = Towsin ey POt Vary
= A =W (p)/HPTs/(i)/c-Si/(i)/HPTs/(p) WE .
".E ~ O 15f
™~ wn
S 15} g J 5 .
ﬁo N 23 A
=1 g 10+ 4
g 10 1 3 & .
3 Ca| é}‘
e 3
W8 5r 1
0
Tiasinn | 180 \ 140 | 180 \ 160 | 180 \ 180 | 180 \ 200
0 L . . . Tosi 140 160 180 200
140 160 180 200 (a-Si:H,(p)
Deposition temperature of (i)a-Si:H (°C) Deposition Temperature of (i)a-Si:H beneath doped layers (°C)

Figure 7.4: The 744 values of (a) symmetrical samples for individually checking passivation of different
(f)a-Si:H layers under various deposition temperatures and with doped layers, and (b) solar cell precursors
((m)/HPTs/ (i)/c-Si/ (i) /HPTs/ (p)) with various deposition temperatures of (i)a-Si:H bi-layers. In part (a), lines
are guides to the eye. In part (b), T(ja-si:H,(n) and T(ja-si:H,(p) represent the deposition temperature of (i)a-
Si:H bi-layers beneath the (n)- and (p)-layers, respectively. The deposition temperatures of doped layers and
HPTs were kept constant at 180 °C as listed in Table 7.2. In part (b), for the samples that feature T ;a-si:H,(n) =
T(ia-si:H,(p) = 180 °C, the box plot is duplicated for easier comparison in different temperature series.

genations during the thermal processes [309]; and (iv) their more void-rich or defect-rich
films that could promote easier hydrogen diffusion to the c-Si/(j)a-Si:H interface [462—
464]. Please note that in this context, more porous (i)a-Si:H layers deposited at lower
temperatures without the HPTs tend to disrupt the ordered arrangement needed for epi-
taxial growth. In contrast, porous (i)a-Si:H layers obtained after HPTs can potentially fa-
cilitate the nucleation of nanocrystals. The main difference lies in the reduced compres-
sive stress in films deposited at lower temperatures without HPTs, whereas HPTs can in-
crease the compressive stress that is critical for the nucleation of nanocrystals (discussed
also in Figure 4.3 (b)) [376]. This higher compressive stress in HPTs-treated (i)a-Si:H lay-
ers can be attributed to significant hydrogen incorporation into strained Si-Si bonds and
the increase in voids filled with trapped H, molecules [376]. Moreover, it has been also
reported that the compressive stress is primarily determined by hydrogen incorporation
rather than the pre-existing hydrogen content within the film [376].

Lastly, with doped layers, we observed similar trends to that of the bi-layer with HPTs.
We found overall improved passivation qualities when (n)-layers were applied, mainly
thanks to improved field-effect passivation and enhanced chemical passivation. Particu-
larly, the latter can be attributed to the beneficial hydrogen incorporation during the de-
position of (n)nc-Si:H, which was deposited with highly hydrogen-diluted plasma condi-
tions [165, 167, 315]. It is worth noting that a 7. of nearly 21.0 ms was achieved with the
(?a-Si:H bi-layer deposited at 140 °C and coated with (n)-layers. Notwithstanding, we
observed non-negligible degradations of 7¢ after the depositions of the (p)-layers that
may require further passivation optimizations. Nevertheless, those degraded 7. values
could be also ascribed to defect formation in (#)a-Si:H layer as a result of Fermi level shift
due to the overlaying (p)-layer stack [155, 465-467] and the over-annealing of the firstly
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deposited (i)/ (p) stack during the deposition of the second (i)/(p) stack on the other side
of the wafer [155, 465].

Subsequently, solar cell precursors ((n)/HPTs/(i)/c-Si/(i))/HPTs/(p)) following the
findings in Figure 7.4 (a) were fabricated. The deposition temperatures of (i)a-Si:H
bi-layers underneath either only the (p)-layers or both doped layers were varied. The
description of solar cell precursors and their 7.¢ values are presented in Figure 7.4
(b). As expected, cells before TCO sputtering that feature (j)a-Si:H bi-layer with lower
deposition temperatures exhibited better passivation qualities for both temperature
series as shown in Figure 7.4 (b). Especially, a high 7.5 of 16.3 ms was achieved with
the (7)a-Si:H bi-layer deposition temperature fixed at 140 °C for both doped layers. This
good passivation is promising to achieve high-efficiency SHJ solar cells.

7.3.4 Temperature effects on /- V parameters of solar cells

As (i)a-Si:H not only passivates the c-Si surface but should also contribute to the trans-
port of charge carriers, different bulk qualities of (i)a-Si:H may impact the charge carrier
collection differently. To this end, we fabricated FBC-SH]J solar cells with screen-printed
Ag contacts (sketched in Figure 7.1 (d)) to evaluate the effects of (i)a-Si:H deposition
temperature on J-V parameters of solar cells. The results are summarized in Figure 7.5.
Note that the effects of HPTs on solar cells were discussed in previous chapters (Chapters
4 to 6) when optimizing either (n)- or (p)-type nc-Si:H-based contact stack with (j)a-Si:-H
deposited at 180 °C [167, 175, 312]. In those studies, we found that solar cell perfor-
mances were improved after applying the HPTs mainly due to the hydrogen-rich and
porous (i)a-Si:H layers formed after the HPTs (see Figure 7.3), where the hydrogen can
largely suppress the surface recombination (see Figure 7.4 (a)). Besides, the nucleation
of overlaying doped nc-Si:H layers could also be promoted resulting in an enhancement
of the selective transport of charge carriers [151, 266, 271, 308].

For solar cells with a fixed (i)a-Si:H deposition temperature underneath the (n)-
layers (T(ja-si:t1,(n)) (see Figure 7.5), we observed higher average Vpc values for cells with
lower (i)a-Si:H deposition temperatures as expected from the trends discussed in Figure
7.4. However, the FF values of cells with (i)a-Si:H deposited at 140 °C beneath (p)-layers
(T(pa-si:H,(p) = 140 °C) were averagely lower than those obtained for (i)a-Si:H deposited
at higher temperatures. We ascribe this fact mainly to the more porous or defect-rich
(da-Si:H bi-layer deposited at 140 °C as elucidated in Figure 7.3 (a). Besides, the rather
wide distribution of FF for cells with T(;a.si:H,(p) = 140 °C could be attributed to the less
microstructurally homogeneous films under such deposition conditions. The obser-
vation of these lower FF values is also supported by literature, where more defect-rich
(7)a-Si:H deposited under lower temperature also increased the device series resistance
[446] (see also Appendix B, Figure B.5). Besides, it is also discussed in the literature
that void-rich (9)a-Si:H layers resulted in increased contact resistivity as those layers
may feature unfavorable energetic position of defect states, the possible lower effective
contact area on the c-Si surface, and likely the stronger effects on weakening the band
bending induced by doped layers [451]. While solar cells with slightly less-defective
(a-Si:H that was deposited at 160 °C exhibited significantly improved FF to above 80%
as compared to those with 140 °C. Further, by increasing the deposition temperatures
up to 200 °C, solar cells showed saturated or slightly lower FFs, which are mainly due to
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Figure 7.5: The J-V parameters of FBC-SH] solar cells prepared under various deposition temperatures of (i)a-
Si:H bi-layers. Solar cells feature both sides screen-printed Ag contacts. Note, T(j)a-si:H,(n) and T(j)a-si:H, (p)
represent the deposition temperature of (i)a-Si:H bi-layers beneath (n)- and (p)-layers, respectively. The de-
position temperatures of doped layers and HPTs were kept constant at 180 °C as listed in Table 7.2. For the
samples that feature T(j)a-si:H,(n) = T(a-Si:H, (p) = 180 °C, the box plot is duplicated for easier comparison in
different temperature series.

the increased surface recombination as indicated by their lower Vo values [129, 450].
Therefore, a trade-off between the passivation and carrier collection is revealed for
varied T(ja.si:H,(p). Minor effects of (i)a-Si:H deposition temperature on Jsc were found
(see also Appendix B, Figure B.5).

Interestingly, by comparing solar cells with fixed T(ja-siH,p), higher T(ya siH,m)
seemed to result in slightly lower FF values despite having denser (i)a-Si:H bi-layers (see
Figure 7.3 (a)). This suggests that higher deposition temperatures are not favorable for
the passivation and transport of charge carriers, thus resulting in lower V¢ and FF than
samples with (i)a-Si:H deposited at lower temperatures. This observation is also well-
aligned with our previous study where nearly 3%,ps, FF gain was reported by applying
the HPTs before the deposition of (n)-layers, which improved mainly the Vp¢ of solar
cells [167]. Therefore, as expected, for efficient collection of charge carriers, it is crucial
to have (i)a-Si:H layers fostering the passivation quality. Nevertheless, (p)-contact is par-
ticularly more sensitive to the bulk quality of (i)a-Si:H layers than (n)-contact [450, 451].
This observation could be correlated to the different dominant transport mechanisms
for collecting electrons (thermionic emission) and holes (tunnelling) as also discussed
in [151, 451]. Overall, in this study, solar cells with (7)a-Si:H deposited at 160 °C exhibited
the best efficiencies among all other investigated temperature counterparts owing to
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their better trade-off between the passivation qualities and the collection of charge
carriers.

To exclude any temperature anneal effects during the screen printing (Ag paste cur-
ing at 170 °C for 40 minutes), we alternatively applied our optimized room-temperature
Cu-electroplating metallization approach [127] for cells with (i)a-Si:H deposited under
various temperatures and with an additional 100-nm-thick SiO,. capping the front IWO
to form a double-layer anti-reflection coating [200, 325, 429]. As provided in Appendix
B, Figure B.5, the J-V parameters of those cells that feature front electroplated Cu elec-
trodes and rear thermally evaporated Ag contacts exhibited similar trends as shown in
Figure 7.5. Noticeably, likely due to the ‘gentler’ process of our optimized copper-plating
process [127], the optimum trade-off between V¢ and FF was found for the temper-
ature range from 160 °C to 180 °C. For both T(;a-si.q of 160 °C to 180 °C, the best cells
exhibited an independently certified conversion efficiency of 23.71% (see Table 7.3 and
Figure B.6). Based on those results, we improved further the thickness combinations of
(p)-layers of SHJ cells with (i)a-Si:H layers deposited at 160 °C, which exhibited a high
FF of 83.3%, a Voc of 726.0 mV, a Jsc of 39.97 mA/cm?, and an efficiency of 24.18% (see
Table 7.3 and Figure B.7).

Table 7.3: The external parameters of the best FBC-SH]J solar cells in this study. Those cells feature electroplated
Cu front electrodes and SiO/IWO double-layer anti-reflection coating.

T(ia-si:H Voc Jsc FF n Certified/in-house
O] (mV) (mA/cm?) (%) (%) measurements
160 724.5 39.81 82.2 23.71 ISFH CalTeC
180 722.1 39.71 82.7 23.71 ISFH CalTeC
1602 726.0 39.97 83.3 24.18 In-house

4: This cell featured improved thickness combinations of the (p)-layers that consist of 5 nm
(p)nc-SiO :H + 30 nm (p)nc-Si:H.

7.4 Conclusions

In this chapter, we studied the effect of (i)a-Si:H deposition temperature on the passiva-
tion quality and solar cell performance. Within the investigated temperature range from
140 °C to 200 °C, we observed better passivation quality of (i)a-Si:H layers deposited un-
der higher temperatures possibly due to their denser film as confirmed by SE and FTIR
measurements. Interestingly, porous or less dense films deposited at lower tempera-
tures exhibited significantly improved and better passivation qualities with additionally
applied HPTs, which favor the formation of porous and hydrogen-rich films. Besides,
we also noticed distinctive absorption peaks around Si-H W-RM in the infrared spectra,
which seemingly reveal microstructural properties of thin-film (i)a-Si:H layers that are
still unclear, for which further investigations on the vibrational origins of those peaks
are still required.

At the device level, even though we observed the highest V¢ values for cells with
(7)a-Si:H deposited at the lowest temperature (140 °C), the related FF values were poorer
as compared to their higher temperature counterparts. The optimal trade-off between
Voc and FF was found for SHJ solar cells fabricated with (i)a-Si:H layers deposited from
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160 °C to 180 °C, which exhibited independently certified efficiencies of 23.71%. Further
optimized (p)-layers enabled an even higher FF of 83.3% and an efficiency of 24.18%
for the cell with (7)a-Si:H deposited at 160 °C. As the deposition temperature of (j)a-Si:H
and associated materials properties affect solar cells performance, we showed that high-
performance devices should meet critical requirements in optimizing the (7)a-Si:H that
are not only limited to an excellent surface passivation quality to reduce losses induced
by interface recombination. Furthermore, (i)a-Si:H films should feature less-defective
bulk to not disrupt the collection of charge carriers. Particularly, (p)-contact is more sen-
sitive to the bulk quality of (i)a-Si:H layers than (n)-contact. We demonstrate that care-
fully optimizing (i)a-Si:H layers that fulfill both requirements can contribute to higher
SHJ solar cell efficiencies.
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Abstract

Perovskite/c-Si tandem solar cells have attracted enormous research attention and have
achieved efficiencies well above 30% for both two-terminal (2T) and four-terminal (4T)
configurations. In this chapter, we present the development and integration of SHJ bot-
tom sub-cells for 2T and 4T perovskite/c-Si tandem solar cells and highlight optical sim-
ulations to assist the implementation of light-management techniques. For front-flat
and rear-textured 2T tandem devices, we first engineered (i)a-Si:H passivating layers for
(100)-oriented flat c-Si surfaces and combined them with various (n)a-Si:H, (n)nc-Si:H,
and (n)nc-SiO :H interfacial layers for SH] bottom sub-cells. In a symmetrical configu-
ration, a long minority-carrier lifetime of 16.9 ms was achieved when combining (i)a-
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Si:H bi-layers with (n)nc-Si:H (extracted at an injection level of 10> cm™). Together
with photostable mixed-halide perovskite top sub-cells, we demonstrated front-side-
flat tandem solar cells with efficiencies above 23% (a maximum of 25.1%) using all three
types of (n)-layers. Observations from experimentally prepared devices and optical sim-
ulations indicate that both (n)nc-SiO :H and (n)nc-Si:H are promising for application
in high-efficiency tandem solar cells. This is possible thanks to minimized reflection
at the interfaces between the perovskite and SHJ sub-cells by optimized interference
effects, demonstrating the applicability of such light management techniques to vari-
ous tandem structures. Moreover, by combining our optimized double-side-textured
front/back-contacted SHJ solar cell with a certified semitransparent perovskite top sub-
cell, we demonstrated a 4T tandem solar cell with an efficiency of 30.1%.

8.1 Introduction

The rapid development of tandem solar cell technology combining perovskite and
crystalline silicon (c-Si) sub-cells in various configurations, namely, two-terminal (2T),
three-terminal (3T) and four-terminal (4T), has led to significant increases in device per-
formance in recent years. For instance, compared to the first reported 2T perovskite/c-Si
tandem solar cell exhibiting a power conversion efficiency () of approximately 14% in
2015, material and device optimization strategies to minimize optical losses and maxi-
mize energetic yield have increased 7 to well above 33% till April of 2023 [109, 117, 468—
471]. Besides, monolithic 3T tandem solar cells and mechanically stacked 4T tandem
solar cells have also achieved remarkable record efficiencies of 29.56% and 30.79% back
in 2022 [110, 111]. The adjustable optical bandgap (Eg), high absorptivity, and high
defect tolerance observed in perovskite semiconductors make them ideal candidates as
the top sub-cell in such tandem devices. Typically, a wide-bandgap (WBG) perovskite
top sub-cell, usually prepared using mixed-halide (iodide-bromide) compositions, is
used to allow better utilization of the high energy photons of the solar spectrum and
enable a balanced light absorption in the two sub-cells [472]. Moreover, mainly thanks
to the high open-circuit voltage (Vpc) and good near-infrared (NIR) response [194, 359],
SHJ solar cells are among the most promising PV technologies that can be used as the
bottom sub-cell in tandem devices [469].

High-efficiency tandem solar cells must feature high V¢ that results from minimal
non-radiative recombination losses in both sub-cells. The key to obtaining a high Vp¢
in the SHJ bottom sub-cell mainly comes from excellent surface passivation of the c-Si
facilitated by (i)a-Si:H [51]. For 2T tandem solar cells, the device design must account
for processing challenges. Specifically in this study, this is related to the development
of the conformally-coated solution-processed perovskite top sub-cells using SHJ bot-
tom sub-cells as the substrates. As a result, bottom sub-cells with front-flat and rear-
textured surfaces, i.e. single-side-textured (SST), were here chosen as a compromise be-
tween processing considerations of the perovskite top sub-cells and light absorption in
the SHJ bottom sub-cells. In this thesis, single-side-textured <100> c-Si wafers were pre-
pared with a (100)-oriented flat front surface and a (111)-oriented textured rear surface.
As passivation optimizations and contact stack development for the (111)-oriented tex-
tured surface have been addressed in Chapters 4 to 7, efforts are still required to develop
contact stacks that ensure excellent surface passivation and efficient charge carrier col-
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lection on (100)-oriented flat surfaces.

Furthermore, in a 2T tandem device, balanced absorption of incident visible (vis)
and NIR photons, which guarantee current-matching conditions between the series-
connected sub-cells, is critical to achieve a high short-circuit current density (Jsc) output
of the tandem solar cell. Barring that, the sub-cell generating the lowest current limits
the overall output of the tandem device. As a result, light management guided by ad-
vanced optical simulations to minimize parasitic absorption and reflection losses is of
great importance for tandem device design [93, 117, 473-475]. Especially, the reflection
loss, due to suboptimal refractive index matching at intermediate interfaces between the
top and bottom sub-cells, should be minimized to enhance light coupling into the bot-
tom sub-cell. As for 4T tandem applications, due to the ease of processing restrictions
and the absence of a need for current matching, double-side-textured (DST) front/back-
contacted (FBC) SHJ solar cells, which have been developed and optimized in this thesis,
can be directly combined with semitransparent perovskite top sub-cells forming 4T tan-
dem devices.

In this chapter, we present the development of high-efficiency 2T and 4T tandem
solar cells assisted by optical simulations, focusing on the tandem application-oriented
optimization of SHJ bottom sub-cells. Firstly, the experimental development of SST SHJ
bottom sub-cells and their integration in 2T tandem solar cells supported by optical sim-
ulations are highlighted. Then, aiming at achieving efficient light management of tan-
dem devices, the optical potential of various types of (n)-layers utilized in SHJ bottom
sub-cells are evaluated. Furthermore, an optimized DST FBC-SH] solar cell is combined
with a certified semitransparent perovskite top sub-cell, forming a high-efficiency 4T
tandem solar cell.

8.2 Experimental details

The deposition parameters, thicknesses and duration for optimized (i)a-Si:H layers and
hydrogen-plasma treatment (HPT) can be found in Table 8.1. For (i)a-Si:H layers, two
deposition methods, i.e. without added H» ((7)-1) and with added H> ((i)-2) to the SiHy,
were used. Various (n)-layers, namely, (n)a-Si:H, (n)nc-Si:H and (n)nc-SiO +~H were im-
plemented into single-junction SHJ and tandem applications. The deposition parame-
ters of these (n)-layers can be found in Table 6.1. The (n)nc-SiO,:H-1 was chosen as the
(m)nc-SiO,:H layer investigated in this chapter. Deposition conditions of (p)-layers can
be found in Table 5.1 instead. A geometrical factor of 1.7 was used for calculating the
deposition durations for the textured surface. For passivation optimizations, the thick-
nesses of symmetrically deposited (i)a-Si:H layers were kept constant at around 10 nm
on each side. Details on the preparation and characterization of single-junction per-
ovskite solar cells and top sub-cells for tandem devices can be found in our previous
publication [476].

For the characterization of the 2T tandem solar cells, current density versus volt-
age (J-V) measurements were done using a tungsten-halogen lamp filtered by a UV fil-
ter (Schott GG385) and a daylight filter (Hoya LB120) with the intensity adjusted to 100
mW/cm?. A shadow mask of 1 cm? was used for measuring the 2T tandem solar cells.
During the J-V measurement, the solar cells were operated between + 2.0 V and - 0.5
V at a scan rate of 0.25 V/s by a Keithley 2400 source meter. For external quantum effi-
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ciency (EQE) measurements, a modulated monochromatic probe light (Philips focusline
50 W) was used to illuminate the solar cells through an aperture (1 mm radius). The
response was recorded and converted to EQE using a calibrated silicon reference cell.
To measure the EQE of the individual sub-cells of the 2T tandem devices, bias lights
with a wavelength of 530 nm or 940 nm were used for saturating perovskite and silicon
cells, respectively, together with a forward voltage bias close to the Vp¢ of the corre-
sponding single-junction cell. For the characterization of 4T tandem solar cells with
area-mismatched sub-cells, we followed the measurement procedure as described in
the literature [477, 478]. The J-V parameters of the FBC-SH]J solar cell under standard
test conditions (STC) and under perovskite-filtered conditions were characterized with
the Neonsee solar simulator. The EQE of the FBC-SHJ solar cell was measured with a
setup from Rera Solutions B.V. [479]. Genpro4 [409], which combines ray-tracing and
wave-optics, was used for optical simulations of the perovskite/SH]J tandem solar cells.
Spectroscopic ellipsometry (SE) was utilized to extract the complex refractive index of
layers used in tandem devices for optical simulations. The optical constants of Ag and
c-Si are taken from literature [480, 481].

Table 8.1: PECVD deposition parameters of optimized (#)a-Si:H layers and the HPT.

PECVD (0)-1 (i)-2 HPT
parameters
FIH2)/ fISiHa] 0/40 30/10 200/0
(sccm/sccm)
Pressure
(mbar) 0.7 1.4 2.2
Power density
(mW/CmZ) 20.8 20.8 41.7
Tempoerature 160 160 160
(°C)
Thickness 10/52 5
(nm)
Duration ) 20

(s)
2:10 nm and 5 nm (i)-1 layers were used for mono- and bi-layer passivation
strategies, respectively.

8.3 Results and Discussions

8.3.1 Development and integration of SHJ bottom sub-cells for 2T tandem
solar cells

8.3.1.1 Passivation optimization of (100)-oriented flat c-Si surface

As explained in detail in Section 2.4.4, the passivation optimization of (100)-oriented flat
c-Si surface is challenging. Especially when a highly hydrogen-diluted (i)a-Si:H is used,
such surface is known to be more prone to detrimental epitaxial growth of (i)a-Si:H as
compared to the (111)-oriented surface [303-307]. Therefore, we developed and opti-
mized the surface passivation of the (100)-oriented flat c-Si surface. In addition to op-
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timizations of mono-(i)a-Si:H layer via tuning process conditions of plasma-enhanced
chemical vapor deposition (PECVD) (namely, hydrogen dilution, pressure, power, sub-
strate temperature), approaches such as bi-layers and hydrogen plasma treatment (HPT)
were also studied [367, 368, 427, 431, 445, 482, 483]. The effective lifetime (7¢) of sym-
metrically passivated c-Si wafers featuring double-side-flat (100)-oriented surfaces with
different (i)a-Si:H passivation approaches and different (n)-layers, namely, (n)a-Si:H,
(mnc-Si:H and (n)nc-SiO :H are presented in Figure 8.1 (a). Besides, the infrared spectra
of different (i)a-Si:H films, which were obtained via Fourier-transform infrared (FTIR)
spectroscopy measurement, are shown in Figure 8.1 (b).
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Figure 8.1: The (a) effective lifetime (7¢) of symmetrically passivated c-Si wafers featuring double-side-flat
(100)-oriented surfaces with different (i)a-Si:H passivation approaches (around 10 nm (i)-1, 5 nm (i)-1 + 5 nm
(9-2, 5nm (i)-1 + HPT + 5nm (i)-2) and different (n)-layers (5 nm (n)a-Si:H, 20 nm (n)nc-Si:H, 60 nm (n)nc-
SiO:H). (b) Infrared spectra of various (i)a-Si:H layers (around 30-nm-thick). In part (a), the 7 values were

obtained for an injection level (An) of 101® cm3. In part (b), Cy stands for the hydrogen content and Rgyy
represents the microstructure factor as defined from Si-H stretching mode (SM). The green and red dashed
lines are the fitted Gaussian function for low-frequency SM (LSM) and high-frequency SM (HSM), respectively.
The blue solid lines are the overall fittings.

As seen in Figure 8.1 (a), for samples with only (i)-layer, the 7.¢ was increased from
0.7 ms for (i)-1 to 1.2 ms for a (i)-1 + (i)-2 bi-layer. Furthermore, by applying an optimized
HPT at the interface between (i)-1 and (i)-2, the T.¢ was further enhanced to 3.5 ms. In-
frared spectra, as illustrated in Figure 8.1 (b), indicate a higher absorption strength of
the high-frequency stretching mode (HSM) when using a bi-layer and/or the additional
HPT. It is well-established that the low-frequency stretching mode (LSM) is assigned to
monohydrides in small volume deficiencies [343, 375], while HSM is mainly attributed to
monohydrides and some polyhydrides at internal surfaces of larger volume deficiencies
[338, 343, 375]. As a result, higher hydrogen contents (Cy) in the bi-layer (())-1 + (i)-
2) and the bi-layer with HPT ((i)-1 + HPT + (i)-2) are calculated (see Figure 8.1 (b)). The
increased absorption strength of HSM, and thus a higher microstructure factor (Rsy), in-
dicates the film is less dense and more hydrogen-rich when we apply the bi-layer, which
further increases when implementing the additional HPT.
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The passivation was further improved when (n)-type layers were subsequently de-
posited on the (i)-layer (Figure 8.1 (a)). When a (n)a-Si:H was stacked on (i)-layer, no-
ticeable 7.¢ improvements were observed for all (i)-layer types. Following the 7 trend
of (i)-layer only samples, we also found the optimized passivation quality and the high-
est absolute 7 improvement (7 increased from 3.5 ms to 14.6 ms) when bi-layer with
HPT was applied for (n)a-Si:H. This 7.¢improvement could be explained by their highest
concentrations of HSM components for the bi-layer with HPT (see Figure 8.1 (b)), which
can further passivate the c-Si surface dangling bonds by acting as a hydrogen-reservoir
for hydrogenations during thermal processes [309]. However, when using (n)nc-Si:H
and (n)nc-SiO :H, the bi-layer approach without the additional HPT yielded the highest
Teff Values of 16.9 ms and 7. of 7.7 ms, respectively. This is due to the fact that (n)nc-
Si:H and (n)nc-SiO,:H require higher hydrogen dilution during their depositions as com-
pared to (n)a-Si:H [266]. As a result, the excessively incorporated hydrogen may induce
additional defects near the c-Si surface [428], thus hindering the passivation quality.
Similar to trends observed for nc-Si:H-based (n)-layers, bi-layer without the additional
HPT also delivered the optimized passivation quality for nc-Si:H-based (p)-layer ((p)nc-
SiO :H + (p)nc-Si:H) (see Appendix C, Figure C.1).

To summarize, although the bi-layer without the additional HPT did not exhibit the
best passivation quality with only (i)a-Si:H layers, it relaxes the optimization efforts for
further stacking on top, especially, doped nc-Si:H-based layers that are deposited with
highly hydrogen-diluted plasma conditions.

8.3.1.2 Single-junction SST FBC-SH]J solar cells

Further, we applied different (n)-type layers combined with the (i)a-Si:H bi-layer (()-1 +
(i)-2) to fabricate single-junction SST rear junction solar cells as sketched in Figure 8.2.
On the textured rear side of solar cells, we applied the optimized contact stacks based
on (p)nc-SiO :H and (p)nc-Si:H for hole collection as developed in Chapter 5 [312]. The
representative /- V characteristics of these solar cells are depicted in Figure 8.2.
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Figure 8.2: The schematic sketches of single-junction single-side-textured (SST) rear junction SHJ solar cells
with various front (n)-layers (left) and their typical J-V curves (right). The (p)-layer on the rear side consists of
5nm (p)nc—SiOx:H + 16 nm (p)nc-Si:H (see Chapter 5 or [312]).
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As seen in Figure 8.2, both 5 nm (n)a-Si:H and 20 nm (n)nc-Si:H (n)-contacts deliv-
ered Voc values above 0.70 V and a FF of 0.81. Solar cells with (n)nc-SiO,:H exhibited
slightly lower V¢ (0.69 V) and FF (0.78) than their oxygen-absent counterparts. The 7,
implied Vpc (iVoc) and implied fill factor (iFF) of these solar cells before metallization
are provided in Table C.1 (Appendix C). By comparing these parameters with -V param-
eters of finished solar cells, we noticed drops from iV to Vo and i FF to FF. We attribute
these drops, at least in part, to our lab-standard non-optimized screen printing process
[127], which degraded the passivation quality of solar cells. Additionally, these drops
may be also due to insufficient selectivity of electron and/or hole contact stacks used in
solar cells [36]. The EQE spectra of solar cells with various (n)-layers are presented in
Figure C.2 (Appendix C). Besides, the EQE spectra and J-V parameters of single-junction
cells using different (n)nc-SiO :H thicknesses are also provided in Figures C.2 and C.3
(Appendix C). Despite cells with (n)nc-SiO,:H single layers being less performant than
cells with (n)a-Si:H and (n)nc-Si:H, in tandem devices, the (n)nc-SiO,:H can present op-
tical advantages by improving light coupling into the bottom sub-cell [474]. This aspect
will be further elaborated in Section 8.3.1.5.

8.3.1.3 Light management of 2T tandem solar cells

With the aim of realizing 2T tandem solar cells with a high Vpc, apart from the necessity
of ensuring excellent surface passivation quality of SHJ bottom sub-cells, non-radiative
recombination losses of perovskite top sub-cells should be also minimized. Therefore,
a photostable mixed-halide wide-bandgap perovskite absorber with a nominal compo-
sition of Ko 05Cs0.05 (FAg.7sMA_25)0.90Pb(Ig.75Bro 25)3 and a Eg of 1.69 eV was first devel-
oped. Moreover, choline chloride was used to passivate the perovskite/Cgg interface
reducing the energetic losses at this interface [476]. The detailed development of per-
ovskite top sub-cells, including optimizations of perovskite composition, selection of ef-
ficient hole- and electron-transport layers and application of surface passivation treat-
ment, is presented in our publication [476]. Further information on the integration of
established perovskite top sub-cells on the optimized SHJ bottom sub-cells can be also
found in our publication [476]. Eventually, monolithic 2T tandem solar cells with an
active area of 1 cm? were prepared.

Optimized light management in perovskite/SHJ tandem solar cells is important for
achieving high current densities at current-matching conditions. Therefore, using the
GenPro4 simulation tool [409], we performed optical simulation studies based on our
practical tandem devices to further guide the experimental work. The schematic struc-
ture of the monolithic perovskite/c-Si tandem solar cell with (n)a-Si:H as a representative
is illustrated in Figure 8.3 (a). Considering one electron-hole pair generated by each ab-
sorbed photon, negligible recombination, and only the active area (without front metal
electrodes), the simulated implied photocurrent density (Jimp) of sub-cells, tandem cell,
and the reflected fraction in the wavelength range from 300 nm to 1200 nm are shown in
Figures 8.3 (b) - (e).

By identifying the minima in implied reflected photocurrent density and the maxima
in implied photocurrent density contributions of the sub-cells, optimum thicknesses of
MgF, and SnO, layers were found. The highest implied photocurrent density in the per-
ovskite top sub-cell (Figure 8.3 (b)) was found at a MgF, thickness of around 100 nm
whereas for the SHJ bottom sub-cell (Figure 8.3 (c)), that optimal thickness was between
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Figure 8.3: Optical simulations of perovskite/SHJ tandem devices. (a) Schematic sketch of perovskite/SH]J solar
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160 nm and 180 nm. The Jimp of the tandem device (Figure 8.3 (d)) was determined by
the current-limiting sub-cell, which is related to both the reflection losses (Figure 8.3 (e))
and the absorption characteristics of both sub-cells. With the presented tandem struc-
ture, it was found that the maximum implied tandem current density (approximately
18.6 mA/cm?) requires a MgF, layer with a thickness of approximately 120 to 160 nm,
whereas the thickness of SnO, is of minor consequence.

Figure 8.4 further shows the simulated absorptance in different layers of the stack as
a function of layer thicknesses (MgF,, SnO, and Cg). Two sets of values for MgF,, SnO,
and Cgp thicknesses were considered (0, 45, 20 nm and 120, 20, 15 nm, respectively) to
illustrate their influence on the reflection, parasitic absorption and absorptance in sub-
cells.

As seen in Figure 8.4 (b), the absence of an anti-reflection coating (without MgF,)
leads to significant reflection losses in the 400 — 500 nm wavelength range, decreasing
absorption in the perovskite top sub-cell. The reflection loss also leads to a minimum
absorption in the c-Si bottom sub-cell in the wavelength range of 800 — 900 nm. Besides,
noticeable parasitic absorption in the Cgg layer (for wavelength below 600 nm, see Figure
8.4 (a)) further decreases absorption in the perovskite sub-cell [484]. By decreasing the
thicknesses of Cgp and SnO,, (Figures 8.4 (c) and (d)), and introducing the anti-reflection
coating, reflection losses are minimized by an equivalent of 3.6 mA/cm?, thus resulting
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Figure 8.4: The simulated absorptance spectra of the cells (a, b) without MgF, and thick (20 nm) Cgg layer,
and (c,d) with MgF» (120 nm) and thin (15 nm) Cgg layer. The SnOy thickness is 45 nm (20 nm) before (after)
the optimizations, respectively. In figures (a) and (c), ITO (R]) represents the ITO recombination junction. In
figures (b) and (d), the light-brownish area represents the sum of the absorptance of the perovskite and silicon
sub-cells. Figure (e) presents the integrated Jimp for both sub-cells, reflection, and parasitic absorption losses
before and after optimizations.

in improved spectral response of both perovskite and c-Si absorbers (see Figure 8.4 (e)).

The light management strategies as suggested by these simulation results were em-
ployed to enhance the performance of fabricated tandem solar cells. Our experimen-
tal observations on the EQE spectra of fabricated tandem solar cells corroborated the
effectiveness of these strategies through optimization of the anti-reflection effect and
reducing the parasitic absorption losses [476]. For instance, Figure C.4 (Appendix C) fur-
ther compares experimentally determined EQE spectra to simulated absorptance spec-
tra and finds good agreement between the behavior of devices using different MgF» and
Ceo layer thicknesses.
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8.3.1.4 2T tandem solar cells with SHJ sub-cells featuring various (n)-type layers
Our preliminary fabricated tandem solar cells indicated that the perovskite top sub-cell
was the current limiting factor. Therefore, in order to enhance the Jgc of the perovskite
top sub-cell, the bromide content in the perovskite was reduced from 25% to 21% re-
sulting in a decrease in Eg from 1.69 eV to 1.67 eV [476]. Table 8.2 and Figure 8.5 show
the J-V characteristics of tandem solar cells using different (n)-type layers. As seen in
Figure 8.5, the (n)-type layers predominantly influenced optical interference in the NIR
region that affects Jsc silicon. FOT instance, using a 20-nm-thick (7)nc-Si:H layer led to
a current-matched tandem solar cell at a Jsc of 18.2 mA/cm?. On the other hand, us-
ing a 5-nm-thick (n)a-Si:H or 40-nm-thick (n)nc-SiO,:H layer caused a slightly higher
absorption in the bottom sub-cell whereas the top sub-cell response remained largely
unchanged, leading to top sub-cell-limited tandem devices.

In all cases, a high Vpc of 1.81 V can be measured, representing low V¢ losses (30 -
50 mV) upon integration compared to the sums of the V¢ of perovskite and SHJ single-
junction devices. A proportion of the V¢ loss resulted from reduced light incidence on
the SHJ sub-cell while additional interfacial losses at the recombination junction can
also lower the Vpc. Finally, on account of a higher FF (78%), the cell based on the (n)a-
Si:H layer yields a tandem efficiency of 25.1% compared to cells based on (n)nc-Si:H
(23.4%) or (m)nc-SiO :H (23.2%), representing a 6.0%gps. gain from the single-junction
efficiency of the SHJ solar cell and a 6.8%,ps. gain from that of the perovskite solar cell.
The J-V curve and EQE spectrum of this 25.1% tandem solar cell is presented in Figure
C.5 (Appendix C). This tandem cell was further combined with a flow electrochemical
cell forming a light-driven water splitting system. Under 1-sun equivalent light inten-
sity, the system exhibited stable operation through three simulated day-night cycles and
achieved a solar-to-hydrogen efficiency of exceeding 21%, which was among the most
efficient water splitting systems to date [485].

Table 8.2: Photovoltaic performance of single-junction perovskite and SHJ solar cells and monolithic tandem
devices.

7 gain? 7 gain®
Solar cell type ‘:%C (miisl(émz) il): (Q) ) ((1();’:;-1&])) (vs Iz(e;or:l:/jdte)
Single-junction solar cells
Perovskite 1.15 20.2 0.79 18.3 - -
SHJ (n)a-Si:H 0.70 33.6 0.81 19.1 - -
SHJ (n)nc-Si:H 0.71 33.2 0.81 19.1 - -
SHJ (n)nc—SiOx:H 0.69 33.1 0.78 17.8 - -
Tandem solar cells

(n)a-Si:H 1.81 18.1 0.75 24.6 5.5 6.3

(mnc-Si:H 1.81 18.2 0.71 23.4 4.3 5.1

(n)nc»SiOx:H 1.81 18.3 0.70 23.2 5.4 4.9

(n)a-Si:H (best cell) 1.80 17.9 0.78 25.1 6.0 6.8

2 and P indicate the absolute gain in power conversion efficiency in tandem solar cells compared to the power
conversion efficiencies of corresponding SHJ and perovskite single-junction solar cells respectively.
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Figure 8.5: Photovoltaic performance of optimized tandem solar cells. (a) J-V curves and (b) EQE spectra of
monolithic tandems prepared using different (n)-type layers (5 nm (n)a-Si:H, 20 nm (n)nc-Si:H, and 40 nm
(mnc-Si0 :H). (¢) Jsc contributions of sub-cells extracted from EQE spectra in figure (b).

8.3.1.5 Discussions and Outlooks

To further explore the potential of using different (7n)-layers in tandem solar cells, we
identified optimum (n)-layer thicknesses through optical simulations. To better under-
stand the origin of reflection losses in simulated tandem solar cells, we decomposed the
total front reflection into three components: reflections at the front of the perovskite top
sub-cell (R;), in between the perovskite top sub-cell and SHJ bottom sub-cell (R,), and at
the rear side of the SHJ bottom sub-cell (R3) [475]. The refractive indices of different (7)-
layers can be found in Figure C.6 (Appendix C). Prior to these simulations, we checked
the optical simulation models by comparing the simulated absorption with measured
EQE curves reported in Figure 8.5 (b), which show good correspondence between the
simulation and measured data (see Appendix C, Figure C.7).

Figure 8.6 shows the Jimp in sub-cells and tracks the reflected light as a function of
(n)-layer thickness. In all cases, R; and Rj3 are nearly constant across all configurations
using different (n)-layer thicknesses whereas R; is strongly influenced by the (n)-layer.
The optimum thickness of (n)a-Si:H is 5 nm (Figure 8.6 (b)). A further increase of the
(n)a-Si:H thickness resulted in increased internal reflections between the top and bot-
tom sub-cells (R,), which reduces the amount of light being coupled into the SHJ bot-
tom sub-cell, widening the current-mismatch between sub-cells. In contrast, the R, was
minimized when the thicknesses of (n)nc-Si:H (Figure 8.6 (c)) and (n)nc-SiO:H (Figure
8.6 (d)) were optimized to 95 nm and 115 nm, respectively. Especially in this case, with
(mnc-Si0,:H, we minimized R; to below 0.1 mA/ cm?. Electrically, as demonstrated in
Figure C.3, single junction SHJ solar cells using a thick (around 110-nm-thick) (n)nc-
SiO :H layer still exhibited an average FF approaching 79%, demonstrating its poten-
tial for the high-efficiency tandem solar cell [117, 474]. Similarly, we expect (n)nc-Si:H
layer to be a promising candidate for high-efficiency tandem devices [486]. The observed
beneficial effects upon thickness optimization of (n)nc-SiO :H and (n)nc-Si:H can be at-
tributed to their better refractive index matching in the tandem solar cell than (n)a-Si:H
(Appendix C, Figure C.6).

Taking the case of (n)nc-Si:H as an example, Figures 8.7 (a) and (b) show the sim-
ulated absorptance spectra of tandem solar cells with 20 nm and 95 nm (n)nc-Si:H in-
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Figure 8.6: Light management in monolithic tandem solar cells. (a) Schematic sketch of the perovskite/SHJ
tandem solar cell for optical simulations, and (b — d) implied photocurrent density of the perovskite top sub-
cell, SHJ bottom sub-cell and reflected light as a function of (n)-layer thickness and types of (n)-layer.

terlayers, respectively. The parasitic absorption induced by (n)nc-Si:H was increased
from around 0 mA/cm? to 0.3 mA/cm? (highlighted red regions in Figures 8.7 (a) and
(b)) when the thickness of (n)nc-Si:H was increased from 20 nm to 95 nm. Nevertheless,
Figures 8.7 (a) and (b) reveal that the reflection loss in the 800 nm to 900 nm wavelength
range, which is primarily caused by the intermediate interfaces, was significantly sup-
pressed. This decrease in reflection loss, as also seen in Figure 8.6 (c) where R, was re-
duced from 1.7 to 0.2 mA/cm?, was substantial enough to outweigh the additional para-
sitic absorption loss. Therefore, the implied photocurrent density of the c-Si bottom sub-
cell increased from 17.8 mA/cm? to 19.0 mA/cm? (see Figure 8.7 (c)). The absorptance in
other layers remained nearly unaffected. The observation of reduced R; at intermediate
interfaces can be explained by the optimized interference effect, which can be affected
by the wavelength-dependent refractive indices (e.g. different types of (n)-layers), and
thicknesses of layers used in the device. As a proven first-order approximation [474], the
advantageous implementation of (n)nc-Si:H and (n)nc-SiO +H, as seen in Figures 8.6 (c)
and (d), can be attributed to their proper refractive indices that lie between those of per-
ovskite and c-Si absorbers within the 800 nm to 1200 nm wavelength range. In contrast,
the refractive indices of (n)a-Si:H do not exhibit such a favorable match (Appendix C,
Figure C.6). Additionally, by adjusting the optical thickness, which is the product of the
refractive index and the film thickness, destructive interference can be achieved, leading
to increased light transmittance to the bottom sub-cell.

Optimizing interference effects, especially due to intermediate interfaces, as a route
to light management in tandem devices can therefore be a general strategy to optimize
device design for maximizing matched tandem current density. For example, in a mono-
lithic tandem device design that employs (n)nc-Si:H/ (p)nc-Si:H or (m)nc-SiO,:H/ (p)nc-
SiO :H as the recombination junction instead of ITO, we were also able to apply this
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Figure 8.7: Simulated absorptance spectra of tandem solar cells using (n)nc-Si:H interlayers with a thickness
of (a) 20 nm or (b) 95 nm. Figure (c) presents the integrated fimp for both sub-cells, reflection, and parasitic
absorption losses before and after optimizations. In Figures (a) and (b), the light-brownish area represents the
sum of the absorptance of the perovskite and silicon sub-cells. The red areas represent parasitic absorption
induced by the (n)nc-Si:H layer.

technique to optimize the interference effect at intermediate interfaces, thus minimiz-
ing reflection losses from these interfaces (Ry) [487]. Similarly, the strategy used here for
SST tandem solar cells can also be applied to optimize DST (typical pyramidal texture)
tandem devices, as demonstrated in Figure C.7 (Appendix C). However, the benefits of
using (n)nc-Si:H or (n)nc-SiO :H over (n)a-Si:H were found to be less significant in DST
devices, as textured surfaces already result in decreased reflection losses.

Furthermore, the Vg of tandem devices was restricted by the Vo of the perovskite
sub-cell, due to non-radiative recombination in wide-bandgap compositions and inter-
faces [488-492]. These losses can be further minimized by, for instance, optimizing the
perovskite composition and adding additives for reducing bulk defects [493, 494], ap-
plying charge carrier transport layers with better energetic alignment and better hole
extraction [495-499], implementing surface passivation treatment (such as choline chlo-
ride applied in this study) [488, 500, 501] and improving electron-selective contact layers
(502, 503]. The Vg of the bottom SHJ cell can be also further enhanced by improving the
passivation quality and selectivity of contact stacks. Besides, due to the non-optimized
screen-printing process, the V¢ of all SHJ single-junction and tandem solar cells are
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expected to be improved if a thermally evaporated Ag rear contact is used [313].

Finally, beyond light management techniques suited to standard test conditions,
with the view of evaluating the energy output under real-world conditions, energy yield
analysis is important for developing tandem solar cells as it can guide other device
optimization strategies (e.g. perovskite bandgap, bi-faciality) [93, 469, 504].

8.3.2 High-efficiency 4T tandem solar cells

Apart from deploying SST FBC-SHJ bottom sub-cells for monolithic 2T tandem appli-
cations, we also fabricated 4T tandem solar cells by combining DST FBC-SH]J solar cells
developed in previous chapters with semi-transparent perovskite top sub-cells.

A representative 24.2%-efficient DST FBC-SH]J solar cell, as schematically sketched
in Figure 7.1 (d), was chosen for integration into the 4T tandem solar cell. The selected
cell showcased notable features, such as a double-layer anti-reflection coating (DLARC)
and an electroplated-Cu front grid. Indeed, as demonstrated in Figure 8.8 (a), thanks to
the use of the DLARGC, this cell exhibited an excellent EQE response in the (near-)infrared
wavelength range that is crucial for the tandem application [167, 313, 325]. Besides, this
cell also featured low shading losses enabled by photolithography patterned fine-line Cu
grid, which accounts for only 1.58% metal coverage [127]. Overall, the combination of
the DLARC and the low shading losses in the optimized solar cell holds great promise for
realizing high-efficiency 4T tandem devices.
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Figure 8.8: The (a) EQE spectrum of optimized single-junction double-side-textured FBC-SH]J solar cells for 4T
tandem solar cells, (b) the schematic sketch of the 4T perovskite/SHJ tandem solar cell and (c) the EQE spectra
(active area) of the 4T perovskite/SHJ tandem solar cell. An air gap serves as the optical coupling layer.
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To form the 4T tandem solar cell, a semi-transparent perovskite top sub-cell with
an absorber Eg of 1.6 eV and a nominal composition of Cs;..yMA,FA,Pb(l;_.Br;)3 was
utilized. The resulting 4T tandem solar cell is schematically sketched in Figure 8.8 (b).
The J-V parameters and the EQE spectra (active area) of the 4T tandem solar cell are
provided in Table 8.3 and Figure 8.8 (c), respectively. As presented in Table 8.3, the semi-
transparent perovskite top sub-cell was independently certified at European Solar Test
Installation (ESTI ISPRA), which exhibited an efficiency of 19.7%. The FBC-SHJ solar
cell was characterized with an efficiency of 24.2% under standard test conditions. After
being filtered by the perovskite top sub-cell, the bottom sub-cell delivered an efficiency
0f10.4%. As aresult, we obtained a 4T tandem solar cell with an efficiency of 30.1% [505].

Table 8.3: J-V parameters of the semi-transparent perovskite top sub-cell, SHJ bottom sub-cell and the 4T
tandem device.

. Voc Jsc FF n
Cell type Description (mv) (mA /sz) %) %)
Perovskite? Top cell 1139 22.0 78.6 19.7
b Single junction 729 40.0 83.0 24.2
SHJ
Filtered bottom cell 711 17.8 82.0 10.4
4T Tandem 30.1

2. Certified at ESTI ISPRA @ STC, the cell area is 0.0901 crnz;
b. Measured in-house, the cell area is 3.92 cm?.

In order to gain more insights into the light management of the 4T tandem solar cell,
we further calibrated our optical simulation model based on the measured EQE spectra.
As presented in Figure C.8 (Appendix C), we achieved a rather good agreement between
the measured EQE spectra and the simulated absorptance of the 4T tandem solar cell.
It is worth noting that in the 4T tandem solar cell as sketched in Figure 8.8 (b), a MgF,
layer was deposited at the rear side of the semi-transparent top sub-cell to enhance the
light transmittance to the bottom sub-cell [479]. The thickness of this additional MgF,
layer was optimized when considering an air gap between the sub-cells [479]. Besides,
as known from our optical simulation studies (see Appendix C, Figure C.9) [506], in case
of an air gap, the desired thickness of SiO, on top of the SHJ bottom sub-cell is similar
to its optimum thickness range for reducing reflection to air in single junction SHJ solar
cells. Therefore, the use of optimized DLARC in our optimized FBC-SH]J solar cell also
contributed to the current generation in the bottom sub-cell. Nevertheless, with the
view of fabricating 4T tandem modules, practical encapsulants, such as polyolefine (n =
1.49 @A =800 nm), are essential for electrically separating both sub-cells, providing good
resistance of the cell to moisture, UV exposure, and other environmental conditions.
With such encapsulants as the optical coupling layer in 4T tandem devices, both sub-
cells require re-optimization to maximize the light in-coupling to the bottom sub-cell
[506].
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8.4 Conclusions

In this chapter, we presented the development and integration of SHJ bottom sub-cells
for 2T and 4T perovskite/c-Si tandem solar cells and highlighted light-management
techniques assisted by optical simulation.

We first developed SST FBC-SHJ solar cells with various (n)-layers, namely, (n)a-
Si:H, (nmnc-Si:H, and (n)nc-SiO,:H, and combined them with perovskite top sub-cells
forming monolithic 2T tandem solar cells. Different (i)a-Si:H passivation strategies were
first developed for (100)-oriented flat c-Si surface and subsequently integrated with said
(n)-layers. Interestingly, the bi-layer with HPT that exhibited the best (i)a-Si:H passiva-
tion quality showed degraded minority carrier lifetime when implemented with highly
hydrogen-diluted nc-Si:H-based layers. Instead, the bi-layer without HPT enabled a high
minority carrier lifetime of 16.9 ms when combined with (n7)nc-Si:H in a symmetrical
configuration.

Furthermore, based on optical simulations, the anti-reflection coating and interfa-
cial layers in 2T tandem solar cells were optimized to minimize parasitic absorption and
reflection losses in order to increase the Jsc of tandem solar cells and decrease the cur-
rent mismatching. As a result, 2T tandem solar cells with efficiencies above 23% (a maxi-
mum of 25.1%) were achieved with all three types of (n)-layers with good current match-
ing. The potential of various (n)-layers for optimized light management of tandem solar
cells was further explored via optical simulations. The use of around 95-nm-thick (n)nc-
Si:H and 115-nm-thick (1)nc-SiO :H enables reflection reductions of 1.35 mA/ cm? and
1.51 mA/cm?, respectively, as compared to 5 nm (n)a-Si:H at the intermediate interfaces
between the perovskite and c-Si bottom sub-cells, thus allowing better light coupling
into the bottom c-Si solar cells. This marks both (n)nc-Si:H and (n)nc-SiO :H as promis-
ing candidates for achieving high-efficiency tandem solar cells. The reduced reflection
loss was achieved by minimizing reflection originating from intermediate interfaces be-
tween the sub-cells through the optimization of interference effects. This technique can
be adapted to different tandem designs to realize optimal light management in tandem
devices.

Passing to 4T tandem configuration, by combining our optimized DST FBC-SH]J solar
cell with an independently certified semi-transparent perovskite top sub-cell and with
an air gap, we demonstrated a 30.1%-efficient 4T perovskite/SH]J tandem solar cell. Our
optimized design of FBC-SH]J solar cell allows effective light coupling into the bottom
sub-cell in 4T tandem solar cells. This is made possible thanks to the minimized shad-
ing losses enabled by the electroplated Cu grid and minimized reflection losses due to
the use of optimum DLARC. The beneficial effect of employing the DLARC was further
supported by optical simulations.
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9.1 Conclusions

This thesis describes the understanding and advancement of high-efficiency front/back-
contacted silicon heterojunction (FBC-SHJ) solar cells featuring doped nc-Si:H-based
carrier-selective passivating contacts as single-junction devices, as well as their applica-
tions as bottom sub-cells in two-terminal (2T) and four-terminal (4T) tandem devices
with perovskite top sub-cells. Throughout this work, with the assistance of advanced
opto-electrical simulations, we explored the development of materials, optimization of
contact stacks and their eventual integration in completed solar cells resulting in high-
efficiency single-junction and tandem solar cells.

This thesis starts with emphasizing the significance of (photovoltaic) PV solar cell
technology for energy transition and highlighting both the promising potentials and
technical challenges of SHJ solar cell technology, which served as the motivation for
this work. It proceeds with explaining the basic principles underlying the physics of the
SHJ solar cells in Chapter 2 and presenting experimental details in Chapter 3. Then,
in Chapter 4, we developed transparent doped nc-SiO :H layers alongside various in-
terfacial engineering techniques for their less-resistive integration into FBC-SHJ solar
cells. Subsequently, we designed and optimized hole and electron collectors featuring
nc-Si:H-based layers as shown in Chapter 5 and Chapter 6, respectively. Afterwards, the
effects of (i)a-Si:H deposition temperature on the performance of SHJ solar cells were
investigated in Chapter 7. Lastly, optical simulation-aided design and development of

1 This paper was invited for publication in the special issue ‘SiliconPV 2023’ of Solar Energy Materials and Solar
Cells, Proceedings of the 13th International Conference on Silicon Photovoltaics.
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SHJ bottom sub-cells for high-efficiency 2T and 4T perovskite/c-Si tandem solar cells
are presented in Chapter 8. The main conclusions reached in this study are summarized
below.

To begin with, the opto-electrical properties of doped nc-SiO :H layers can be ef-
fectively tuned by varying their deposition conditions. The remarkable flexibility in
tuning opto-electrical properties of doped nc-SiO,:H layers enables one to improve the
selective transport of charge carriers, thereby influencing the J-V output of solar cells.
According to the material database built in this thesis for doped nc-SiO:H layers, we
observed that (n)-type nc-SiO :H layers offer a broader optical transparency range for
achieving desirable low activation energy (E,) values as compared to the (p)-type coun-
terparts. This suggests that the optimization of (n)-type nc-SiO,:H-based window layers
for high-efficiency FBC-SH]J solar cells requires less stringent effort. The optical effec-
tiveness of the layer stack based on (n)nc-SiO :H was demonstrated by an average 1.5
mA/cm? higher Jsc, thus a nearly 1%, higher average cell efficiency as compared to
the (n)a-Si:H counterparts in rear junction solar cells.

Furthermore, heterointerfaces engineering allows for efficient incorporations of
nc-Si0 :H-based contact stacks into high-efficiency SHJ solar cells. Different het-
erointerface engineering techniques were investigated to promote fast nucleation of
nanocrystals in doped nc-Si:H-based layers and to establish less resistive doped-Si/TCO
interfaces. These techniques include the utilization of oxygen-absent nc-Si:H seed
layers, hydrogen plasma treatments (HPTs), doped a-Si:H capping layers, post-HPT and
their various combinations. Beneficial effects were found on the electrical properties of
layers (stack) and the FF of corresponding solar cells by applying these techniques. With
the optimized interfacial treatments developed for (n)-type and (p)-type contact stacks,
we demonstrated a FF improvement of 12.3%ps. from 65.6% to 77.9% in FBC-SH]J solar
cells.

Thirdly, optimized (p)-contact stacks featuring (p)nc-SiO :H and (p)nc-Si:H en-
able efficient selective transport of holes. Particularly, with both theoretical under-
standing of the transport mechanism of holes and our experimental observations, (p)nc-
SiO .:H plays a crucial role in maintaining the passivation quality and enabling sufficient
band bending at c-Si/(i)a-Si:H interface, while the addition of (p)nc-Si:H minimizes the
transport losses of holes from (p)-layer to ITO and enhances the band bending as well.
The contact resistivities of (p)-type contact stacks can be reduced by several means, in-
cluding using a thinner (i)a-Si:H layer, employing a (p)nc-SiO :H with a larger difference
between the Eyy4 and E,, finding an appropriate thickness combination of (p)nc-SiO :H
and (p)nc-Si:H, and applying the optimized HPTs. As a result of improved selective trans-
port of holes, the optimized (p)-type contact stacks exhibited significant contact resis-
tivity (pc,p) reductions (a minimum pc , of 144 mQQ - cm?) and contributed to achieving
certified FF values well above 80% for both front and rear junction solar cells. More-
over, the corroborative experimental and simulation findings indicate that the variation
in contact resistivities of the (p)-type contact stack can impact the distribution of vertical
and lateral transport of holes on the illuminated side of solar cells.

In addition, a 3-nm-thick (n)nc-Si:H-based layer combined with the optimized
HPTs can be used as an efficient electron collector. We experimentally assessed a min-
imum thickness of approximately 8 nm is essential for a single (n)nc-SiO :H layer to
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maintain the passivation quality and be effective for electron transport, while the min-
imum thickness required for (n)nc-Si:H and (n)a-Si:H can be as thin as 3 to 4 nm. This
difference is related to their expected dissimilar capability of incorporating active dop-
ing in such thin thicknesses (< 10 nm), where (n)a-Si:H appeared to be the most con-
ductive, then followed by (n)nc-Si:H and (n)nc-SiO :H layers when they were deposited
on (7)a-Si:H layers. Despite the high E, of this thin (n)nc-Si:H layer, the solar cell en-
dowed with this (n)-contact delivered a certified efficiency of 22.2% and a FF of 80.1%,
and showed a 0.61 mA/cm? Jsc gain over the (n)a-Si:H counterpart mainly owing to the
higher transparency of (n)nc-Si:H. Besides, thanks to its ultra-thin thickness, this opti-
mized (n)nc-Si:H layer yielded low absorption losses similar to those commonly mea-
sured for (n)nc-SiO :H films. Nevertheless, by stacking a 2-nm-thick (n)a-Si:H on top of
this thin (n)nc-Si:H, we observed further improved FF of solar cells. The addition of this
(n)a-Si:H capping layer can (i) lower the E, of the (n)-contact, (ii) preserve the passiva-
tion quality after TCO sputtering, and (iii) prevent surface oxidation of (n)nc-Si:H possi-
bly induced by the TCO sputtering, which was identified from EDX elemental mapping
analysis.

Following that, an optimized (i)a-Si:H layer (stack) should ensure simultaneously
an excellent surface passivation quality and a high bulk quality itself. Our observa-
tions indicate that (i)a-Si:H layers became hydrogen-rich and less dense when deposited
at lower temperatures or combined with the HPTs. In particular, (i)a-Si:H bi-layers de-
posited at lower temperatures generally exhibited lower effective minority carrier life-
time (7)) as compared to those deposited at higher temperatures. However, after ap-
plying the HPTs, significant 7.¢ improvements and better passivation qualities were ob-
served for (7)a-Si:H bi-layers deposited at lower temperatures. At the solar cell level, even
though higher Vo values were obtained when the (i)a-Si:H bi-layer was deposited at a
lower deposition temperature (140 °C), the related FF values were poorer as compared to
higher temperature counterparts (160 °C to 180 °C). The higher V¢ and lower FF of solar
cells with (i)a-Si:H bi-layer deposited at 140 °C is comprehended by the hydrogen-rich
and underdense film obtained with a lower deposition temperature (140 °C). A deposi-
tion temperature of 200 °C led to increased recombination which degraded both the V¢
and FF of solar cells. The observed trade-off between V¢ and FF reveals critical require-
ments for optimizing (i)a-Si:H for high-efficiency SHJ solar cells: (i) excellent surface
passivation quality to reduce losses induced by interface recombination and simultane-
ously (ii) a high bulk quality to not disrupt the charge carrier collections. Particularly, (p)-
contact is more sensitive to the bulk quality of (i)a-Si:H layers than (n)-contact. Eventu-
ally, by choosing the rather optimum deposition temperature (160 °C), together with the
Cu-electroplating metallization and the double-layer anti-reflection coating (DLARC),
the resulting solar cell exhibited an efficiency of 24.18% and a FF of 83.3%.

Last but not least, effective light management assisted by optical simulations is
critical for achieving high-efficiency 2T and 4T tandem solar cells. For realizing 2T tan-
dem solar cells with solution-processed perovskite top sub-cells, we developed front-flat
and rear-textured (or single-side-textured) FBC-SH]J solar cells by focusing on the opti-
mization of (i)a-Si:H layer together with various doped layers on (100)-oriented flat c-Si
surface, as it is more prone to detrimental epitaxial growth as compared to the (111)-
oriented counterparts. To minimize the reflection losses of 2T tandem solar cells with
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front-flat surfaces and to reduce the current mismatch between the sub-cells, optical
simulations were utilized for guiding the development of high-efficiency 2T tandem so-
lar cells. Efficiencies from 23% to 25% (a maximum of 25.1%) were demonstrated for 2T
tandem solar cells with SHJ bottom sub-cells featuring various (n)-layers, namely, (n)a-
Si:H, (m)nc-Si:H and (n)nc-SiO ,:H. Moreover, findings from experimentally prepared de-
vices and optical simulations mark both (n)nc-Si:H and (n)nc-SiO,:H as promising can-
didates for realizing high-efficiency 2T tandem solar cells. Their capability to mini-
mize intermediate reflections between the perovskite and c-Si absorbers through op-
timization of the interference effects highlights the applicability of such light manage-
ment techniques to various tandem designs. Lastly, through the combination of our
optimized double-side-textured (DST) FBC-SH]J solar cell, an independently certified
semi-transparent perovskite top sub-cell, and an air gap between the sub-cells, a 30.1%-
efficient 4T tandem solar cell was demonstrated. The DST FBC-SH] solar cell featured
an excellent (near-)infrared response thanks to the use of DLARC which reduces reflec-
tion losses to the air. As is known from our optical simulations, for 4T tandem devices
with an air gap, this DLARC as optimized for the single-junction application can also
enhance the current generation in the bottom sub-cell. Further with practical encapsu-
lants as the optical coupling layer in 4T tandem solar cells and modules, both sub-cells
require re-optimization to maximize the light in-coupling to the bottom sub-cell.
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Figure 9.1: The review of FF development for FBC-SHJ solar cells with nc-Si:H-based contact stacks throughout
this thesis. The review includes detailed optimization objectives and approximate periods of different devel-
opment steps. The data points in the plot represent the FF of individual solar cells.

To sum up, as a result of the abovementioned main conclusions, which serve as de-
sign strategies for achieving efficient selective transport and collection of charge carriers
for high-efficiency SHJ solar cells, we present in Figure 9.1 the review of FF development
for FBC-SH]J solar cells that employ nc-Si:H-based contact stacks throughout this thesis
work. Initially, due to the limited insights on charge carrier transport and the insufficient
control over crucial processing steps and materials, we observed a rather large spread of
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FF for cells with unoptimized nc-Si-based contact stacks. Thanks to the rigorous device
simulations performed in our group, we gained a better comprehension of the transport
mechanisms of charge carriers [150, 151]. The simulations also revealed key accessible
material parameters that can be utilized to efficiently develop and optimize the con-
tact stacks [150, 151]. Specifically, with different optimization objectives as depicted in
Figure 9.1, we progressively improved in a few years the maximum achievable FF and
constrained the distribution of the obtained FF. In this contribution, we present the best
attained FF value of 83.3%, which can be further enhanced with the continuous process
and material optimizations on the passivation, the effectiveness of the contact stack and
the metallizations. Those aspects will be discussed together with light management of
FBC-SH] solar cells in the following section on outlook.

9.2 Outlook

This section discusses further research topics that can contribute to the efficiency ad-
vancement of FBC-SH]J solar cells based on nc-Si:H-based contact stacks. These aspects
should be integrated with developments made on In-free and Ag-free SHJ solar cells,
aiming towards more sustainable mass production of SHJ solar cells as also introduced
in Chapter 1[149].

9.2.1 Balancing the light management and electrical performance of FBC-
SHJ solar cells

Optimized light management, including minimized losses from parasitic absorption, re-
flection and metal shading, is essential for achieving high-efficiency solar cells [156].
In this thesis, the parasitic absorption loss was reduced by applying at the front side
our developed (n)-type nc-Si-based layer stacks, as they are more transparent than us-
ing single-layer (n)a-Si:H or Si-based (p)-layers [167, 175]. Moreover, the use of high-
mobility IWO TCO film also lowered the parasitic absorption as compared to our stan-
dardly used ITO layers [325]. To suppress the reflection loss of the solar cells, a SiO,
layer with an optimum thickness was added to form a DLARC with the adjacent TCO
layer [325, 429], which allows maximum light coupling into the solar cells. Furthermore,
to decrease shading losses while maintaining a low finger resistivity, metal electrodes
with a high aspect ratio are required. Such metal electrodes were realized by implement-
ing the optimized Cu-electroplating metallization approach [127, 331]. A small metal
coverage of around 1.6% was realized with the electroplated ultra-fine Cu grid (width
< 15 um), which is much less as compared to our lab-standard screen-printed Ag grid
(around 3.25%). The best FBC-SH] solar cell fabricated in this thesis (24.18%-efficient
with J-V parameters given in Table 7.3), as schematically sketched in Figure 7.1 (d), in-
corporated all light management techniques as mentioned above. With a perspective to
enhance further the light-harvesting of our FBC-SH]J solar cells, the optical simulation
model GenPro4 was employed for understanding the optical constraints of the current
device design [409]. In Figure 9.2, we present the schematic sketch of the simulation
structure of the fabricated 24.18%-efficient FBC-SH]J solar cell, its measured EQE spec-
trum (active area) and the simulated absorptance spectra with GenPro4.

As illustrated in Figure 9.2, the overall good correspondence between the measured
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Figure 9.2: The schematic sketch of the simulation structure of the fabricated 24.18%-efficient SHJ solar cell
(left), and its EQE spectrum (active area) and simulated absorptance spectra (right). The mismatch between
the EQE spectrum and the simulated absorptance spectra can be attributed to (i) the non-ideal collection
efficiency of charge carriers in EQE measurement while the simulation considers only optical effects, (ii) un-
derestimated absorption of TCO in the near-infrared range due to limited sensitivity of the reflective-type SE
used for extracting the extinction coefficient [334], (iii) possible non-negligible plasmonic absorption of rear
Ag is not considered in the simulation [194].

EQE spectrum and simulated absorptance of the c-Si absorber provides insights into the
optical losses of the device, which can guide further improvements in device light man-
agement. For instance, we compare here our results obtained from optical simulation
with the optical loss analysis reported for the top-tier 26.74%-efficient bifacial FBC-SH]J
solar cell [67]. The simulation of our best cell indicated rather comparable total reflec-
tion losses and parasitic absorption losses induced by TCO layers. While in our case,
the front (n)-layer stack that consists of 3-nm-thick (n)nc-Si:H and 2-nm-thick (n)a-Si:H
exhibit an absorption loss of around 1.00 mA/cm?, which is 0.79 mA/cm? higher than
that of the 26.74%-efficient solar cell. Moreover, our (i)a-Si:H bi-layer also appears to
be more absorptive with a contribution of 0.95 mA/ cm?, while the (ij)a-Si:H layer from
the 26.74%-efficient solar cell only accounts for 0.34 mA/cm?. These comparisons ad-
dress the various aspects that can further enhance the light management of FBC-SHJ
solar cells. While it is important to note that the effectiveness of light management in
eventually improving the efficiency of solar cells relies on its optical advantages out-
weighing any potential compromises to the electrical performance of solar cells. Take
monofacial rear junction solar cells with an (n)-contact on the illuminated side as an
example, several potential pathways to eventually attain a Jsc over 41 mA/cm? while
ensuring favorable Voc and FF are discussed as follows:

¢ A thinner and more transparent (i)a-Si:H layer (stack) on the illumination side
while maintaining excellent passivation and transport quality. As discussed
throughout the whole thesis, the (i)a-Si:H passivating layer (stack) should guar-
antee excellent surface passivation, which becomes challenging if the thickness
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of the (9)a-Si:H layer is too thin [507]. This aspect is particularly addressed in
Chapter 5 during the (j)a-Si:H thickness optimization of the (p)-contact, where
we found a minimum thickness of around 6 nm for the overall optimum per-
formance of solar cells. Similarly, we also investigated the minimum thickness
of (9)a-Si:H underneath the (n)-contact using either (n)nc-Si:H or (n)a-Si:H. The
results are presented in Figure D.1 (Appendix D), where we noticed (7)a-Si:H thick-
ness can be reduced from around 6 nm to as thin as 4 nm for cells with (n)a-Si:H
without compromising the FF and Vpc. In the meanwhile, cells also exhibited
expected higher Jsc values with thinner (9)a-Si:H layers. The J-V parameters of
optimized solar cells featuring 4 nm (i)a-Si:H and 4 nm (n)a-Si:H are presented
in Table D.1 (Appendix D). Whereas similar reductions of (i)a-Si:H thickness un-
derneath (n)nc-Si:H resulted in cells with degraded Vpoc and Jsc. These different
trends can be ascribed to the distinct deposition conditions for (n)nc-Si:H and
(m)a-Si:H (see Table 6.1), which impact differently on the interfacial properties
of the c-Si absorber (see Figure 6.6). Overall, this observation suggests that the
(a-Si:H thickness reduction can be enabled by minimizing the deposition dam-
age induced by the depositions of the (n)-contact. This is possible by adjusting
the PECVD deposition conditions, for example, using higher plasma excitation
frequency to deposit doped layers [315, 508, 509].

Nevertheless, if we adhere to the current deposition conditions for (n)a-Si:H and
(nm)nc-Si:H layers, and according to results shown in Figure D.1 (Appendix D), the
thickness of (i)a-Si:H layer can be as thin as 4 nm (instead of 6 nm) by depositing
a thin (n)a-Si:H buffer layer before the deposition of the (n)nc-Si:H-based layer. In
this case, the optical benefit of using a thinner (i)a-Si:H is expected to be rather mi-
nor due to the use of the additional (n)a-Si:H buffer layer. However, as inspired by
results from Chapter 7, the insertion of this thin (n)a-Si:H is expected to enhance
the Vpc and FF of the devices thanks to (i) the overall more conductive (7)-contact
close to the (n)c-Si/(i)a-Si:H interface that enhances the band bending, and (ii)
also improved carrier transport from (#)-contact to the TCO layer. In other words,
thanks to the improved electrical properties of the (n)-contact, it also enables pos-
sible optical response improvement by using a thinner (n)-contact. The eventual
efficiency improvement relies on the careful balancing of the optical and electrical
performance of solar cells.

Moreover, (j)a-Si:H alloys, such as (i)a-SiO :H, can be also promising for reducing
parasitic absorption losses and providing excellent surface passivation [389, 510-
513]. While special attention should be given to not hinder the transport of charge
carriers, especially, the holes when using these alloys [511, 513]. Last but not least,
in the 26.81%-efficient SHJ solar cell, an oxygen-terminated surface formed by
using HF/H,0, solution was implemented for preventing epitaxial growth [67].
Overall, by employing a multi-layer approach that incorporates (i)a-Si:H layers
with various microstructural properties and/or their alloys, along with optimized
plasma treatment (e.g. HPTs developed in this study), it becomes possible to si-
multaneously achieve both excellent surface passivation and a less resistive trans-
port of charge carriers [67, 132, 427, 431, 445]. This, in turn, could facilitate the use
of amore transparent and a thinner (i)a-Si:H layer stack.
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* A more transparent (n)nc-SiO :H-based layer stack while enabling efficient se-

lective transport of electrons from c-Si to TCO layer. The optical advantages of
(mnc-SiO,:H have been demonstrated in Table 6.2 and Figure 6.4, where the (n)nc-
SiO :H layers featuring higher Ey4 also contributed to higher Jsc values as com-
pared to cells with oxygen-absent (n)nc-Si:H or (n)a-Si:H. However, the maximum
attainable FF of solar cells with various single (n)-layers is well-correlated to the
E, of these (n)-layers. As a result, these oxygen-absent (n)-contacts enabled better
FF values than (n)nc-SiO :H layers. To utilize the superior optical transparency of
(mnc-Si0,:H while maintaining decent FF, solar cells with 8 nm (7)nc-SiO +H-1
(see Table 6.2) + 3 nm (n)nc-Si:H as the (n)-contact were fabricated. These cells
featured the same processing conditions as the 24.18%-efficient solar cell except
for the choice of the (n)-contact. The J-V parameters are presented in Table D.1
(Appendix D). As seen in Table D.1, by using 8 nm (n)nc-SiO,:H-1 + 3 nm (n)nc-
Si:H as the (n)-contact, cells only achieved an average FF of 77.61%. By adding
1 nm of (n)a-Si:H capping layer on top of this (n)-contact, the average FF was
boosted to 82.06% although the corresponding Jsc was reduced by 0.4 mA/cm?.
These cells with 8 nm (7)nc-SiO :H-1 + 3 nm (n)nc-Si:H + 1 nm (n)a-Si:H exhib-
ited a higher average Jsc of 40.39 mA/cm? but 0.7%gps. lower FF as compared to
the cells with 3 nm (n)nc-Si:H + 2 nm (n)a-Si:H. Consequently, comparable aver-
age efficiencies of around 24% were achieved for both types of (7)-contacts.

As this 1-nm-thick (n)a-Si:H appears to be critical for ensuring a less resistive in-
terface between (n)-contact/TCO, further thinning down the (n)nc-Si:H layer from
3 nm to 1 nm was expected to further reduce the parasitic absorption without sig-
nificantly compromising the FF. As seen in Table D.1, by reducing the (n)nc-Si:H
from 3 nm to 1 nm, we indeed observed an improved Jsc of 0.28 mA/cm? but this
comes with a degraded FF of 0.61%,ps. due to the weakened E, of the (n)-contact.
Eventually, a slightly lower average efficiency of 23.90% was obtained.

Overall, according to the abovementioned results with cell efficiencies of around
24%, the use of (n)nc-SiO :H can indeed enhance the Jsc of solar cells, while care-
ful optimization is essential to ensure a less resistive transport from c-Si to the
TCO. The observed trade-off between the optical transparency and transport qual-
ity of (n)-contact points to optimum combinations of different (rn)-layers and fine-
tuning their thicknesses for eventually realizing superior efficiency of solar cells. A
thinner thickness of nc-Si:H-based layer stack with optimum opto-electrical prop-
erties can be facilitated by fine-tuning the PECVD deposition conditions as show-
cased in Chapter 4, and promisingly, by exploiting prompt nucleation of nanocrys-
tals enabled by higher excitation frequency of plasma [163, 314, 315] along with
more optimized interfacial engineering techniques.

Other light management techniques. As seen in Figure 9.2, the rear bi-layer (p)-
contact (5 nm (p)nc-SiO :H + 30 nm (p)nc-Si:H) accounts for a parasitic absorp-
tion loss of 0.18 mA/cm?. This loss can be reduced by enabling desired electrical
properties of (p)-contact within a limited thickness [315]. Moreover, further opti-
mized high-mobility TCO layers (e.g. cerium-doped indium oxide [67, 514]), which
feature broadband transparency and a minimum carrier concentration of around
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102° cm3, should be developed. These TCO layers can minimize the parasitic ab-
sorption losses, especially the free carrier absorption loss [515-517], and enable
efficient transport of charge carriers [151]. Besides, a dielectric layer with a metal
electrode on the rear side forming an efficient back reflector (e.g. SiO,/Ag [518])
can also enhance the infrared response of the solar cell [194, 518-520]. The signifi-
cance of these light management techniques, which improve the infrared response
of solar cells, becomes more pronounced when thinner wafers are employed. The
use of thinner wafers, which is enabled by the low processing temperature of SHJ
solar cells [125], is advantageous for not only achieving Vpc above 750 mV as a
result of reduced bulk recombination if the surface recombination is adequately
suppressed [67, 521], but also reducing the material cost of manufacturing. Even-
tually, a front metal grid with minimized metal coverage, while maintaining an op-
timum pitch size, can further improve the Jsc of solar cells without any negative
impacts on the FF. To accomplish this, it is necessary to form an ultra-fine metal
grid, such as that achieved through Cu-electroplating [200, 430].

To sum up, as an outlook to achieve higher efficiencies above 26% for FBC-SHJ so-
lar cells, both solid theoretical understandings and exceptional experimental practices
should collaborate effectively. Thanks to the clear pathways elucidated by the funda-
mental understanding of the transport mechanisms of charge carriers in SHJ solar cells
[150, 151], the methodologies and ideas presented in this thesis [522], along with the out-
look described eatrlier, exhibit significant resemblances with those reported by Lin, et al.
in achieving the record 26.81%-efficient FBC-SH]J solar cells [67]. The key difference lies
in the realization of composing layer stacks with excellent opto-electrical properties and
minimized interface resistive losses, achieved through, for example, process optimiza-
tions and the utilization of optimum deposition techniques and equipment. Moreover,
post-treatments applied on completed solar cells such as light-soaking and/or electric
bias are also promising to enhance further the performance of SHJ solar cells [67, 523—
526].

9.2.2 ‘Beyond’ standard FBC-SH]J architectures

The aforementioned results and discussions show our lab-scale research experience
in processing and optimizing low-thermal budget FBC-SH]J solar cells. With a similar
approach, the industry reported recently a record conversion efficiency of 26.81% for
single-junction c-Si devices using SHJ solar cell technology, which achieved almost its
maximal potential [67]. This excellent result indicates that SHJ solar cell technology
is ready to explore alternative device architectures to simplify the process while being
highly performant. In this context, we propose here novel solar cell structures and point
out their corresponding advantages and potential drawbacks or limitations. To do so, we
utilized TCAD simulations tools [399], which were consistently coupled with GenPro4
[409], to simulate different solar cell architectures under one sun illumination account-
ing for the same c-Si parametrization (i.e. 2 2-cm, 100-um-thick) as the optimized
reference baseline SHJ solar cell. All cells have a front pitch size of 800 pm, a metal figure
width of 16 um, and a 2% front metallization coverage. Figure 9.3 shows the schematic
sketches of the proposed device configurations with reference stacks of layers. Note that
for the sake of simplicity, we report the structure with better light management between
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front or rear junction (FJ or RJ) schemes considering realistic choices of thin-film layers.
As a result, we evaluated architectures featuring dopant-free, TCO-selective and buried
junctions with FJ structures, whereas the reference baseline SHJ solar cells and devices
with localized contacts were assessed with RJ configurations. Table 9.1 summarizes the
simulated external parameters of the various device structures.

(a) Baseline SHJ (b) Dopant-free (c) TCO-selective (d) Buried Junctions (e) Localized Contacts
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Figure 9.3: Schematic sketches of various SHJ-based device architectures with reference stacks of layers,
namely, baseline SH]J solar cells, dopant-free SH]J solar cells, TCO-selective SHJ solar cells [527], SHJ solar cells
with buried junctions [528] and SH]J solar cells with localized contacts [529].

Table 9.1: Simulated external parameters of various SHJ-based device architectures.

Jsc (mA/cm?) Voc (V) FF (-) n (%)

Baseline SHJ 40.99 0.753 0.869 26.82
Dopant-free 41.13 0.753 0.870 26.96
TCO-selective 41.19 0.753 0.863 26.76
Buried Junction 41.33 0.741 0.852 26.12
Localized Contacts 42.34 0.753 0.865 27.60

As seen in Table 9.1, for the reference baseline SHJ device (see Figure 9.3 (a)), we
simulated an efficiency of 26.82% with a Voc 0of 0.753 V, a FF of 0.869 and a Jsc of 40.99
mA/cm?. Note that we considered (n)-layer on the front as such a functional layer is
typically less absorptive than a functional (p)-layer [175]. Further, SHJ solar cells with
dopant-free passivating contacts are a viable alternative to substitute rather parasitically
absorptive doped Si-based thin-film layers when placed on the illumination side. With
this device configuration as shown in Figure 9.3 (b), we performed simulations based on
our optimized ultra-thin MoOy, layer on the front side [86], which led to an increment in
Jsc to 41.13 mA/cm?. As a result, the calculated performance of the dopant-free struc-
ture is 0.14%gp,s. higher than the simulated baseline SHJ solar cells.

Moreover, aiming at having more transparent contacts and simpler processes, we
propose a solar cell structure in which front and rear TCOs act as hole transport layer
(HTL) or electron transport layer (ETL) layers, without doped or dopant-free layers (see
Figure 9.3 (c)) [527]. As expected, the external parameters depend on the opto-electrical
properties of the TCO, in particular the one acting as the HTL. In this regard, promis-
ing TCO candidates are those that can induce an electrical field within the bulk of the
c-Si absorber due to their relatively high work function. For instance, IWO is one such
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candidate [325]. Similarly, Al-doped zinc oxide (AZO) exhibits the properties of being a
promising candidate as the ETL [380]. As a result, for TCO-selective devices, we calcu-
lated 41.19 mA/cm?, 0.753 V, 0.863 and 26.76% as Jsc, Voc, FF and conversion efficiency,
respectively. Such parameters are similar to those calculated for the baseline SHJ struc-
ture. Nevertheless, the main advantage of such solar cells stands in the fact that fewer
layers are used, besides the eventual practical challenges, such as realising a thin (i)a-
Si:H layer (stack) being resilient against subsequent TCO processing. Moreover, the use
of less damaging TCO deposition techniques, such as pulsed-laser deposition [530] and
reactive plasma deposition [531, 532], is expected to also contribute to the experimental
optimizations of TCO-selective SHJ solar cells.

Taking the TCO-selective structure as a reference but to allow more flexibility in
choosing TCO materials, we propose to combine this approach with a c-Si wafer that
has previously been boron- and/or phosphorus-diffused (see Figure 9.3 (d)). The pur-
pose of this doping profile is to enable a built-in internal electrical field inside the bulk
fulfilling the junction condition similar to the in-diffusion of cells with poly-Si-based
carrier-selective passivating contacts [533-535]. With this structure, we were able to
select rather transparent TCOs on both sides that lead to a simulated Jsc of 41.33
mA/cm?, which is 0.2 mA/cm? higher than the dopant-free option. Despite the optical
gain, we observed a V¢ drop of 0.12 V and a FF reduction of 1.7%,ps. as compared to
the baseline SHJ solar cells, due to the increased intrinsic recombination in the highly
doped regions. Accordingly, the calculated conversion efficiency is 26.12% for SHJ solar
cells with buried junctions.

Alternatively, we evaluated a solar cell structure with the same contact stack as the
baseline SHJ devices, but the front contact layers, namely, (i)a-Si:H, (n)-layer and TCO
are localized beneath the front metal contact as depicted in Figure 9.3 (e). With this
structure, we obtained a 1.35 mA/cm? increase in Jsc which results in 0.78%,y, effi-
ciency gain with respect to the baseline SHJ solar cells, leading to a conversion efficiency
0f 27.6%. The experimental development of this solar cell architecture might require the
fabrication of proof-of-concept intermediate structures such as cells with localized TCO,
or devices with localized TCO and doped layers. It is worth noting, besides all these pro-
posed architectures as shown in Figure 9.3 can be adapted to be bifacial, they can be
also modified to be used as bottom sub-cells for tandem applications, for example, with
perovskite top sub-cells.

The work presented in this thesis showcases various possible configurations (single-
side-textured or double-side-textured, rear junction or front junction) of standard SHJ
bottom sub-cells, which can be combined with either p-i-n or n-i-p perovskite top sub-
cells in 2T and 4T tandem configurations [476, 483]. For 2T tandem applications, bottom
sub-cells with doped layer/TCO or TCO-free recombination junctions (not included in
this thesis), utilizing doped nc-Si:H-based layers, demonstrated the capability to min-
imise reflection losses from intermediate interfaces between perovskite and SHJ sub-
cells. This characteristic allows for great flexibility in tuning the light absorption in sub-
cells. Additionally, for 4T tandem applications, the optical redesign that is required when
going from the 30.1%-efficient 4T lab cell to modules, considering both mono- and bi-
facial applications with a practical encapsulant, has also been explored (not included in
this thesis) [505, 506].
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To further enhance the efficiency of perovskite/c-Si tandem solar cells, several cru-
cial aspects need to be addressed. Firstly, achieving optimum light management of the
tandem devices, assisted by optical simulations, is essential for maximizing the cur-
rent generation in tandem solar cells. This involves, for instance, optimizing the thick-
nesses of composing layers and also the Eg of the perovskite absorber. Secondly, the
infrared response and electrical performance of the bottom sub-cells should be further
improved. Thirdly, a lossless integration of sub-cells. Last but not least, it is of great
importance to minimize the charge carrier losses arising from recombination in the
perovskite top-cells, especially, at charge carrier collection interfaces of the perovskite
[470, 471, 495, 536].



Electron collectors based on
nc-Si:H for SHJ solar cells

This chapter is based on the Supporting Information of the following publication:

Y. Zhao, L. Mazzarella, P. Procel, C. Han, E D. Tichelaar, G. Yang, A. Weeber, M. Ze-
man, and O. Isabella, “Ultra-thin electron collectors based on nc-Si:H for high-efficiency
silicon heterojunction solar cells,” Progress in Photovoltaics: research and applications,
vol. 30, no. 8, pp. 809-822, 2022.

A.1 Optical properties of various (n)-type thin-films
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Figure A.1: The n and k of (n)nc-SiO :H, (n)nc-Si:H and (n)a-Si:H layers as a function of wavelength. Approxi-
mately 20-nm-thick layers were deposited directly on glass substrates and characterized.
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A.2 Effects of the HPTs on the o4 and E, of various (n)-type layers with thicknesses
around 5 nm
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Figure A.2: The 04 and E, of (m)a-Si:H, (n)nc-Si:H and (m)nc-SiO :H layers without and with the HPTs. Around
5-nm-thick (n)-type layers were deposited on 10-nm-thick (i)a-Si:H coated glass substrates. The HPTs were
applied before the depositions of (n)-type layers.

As shown in Figure A.2, we observed negligible variations of o4 and E, of various (n)-
type layers ( ~5-nm-thick) without and with the HPTs. This is because for such thin nc-
Si:H-based layers, the effect of possible faster nucleation is not yet observable. Accord-
ing to previous studies [386, 426], the incubation phase for (rn)nc-Si:H and (n)nc-SiO:H
is typically around 2 to 3-nm-thick when they are deposited on (i)a-Si:H. Thus, in our
nc-Si:H-based films with thicknesses around 5 nm, the nanocrystals are likely to be very
small sized and in relatively small fraction compared to the amorphous matrix. In other
words, the size and number of these nanocrystals are insufficient to form the percola-
tion path in nc-Si:H [537]. As we obtained o4 and E, by performing lateral conductance
measurement, it is therefore difficult to observe any significant lateral conductance dif-
ferences induced by the HPT + VHF (§)nc-Si:H treatment for very thin nc-Si:H-based lay-
ers. Moreover, as discussed in Section 3.2.1, the influence of the underlying (i)a-Si:H can
also affect the derived 04 and E, of these thin (n)-layers. It is also worth noting that the
04 and E, of such thin layers are sensitive to their thicknesses, which can vary slightly
due to PECVD batch-to-batch variations. Overall, the comparisons among various (n)-
type layers with combined treatments still suggest that (n)a-Si:H is the most conductive
film, then followed by (n)nc-Si:H, (n)nc-SiO ~H-1, and (n)nc-SiO +H-2 for the thickness
level of around 5 nm.

A.3 Thickness optimizations of thin (n)nc-Si:H

We conducted thickness optimizations of thin (n)nc-Si:H (2 to 4 nm) in rear junction
solar cells as sketched in Figure A.3. The cells feature the same HPTs as other solar cells
presented in Figure 6.4. While the rear side featured a non-optimized mainly in terms
of the 8.5-nm-thick (i)a-Si:H layer beneath the (p)-contact, which was around 1.5 nm
thicker than that of cells presented in Figure 6.4 (~7 nm). The J-V characteristics of cells



A.4 Bilayer (n)nc-Si:H + (n)a-Si:H contact layer for (n)nc-SiO :H-2 165

with varied (n)nc-Si:H thicknesses are presented in Figure A.3 (averaged results and the
standard deviation of four solar cells).
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Figure A.3: The J-V characteristics of rear junction FBC-SH]J solar cells with varied thicknesses of (n)nc-Si:H.
The results represent averaged parameters of four solar cells (designated area: 3.92 cm?) and the error bars
represent the standard deviations.

As seen in Figure A.3, solar cells with 2-nm-thick (n)nc-Si:H showed significantly
lower average Vpoc and FF than cells endowed with 3-nm and 4-nm-thick counterparts.
This observation indicates that 2-nm-thick (n)nc-Si:H is too thin to preserve the passi-
vation quality from subsequent processes. While cells with 3-nm and 4-nm-thick (n)nc-
Si:H showed overall improved J-V parameters as compared to cells with 2-nm-thick
(n)nc-Si:H. As our attention is on minimizing the (n)nc-Si:H thickness while keeping
good electrical performance of solar cells, we chose the 3-nm-thick (n)nc-Si:H which
delivered not only the highest Jsc but also good V¢ and FF. Due to a ~1.5 nm thicker
(da-Si:H layer on the (p)-contact side as compared to that of cells presented in Figure
6.4, this batch of devices showed slightly higher V¢ but lower FF [312] as compared to
the results in Figure 6.4.

A.4 Bilayer (n)nc-Si:H + (n)a-Si:H contact layer for (n)nc-SiO +H-2
From the results presented in Figure 6.4, we can state that too thin (2 to 4 nm) (n)nc-
SiO :H-2 layer alone is not capable of preserving the passivation quality (iVoc and Voc),
whereas the increased recombination negatively affects also the Jsc and FF of solar cells.
To improve the selectivity of thin (7)nc-SiO :H-2 and preserve the passivation, we de-
posited an additional bilayer contact layer consisting of (n)nc-Si:H and (n)a-Si:H ( ~5
nm in total) on top of (n)nc-SiO,:H-2. The J-V parameters of solar cells without and
with the bilayer contact layer are presented in Figure A.4.

As presented in Figure A.4, by applying the contact layer, cells with 2-nm-thick and
4-nm-thick (n)nc-SiO :H-2 layer exhibited overall improved external J-V parameters. As
both (n)nc-Si:H and (n)a-Si:H are much more conductive than the (n)nc-SiO ~H-2 layer,
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Figure A.4: The J-V characteristics of rear junction FBC-SH]J solar cells without and with the contact layer on
(n)nc-Sio0 X:H—2. The results represent averaged parameters of four solar cells (designated area: 3.92 cmz) and
the error bars represent the standard deviations.

as seen in Table 6.2 and Figure 6.2, the improvement in those J-V parameters can be ex-
plained by better passivation and enhanced electron collections when this bilayer con-
tact layer stack was applied. Especially, the improved Jsc values indicate the enhanced
electron collections overcompensated the absorption losses brought by the additional
contact layer. Interestingly, the contact layer can still improve the FF (with 2%gps) of
cells with 8-nm-thick (n)nc-SiO :H-2. Nevertheless, the parasitic absorption induced by
the contact layer resulted in an average Jsc drop of 1.3 mA/cm? for cells with 8-nm-thick
(mnc-Si0,:H-2, thus the contact layer did not contribute to an eventual higher average

n.
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A.5 Optical simulations of FBC-SH] solar cells with various (n)-contacts
To understand the distributions of optical losses in our FBC-SH]J solar cells, we per-
formed optical simulations using GenPro4 [409].
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Figure A.5: Optical Simulations of rear junction FBC-SHJ solar cells with various (n)-contacts by GenPro4.
Specifically, the provided n and k data of various (n)-type layers in Figure A.1 were used as inputs for the
simulations.

As shown in Figure A.5, the implied photo-current density differences among c-
Si substrates of solar cells are mainly caused by the different optical losses resulting
from the various (n)-contacts. As expected, (n)a-Si:H showed the highest optical loss
of 0.9 mA/cm? while (mnc-Si0 :H-2 presented the least parasitic absorption loss of
0.1 mA/cm?. Nevertheless, using a more transparent TCO layer, depositing a thinner
(a-Si:H layer, and applying optimized anti-reflection coatings would further enhance
the optical absorption in c-Si absorbers.

A.6 HRTEM with EDX mapping for cell with 8 nm (n#)nc-SiO +H-2
We also performed HRTEM with EDX elemental mapping for the FBC-SH]J solar cell with
around 8-nm-thick (n)nc-SiO,:H-2 and the results are given in Figure A.6.

As seen in Figure A.6 (a), we observed an abrupt (n)c-Si/(j)a-Si:H interface. Besides,
the (n)nc-SiO ~H-2 exhibited a rather amorphous structure, which is rougher as com-
pared to the bottom (i)a-Si:H part. This can be further explained by EDX Si and O maps
in Figure A.6 (b). From the Si and O maps, we identified the (§)a-Si:H and (n)nc-SiO,:H-2,
that is, the (n)nc-SiO,:H-2 exhibited a lesser atomic percentage of Si and a significantly
higher amount of O incorporation than that of (j)a-Si:H. Note that the O signal in both
(n)c-Si wafer and (i)a-Si:H layer could be mainly caused by the surface oxidation of the
TEM foil. Together with other EDX maps presented in Figure A.6 (b), we estimated that
the thickness of the (i)a-Si:H layer was around 6.5 nm, which falls within our expecta-
tions. Note, the thickness of total (§)a-Si:H + (n)nc-SiO :-H-2 was around 15 nm # 2 nm as
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Figure A.6: FBC-SHJ solar cell’s (n)-contact structure featuring ~8-nm-thick (n)nc-SiO :H-2: (a) HRTEM cross-
sectional image viewed from <110> orientation, (b) the scanning TEM (STEM) high-angle annular dark-field
(HAADF) images combined with chemical compositional mapping measured by EDX, and (c) (relative) atomic
fractions (intensity) of different elements (HAADF) for EDX mapping results. The white dashed lines are guides
to the eyes for distinguishing (n)c-Si/ (§)a-Si:H and (n)nc-SiO x:H—2/ ITO interfaces. Note, the P signal detected
outside P-rich zones is an artifact, just as the O signal in the c-Si substrate. The red dashed circle in figure (a)
indicates the formation of Si nanocrystals. The lattice spacing of this crystal is (3.12 + 0.05) A, consistent with
the 111 lattice spacing of 3.13 A of Si. The ‘0 nm’ position lies inside the (n)c-Si wafer and it is close to the
(n)c-Si/ (i)a-Si:H interface.

shown in Figure A.6 (c), while the variations were caused by the surface roughness of the
substrate and the deposited Si thin-film layers. Therefore, the deposited (17)nc-SiO +H-2
layer had a thickness of around 8.5 + 2 nm that is also close to its designated thickness.



SH] solar cells with (?)a-Si:H
bi-layers deposited at various
temperatures

This chapter is based on the Supporting Information of the following publication:

Y. Zhao, P. Procel, A. Smets, L. Mazzarella, C. Han, G. Yang, L. Cao, Z. Yao, A. Wee-
ber, M. Zeman, and O. Isabella, “Effects of (i)a-Si:H deposition temperature on high-
efficiency silicon heterojunction solar cells,” Progress in Photovoltaics: research and ap-
plications, 2022.

B.1 UV Raman spectra of (p)nc-SiO +H layers on (i)a-Si:H-coated textured c-Si wafers
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Figure B.1: The UV Raman spectra of samples that consist of textured c-Si/(i)a-Si:-H-2 (8 nm)/(p)nc-SiO x:H
(varied thickness) with optionally applied HPTs. The wavelength of the laser is 325 nm.
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B.2 The effects of (i)a-Si:H bi-layers on J-V parameters of solar cells

To investigate the effects of using a bi-layer (i)a-Si:H layer in SHJ solar cells, we deposited
firstly 1-nm-thick (7)a-Si:H-1 layer without additional hydrogen-dilution that acts as a
buffer for the subsequent deposition of the high-hydrogen-diluted (i)a-Si:H-2 layer. We
compared here the J-V parameters of cells with single (i)a-Si:H-2 layers to cells with bi-
layer approaches. FBC-SH]J solar cells as sketched in Figure B.2 were fabricated. The
abbreviations and stack descriptions are listed in Table B.1. The deposition temperature
of all layers and HPTs presented in Table B.1 is 180 °C. Solar cell J-V parameters are listed
in Table B.2. The results represent averaged parameters of five solar cells and the error
bars represent the standard deviations.

SP Ag ' '
i) INAAAA
(/)+HPTs

~260 pm

FZ (n)c-Si
1-5Qcm

(i)+HPTs
22%%
SP Ag VW

Figure B.2: The schematic sketch of SHJ solar cells featuring different (i)a-Si:H layers and/or their combina-
tions.

Table B.1: Abbreviations and stack descriptions for layers forming SHJ solar cells.

Abbreviations Descriptions
(-2 8 or 9 nm (ja-Si:H-22
()-1+(1)-2 1 nm (i)a-Si:H-1 + 7 or 8 nm (§)a-Si:H-2P
HPTs HPT + VHF treatment
(n) 3 nm (n)nc-Si:H + 1 nm (n)a-Si:H
(p) 5nm (p)nc-SiO :H + 16 nm (p)nc-Si:H

4: 8 nm and 9 nm (i)a-Si:H-2 for (n)- and (p)-layers, respectively.
b. 7 nm and 8 nm (9a-Si:H-2 for (n)- and (p)-layers, respectively.

Table B.2: The J-V parameters of SH]J cells with different (i)a-Si:H layers and/or their combinations.

(§)-layers on

(1)1 (p)-side Voc (mV) Jsc (mA/cm?) FF (%) 1 (%)
(D-2/(1)-2 694.40 + 4.67 36.92 +0.08 79.72 £ 0.46 20.44 +0.20
(-2/()-1+(i)-2 698.60 + 5.27 37.01£0.17 80.26 + 0.29 20.75 +0.14
(D)-1+(0)-2/ ()-1+()-2 704.20 +2.28 37.15+0.05 80.55 + 0.33 21.07 £0.03

As seen in Table B.2, cells with bi-layer approaches exhibited overall improved J-V
parameters as compared to single (i)a-Si:H-2 counterparts. The improvements can be
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mainly ascribed to the better passivation quality that reduces losses induced by interface
recombination.

B.3 Infrared spectra of (i)a-Si:H-1 and (i)a-Si:H-2
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Figure B.3: Infrared spectra of (i)a-Si:H-1 and (i)a-Si:H-2 deposited at 160 °C. Both layers were symmetrically
deposited on double-side-textured wafers with the structure sketch in Figure 7.1 (b), and the thickness of both
layers is 20 nm in total on both sides of the substrate. These thicknesses are estimated based on the deposition
rates calculated from flat samples. In the figure, W-RM stands for Si-H wagging-rocking modes, BM refers
to Si-H polyhydrides bending modes, SM represents Si-H stretching modes. In the SM region, the green and
red dashed lines represent the fitted Gaussian function for low-frequency SM (LSM) and high-frequency SM
(HSM), respectively. The blue solid lines are the overall fittings. Note that these two samples in Figure B.3 were
processed in different batches as compared to Figure 7.3(a).

B.4 FTIR analysis for (i)a-Si:H bi-layer with various thicknesses and HPTs

The microstructure and hydrogen-bonding configuration of bi-layer stacks deposited
under 160 °C with various thicknesses were assessed by FTIR on dedicated samples as
sketched in Figure 7.1 (b). Those (i)a-Si:H bi-layers consist of a 1-nm-thick (i)a-Si:H-1
layer with a (i)a-Si:H-2 layer featuring varied thicknesses. We also evaluated the effects
of HPTs on the microstructural properties of the bi-layer stacks with various thicknesses.
Note, the HPTs etch around 2 nm of the (i)a-Si:H bi-layer on each side of the c-Si wafer.
The infrared spectra of different (i)a-Si:H bi-layers are presented in Figure B.4.

As seen in Figure B.4, with a thicker bi-layer, we noticed a progressively decreased
absorption strength of the peak at around 610 cm™!. Meanwhile, the signature of peaks
at around 610 cm™! and 620 cm™! became less distinguishable for thicker layers as they
started to merge with the third absorption peak centered at around 645 cm™. According
to the model of a-Si:H film on c-Si proposed by M. Z. Burrows, et al. [309], it is rea-
sonable to decompose our deposited (i)a-Si:H (free from epitaxial growth, see Chapter
6 [167]) into ‘surface’, ‘bulk’ and ‘interface’ components. It is well-known that both ‘sur-
face’ and ‘interface’ layers are hydrogen-rich and void-rich as compared to the ‘bulk’
layer [262, 309-311]. With a thicker layer, the fraction of the ‘bulk’ component is higher
as well, which imposes more impact on the measured infrared spectrum, thus, reflect-
ing more the bulk properties of the a-Si:H. This is consistent with the microstructure
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Figure B.4: The infrared spectra of (i)a-Si:H bi-layers deposited at 160 °C with (w/) or without (w/0) HPTs. The
infrared spectra were normalized according to the thicknesses of (i)a-Si:H bi-layers as discussed in experimen-
tal details. Those (i)a-Si:H bi-layers consist of a 1-nm-thick (i)a-Si:H-1 layer with a (i)a-Si:H-2 layer featuring
varied thicknesses. The indicated thickness numbers are the total thickness on both sides of the wafer. In the
SM region, the green and red dashed lines represent the fitted Gaussian function for LSM and HSM, respec-
tively. The blue solid lines are the overall fittings.

factor extracted from the SM, where thicker films tend to reach a lower limit of Rgy;. One
may also notice that the absorption strength is the highest for the thinnest films in both
(7)a-Si:H bi-layers without and with HPTs series. This can be also ascribed to the re-
duced fraction of ‘bulk’ component with a thinner film. Indeed, a thinner (i)a-Si:H that
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features a lower ‘bulk’ fraction should have relatively more void-rich and hydrogen-rich
‘interface’ or ‘surface’ layers, and thus a relatively higher density of volume deficiencies.
This results in a lower average dielectric constant and a smaller proportionality con-
stant of the dipole oscillation [456]. As a consequence, for a given hydrogen content, the
absorption signal is enhanced for thinner films. Therefore, both Rgy and the change of
absorption strength with varied thicknesses are pointing to the increased ‘bulk’ fractions
in thicker films. Then it is logical to ascribe the peak at around 610 cm™! to the ‘surface’
or ‘interface’ components of the (i)a-Si:H, and peaks at around 645 cm™! (also 620 cm™)
to the ‘bulk’ component.

Moreover, by comparing ‘same’ FTIR samples with T{;a-si:p = 160 °C without HPTs
or with HPTs as shown in both Figure B.4 (Figure 7.3(b)) and Figure 7.3 (a), we observed
quite similar Rgy but relatively different W-RM shapes even though they feature identi-
cal PECVD deposition conditions. Note that the series of samples in Figure B.4 were pro-
cessed in different batches as compared to Figure 7.3 (a), and 7 values of FTIR samples
in Figure B.4 were slightly lower than those in Figure 7.3 (a). Therefore, this observation
implies that those absorption peaks around W-RM could be more sensitive to and more
capable of revealing varied microstructural and interfacial properties of (i)a-Si:H layers
as compared to those around the SM.

B.5 FBC-SH]J solar cells with electroplated Cu grid
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Figure B.5: The J-V parameters of FBC-SH]J solar cells prepared under various deposition temperatures of (i)a-
Si:H bi-layer. Cells feature front-side electroplated Cu contact and rear-side thermally evaporated Ag contact.
The results represent averaged parameters of six solar cells and the error bars represent the standard devia-
tions.

We applied our optimized room-temperature Cu-electroplating metallization ap-
proach for cells with (i)a-Si:H deposited under various temperatures (7(;a-si:1). Those
cells also feature an additional 100-nm-thick SiO, capping the front IWO to form a
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double-layer anti-reflection coating [325, 429]. The cells are sketched in Figure 7.1
(d) and their J-V parameters are presented in Figure B.5. Besides, we also present in
Figure B.5 the extracted series resistance (R;) of solar cells based on pFF obtained from
Suns-Vpc measurements.

As presented in Figure B.5, we observed similar J-V parameter trends to those cells
with screen-printed Ag contacts as presented in Figure 7.5. Specifically, cells with higher
T(ha-si:u exhibited lower V¢ values. Besides, the FF values were initially lower for cells
with T(ja-si:z = 140 °C, then with increasing T(;,-si:1, cells exhibited improved and satu-
rated FF values. Accordingly, we also noticed lower extracted Rg values with increasing
deposition temperatures of the (i)a-Si:H bi-layer. As for the Jsc, we observed rather mi-
nor effects of T(ja-si.q. Overall, cells with T;,-si.q of 160 °C to 180 °C tend to deliver the
highest efficiencies due to their optimum Vp¢ and FF values.

B.6 Independently certified I-V curves
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Figure B.6: The independently certified I-V characteristics and device parameters of the rear junction FBC-
SHJ solar cells featuring (#)a-Si:H deposited at 160 °C (left) and 180 °C (right). Both solar cells feature the same
layer stacks and fabrication process except for the deposition temperature of (i)a-Si:H layers on both sides.
Both cells feature electroplated Cu front electrodes and SiOx/IWO double-layer anti-reflection coating. The
certifications were performed at ISFH CalTeC (Hamelin, Germany).
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B.7 In-house measured J-V curve of the best solar cell
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Figure B.7: The in-house measured J-V curve of the best rear-junction FBC-SH]J solar cells featuring (i)a-
Si:H deposited at 160 °C. The cell features electroplated Cu front electrodes and SiO,/IWO double-layer anti-
reflection coating. The designated area of the solar cell is 3.92 cm?.






SH]J bottom-cells for
perovskite/c-Si tandem solar cells

This appendix is based on the Supporting Information of the following publication and
the conference presentation:

Y. Zhao!, K. Datta, N. Phung, A. E. A. Bracesco, V. Zardetto, G. Paggiaro, H. Liu, M.
Fardousi, R. Santbergen, P. P Moya, C. Han, G. Yang, J. Wang, D. Zhang, B. T. van Gorkom,
T. P A. van der Pol, M. Verhage, M. M. Wienk, W. M. M. Kessels, A. Weeber, M. Zeman, L.
Mazzarella, M. Creatore, R. A. J. Janssen, and O. Isabella, “Optical simulation-aided de-
sign and engineering of monolithic perovskite/silicon tandem solar cells,” ACS Applied
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C.1 The effective lifetime of symmetrical samples with (i)/(p)-layers
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Figure C.1: The effective lifetime (7¢) of symmetrical samples with different (i)a-Si:H passivation approaches
with (p)-layers (5 nm (p)nc—SiOx:H + 16 nm (p)nc-Si:H).

C.2 The passivation quality before and after metallization

Table C.1: The 74, iVoc and iFF of solar cells before metallization and V¢ and FF of completed solar cells.

With ITO on both sides (before metallization) Completed solar cells
(n)-layers
Toff . .
\%, iFF \%, FF
@An =10 cm3 Voc ocC
(ms) (mV) (%) (mV) (%)
(m)a-Si:H (5 nm) 2.06 710 82.8 704 80.7
(mnc-Si:H (20 nm) 7.22 722 85.2 714 80.7

(m)nc-Si0 :H (40 nm) 1.31 716 79.4 694 77.5
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Figure C.2: EQE and 1 -reflectance (R) spectra of single-junction single-side-textured (front-side-flat and rear-
side-textured) SHJ solar cells with (a) various front (n)-layers, and (b) 40 and 60 nm (n)nc-SiO x:H layers. Solid
lines represent EQE and dashed lines represent (1 - R). Note, for the cell with 40 nm (n)nc-SiO :H, the overall
low EQE in the range from around 500 nm to 1000 nm is ascribed to significant recombination, which can be
significantly suppressed by using a 60-nm-thick (n)nc-SiO :H layer as shown in figure (b).

C.4 The effects of (n)nc-SiO:H thickness on J-V parameters of solar cells
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Figure C.3: The J-V parameters of single-junction single-side-textured SHJ solar cells with various thicknesses
of front (m)nc-SiO :H layers. The results represent averaged parameters of three to five solar cells.
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C.5 Effects of MgF, and Cgo on the absorptance/EQE of the 2T tandem solar cells
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Figure C.4: Experimentally determined EQE and simulated absorptance spectra of tandem solar cells using (a)
0 nm MgF» and 20 nm Cgp, or (b) 120 nm MgF» and 10 nm Cgp. A 45 nm SnOy, layer was used in all cases.

C.6 The J-V curve and the EQE spectrum of the 25.1% 2T tandem solar cell
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Figure C.5: The J-V curve (left) and the EQE spectrum (right) of the 25.1% 2T tandem solar cell.
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Figure C.6: Refractive indices of (n)-type layers and perovskite and c-Si active layers. The data of c-Si is taken
from the literature [480].

C.8 Comparisons between simulated absorptance and measured EQE of 2T tandem

solar cells
(a) 5 nm (n)a-Si:H (b) 20 nm (n)nc-Si:H (c) 40 nm (n)nc-SiO,:H
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Figure C.7: Comparisons between the measured EQE and the simulated absorptance of 2T tandem solar cells
with different (n)-layers. Open symbols represent measured EQE values, and the solid lines are simulated
absorptance curves. The mismatches between the EQE and the simulated absorptance could be attributed
to the following: choline chloride and 2PACz were not considered in the simulations due to difficulty in ex-
tracting their optical properties with nearly negligible thicknesses; the overestimated extinction coefficient of
perovskite absorber thus the high simulated absorption of perovskite top cell; the non-ideal collection effi-
ciency of charge carriers in real devices while the simulation considers only optical effects.
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C.9 Light management of DST 2T tandem solar cells with various (n)-layers
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Figure C.8: Light management in double-side-textured monolithic tandem solar cells. (a) Schematic of the
perovskite/SHJ tandem solar cell for optical simulations, and (b — d) implied photocurrent density of the per-
ovskite top-cell, SHJ bottom-cell and reflected light as function of (n)-layer thickness and types of (n)-layer.

C.10 Comparisons between simulated absorptance and measured EQE of 4T tandem
solar cells

1.0 T T T T

o
)

0.6

0.4 b

EQE or Absorptance (-)

o
[N}

Absorptance

400 600 80 1000 1200

Wavelength (nm)

Figure C.9: Comparisons between the measured EQE and the simulated absorptance of 4T tandem solar cells.
Open symbols represent measured EQE values, and the solid lines are simulated absorptance curves.
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Transparent (n)nc-Si:H-based
contacts for SH]J solar cells

D.1 The effects of (i)a-Si:H layer thickness on the J-V parameters of solar cells with

(n)a-Si:H and (n)nc-Si:H (n)-contacts
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Figure D.1: The effects of (i)a-Si:H layer thickness on the J-V parameters of solar cells with (n)a-Si:H and (n)nc-

Si:H (n)-contacts.
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D.2 J-V parameters of solar cells with various (n)-contacts

Table D.1: J-V parameters of solar cells with various (n)-contacts. The structures of these solar cells resemble
the design depicted in Figure 9.2 but with different thicknesses of (i)a-Si:H and (n)-contact on the front side.
Optimized HPTs were applied for all devices. The results represent the averaged parameters of four solar cells

and the best cell for each (n)-contact.

(mnc-Sio :H-1 + Voc Jsc FF n
(mnc-Si:H + (n)a-Si:H (mV) (mA/cmz) (%) (%)
040+ 4a Average 722.8+0.5 40.05 £ 0.09 82.66+£0.26  23.92 +0.09
Best cell 723.0 40.16 82.74 24.01
0+3+ Zb Average 725.0+1.4 39.98 +£0.08 82.76 £ 0.40 23.99+0.18
Best cell 726.0 39.97 83.3 24.18
843+ Ob Average 723.3+1.5 40.79+0.12 77.61 £1.32 22.90+0.45
Best cell 725.0 40.83 78.55 23.24
8434+ lb Average 723.0+0.8 40.39+0.16 82.06+0.28 23.96+0.18
Best cell 723.0 40.54 82.25 24.10
8414 lb Average 721.8+£0.5 40.67 £ 0.03 81.45+0.33 23.90+0.11
Best cell 722.0 40.68 81.83 24.02

2: 1 nm (i)a-Si:H-1 and 3 nm (i)a-Si:H-2 underneath (n)a-Si:H;
b. 1 nm (a-Si:H-1 and 5 nm (i)a-Si:H-2 underneath (n)-layers.
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