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Propositions
accompanying the dissertation

Perovskite/c-Si Tandem Solar Cells with High Temperature
Carrier-Selective Passivating Contacts

by

Manvika SINGH

1. Alloying a material with another material can change its properties. The
resulting new material can open doors to new inventions. (This thesis)

2. Modelling and experiments go hand in hand for optimization. Simulations
help predict reality, while experiments bring it to life. (This thesis)

3. As the saying goes "Two heads are better than one." A tandem solar cell has
a higher efficiency and yield than a single junction solar cell. (This thesis)

4. As the optimal thickness of perovskite in a tandem varies with conditions,
similarly each person should find their own path in life, there is no universal
solution, only what fits one’s unique circumstances. (This thesis)

5. Love relations are seldom based on logic.

6. Karma suggests that actions (whether good or bad) have consequences
that eventually come back to the individual either in this life or future lives.
Newton’s third law says that every action has an equal and opposite reaction.
Karma theory in the spiritual world has similarities to Newton’s third law in
the scientific world.

7. Freedom is one of the most prized possession of any living being, while
existence itself remains life’s greatest marvel.

8. Time has the potential to change everything. It holds the power to heal, to
transform wounds into wisdom and struggles into strength. Time is divine.

9. Accepting life as it unfolds, especially when it deviates from our expecta-
tions, is one of the most difficult challenges. It is in these moments that our
true strength is revealed.

10. The inevitability of making choices without knowing the outcomes can
make life both thrilling and daunting.

These propositions are regarded as opposable and defendable, and have been
approved as such by the promotor Em. prof.dr. M. Zeman, and the promotor

Prof.dr.ir. O. Isabella.
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Summary

Due to increasing population growth and industrialization, the energy demand is
soaring around the world. In order to meet this energy demand and continuing
with business as usual, there is an increased need for fossil fuels. Burning of fossil
fuels such as coal, gas and oil lead to emission of carbon dioxide in atmosphere.
Emission of carbon dioxide rises the earth’s surface temperature and is leading to
global warming. In order to tackle this crisis, an alternative to fossil fuels need to
be investigated. In this regard, renewable energy sources are key as they can be
replenished. Solar energy is one of the fastest growing and promising renewable
energy sources.

Photovoltaics (PV) modules or solar panels have been installed across the
world, converting solar energy into electrical energy. The PV market is dominated
by single junction crystalline silicon (c-Si) solar cells. In order to improve the
efficiency of single junction solar cells beyond their efficiency limit, tandem solar
cells, which stack one solar cell on top of another, are being actively explored by
researchers. In this work, we have focused on perovskite/c-Si tandem solar cells.

Since direct contact of metal with semiconductor leads to recombination, the
concept of carrier-selective passivating contacts (CSPCs), which separates the
absorber from the metal by a thin passivating layer, becomes important. The most
common type of CSPCs are doped hydrogenated amorphous silicon (a-Si:H) on
intrinsic amorphous silicon, as in the case of silicon heterojunction (SHJ) solar
cells. The other type of CSPCs are polycrystalline silicon (poly-Si) on ultrathin
silicon oxide (SiOx) as in the case of poly-Si solar cells. Depending on the fabri-
cation temperature of CSPCs, the former comes under low temperature CSPCs
while the latter is a type of high temperature CSPCs. While low temperature CSPCs
have been successfully integrated in perovskite/c-Si tandem solar cells, research
involving high temperature CSPCs is less developed. In this work, high tempera-
ture CSPCs are studied, optimized and integrated in perovskite/c-Si tandem solar
cells. In addition, the performance of tandem solar cells is evaluated not only
in terms of efficiency but also energy yield which is more relevant for outdoor
environment. In addition to poly-Si, this work explores novel materials such as
polycrystalline silicon oxide (poly-SiOx) and polycrystalline silicon carbide (poly-
SiCx) as high temperature CSPCs. This work has been divided into chapters which
are described briefly below.

Chapter 1 gives the introduction to this work. It details the basic concepts

xi



xii Summary

used in the work and the motivation behind using perovskite/c-Si tandem solar
cells with high temperature carrier-selective passivating contacts. Chapter 2 gives
the details about the optical model used in this work to study and optimize the
perovskite/c-Si tandem solar cells and modules. It also gives fabrication details of
poly-Si alloys passivated c-Si solar cells in single junction and tandem applications.
It also explains the various optical and electrical characterization methods used
in the work.

Chapter 3 presents an optical model to extract the absorption coefficients of
poly-SiOx and poly-SiCx CSPCs. Since these materials have mixed phase nature
and weak free carrier absorption in infra-red region, their absorption coefficient
cannot be measured accurately by conventional measurements setups, such as
ellipsometer. In this work, a more accurate Inverse modelling based Reflection
Transmission (RT) method, is used to extract absorption coefficients of such
CSPCs. These absorption coefficients are subsequently used in the optical simu-
lations of solar cells endowed with such CSPCs. In addition, it is shown that free
carrier absorption increases with increasing the doping concentration in such
CSPCs.

Chapter 4 reports an implied photo-current density of 20 mA/cm2 in per-
ovskite /c-Si tandem solar cells with poly-Si, poly-SiOx and poly-SiCx CSPCs along
with being compatible with high temperature fabrication process. The thickness
of perovskite in two terminal (2T) tandem solar cells with high temperature CSPCs
are optimized for different locations. It is shown that for bi-facial tandem solar
cells, a thicker or lower bandgap perovskite absorber is required to current match
in 2T case. In addition, the effect of albedo is evaluated for bi-facial tandems. The
optical performance of mono-facial and bi-facial 2T, three terminal (3T) and four
terminal (4T) tandem architectures, has been evaluated for tandem solar cells
with high temperature CSPCs.

Chapter 5 elaborates on the fabrication of 2T and 4T perovskite/c-Si tandem
solar cells with poly-SiOx CSPCs with an efficiency of 23.2% and 28.1% respec-
tively. The passivation of p-type poly-SiOx CSPCs on textured interfaces has been
improved to 687 mV via two-step annealing process.

Chapter 6 introduces the hybrid modelling approach to predict the annual
energy yield of 2T/4T, mono-facial/bi-facial perovskite/c-Si tandem solar modules
with novel poly-SiOx passivated c-Si solar bottom cells. Additionally, overall per-
formance is optimized in different locations by varying the perovskite thickness
and bandgap.

Chapter 7 concludes this thesis work and presents an outlook for future
research directions.



Samenvatting

Door de toenemende bevolkingsgroei en industrialisatie stijgt de wereldwijde
vraag naar energie sterk. Om aan deze energievraag te voldoen en bij doorgaan
op de manier zoals wij tot nu toe gedaan hebben , is er meer behoefte aan fossiele
brandstoffen. Het verbranden van fossiele brandstoffen zoals kolen, gas en olie
leidt tot de uitstoot van koolstofdioxide in de atmosfeer. De uitstoot van kool-
stofdioxide verhoogt de temperatuur aan het aardoppervlak en draagt bij aan de
opwarming van de aarde. Om het effect van deze opwarming aan te pakken, moet
er een alternatief voor fossiele brandstoffen komen. Hernieuwbare energiebron-
nen zijn in dit opzicht essentieel. Zonne-energie is een van de snelst groeiende en
veelbelovende hernieuwbare energiebron.

Fotovoltaïsche (PV) modules of zonnepanelen worden wereldwijd geïnstal-
leerd om zonne-energie direct om te zetten in elektrische energie. De PV-markt
wordt gedomineerd door enkelvoudige kristallijne silicium (c-Si) zonnecellen.
Om de efficiëntie van enkelvoudige zonnecellen verder te verhogen, voorbij hun
theoretische efficiëntielimiet, wordt veel onderzoek en ontwikkeling gedaan aan
zogenaamde tandemzonnecellen, waarbij één zonnecel bovenop een andere
gestapeld wordt. In dit proefschrift richten we ons op perovskiet/c-Si tandemzon-
necellen.

Aangezien direct contact tussen metaal en halfgeleider leidt tot recombina-
tieverliezen, is het concept van ladingsdrager-selectieve passiverende contacten
(CSPCs, afkorting van het Engelse carrier-selctive passivating contacts), waarbij
tussen de absorber en het metaalcontact een dunne passiverende laag aange-
bracht wordt, van groot belang. Het meest voorkomende type CSPC bestaat uit
een gedoteerde gehydrogeneerde amorf silicium (a-Si) laag op een intrinsieke
amorf silicium laag, zoals bij silicium heterojunctie (SHJ) zonnecellen. Een ander
type CSPC bestaat uit een polykristallijn silicium (poly-Si) laag op ultradun silici-
umoxide (SiOx) laag, zoals bij zogenaamde TOPCon Si zonnecellen. TOPCon staat
voor Tunnel Oxide Passivated Contact. Afhankelijk van de fabricagetemperatuur
van CSPCs vallen de eerstgenoemde onder lage-temperatuur CSPCs, terwijl de
laatstgenoemde een type hoge-temperatuur CSPC is.

Hoewel lage-temperatuur CSPCs succesvol zijn geïntegreerd in perovskiet/c-
Si tandemzonnecellen, is de ontwikkeling van hoge-temperatuur CSPCs minder
ver. In dit werk worden hoge-temperatuur CSPCs bestudeerd, geoptimaliseerd en
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xiv Samenvatting

geïntegreerd in perovskiet/c-Si tandemzonnecellen. Daarnaast wordt de prestatie
van tandemzonnecellen niet alleen geëvalueerd op basis van efficiëntie, maar
ook op basis van energieopbrengst, wat relevanter is voor daadwerkelijk toepas-
sing in een buitenomgeving. Naast onderzoek aan poly-Si voor TOPCon cellen
omvat dit proefschrift ook onderzoek aan nieuwe materialen zoals polykristallijn
siliciumoxide (poly-SiOx) en polykristallijn siliciumcarbide (poly-SiCx) als hoge-
temperatuur CSPCs. Deze thesis is opgebouwd uit verschillende hoofdstukken,
waarvan de inhoud hieronder kort beschreven wordt.

Hoofdstuk 1 geeft een inleiding op dit werk. Het bespreekt de basisconcep-
ten die in dit onderzoek gebruikt worden en de motivatie achter het gebruik
van perovskiet/c-Si tandemzonnecellen met hoge-temperatuur ladingsdrager-
selectieve passiverende contacten. Hoofdstuk 2 beschrijft details over het opti-
sche model dat in dit werk gebruikt wordt om de perovskiet/c-Si tandemzonnecel-
len en -modules te bestuderen en te optimaliseren. Het geeft ook fabricagedetails
van c-Si-zonnecellen met CSPCs op basis poly-Si en poly-Si-legeringen en dat
in enkelvoudige en tandemtoepassingen. Daarnaast worden de verschillende
optische en elektrische karakteriseringsmethoden die in het werk gebruikt zijn,
toegelicht.

Hoofdstuk 3 presenteert een optisch model om de absorptiecoëfficiënten
van poly-SiOx en poly-SiCx CSPCs te extraheren. Aangezien deze materialen een
gemengde fase hebben en een zwakke absorptie door vrije ladingsdragers in het
infraroodgebied vertonen, kunnen hun absorptiecoëfficiënten niet nauwkeurig
worden gemeten met conventionele meetopstellingen, zoals een ellipsometer. In
dit werk wordt een nauwkeurigere methode, gebaseerd op inverse modellering en
reflectie-transmissie (RT), gebruikt om de absorptiecoëfficiënten van dergelijke
CSPCs te bepalen. Deze absorptiecoëfficiënten worden vervolgens gebruikt in
de optische simulaties van zonnecellen met dergelijke CSPCs. Bovendien wordt
aangetoond dat de absorptie door vrije ladingsdragers toeneemt bij een hogere
dotering in deze CSPCs.

Hoofdstuk 4 beschrijft bij een impliciete foto-stroomdichtheid van 20 mA/cm²
het gedrag van perovskiet/c-Si tandemzonnecellen met poly-Si, poly-SiOx en poly-
SiCx CSPCs, en die zijn aangebracht met het hoge-temperatuur fabricageproces.
De dikte van de perovskietlaag in twee-terminal (2T) tandemzonnecellen met
hoge-temperatuur CSPCs is geoptimaliseerd voor toepassing op verschillende
locaties. Er is aangetoond dat voor bifaciale tandemzonnecellen een perovskie-
tabsorber met een dikkere laag of lagere bandkloof nodig is om de stroom in
de 2T-configuratie te laten overeenkomen. Daarnaast wordt het effect van al-
bedo geëvalueerd voor bifaciale tandemzonnecellen. De optische prestaties van
mono-faciale en bi-faciale 2T, drie-terminal (3T) en vier-terminal (4T) tandemar-
chitecturen zijn geëvalueerd voor tandemzonnecellen met hoge-temperatuur
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CSPCs.
Hoofdstuk 5 gaat dieper in op de fabricage van 2T en 4T perovskiet/c-Si tan-

demzonnecellen met poly-SiOx CSPCs waarbij een efficiënties van respectievelijk
23,2% en 28,1% behaald zijn. De passivering van p-type poly-SiOx CSPCs op
getextureerde oppervlakken is verbeterd en heeft via een twee-staps warmtebe-
handeling tot 687 mV.

Hoofdstuk 6 introduceert de hybride modelleringsaanpak om de jaarlijkse
energieopbrengsten van 2T/4T, mono-faciale/bifaciale perovskiet/c-Si tandem-
zonnepanelen met nieuwe poly-SiOx gepassiveerde c-Si zonnecellen aan de onder-
zijde te voorspellen. Daarnaast wordt de algehele prestatie geoptimaliseerd voor
toepassing op verschillende locaties door de dikte en bandkloof van de perovskiet
te variëren.

Hoofdstuk 7 concludeert dit proefschrift en biedt een vooruitblik op toekom-
stige onderzoeksrichtingen.
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Introduction

1.1. Renewable Energy

D ue to the increasing population, industrialization, civilization and economic
growth, there has been a rise in demand for energy sources. Currently, most

of the energy demand of the world is met by fossil fuels [1]. Fossil fuels such as
coal, gas and oil are exhaustible carriers of stored energy and will get depleted
in future [2]. Moreover, burning of energy sources based on fossil fuels emits
greenhouse gases such as carbon dioxide, methane etc. which trap radiated heat
from earth’s surface and increase earth’s surface temperature [3–5]. Emission of
greenhouse gases poses a threat to environment, climate and human beings [6].
Figure 1.1 shows annual world emission of CO2 from fossil fuels and industry.
It clearly shows the increasing trend in CO2 emission which is a threat to the
environment and people of this planet.
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Figure 1.1: Annual world CO2 emissions from fossil fuels and industry. Taken from [7].

The rising levels of greenhouse gases, leading to global warming and climate
change, have been a major environmental, social and economic issue. Global
warming is leading to polar ice caps and glaciers melting and rising sea level. In
order to tackle these energy and environmental crises, renewable energy sources
such as solar, wind, hydro and biomass have been introduced to generate elec-
tricity alongside efforts to electrify societal activities as much as possible[3, 4, 8].
Renewable energy sources are environmentally clean as they can generate power
with almost no emission of air pollutants and are available in abundance in nature.
Renewable energy is important for sustainable and eco-friendly generation of
electricity. Figure 1.2 shows the electricity consumption from fossil fuels, nuclear
and renewable energy around the world and various different countries in 2022.
From Figure 1.2, we find that 30% of the world’s electricity consumption is met
by renewable energy in 2022, although there are large difference from country to
country. In order to increase the use of renewable energy for meeting world’s en-
ergy demand, the governments, scientists, environmentalists and citizens around
the globe need to be aware and put efforts together. In this work, we have focused
on one of the promising and reliable renewable energy sources, solar energy.
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Figure 1.2: Electricity consumption from fossil fuels, nuclear and renewable energy, 2022. Taken
from [7].

1.1.1. Solar Energy

Solar energy is derived from the sun which is an abundant, everlasting and free
source of energy. The annual solar radiation received by earth is 3,400,000 EJ which
is much higher than the annual world’s total primary energy consumption (620
EJ) [9, 10]. Solar energy is clean, eco-friendly and renewable form of energy which
can be beneficial for the environment and society [11]. It is not accompanied
by release of greenhouse gases. Solar technologies are more labour intensive as
compared to fossil fuels. Hence, solar industry will also help producing more
job opportunities in future. Above reasons make solar energy one of the best
options for meeting future energy demand [11]. However, solar energy has some
limitations such as high system costs and being available only during daytime.
Researchers are making the conversion process of usable energy from renewable
energy more efficient and overcoming their limitations. There are various solar
technologies, such as solar thermal energy, concentrated solar power and PV
technology. Among solar technologies, Photovoltaic (PV) technology is one of the
fastest growing market and will play an important role in meeting future energy
demand of the world [12, 13]. In 2022, investments in photovoltaics increased by
47% to 301.5 billion which accounts for 60% of the renewable energy investment
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[14, 15]. Figure 1.3 shows the cumulative world photovoltaic installations from
2010 to 2023. The growth in world photovoltaic installations is exponential which
clearly shows enormous potential in this technology and the efforts taken around
the world to harvest solar energy. In the following sections, some of these PV
technologies are discussed in more detail.

Figure 1.3: Cumulative photovoltaic installations from 2010 to 2023. Taken from [14–16].

1.2. PV fundamentals

1.2.1. Working of a solar cell

In order to understand the working of solar cell, the electronic band theory of a
material needs to be studied. According to that theory, a material can be classified
into metal, semiconductor and insulator. The energy bands are available energy
levels of electrons in a material. The valence band is the energy band of electrons
in atomic shell’s outermost orbitals. The conduction band is the energy band of
free electrons. These free electrons contribute to the electrical conductivity of the
material. The difference between the highest occupied energy level in valence
band and lowest unoccupied energy level in conduction band is called bandgap
of the material. In metals, the valence and conduction band are overlapping and
so metals have high electrical conductivity. Whereas in insulators, the bandgap is
large and the electrons cannot be excited from the valence band to the conduc-
tion band. In semiconductors, the bandgap is relatively small and an external
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energy, such as that of photons can excite electrons from the valence band to the
conduction band, liberating electrons from localized bonds and making it mobile.
In a direct bandgap semiconductor, the highest point of the valence band and
the lowest point of conduction band are aligned at the same momentum value in
k-space. For the electrons to be excited from the valence to the conduction band
in a direct bandgap semiconductor, only the energy of photons is required. That
is, no additional momentum transfer from the lattice via phonon to the electron
is required to excite that electron from the valence to the conduction band. On
the other hand, in an indirect bandgap semiconductor, the highest point of the
valence band and the lowest point of the conduction band are not aligned in the
k-space. For an electron to get excited from the valence band to the conduction
band in an indirect semiconductor, energy provided by the photon and additional
momentum provided from vibrations of crystal lattice or phonons are required.
Gallium Arsenide (GaAs) is a direct bandgap semiconductor whereas crystalline
silicon (c-Si) is an indirect bandgap semiconductor.

A solar cell is basically a p-n junction diode made of semiconductor material
or materials. Here, we take crystalline silicon (c-Si) as the semiconductor material.
Semiconductors can be doped to form n-type and p-type materials. Doping is
achieved by adding impurity atoms to the intrinsic semiconductor. For example,
when phosphorus atoms replace some silicon atoms in the crystal lattice, each
phosphorus atom has five valence electrons and it bonds with four silicon atoms
but the fifth electron is weakly bond and and at room temperature, the thermal
energy is enough to excite it to the conduction band. Hence, a phosphorus atom
is a n-type dopant because it introduces extra electrons when it bonds with silicon
atoms, resulting in n-type c-Si, whereas a boron atom is a p-type dopant as it
creates excess holes when it bonds with silicon atoms, resulting in p-type Si. The
p-type and n-type materials, together form the p-n junction which has p-type
and n-type regions. There are excess electrons in the n-type region and excess
holes in the p-type region. That is, the majority carriers in an n-type region are
electrons and the minority charge carriers are holes. The opposite is true for a
p-type region.

A solar cell converts solar energy (energy from photons) directly into electrical
energy. This process consists of three steps [17]. The first step is the generation
of photo-generated charge carriers upon absorbing photons. If the energy of the
absorbed photons is greater than the bangdap energy of the semiconductor, the
absorbed photons generate mobile charge carriers i.e. liberating electrons from a
bond leaving a hole (electron-hole pairs). For a solar cell to have high efficiency, it
becomes important to separate these electron-hole pairs in a solar cell to prevent
recombination, which would otherwise reduce the cell’s performance. The second
step in the working of a solar cell is thus the separation of the photo-generated
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charge carriers.
In dark condition, there is diffusion of electrons from high concentration

(n-type) to lower concentration (p-type) region in a p-n junction, as shown in
figure 1.4. Holes move in the opposite direction (from p-type to n-type) due to
diffusion. This process leaves positively charged donor atoms near the junction
in the n-type region and negatively charged acceptor atoms in the p-type region.
These ionized atoms are fixed atoms that have gained or lost electrons resulting
in a net electrical charge. Depletion of mobile carriers due to diffusion leads
to formation of depletion region or space charge region. The formation of the
depletion region gives rise to electric field. Due to this electric field, drift force
starts acting on electrons and holes. The electrons move from p-type region to
n-type region and holes move from n-type region to p-type region due to drift
force. The movement of electrons and holes due to diffusion and drift forces is
shown in figure 1.4. This electric field gives rise to built in potential voltage. In
dark, the diffusion and drift force balance each other.

Figure 1.4: A pn junction diode showing the effect of diffusion and drift forces on electrons and
holes.

Under illumination condition, when excess electron-hole pairs are created
due to absorption of photons, the concentration of minority carriers increases
manifolds whereas the majority carriers are also created but their concentration
does not change significantly in the p-type and n-type regions. As shown by Wur-
fel et al. in Ref. [18], the difference in conductivity of holes and electrons in p-type
and n-type regions is the reason for separation of charge carriers in an illuminated
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solar cell [19]. The higher conductivity of majority carriers and lower conductivity
of minority carriers in the n-type and p-type regions is the decisive factor for
selective transport of electrons and holes to their respective terminals [18]. This
conductivity difference in a p-n junction is realized by manipulating the concen-
trations of electrons and holes by doping. For non-homojunction architectures
such as the p-i-n heterojunction semiconductor wherein an intrinsic absorber is
sandwiched between high bandgap transport layers, this conductivity difference
is achieved by doping the so-called transport layers [18]. Additionally, the large
bandgap of transport layers makes them transparent to the incident sunlight
which helps them to avoid an increase in the minority carrier concentration by
illumination. So, p-i-n heterojunction is able to maintain the lower conductivity
for minority carriers even under illumination unlike the p-n homojunction case.
More information about such CSPCs can be found in Ref. [18, 20]. Section 1.2.3
explains the important concept of carrier-selective passivating contacts (CSPCs).

The third step in the working of a solar cell is the collection of charge carriers
in doped layers. The electrical contacts, such as metal electrodes, connect the
solar cell to the external circuit, allowing the flow of current. These solar cells are
connected in series or parallel via their contacts to form a module. These modules
are placed in outdoor environment to convert solar energy into electrical energy.

Figure 1.5 shows the working of a solar cell. Here, photons are absorbed as
much as possible in the absorber, generating electron-hole pairs. The charge
carriers are separated by formation of electron and hole selective regions. The
electron selective region, due to its higher electron concentration achieved by
doping, has much higher conductivity for electrons than holes. Opposite is true
for hole selective region.

1.2.2. Recombination and surface passivation mechanisms

There are various recombination mechanisms which deteriorate the performance
of a solar cell [17]. The recombination rate in an illuminated solar cell is deter-
mined by the recombination of minority charge carriers as illumination increases
the concentration of minority charge carriers in a solar cell. Hence, minority
carrier lifetime is related to recombination and plays an important role in deter-
mining the efficiency of the solar cell. Minority carrier lifetime is the average time
a carrier can stay in an excited state before it gets recombined. One of the recom-
bination types is radiative recombination which is mainly seen in direct bandgap
semiconductors such as GaAs. In radiative recombination, the electron transitions
from an energy level in the conduction band to one in the valence band, emitting
a photon and thus instead of occupying an energy level in conduction band, it
occupies an energy level in the valence band.
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Figure 1.5: Working of a solar cell. Absorbed photons (shown in the form of wavy arrows) in solar
cell absorber generate electrons (red) and holes (blue). The electron conductivity (σe ), is much

higher in electron-selective region, due to higher electron concentration achieved by doping,
whereas the hole conductivity (σh ), is much higher in the hole selective region, due to higher holes
concentration achieved by doping. Generated electrons and holes move towards their respective
contact via formation of charge carrier selective regions. ARC stands for anti reflection coating, ETL

stands for electron transport layer and HTL stands for hole transport layer. Taken from [21].

The other type of recombination is non-radiative recombination in which an
electron and hole recombine and the excess energy is emitted as heat or lattice
vibrations instead of a photon. This type of recombination is more dominant
in indirect bandgap semiconductors. There are several types of non-radiative
recombination, including Auger recombination and Shockley-Read-Hall Recombi-
nation (SRH). In Auger recombination, the electrons and holes recombine giving
away the energy and momentum to excite a third particle which could be an
electron or hole. This third particle, electron (hole), is excited to a higher (deeper)
level in electronic band and then falls back (thermalization) to the valence band
giving away phonon modes [17]. Auger recombination is dominant in heavily
doped silicon as more particles are present and the probability of three particle
process increases. SRH recombination is facilitated by impurity atoms (dopants)
or lattice defects. These defects act as recombination centres introducing energy
level within the bandgap. In SRH recombination, an electron transitioning via
the bandgap gets trapped in these defects and recombines with a hole. This non-
radiative recombination releases excess energy in the form of heat in lattice. SRH
recombination is also called as trap assisted recombination. It is dominant in
moderately doped silicon. Surface recombination is SRH recombination at the
surface of silicon. There is a large density of states within the bandgap (defects),
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on the surface of silicon which acts as trap. These defects on surface of silicon are
created due to disruption in periodicity of crystal lattice of silicon and lead to dan-
gling bonds which are basically unsatisfied valence electrons. The rate at which
recombination takes place on surface of silicon is called as surface recombination
velocity (SRV).

In order to passivate the defects and dangling bands at the surface of silicon,
it is crucial that surface passivation techniques are applied [22, 23]. There are two
types of passivation techniques that are used to reduce surface recombination in
c-Si solar cells. These are chemical passivation and field effect passivation. Chem-
ical passivation is achieved by growing a dielectric layer which reduces interface
defect densities [22, 24]. Silicon dioxide is one of the most common passivation
layer grown/deposited on surface of c-Si to passivate defects and dangling bonds
[22–24]. Also, hydrogenated intrinsic amorphous silicon (a-Si:H) is commonly
used to provide chemical passivation in c-Si solar cells [25, 26]. In field effect
passivation, surface carrier concentration is modified to reduce recombination
and so it can be called as charge assisted population control [19, 27]. In this
context, population refers to the number of charge carriers (electrons or holes) at
the surface of the silicon. This modification of surface concentration is achieved
by depositing a dilelectric layer with fixed charges such as silicon nitride (SiNx)
[28, 29] and aluminium oxide (Al2O3) [30]. Since, the above mentioned layers
have high number of positive and negative fixed charges respectively. They lead
to reduction of one of the charge carriers in the underneath silicon leading to a
reduction of SRV [24]. This type of surface passivation has been shown in regions
I and II in figure 1.6. The other way to modify the surface carrier concentration
is to implement a doping profile at front or rear silicon surface, underneath the
metal contacts, to either create a high-low junction (n+n or p+p) or p-n junction
[23] (See regions III and IV in figure 1.6) . As explained in section 1.2.1, creation of
such junction helps to repel minority charge carriers from the front or rear surface
of silicon.

1.2.3. Carrier-selective passivating contacts

The PV market is dominated by crystalline silicon (c-Si) solar cells and mod-
ules [21, 32]. One type, known as Al-BSF (aluminum back surface field) cells,
features an entire rear side of the silicon absorber alloyed with aluminum (See
figure 1.7 (a)). Due to direct contact of the metal with the absorber in Al-BSF
solar cells, there is huge recombination which limits the efficiency. Al-BSF solar
cells are not manufactured anymore. The other type of commercially manufac-
tured c-Si solar cells are a group of PER(X) cells, which includes variations like
PERC/PERL/PERT (passivated emitter and rear cell/ passivated emitter and rear
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Figure 1.6: Possible interfaces for passivation in a c-Si solar cell. Regions I, II: Front and rear side
passivation with a dielectric layer. Regions III, IV: Increasing the doping level under the metal

contacts to form a high-low junction. Taken from [31].

locally-diffused/passivated emitter and rear totally-diffused) cells. In all PER(X)
cells, there is additional back surface passivation layer of AlOx/SiNx and the con-
tact area between metal and absorber is reduced. In PERL cells, there is additional
high doping at the metal contact which act as localized BSF. In PERT cells, the
entire rear side of the absorber is doped instead of localized regions. In PERC cells
(See figure 1.7 (b)), rear side openings need to be formed in the passivated contact
which could damage the bulk Si [33]. Also, the carriers have to travel longer paths
due to localized metal contacts. In order to mitigate recombination due to direct
contact between the metal and the absorber, the concept of carrier-selective pas-
sivating contacts (CSPCs), where the CSPC is separated from the silicon absorber
material, was introduced in solar cells [21].

Figure 1.7: (1) Al-BSF (2) PERC. Taken from [33].

A carrier-selective passivating contact, as the name suggests, has the dual
purpose of passivating surface defects and allowing one type of charge carrier
to pass through while blocking the other type of charge carrier [34]. This type of
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carrier-selectivity is achieved by difference in conductivity for holes and electrons,
i.e. higher conductivity towards one type of charge carrier than other type of
charge carrier [18]. The difference in conductivity for electrons and holes in CSPCs
ensures that one type of charge carrier (majority carrier) can move easily, while the
other type (minority carrier) is suppressed. This phenomenon is typically achieved
by doping the material to create regions with different carrier concentrations,
which facilitates the selective transport. More details about such CSPCs can be
found in Ref. [18, 20]. The CSPC physically separates the c-Si absorber from the
metal along with passivating defects. A good CSPC has low contact resistivity, high
selectivity and high passivation [34]. It should also follow optical guidelines such
as optical transparency which is affected by thickness. Also, doping affects the
free carrier absorption (FCA) in such CSPCs.

A good CSPC should maximize the flow of majority carriers and suppress
the flow of minority carriers to the contact [21]. The contact resistance, ρcontact,
affects the majority carrier collection at the contact. The flow of minority carriers
to the majority contact would lead to recombination. This recombination can be
measured by the recombination current density, J o. Thus, a good CSPC should
have a low ρcontact and a low J o. If a CSPC is only passivating and not selective,
as shown in figure 1.8 (a), (band diagram of n-type Si with wide bandgap Al2O3)
it will have a low conductivity even towards the majority carriers. Direct contact
between a metal and semiconductor leads to recombination, as shown in figure
1.8 (b). The band diagram of a passivating and selective contact is shown in figure
1.8 (c). Here, the conduction band of the two materials are aligning but the valence
bands of the two materials are not aligning. The valence band offset is induced by
the reduced hole concentration at the interface of the two materials. This valence
offset causes selectivity of electrons [35].

In order to avoid direct contact of metal and silicon, commonly used pas-
sivating thin films are silicon oxide (SiOx) or hydrogenated amorphous silicon
(a-Si:H). However, some of the problems associated with a-Si:H are the optical
absorption losses, thermal instability and defect formation when annealing for
longer time [20]. Since, a-Si:H is fabricated at low temperature (< 200 ◦C), it can
be classified as a low temperature CSPC. Poly-Si, poly-SiOx and poly-SiCx are high
temperature CSPCs as they require higher annealing temperature (800 ◦C-1000
◦C). The above mentioned CSPC have sufficiently low J o and ρcontact and provide
excellent passivation [21, 36–39] and selectivity.

1.3. PV cell technologies

There are various types of PV cell technologies for terrestrial applications. One
major category includes the wafer based c-Si solar cells such as mono and multi
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Figure 1.8: Idealized equilibrium band diagrams of (a) n-type Si with passivating layer, Al2O3 (b)
n-type Si with metal (Unoccupied/occupied states indicated in light/dark blue) (c) n-type Si with
electron selective layer. Di t denotes the interface defect density at the Si surface. Taken from [35].

c-Si. Thin film solar cells such as hydrogenated amorphous silicon (a-Si:H), Cad-
mium Telluride (CdTe) and copper indium gallium selenide (CIGS) are another
category. There are other PV cell technologies such as organic PV and perovskite
solar cells. In the following section, PV cell technologies such as c-Si, perovskite
solar cells and tandems are introduced.

1.3.1. Crystalline silicon solar cells

Various c-Si solar cells have reported efficiencies greater than 25% [40–45]. These
cells have CSPCs which provide them excellent passivation and carrier selectivity.
One such type of solar cell is Silicon Heterojunction (SHJ) which incorporates
intrinsic hydrogenated amorphous silicon (a-Si:H(i)) to passivate the surface
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defects and n and p-type doped hydrogenated amorphous silicon ((a-Si:H(n)),
(a-Si:H(p))) for carrier-selectivity. Various architectures exist in c-Si solar cells
according to contacting schemes. Different architectures of SHJ solar cells are
shown in figure 1.9. If the CSPCs are on the front and rear side of the solar
cell, it is called as front back contacted (FBC) solar cell. FBC solar cells can be
further categorized as front or rear junction solar cells. When the minority carrier-
collecting contact is on the front side of the wafer, it is called as front junction.
In a n-type c-Si solar cell, holes are the minority carriers and front junction has
a-Si:H(p) layer on the front side of the cell as shown in figure 1.9(a). Similarly, in a
rear junction solar cell, the minority carrier-collecting contact is on the rear side
of the solar cell as shown in figure 1.9(c). The front CSPCs absorb light before it
reaches the c-Si absorber which leads to reduction in the current of the solar cell.
Also, the metal contacts on the front side reflect light leading to shading losses. In
order to reduce this parasitic absorption and shading losses, both the front CSPCs
and metal contacts are moved to the rear side in an Interdigitated back contacted
(IBC) solar cell (See figure 1.9(d)). Solar cells can also be classified as mono-facial
and bi-facial solar cells. In a mono-facial solar cell, the metal fully covers the rear
side of the solar cell. In order to collect light from both surfaces in the solar cell,
the full area coverage of the rear side metal can be reduced such that the light
can also be incoming from rear side after being reflected from the ground surface.
Such cells are called bi-facial solar cells (See figure 1.9(b),(c) and (d)).

The other approach of using CSPCs in c-Si solar cells is by replacing a-Si with
polycrystalline (poly-Si) and inserting a thin layer of silicon oxide in between
c-Si and poly-Si. These poly-Si passivating contacts with ultra-thin silicon oxide
layer are called tunnel oxide passivating contacts (TOPCon). TOPCon solar cell
architecture, along with its band diagram is shown in figure 1.10. Similar to SHJ
solar cells, TOPcon solar cells can also be categorized into front junction FBC,
rear junction FBC, IBC, mono-facial and bi-facial solar cells. Poly-Si passivating
contacts have higher temperature stability and are compatible with current high
temperature industrial processes [47, 48]. Since, their fabrication process is similar
to PERC processing, it is easier to transfer from PERC to TOPCon [49]. For SHJ,
completely different equipment is needed.

Phosphorus-doped poly-Si passivating contacts have less contact resistivity
[52–56] and are more conductive than a-Si passivating contacts. However, the
drawback is parasitic absorption and free carrier absorption in these poly-Si
passivating contacts [57, 58]. The high FCA is due to the high doping in these
contacts which is necessary to achieve good carrier-selectivity [38, 59]. One way to
reduce this absorption is to use thin poly-Si [60]. The tunneling oxide underneath
poly-Si can be damaged during the deposition of additional layers (transparent
conductive oxide (TCO) or metal contact). Especially for a thin poly-Si layer, the
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Figure 1.9: Device architectures of SHJ solar cells (a) Front junction mono-facial (b) front junction
bi-facil (c) rear junction bi-facial (d) interdigitated back contacts (IBC). Taken from [46].

Figure 1.10: (a) TOPCon architecture (b) Band diagram of n-type poly-Si based carrier-selective
passivating contact. Taken from [50, 51].

damage of the oxide can occur during TCO and metal deposition as well. In case of
a thicker polySi layer, potential damage during TCO (or metal) deposition will be
less. Also, thin poly-Si can be easily damaged by screen printed metallization [60].
An alternative is to alloy the poly-Si with oxygen and carbon to form poly-SiOx
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and poly-SiCx [60]. By changing the oxygen and carbon content in these CSPCs,
its bandgap can be tuned. This can help increasing its’ bandgap and making it
more transparent which can help more light to reach the c-Si absorber. Research
shows that using poly-SiOx CSPCs can also help improving band bending and
carrier-selectivity [38, 61]. Various high efficiency solar cells have been fabricated
with the poly-Si based high temperature CSPCs [38, 62–68].

Figure 1.11 shows the world market share of different PV cell technologies.
Al-BSF cells have been largely phased out in commercial production in favor
of more efficient technologies, particularly PERC and TOPCon cells. However,
market share of PERC cells show a declining trend as they are getting replaced by
TOPCon cells which offer higher efficiency [69, 70]. The rear side contacted cell
forms a small percentage in the world market share which shows the supremacy
of front back contacted solar cell technologies in terms of market share. Although
SHJ shows an increasing trend (from 8% in 2024 to 20% in 2034), it does not play a
primary role in the world market share due to slightly higher CapEx than TOPCon
production lines. Complex processing steps, high cost, requirement of major
change in current cell processing are some of the factors that are responsible for a
lower market share of IBC solar cells [69]. According to ITRPV 2024 data, TOPCon
technologies are currently dominating the market and will continue to do so in
the upcoming years. The tandem technology is expected to play a role in the
market share in the upcoming years. Hence, it becomes important to study and
investigate high temperature CSPCs that can be incorporated into tandem solar
cells, which is also the focus of this work.

1.3.2. Perovskite solar cells

Generally, perovskites have the formula ABX3, where ‘A’ and ‘B’ are cations and ‘X’
is anion. In solar cells, two types (i) alkali and (ii) organic-inorganic based halide
perovskites are generally used. In alkali based halide perovskites, ‘A’ could be
cesium, rubidinium, potassium, sodium or lithium. In organic-inorganic based
perovskites, ‘A’ is an organic cation , generally methylammonium, ethyl ammo-
nium or formamidinium or a mixed cation. ‘B’ is a divalent cation such as lead,
tin or germanium. ‘X’ is a halogen anion i.e. bromine, chlorine, iodine or fluorine.
Methyl ammonium lead iodide is one of the commonly used perovskite solar
cell. Some of the advantages of perovskite solar cells are the high absorption
coefficient [72] of perovskite material, wide tunable bandgap [73], long diffusion
length [74], high charge carrier mobility, ease of fabrication, low cost [75] etc.
The wide tunability of perovskite bandgap makes it useful for multijunction solar
cells. Perovskite solar cells have poorer stability as compared to silicon which is a
hindrance in commercialization of perovskites. Most of the reported perovskite
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Figure 1.11: Global market share of different PV cell technologies [71].

solar cells have average lifetimes of less than 0.5 year [76] whereas silicon solar
cells have a lifetime of atleast 25 years. Some of the factors affecting perovskite
solar cells are degradation in presence of oxygen or moisture, temperature, ad-
ditives, thermal stress etc. [77]. Perovskite absorber layers can be deposited via
one-step or two-step solution processing method or vapor deposition methods.
According to the sequence of depositing electron transport layer (ETL), perovskite
absorber and hole transport layer (HTL), perovskite solar cells can be n-i-p (formal
structure) or p-i-n (inverted structure). ETL could be organic such as PCBM or
inorganic such as TiO2 or SnO2. HTL could be organic (SpiroOMeTAD), inorganic
(NiOx) or a polymer (PTAA). Single junction perovskite solar cell efficiency has
seen an increase from 3.8% to 26.7% [78] in few years.

1.3.3. Tandem solar cells

As single junction c-Si solar cells are reaching their theoretical efficiency limit
[80], researchers started looking into ways to further increase the efficiency of
solar cells. One such concept is of tandem solar cells which is stacking one cell
on top of the other cell. Tandem solar cells are useful as they can help reduce
thermalization losses as compared to single junction solar cells. When a solar cell
with a wider bandgap is stacked on top of a solar cell with a narrower bandgap,
better utilization of the spectrum is aimed for. The top sub-cell in a tandem
solar cell absorbs higher energy photons and transmits lower energy photons
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Figure 1.12: n-i-p and p-i-n architecture of perovskite solar cells. Light enters from the bottom of
devices. Taken from [79].

which are absorbed by the bottom sub-cell. In a tandem solar cell, electron-hole
pairs are generated in both the top and bottom sub-cells separately. There are
various types of tandem solar cells such as III- V tandems, III- V/c-Si tandems,
perovskite/perovskite tandems, perovskite/CIGS tandems and perovskite/c-Si
tandem solar cells. The various types of perovskite tandems have been explained
in various literature sources [81–84]. Perovskite/c-Si tandem solar cell is the focus
of this work. Perovskite solar cells are used as top cell in the tandem solar cell
owing to their bandgap in the range (1.55 eV - 1.7 eV), sharp optical edge and
lower material cost. Crystalline silicon solar cells with a bandgap of 1.12 eV are
used as bottom cell in tandem solar cells.

There are different types of tandem architectures depending on their inter-
connection, such as four terminal (4T), two terminal (2T) and three terminal (3T)
tandem solar cells. The interconnection of the 4T, 2T and 3T tandem architectures
are given in figure 1.13. 4T perovskite/c-Si tandem is the mechanical stacking
of top and bottom sub-cells, as shown in figure 1.13 (a). As the top and bottom
cells are fabricated separately in this case, they have their own transport layers
for lateral collection of current that leads to more parasitic absorption losses and
higher fabrication costs. In tandem solar cells, current matching is the concept
of ensuring that both the top and bottom sub-cells generate similar amounts of
electrical current to maximize the device’s efficiency. This requirement typically
applies when the sub-cells are electrically connected in series connection and
they share the same current flow. The advantage of a 4T tandem configuration
is that it does not have the current matching requirement between the top and
bottom sub-cells. So, there is no strict bandgap or thickness selection for the
perovskite absorber needed in the 4T case.

The most common tandem architecture is the monolithic integrated 2T tan-
dem solar cell which is a straightforward integration of the two sub-cells (See
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Figure 1.13: Electrical connection of (a) four terminal (4T), (b) two terminal (2T), (c) three terminal
(3T) middle and (d) three terminal (3T) IBC tandem devices. Taken from [77].

figure 1.13 (b)). Here, the top cell is directly integrated on the bottom cell. In 2T
tandems, the top and bottom sub-cells are electrically connected to each other
via tunnel recombination junction (TRJ). As an example, 2T tandem case has
been shown in figure 1.14 where the electrons are collected from the top sub-cell
and the holes are collected from the bottom sub-cell. The holes from the top
sub-cell and the electrons from the bottom sub-cell recombine in the tunnel re-
combination junction. A 2T tandem has only two electrodes, like a single-junction
cell, resulting in fewer transport layers which means lesser number of deposition
steps, less material usage and lower parasitic absorption in non-active layers.
In a 2T configuration, the current between the top and bottom sub-cells of the
tandem needs to be matched in order to achieve high/optimum efficiency oth-
erwise the current of the limiting sub-cell will reduce the overall current of the
tandem. This makes 2T tandem sensitive to spectral variations as the spectrum
changes throughout the day and location affecting the current-matching condi-
tions. This change in the spectrum means that the sub-cells need to be optimized
for different locations and weather conditions in order to be current matched.
Similar to bi-facial single junction solar cells, tandem solar cells could also be
fabricated without full area metal on rear side making it bi-facial. Since extra light
is absorbed in the bottom cell of the 2T bi-facial perovskite/c-Si tandem solar
cell, the perovskite absorber needs to be either thicker or with a lower bandgap
in order to absorb more photo-current for current matching. High sensitivity to
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spectral variations leads to stringent bandgap selection of perovskite absorber
in bi-facial 2T tandems. Various literature sources give details about bi-facial
perovskite/c-Si tandem solar cells [85–87].

The advantages of both 2T and 4T tandem are combined into a 3T tandem
solar cell. In addition to the front and back electrode, a 3T tandem has a third
electrode for current extraction. This third electrode is added as a middle contact
between top and bottom sub-cells (See figure 1.13 (c)) or as an Interdigitated
back contacted (IBC) added in bottom sub-cell (See figure 1.13 (d)). Unlike the 2T
tandem case, a 3T tandem device does not require current matching and yet has a
monolithic device architecture. However, the interconnection for 3T tandems in a
module circuit is more complex than 2T and 4T tandem cases. 3T tandems are
not the focus of this thesis and will not be discussed further.

Figure 1.14: (a) Fully textured perovskite/c-Si tandem solar cell with 25.2% efficiency. Taken from
[88]. (b) Perovskite/c-Si tandem solar cell with SAM with greater than 29% efficiency. Taken from

[89].

First, perovskite/c-Si tandem solar cells with flat interfaces were fabricated
[90, 91]. Then textured interfaces were incorporated in perovskite/c-Si tandem
solar cell to improve the optics. The first fully textured monolithic perovskite/c-
Si tandem solar cell was developed by F. Sahli et al. [88] (See figure 1.14 (a)).
This fully textured tandem architecture has also been used later in this work
for optical optimization of perovskite/c-Si tandem solar cells (See chapter 4).
Perovskite/c-Si tandem solar cells have shown tremendous growth in terms of
efficiency. The 2T perovskite/c-Si tandem solar cells have shown an increase from
13.7% [92] to 33.9% [93] and 34.6% [94]. After achieving 33.9% and 34.6% efficiency,
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perovskite/c-Si tandem solar cells have surpassed the Shockley-Queisser (SQ) limit
of single junction c-Si solar cells [95]. This tremendous growth is possible due to
extensive research on the top sub-cell, bottom sub-cell and tunnel recombination
junction (TRJ). For the perovskite top cell, the research is related to composition
and thickness of perovskite absorber, development of suitable process on textured
c-Si substrate, introduction of additional passivation layers and additives [88, 89,
91, 96–102]. An example of top cell development in tandem solar cells has been
shown by A Al-Ashouri et al. wherein by incorporating self-assembled monolayer
(SAM) as hole transporting layer instead of PTAA, the perovskite/c-Si tandem solar
cell was shown to have a higher efficiency than 29% efficiency [89] (also shown in
figure 1.14) (b).

Most of the perovskite/c-Si tandem solar cells have silicon heterojunction
as bottom cell [88–91, 103]. Since lead free perovskite absorbers need annealing
temperatures of greater than 200 ◦C that are exceeding the stability of SHJ bottom
cell [104], a temperature stable bottom cell such as poly-Si/poly-SiOx/poly-SiCx

could be useful for future perovskite/c-Si tandem applications. Also, in com-
parison to silicon heterojunction based tunnel junction in a 2T tandem, poly-Si
based tunnel junction has higher thermal stability [105–107] and is compatible
with mainstream PERC technology. Research in the area of perovskite/c-Si tan-
dem solar cells with poly-Si, poly-SiOx and poly-SiCx CSPC is ongoing and has
shown promising results [47, 106, 108–112]. However, it is not as advanced as
perovskite/SHJ tandem technology. In this work, we have studied perovskite/c-Si
tandem solar cells with high temperature CSPCs and compared their performance
with perovskite/c-Si tandem solar cells with SHJ bottom cell.

1.4. Solar cell characteristics

In this section, we describe how the performance of a solar cell is characterized
optically and electrically.

1.4.1. IV and EQE

Performance of a solar cell is characterized by parameters such as short circuit
current (Isc), open circuit voltage (Voc), fill factor (FF) and power at maximum
power point (Pmpp). Efficiency of a solar cell is calculated by output power divided
by input power (equation 1.1). The power at maximum power point is calculated
by the formula given in equation 1.2 wherein Impp is the current and Vmpp is the
voltage at maximum power point condition. The fill factor is defined as the ratio
of the power at maximum power point to the product of (Isc) and (Voc).
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η[%] = P out[W ]

P in[W ]
×100 = V oc[V ]× I sc[A]×F F [−]

P in[W ]
×100 (1.1)

P mpp[W ] = I mpp[A]×V mpp[V ] (1.2)

A solar cell’s efficiency is measured at standard test conditions (STC). The
standard test conditions are defined as measuring the solar cell in Air Mass (AM)
1.5 spectrum, at 1000 W/m2 at 25 °C. The illumination is perpendicular to the
solar cell in STC. The wavelength-dependent performance of solar cell can be
seen from External Quantum Efficiency (EQE) and Internal Quantum Efficiency
(IQE). The EQE is the ratio of number of electrons extracted from the solar cell to
the number of incident photons. The IQE is the ratio of number of electrons given
out by the solar cell to the number of absorbed photons. Figure 1.15 (a) shows
the EQE, IQE and Reflectance spectra of a typical c-Si solar cell and figure 1.15 (b)
shows the J-V curves of a typical solar cell.

Figure 1.15: (a) EQE, IQE and Reflectance of a solar cell (b) J-V curves of a solar cell. Jsc , Jmp , Voc ,
Vmpp stand for short circuit current density, current density at maximum power point, open circuit

voltage, open circuit voltage at maximum power point respectively. Taken from [113].

Since the position of the sun, angle of incidence, irradiance intensity and
temperature change during the day and across the globe, efficiency at STC is not
the best way to assess PV modules performance in outdoor conditions. In this
regard, the energy yield which is the accumulated electrical energy harvested
from a solar module, is a more realistic approach to evaluate the performance
of modules in outdoor conditions. Annual energy yield takes into account these
spectrum and weather variations throughout the year for a specific location. In
this work, we have optically optimized the PV module performance in real world
conditions (See chapter 4). The energy yield analysis has been explained in more
detail in chapter 2 and the results are given in chapter 6.
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1.4.2. Losses in solar cell

Various losses play a role in reducing the efficiency of a solar cell [17]. These
losses can be divided into optical and electrical losses. Largest optical losses in a
solar cell occur due to spectral mismatch. Non-absorption and thermalization
losses are types of spectral mismatch losses. Photons with energy lower than the
absorber bandgap cannot be used by a solar cell. These losses are categorized
as non-absorption losses. High-energy photons incident on a solar cell can be
used if their energy is greater than the absorber’s bandgap energy. However, only
a fraction of energy of these high energy photons is converted into useful energy
as the remaining energy is lost as heat. These losses are termed as thermalization
losses. The other significant optical losses in a solar cell are due to reflection,
transmission and absorption of light by the solar cell stack. Reflection of light
from the solar cell’s front surface and other interfaces lead to reflection losses.
Light that is neither reflected, nor absorbed is transmitted through the solar
cell and constitute the transmission losses. The light that is absorbed in the non-
absorber layers of solar cell does not contribute to its current and is lost as parasitic
absorption in a solar cell. The photons that are absorbed in semiconductor
absorber of a solar cell contribute to its current. The other optical losses in solar
cell occur due to shading from nearby objects. Wavelength-dependent refractive
index (n) and extinction coefficient (k) are used to optically characterize solar cells’
stack layers . Absorption coefficient is calculated from the extinction coefficient
using the equation 1.3.

α[cm-1] = 4×π×k[−]

λ[cm]
(1.3)

The refractive index is the ratio of speed of light in vacuum to the speed of
light in medium. It denotes the bending ability of light when light travels from
one medium to the other. Absorption coefficient denotes how far the light can
travel into the material, before it gets absorbed. Refractive index and absorption
coefficient are wavelength dependent properties of the material, which help in
determining the reflection, transmission and absorption in a solar cell stack of
layers for a given thickness of each layer. Shading of solar cells and modules due
to nearby objects also reduces current and contributes to optical losses in a solar
cell.

Electrical losses also deteriorate the performance of a solar cell by reducing
voltage and fill factor of the solar cell [17]. The voltage is reduced by bulk and
surface recombination of minority charge charge carriers. The recombination
mechanisms in solar cells have been explained in more detail in section 1.2.2.
Series and shunt resistances in a solar cell lead to a reduction of the fill factor.
The bulk resistance of the semiconductor, resistance of metal electrodes and
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the contact resistance between semiconductor and metal contribute to series
resistance in a solar cell. The series resistance is the resistance of the current
path via which the photo-generated carriers reach the external circuit [17]. Shunt
resistance is leakage in current due to defects in solar cell. A low shunt resistance
in a solar cell causes power losses due to alternating current paths for photo-
generated current.

1.5. Aim of the thesis
The aim of this work is to study, optimize, evaluate and integrate high temperature
carrier selective passivating contacts such as poly-Si, poly-SiOx and poly-SiCx in
2T and 4T perovskite/c-Si tandem solar cells and compare their performance with
respect to standard perovskite/c-Si tandem solar cells with SHJ bottom cell. The
primary research objectives are:

1. To find accurate optical constants for high temperature CSPCs which are of
mixed-phase nature such as poly-SiOx and poly-SiCx

2. To study, evaluate and optimize optical performance of mono-facial and
bi-facial 2T, 3T and 4T perovskite/c-Si tandem solar cells with poly-Si, poly-
SiOx and poly-SiCx CSPCs in real world conditions

3. To optimize passivation properties of poly-SiOx CSPC on utra-thin thermal
tunnelling oxide and fabricate poly-SiOx passivated c-Si solar cells.

4. To fabricate poly-SiOx passivated c-Si bottom solar cells for 2T and 4T
perovskite/c-Si tandem solar cells. We choose this CSPC because it is a new
material whose performance in tandem has not been reported so far.

5. To estimate annual energy yield of 2T/4T, mono/bi-facial perovskite/c-Si
tandem modules with poly-SiOx passivated bottom cell and compare them
with perovskite/c-Si tandem modules with standard SHJ bottom cell.

1.6. Outline of the thesis
The outline of the thesis is given below:

Chapter 1: Introduction
This chapter discusses renewable energy with a focus on solar energy, the fun-
damentals of PV and solar cell characteristics. The concept of carrier-selective
passivating contacts have been explained. PV cell technologies with a focus on
perovskite/c-Si tandem solar cells with high temperature carrier-selective passi-
vating contacts have also been introduced.
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Chapter 2: Modelling approaches and experimental methods
In this chapter, the modeling approaches used in this work to optimize the optical
performance of tandem modules are discussed. Both cell and module level mod-
elling approaches are explained. Also, deposition techniques for high temperature
c-Si solar cells based poly-SiOx CSPCs are given. Besides, optical and electrical
characterization methods and procedures for both poly-SiOx based c-Si solar cells
and perovskite/c-Si tandem solar cells are explained.

Chapter 3: Optical characterization of high temperature carrier-selective passi-
vating contacts
This chapter focuses on finding the accurate absorption coefficients of high tem-
perature carrier-selective passivating contacts such as poly-SiOx and poly-SiCx.
Two different techniques, inverse modelling based on reflection-transmission
measurements and photo thermal deflection spectroscopy have been explored.

Chapter 4: Comparing optical performance of perovskite/silicon tandem archi-
tectures under real world conditions
In this chapter, optical study of 2T, 3T and 4T perovskite/c-Si tandem solar cells
with poly-Si, poly-SiOx and poly-SiCx carrier-selective passivating contacts with
respect to tandems with SHJ bottom cell has been performed. Study on bi-facial
tandem solar cells has been included wherein the effect of albedo, perovskite
thickness, bandgap as well as geographical location on its optical performance
has been included.

Chapter 5: Crystalline silicon solar cells with thin poly-SiOx carrier-selective
passivating contacts for perovskite/c-Si tandem applications
In this chapter, the n-type and p-type doped poly-SiOx CSPCs have been opti-
mized. Bottom c-Si solar cells with poly-SiOx CSPCs have been integrated into 2T
and 4T perovskite/c-Si tandem solar cells.

Chapter 6: Predicting annual energy yield of perovskite/silicon tandem mod-
ules with different bottom cell technologies
This chapter focuses on predicting annual energy yield of perovskite/c-Si tandem
modules with different bottom cell technologies such as silicon heterojunction
or novel poly-SiOx passivated c-Si solar bottom cells, using an advanced hybrid
modelling framework. Additionally, the output power of novel tandem with poly-
SiOx passivated c-Si solar bottom cells is optimized in different locations with
respect to different perovskite thickness and bandgaps.

Chapter 7: Conclusions and outlook
This chapter summarizes the key results of this thesis and gives an outlook on
the future research on perovskite/c-Si tandem solar cells with high temperature
carrier-selective passivating contacts.
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1.7. Main contributions to the field
The work carried out in this thesis has helped filling the research gap in the area
of single junction c-Si solar cells and perovskite/c-Si tandem solar cells with high
temperature CSPCs.

The main contributions are summarized herewith :

1. Absorption coefficients of high temperature CSPCs
Optical modelling of solar cells provides important guidelines that help
improving their efficiency. The absorption coefficient of a layer plays an
important role in understanding its optical properties. In this work, we
have determined the accurate absorption coefficients of poly-SiOx and poly-
SiCx doped high temperature CSPCs in the wavelenth range (300-2000 nm)
using a novel inverse modelling approach based on reflection-transmission
measurements. This method could be extended to find accurate absorption
coefficients of other c-Si based CSPCs.

2. Optical performance of perovskite/c-Si tandems with high temperature
CSPCs
This part of the work helps gain insight in the optical performance of 2T, 3T
and 4T perovskite/c-Si tandems in real world conditions. We have demon-
strated that the matched photocurrent density of un-encapsulated per-
ovskite /c-Si tandem solar cells with poly-Si, poly-SiOx and poly-SiCx can go
higher than 20 mA/cm2. Factors affecting optimum perovskite thickness
in current matching in 2T perovskite/silicon tandem solar cells have been
explored. It also contributed to the field of optically optimizing bi-facial
tandems according to albedo, location and perovskite thickness.

3. Optimizing passivation properties and device fabrication with high tem-
perature CSPCs
The passivation provided by textured n-type poly-SiOx CSPC on ultra-thin
thermally grown tunneling SiOx layer has been improved to 710 mV. To
improve the passivation provided by textured p-type poly-SiOx CSPC to 687
mV, a two-step annealing approach was used. Using n and p-type doped
CSPCs, single-junction c-Si solar cell with 20.47% efficiency has been fabri-
cated with low temperature screen printing yielding fill factor greater than
80%. This work helps gain insight in the thermal oxide growth conditions,
annealing and hydrogenation process in forming high temperature CSPCs
and the device study using high temperature CSPCs such as poly-SiOx.

4. Integration of high temperature CSPCs in 2T and 4T tandem solar cells
In this work, we have fabricated 2T and 4T perovskite/c-Si tandem solar
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cells with poly-SiOx passivated c-Si bottom cell. The efficiencies of these 4T
and 2T tandems are 28.1% and 23.2% respectively. To our knowledge, it is
the first time tandem solar cells with poly-SiOx CSPCs have been fabricated.

5. Annual energy yield of tandem modules with high temperature CSPCs
With the help of our hybrid modelling framework, wherein the experimen-
tally obtained and simulated current-voltage curves are combined, we pre-
dicted the annual energy yield of perovskite/c-Si tandem with novel poly-
SiOx passivated c-Si solar bottom cell. This work helps us gain insight on
energy yield of tandems with high temperature CSPCs and compare it with
the performance of reference tandem with SHJ bottom cell. Additionally,
the performance of perovskite/c-Si tandem with novel poly-SiOx passivated
c-Si solar bottom cell is optimized for different locations with respect to
different perovskite thickness and bandgap. This hybrid approach can be
extended to optimize the performance of other novel tandems.



2
Modelling Approaches and

Experimental Methods

Modelling solar cells is an important way to optimize the various parameters of
a solar cell. In this work, we have used GenPro4 [114] and PVMD toolbox [115]
for optical optimization and energy yield analysis of perovskite/c-Si tandem solar
cells and modules respectively. In this chapter, optical and electrical modelling of
solar cells and modules has been explained. Additionally, the tools used during
fabrication and measurement of poly-SiOx passivated c-Si solar cells for single
junction and tandem applications are explained.

2.1. Cell level modelling

2.1.1. Optical model

In this work, Genpro4 has been used to model solar cell optically [114] (See chapter
3 and chapter 4). GenPro4 is an in-house developed optical modelling software
tool where a solar cell is defined as a multi-layer structure [114]. Here, thickness,
refractive index and extinction coefficients of each layer of the solar cell stack are
given as input.

Light travels in a straight line according to ray optics. Ray optics is applied
when the size of the object is large compared to the wavelength of light. When the
size of the object is comparable to the wavelength of light, then effects such as
diffraction can play a role which cannot be explained by ray optics. Hence, light is
considered as an electromagnetic wave in this case. Wave optics is the study of
various phenomena of light such as diffraction, interference, polarization etc.

GenPro4 uses net-radiation method on flat interfaces [116]. GenPro4 takes
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into account interference in ‘coatings’ (thinner than the coherence length of
sunlight (1 µm)) but not in ‘layers’ (thicker than the coherence length of light). For
textured interfaces, the light scattering effect of the texture needs to be taken into
account. GenPro4 utilizes a 3D Atomic Force Microscopy (AFM) scan of textures
for this purpose. For interfaces with textures having feature size smaller than the
wavelength of light, wave optics is applied and scalar scattering model is used in
GenPro4 [117, 118]. When textures with feature size greater than the wavelength
of light are implemented, then the built in ray-optics model is used. Using flat, ray
and wave models as described above, GenPro4 calculates the absoption profile
in coherent and incoherent layers. GenPro4 gives reflectance, transmittance and
absorptance of each layer of the solar cell stack as a function of wavelength.

For a given spectrum (such as AM1.5), the incident spectral power density is
given. This can be converted to the incident spectral photon flux (Φinc(λ)) using
equation 2.1. Here, Einc(λ) is the incident spectral power density and the energy
of each photon is calculated with the formula hc

λ (h = planck’s constant, c = speed
of light in vacuum and λ is the wavelength of light). In equation 2.2, the absorbed
spectral photon flux (Φabs(λ)) is obtained by multiplying the incident photon
flux with wavelength dependent absorptance (obtained from GenPro4). The
photocurrent density is calculated by integrating the absorbed spectral photon
flux, according to equation 2.3, where q is the charge of an electron. λmin and λmax

are 300 nm and 1200 nm respectively for c-Si based single junction and tandem
solar cells.

Φinc(λ) = Einc(λ) · 1
hc
λ

(2.1)

Φabs(λ) =Φinc(λ) · A(λ) (2.2)

Jph = q
∫ λmax

λmin

Φabs(λ)dλ (2.3)

2.1.2. Electrical model

Advanced Semiconductor Analysis (ASA) [119, 120] is a one-dimensional opto-
electronic software that solves the poisson equation and the continuity equations
for electrons and holes and is based on drift diffusion coupled with tunneling and
recombination models. It is used to simulate solar cell structures. In this work,
ASA is used to compute the J-V curves of perovskite and c-Si solar cells at different
temperatures and irradiance levels.
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2.2. Module level modelling
Researchers in the past have focused on finding energy yield of perovskite/c-Si
tandem modules with SHJ bottom cell [121–125]. In this work, the PVMD toolbox
has been used to do optical and energy yield analysis of perovskite/c-Si tandem
solar modules with poly-SiOx passivated c-Si solar cell [115] (See chapter 4 and
6). In this section, the working principle of the PVMD toolbox for module level
modelling has been explained.

Genpro4 computes angle and wavelength dependent absorption in each layer
of the solar cell which serves as an input to ray tracing model [126, 127]. For
bi-facial solar cells, both front and rear irradiance are calculated. Using ray tracing
models [126, 127], the sensitivity map of the PV module is obtained. The sensitivity
map contains the sensitivity of the PV module for light coming from each direction
(See figure 2.1). It ranges from 0 to 1. The sensitivity map is calculated with the
mounting, shading and albedo information given as input such as tilt, size of the
cells, the mounting height, the frame, the distance between cells, etc.

Figure 2.1: Sensitivity map of a perovskite/c-Si tandem module with poly-SiOx passivated c-Si solar
cell in Rome with a tilt of 27 ◦.

The weather model computes the sky map with the Perez [128] and SMARTS
or SBDART [129–131] models. The Perez model determines the intensity of irra-
diance while SMARTS or SBDART determine the spectral shape of the incoming
irradiance. The sky map contains information on how much light comes from
each direction (See figure 2.2). The product of the sky map and sensitivity map
is integrated over the whole sky to find the total irradiance absorbed by the PV
module and its corresponding photo-current density [127]. This photo-current
density is simulated for every hour of the year. In chapter 4, we have used the
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yearly average photo-current density to compare different tandem architectures
and optimize the perovskite thickness in 2T tandems for different locations. Tak-
ing the absorbed irradiance, ambient temperature, wind speed, module efficieny
at STC as input, the thermal model calculates the temperature of each cell of the
module for every hour of the year using the fluid dynamic model [132].

Figure 2.2: Sky map for a sunny instant in time (DNI = 905 W/m2 and DHI = 111 W/m2). Taken
from [127]. DNI and DHI stand for direct normal irradiance and diffuse horizontal irradiance

respectively.

In addition to the absorptance (see section 2.1.1), GenPro4 also computes the
generation profile of the multi-layer solar cell which serves as an input to ASA
software. ASA computes the temperature and irradiance dependent J-V curves of
the top and bottom cells. Alternatively, temperature and irradiance dependent
JV curves obtained from measurements can be given as input. This was done
for the poly-SiOx passivated c-Si solar cell, as shown in chapter 6. These J-V
curves are then fitted with a one-diode circuit model (as shown in figure 2.3) to
obtain the temperature and irradiance dependent diode parameters for each of
the cell. The corresponding equation for the one diode equivalent circuit is given
in equation 2.4. Here, I is the output current, V is the output voltage, Iph is the
photo-generated current, n is the ideality factor, Io is the saturation current, Rs is
series resistance, Rsh is the shunt resistance, kB Boltzmann constant and T is the
temperature of the cell.
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Figure 2.3: One-diode equivalent circuit model. Here, Iph is the photo-generated current, n is the
ideality factor, Io is the saturation current, Rs is series resistance, Rsh is the shunt resistance and V

is the output voltage.

I = Iph − I0

[
exp

(
q(V + I Rs)

nkbT

)
−1

]
− V + I Rs

Rsh
(2.4)

Using Lumped Element Model [115] and Lambert W function [133], allows the
fast calculation of the module level JV curves by series connecting all cells in the
module. The input parameters are photo-generated current, temperature of each
cell of the module and temperature and irradiance dependent diode parameters.
More details about these electrical simulations can be found in Ref. [134]. From
these simulated J-V curves for every hour of the year, the output power of the
module and, correspondingly, the annual energy yield are obtained. Chapter 6
includes the results of the energy yield of poly-SiOx passivated perovskite/c-Si
tandem modules and its comparison with SHJ tandem modules.

2.3. Fabrication of Poly-Si alloys passivated solar cells

In this section, the tools used during fabrication of poly-SiOx passivated c-Si
solar cells are explained. These tools are used in chapter 5 to fabricate poly-SiOx

passivated c-Si solar cells.

2.3.1. Cleaning and Texturing

Phosphorus doped n-type float-zone (FZ) c-Si wafers from Topsil company have
been used for fabrication of poly-SiOx passivated c-Si solar cells. N-type wafers
are used over p-type wafers due to higher minority lifetime of n-type bulk wafers
[135, 136]. Moreover, the p-type wafers show light induced degradation effect
[137]. The boron in p-type wafers forms boron-oxygen complexes which act as
recombination centres. The specifications of the wafer are given in table 2.1.
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Table 2.1: Wafer Specifications

Parameter Value
Resistivity (Ω cm) 1-5
Diameter (mm) 100 ± 20
Orientation <100>
Thickness (µm) 280 ± 20

These polished wafers are then textured to increase the absorption and reduce
reflectance in solar cells. An anisotropic etching is done to form pyramids like
structure, showing <111> orientation. For texturing, the wafers are immersed
in Tetramethylammonium Hydroxide (TMAH) aqueous solution (TMAH and
water in the ratio 1:4 along with 120 ml of ALKA-TEX 8 from GP-Solar-GmbH)
maintained at 80 ◦C for 15 minutes. In this work, single side textured and double
side textured wafers are used. For single side texturing, first silicon nitride (SiNx) is
deposited on one side to protect the wafers from texturing. Later, that protective
(SiNx) is etched with Buffered Hydrofluoric (BHF) Acid. After this, the standard
procedure of cleaning of wafers is followed. First the wafers are dipped in HNO3(99
%) to remove organic contaminants and then rinsed in de-ionised water. This is
followed by HNO3(69.5 %) and DI water rinsing to remove inorganic contaminants.
The formation of native oxide on wafer during cleaning procedure is removed by
marangoni cleaning wherein the wafers are dipped in 0.55 % HF and rinsed in DI
water and Iso-propanol (IPA).

2.3.2. Thermal Oxidation

Next, thin tunneling oxide layer of 1-2 nm is formed via thermal oxidation on
the c-Si wafers in a Tempress tube furnace. The c-Si wafers are kept in a quartz
boat in the furnace. First, the furnace is flushed with nitrogen gas and then
the temperature is ramped up to a desired set-point. In the high temperature
environment, oxygen gas is flushed into the furnace to initiate the oxidation
process. The oxygen atoms diffuse in the silicon surface to form thin silicon
dioxide layer on the surface of c-Si wafer. Thermal oxidation can take place via dry
oxidation or wet oxidation method. Dry oxidation uses oxygen as pure gas whereas
wet oxidation uses oxygen in the form of water vapour/steam. Dry oxidation is
slower and produces a thinner and denser layer. In this work, we have used dry
oxidation method to form thin tunneling oxide on c-Si wafers.
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2.3.3. Low Pressure Chemical Vapour Deposition (LPCVD)

Amorphous-silicon (a-Si) is deposited by Low Pressure Chemical Vapour Depo-
sition (LPCVD) process. LPCVD is thermally driven wherein the precursor gases
introduced in the reaction chamber undergo a chemical reaction on the surface
of substrate to deposit thin film. 10 nm of a-Si layer is deposited at 2 nm/min rate
at 580 ◦C at a pressure of 150 mTorr and a silane (SiH4) gas flow rate of 45 sccm. In
LPCVD, the thin films deposited are more uniform, denser and have lower defects
as compared to films deposited by Plasma Enhanced Chemical Vapour Deposition
(PECVD) process. After intrinsic a-Si deposition, marangoni is used to remove
native oxide from LPCVD grown intrinsic a-Si surface.

2.3.4. Plasma Enhanced Chemical Vapour Deposition (PECVD)

Figure 2.4: (a) PECVD chamber used for deposition of a-SiOx:H (b) Schematic of a typical PECVD
chamber. Taken from [138].

Doped amorphous silicon oxide (a-SiOx:H) is deposited using plasma en-
hanced chemical vapour deposition (PECVD) process at a pressure of 1-2 mbar.
In PECVD process, plasma enhances the chemical vapour deposition process.
The reactant gases are introduced in between the RF electrode and the ground
electrode. Due to the plasma created by an electric field generated from a RF
power source (commonly at 13.56 MHz), the reactant gas ionizes and reacts on
the surface of the wafer to form thin film. The reactant gases are silane (SiH4),
carbon dioxide (CO2) and hydrogen (H2) for poly-SiOx passivating contacts. For
poly-SiCx passivating contacts, methane (CH4) is used. Phosphine (PH3) and
diborane (B2H6) gases are used as doping sources. The PECVD process takes
place at lower temperture (200 ◦C - 350 ◦C). The PECVD chamber, used in this
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work, is shown in figure 2.4 (a) and its schematic is shown in figure 2.4 (b) .

High temperature annealing (900 ◦C - 950 ◦C), in nitrogen atmosphere, is
performed on the wafers to crystallize the a-SiOx:H layer into poly-SiOx and
activate the dopants within. Since hydrogen effuses out of the SiOx /c-Si interface
after such high annealing step leaving dangling bonds, a hydrogentaion step is
performed. In our case, SiNx :H capping is deposited from ammonia and silane
gases using PECVD at 400 ◦C. Thereby, forming gas annealing is done at 400 ◦C for
an hour. Later, SiNx layer is removed with a BHF dip.

2.3.5. RF Magnetron Sputtering

RF magnetron sputtering is used to sputter Indium tin oxide (ITO) on desired
areas of the solar cell stack using a mask. Sputtering is a physical vapor deposition
method wherein the target is bombarded by plasma of argon ions to deposit thin
films. The plasma is created by RF power source. ITO is 90% indium oxide and
10% tin oxide. ITO helps in lateral transport of charge carriers. Front ITO also
acts as anti-reflection coating and can be optimized to minimize reflection. In
case ITO is deposited on the rear side, it acts as a back side reflector. Due to the
sputtering damage caused by bombardment of ions, the passivation is reduced
[139, 140]. Annealing at temperatures between 200-400 ◦C helps recovering of the
passivation [141–143]. In this work, a TCO recovery annealing of 400 ◦C for 1 hour
is done in hydrogen atmosphere.

2.3.6. Screen Printing and Thermal Evaporation

Finally, the metallic contacts are deposited on solar cells. Such contacts collect
charge carriers in a solar cell but also affect the optical properties of the solar cell.
Their usage needs to be minimized especially at the front side of the solar cell
as they prevent some light from being absorbed. For single junction solar cells,
screen printing technique is used, whereas for tandem applications, the metal
is thermally evaporated over the full area on the rear side. Screen printing is a
technique that uses a stencil to transfer ink or paste onto the substrate through
a mesh screen, using a squeegee. Samples are then annealed at 170 ◦C for 30
minutes to ensure contact formation. Thermal evaporation is a vacuum process
wherein the metal is heated and it condenses on the substrate as a thin film. In
both techniques, silver (Ag) was used as the metal.

For more details about processing perovskite and tandem solar cells, refer to
chapter 5.
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2.4. Electrical Characterization methods

2.4.1. J-V curves

The J-V curves of single junction c-Si solar cells, shown in this work, are mea-
sured with a AAA class Wacom WXS-90S-L2 solar simulator (See figure 2.5). This
solar simulator has a xenon and halogen lamp to mimic the AM 1.5 spectrum,
1000 W/m2 intensity at a temperature of 25 ◦C. In this way, the solar simulator
creates sunlight spectrum in an artificial controlled environment and the JV mea-
surements of the cell are done at STC conditions. There is a voltage sweep and
the corresponding current is measured for each voltage using four point probe
method. For 4T perovskite/c-Si tandem solar cells, the measurement is done as
given in Ref. [144]. First, the perovskite cell’s J-V and EQE are measured as single
junction against a black background to avoid reflection and overestimation of
current. The transmitted spectrum is multiplied with the EQE of c-Si solar cell to
get the filtered EQE of the c-Si solar cell in 4T tandem configuration. The Jsc of
the bottom cell is calculated from this filtered EQE. The voltage and fill factor of
the bottom c-Si solar cell in 4T tandem configuration is measured at the reduced
intensity without affecting the spectral shape.

Figure 2.5: Wacom setup used in this work.

2.4.2. EQE

The External Quantum Efficiency (EQE) setup is used to measure the ratio of out-
put current (charge carriers) of a solar cell with respect to the incoming photons
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for each wavelength. In this work, an EQE setup is used to measure the EQE from
300 nm to 1200 nm, as shown in figure 2.6. Short circuit current density (Jsc)
can be calculated from the EQE curve by integrating the EQE curve with spectral
photon flux in the relevant wavelength range, as given in equation 2.5. For a single
junction solar cell, the EQE setup has a lamp which is the light source. Light passes
through a monochromator that selects the desired wavelength of light and then
light passes through the beam splitter which divides the light into two beams. One
beam goes to the sample being measured and the other beam of the light goes
to the reference photo-diode. By measuring the wavelength dependent current
in photo-diode and sample solar cell, EQE of the solar cell is obtained. For 2T
perovskite/silicon tandem solar cell, EQE of the target sub-cell is measured by
using an additional bias light, which saturates the non-target sub-cell. By doing
so, the current of the target sub-cell becomes the limiting current and the EQE of
the target sub-cell is measured.

Jsc =
∫ λmax

λmin

EQE(λ) ·q ·Φinc(λ)dλ (2.5)

Figure 2.6: EQE setup used in this work.

2.4.3. Minority carriers lifetime measurement

Sinton WCT-120 Lifetime Tester [145] is used for these measurements, as shown
in figure 2.7. It uses a flash lamp to generate excess carriers in the silicon wafer
which increases the photoconductance. These excess carriers recombine and
the photoconductance decay is measured by the lifetime tester. The lifetime of
minority carriers is obtained from this photoconductance decay. If the lifetime is
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higher than 100 µs then it is most accurate to use the transient mode. For smaller
than 100 µs lifetime, Quasi-Steady-State Photoconductance (QSSPC) mode is
used. From these measurements, the implied Voc (iVoc ) is obtained.

Figure 2.7: Sinton WCT-120 Lifetime Tester measurement system.

2.5. Optical characterization methods

2.5.1. Photothermal Deflection Spectroscopy (PDS)

This technique is used in Chapter 3 to detect weak absorption of n and p-type
doped poly-SiOx and poly-SiCx layers in the infra-red region. The PDS setup used
in this work is shown in figure 2.8.

Figure 2.8: Photothermal Deflection Spectroscopy setup used in this work.

The absorptance, reflectance and transmittance are measured at the same
spot. For this measurement, the layer is deposited on quartz, immersed in FC-72
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liquid. When the incident light falls on the layer to be measured, it increases the
temperature of the layer which generates heat. Since quartz is non-absorbing,
this heat is transferred to the surround liquid and thermal waves are generated,
which changes its index of refraction and deflects the laser beam. The amplitude
of the oscillation of the laser beam is read by a position detector and a lock in
amplifier and then is converted into absorptance.

2.5.2. Raman Spectroscopy

Raman spectroscopy uses laser beam to identify the vibrational modes in a mate-
rial. Due to the interaction of laser beam with vibrations of molecules in a material,
the energy of photon is shifted which is used to determine vibrational modes of
the material. For these measurements, Renishaw’s inVia Raman microscope is
used, as shown in figure 2.9. These measurements are performed on poly-SiOx

layers with increasing oxygen content (See chapter 3) to determine the amor-
phous and crystalline phase. In Raman spectroscopy, 532 nm (green) and 633 nm
(red) laser beams are commonly used to measure phase of silicon semiconductor.
These wavelengths are effective because they excite the phonon vibrations in
silicon, providing clear and strong Raman signals that reveal information about
the material’s crystalline structure.

Figure 2.9: Raman measurement setup used in this work.

2.5.3. Reflection-Transmission (RT) measurements

The wavelength dependent Reflection-Transmission (RT) measurements are per-
formed on double side textured wafers with poly-SiOx and poly-SiCx CSPCs in
chapter 3. PerkinElmer Lambda 950 spectrophotometer, shown in figure 2.10(a),
is used for these measurements. It is a dual beam photometer with a deuterium
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lamp which produces ultraviolet (UV) light and a halogen lamp which produces
visible and near infrared light (Vis-NIR) light beam. A monochromator selects the
light component wavelengths and a beam splitter divides the beam into reference
beam and sample beam. Using lenses, the beam of light is focussed such that it
falls perpendicular on the sample. These measurements use an integrating sphere
which is made of a highly reflective and scattering inner surface due to which
the light bounces multiple times and stays inside the sphere. A photodetector
inside the integrating sphere collects and measures the reflected or transmit-
ted light intensity scattered in all directions. The intensity difference between
sample beam and reference beam is detected. The detector transitions from pho-
tomultiplier to lead sulphide detector at 870 nm. A schematic representation of
spectrophotometer is shown in figure 2.10(b).

Figure 2.10: (a) PerkinElmer Lambda 950 spectrophotometer (b) Schematic of the
spectrophotometer. Taken from [146].
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2.5.4. Ellipsometer

Ellipsometer measures the change in polarization of light when it is reflected off
the surface of thin film [147]. The two key parameters that are measured are am-
plitude of ratio of reflected light and the phase shift that occurs between different
polarized components of light after reflection. Ellipsometry measurements, are
performed in this work using M-2000 ellipsometer by J.A. Woollam (See figure
2.11(a) and (b)). Fitting the obtained data from ellipsometer measurements in
CompleteEase software [148, 149], we obtain the thickness, refractive index and
extinction coefficient of poly-SiOx and poly-SiCx CSPCs (See chapter 3). These
values are subsequently used for optical simulations in chapter 4.

Figure 2.11: (a) schematic of the ellipsometer. Taken from [150] (b) M-2000 ellipsometer by J.A.
Woollam used in the experiment.

2.5.5. Electrochemical Capacitance Voltage (ECV) profiling

ECV is used to determine doping concentration and doping profile in semiconduc-
tors. The semiconductor is placed in an electrolyte to form an electro-chemical
cell. When a bias voltage is applied between electrolyte and semiconductor, a
depletion region is formed between semiconductor/electrolyte interface. On mea-
suring the capacitance of this depletion region, its width can be calculated. The
width of the depletion region is a function of the applied voltage and is inversely
proportional to the doping concentration. On plotting the capacitance (width) Vs
voltage, the doping concentration is obtained. In order to get a depth profile of the
doping concentration, the semiconductor is etched and at each step, capacitance
is measured. ECV profiling is used in chapter 3 to find doping profile of p-type
poly-SiOx on c-Si wafer.
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Abstract

The optical modelling for optimizing high-efficiency c-Si solar cells endowed with
poly-SiOx or poly-SiCx carrier-selective passivating contacts (CSPCs) demands a
thorough understanding of their optical properties, especially their absorption
coefficient. In this work, the absorption coefficient of doped poly-SiOx and poly-
SiCx layers as function of oxygen and carbon content, respectively, was obtained
for wavelengths (300-2000 nm) by means of two alternative techniques. The first
approach, photothermal deflection spectroscopy (PDS), was used for layers grown
on quartz substrates and is appealing from the point of view of sample fabrication.
The second, a novel inverse modelling (IM) approach based on reflectance and
transmittance measurements, was instead used for layers grown on textured c-Si

41

https://www-sciencedirect-com.tudelft.idm.oclc.org/science/article/pii/S0927024820301112
https://www-sciencedirect-com.tudelft.idm.oclc.org/science/article/pii/S0927024820301112


3

42
3. Optical characterization of poly-SiOx and poly-SiCx carrier-selective

passivating contacts

wafer substrates to mimic symmetrical samples. Although the absorption coeffi-
cients obtained from these two techniques slightly differ due to the different used
substrates, we could successfully measure weak free carrier absorption (FCA) in
our CSPCs layers. Using an in-house developed multi-optical regime simulator
and comparing modelled reflectance and transmittance with measured counter-
parts from symmetrical samples, we confirmed that, as expected, with increasing
doping concentration FCA increases; and found that the absorption coefficients
obtained from IM can now be used to perform optical simulations of these CSPCs
in solar cells.

3.1. Introduction

Polycrystalline silicon (poly-Si) has proven to be a dominating candidate in the
field of carrier-selective passivating contacts (CSPCs) [59, 151–153]. However,
doped poly-Si suffers from high free carrier absorption (FCA), which has turned
the attention of the researchers towards new wide bandgap materials, such as
polycrystalline silicon oxide (poly-SiOx ) and polycrystalline silicon carbide (poly-
SiCx ). In these materials, the optoelectronic properties depend on oxygen [38]
and carbon [63] content. Poly-SiOx layers are promising candidates as CSPCs for
high-efficiency c-Si solar cells [38, 154–156], with implied VOC up to 740 (716) mV
for n-type (p-type) doping [38, 157] on flat wafers. Symmetric samples of n-type
(p-type) poly-SiCx layers have shown an implied VOC as high as 746 mV (735 mV)
[63, 158] on flat wafers. To increase the efficiency of front/back-contacted (FBC)
and interdigitated back-contacted (IBC) c-Si solar cells endowed with poly-SiOx

or poly-SiCx CSPCs, opto-electrical modelling can provide guidelines. So far,
researchers have mostly focused on structural [156, 159] and electrical properties
[160, 161] of these layers. However, not much extensive research has been done
to optically characterize these poly-SiOx and poly-SiCx layers. In this respect, it is
instrumental to know — in first place — the absorption coefficient (α), because
it is a crucial parameter for understanding the optical properties of these mixed
phase materials [38, 156, 161].

The goal of this work is therefore to obtain accurate absorption coefficients of
doped poly-SiOx and poly-SiCx layers, that can be used for the optical simulations
of solar cells with these CSPCs. We first investigate if the substrate affects the
absorption coefficients of these CSPCs. Then, we also study the effect of changing
the oxygen and carbon concentration on the optical properties of our in-house
developed poly-SiOx and poly-SiCx layers, respectively.

Owing to their non-trivial structural nature, the approach based on spectro-
scopic ellipsometry (SE) is prone to under-/over-estimation of the absorption
coefficients [38]. Also, weak absorption is difficult to detect using SE [162]. A pos-
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sible alternative technique could be photothermal deflection spectroscopy (PDS),
which has been previously used to directly measure the absolute absorption in
thin films and is sensitive to absorption values lower than 1% [163].

We have therefore deployed the absolute PDS technique to measure the ab-
sorption coefficient of doped poly-SiOx and poly-SiCx layers. For non-absorptive
substrates must be used, layers have been deposited on fused silica quartz sub-
strates. However, in solar cells, these CSPCs layers are deposited on (textured)
c-Si wafers, for which the optical properties may be different. Thus, for optical
simulations of solar cells with these CSPCs layers, it is necessary to investigate
if the absorption coefficients obtained from PDS on a quartz substrate can be
used. Hence, absorption coefficients from PDS are used as an input for optical
simulations using GenPro4 [114] to generate reflection (R), transmission (T) and
absorption (A) spectra of these highly-transparent CSPCs on flat or textured c-Si
wafer substrates.

This two-step process – (i) PDS-based absorption coefficients of flat samples
(ii) verified on simulated absorption spectra of (textured) c-Si wafers – may not
always give an accurate fit. Therefore, we have used also another method, the
so-called inverse modelling (IM). This method allows to derive absorption coeffi-
cients directly from reflectance/transmittance (RT) measurements of symmetric
c-Si samples coated both sides with CSPCs. As RT measurements typically have an
accuracy of 1%, this method is usually not sensitive enough for weakly absorbing
films, for instance layers that absorb less than 1% of the incident light. Rudiger et
al. increase the sensitivity of the RT measurements by utilizing textured c-Si wafers
in which weakly-absorbed light can be efficiently trapped. This enhances the path
length up to a factor of 50, resulting in a significant absorption enhancement [164].
Therefore, the cumulative multi-pass absorption can be detected using conven-
tional RT measurements, even when the single-pass absorption is much less than
1% [165]. However, Rudiger et al. used a silver (Ag) back reflector, whose optical
properties depend on the deposition conditions [166]. The drawback of including
an Ag back reflector is that in optical simulations, when Ag has slightly different
optical properties compared to the ones used in simulations, it might attribute
too little absorptance to Ag and too much to the layer under test, or vice versa. We
improve this method by considering symmetrical samples without metal back
reflector. This eliminates the need to account for absorption in the metal and the
corresponding errors that this might introduce. Rudiger et al. use this method to
measure the FCA in doped regions inside the c-Si wafer. In our RT measurements,
for photon energies lower than that of c-Si bandgap and knowing wafer’s resistivity
(i.e. the base doping concentration), we can attribute the absorption mainly to the
investigated CSPCs thin film. Then, if the film thickness is known, we hereby show
that the corresponding absorption coefficients can be obtained through IM. The
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absorption coefficients obtained from PDS measurements have been obviously
compared to those obtained from IM and found differences will be discussed
here.

3.2. Experiments and methods

3.2.1. Sample preparation

To prepare flat n-type doped poly-SiOx layers, suitable for certain optical measure-
ments, hydrogenated amorphous silicon oxide (a-SiOx :H) was deposited using
plasma enhanced chemical vapour deposition (PECVD) technique on fused silica
substrates. The sample structure is shown in Figure 3.1(a). A combination of gases
such as carbon dioxide (CO2), molecular hydrogen (H2), silane (SiH4) was used as
basis, while phosphine gas (PH3) was used as n-type doping source. For p-type
doped poly-SiOx layers, diborane gas (B2H6) was used as p-type doping source.
For poly-SiOx layers, we defined volumetric flow rate RCO2 ratio as:

RCO2 =
CO2

CO2 +Si H4
(3.1)

to rank our doped poly-SiOx layers as a function of oxygen content. These
layers were annealed at 850 ◦C for 45 minutes. After high temperature annealing,
these amorphous layers became poly-crystalline with phosphorous doping atoms
being activated. Similarly (see Figure 3.1a), for n-type doped poly-SiCx layers, we
deposited first hydrogenated amorphous silicon carbide (a-SiCx :H) from H2, SiH4

and methane (CH4) gases as basis and again PH3 as n-type doping source. For
p-type doped poly-SiCx layers, B2H6 gas was used as p-type doping source. In this
case, the volumetric flow rate ratio RCH4 was defined as:

RC H4 =
C H4

C H4 +Si H4
(3.2)

and was used to rank doped poly-SiCx layers as a function of carbon content.
These layers were also annealed at 850 ◦C albeit for a shorter amount of time (5
minutes) with respect to poly-SiOx counterparts. Other defined ratios are RPH3 =

PH3
PH3+SiH4

and RB2H6 = B2H6
B2H6+SiH4

to study the effect of varying doping concentration
on the optical properties of our layers. The deposition parameters are given in
Table 3.1.

Table 3.1: Deposition parameters of n-type doped poly-SiOx and poly-SiCx layers.

Type Tsubstr ate (°C) Pdeposi t i on (mbar) Power density (W/cm2)
poly-SiOx 180 1 0.035
poly-SiCx 180 0.7 0.021
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Afterwards, we also prepared n-type and p-type doped poly-SiOx and poly-
SiCx layers on textured c-Si wafers. Float zone (FZ) double-side polished n-type
c-Si wafers (thickness: 280 ± 20 µm, orientation: <100>, resistivity: 1-5 Ω cm)
were chemically textured in a solution containing TMAH, AlkaText◦ surfactant
and water to obtain pyramids on both sides. Then, a thin layer of tunnelling SiO2

[151] was wet-chemically grown on both sides by nitric acid oxidation of silicon
(NAOS). These substrates were loaded in PECVD equipment to be coated on both
sides by n-type or p-type doped a-SiOx :H or a-SiCx :H layers. All samples were
annealed at 850 ◦C for 45 minutes in case of poly-SiOx and 5 minutes in case of
poly-SiCx . The structure of these samples is sketched in Figure 3.1(b).

Figure 3.1: Samples (a) are for PDS, Raman and SE measurements; samples (b) are for RT
measurements.

3.2.2. Characterization methods

Raman measurements were performed using Renishaw’s inVia Raman micro-
scope at an excitation wavelength of 514 nm. The equipment was calibrated by
measuring the sharp peak at 520.5 cm−1 on a c-Si wafer. SE measurements were
performed using a J. A. Woolam ellipsometer to obtain the refractive indices and
absorption coefficients of these layers. The absorptance of poly-SiOx and poly-
SiCx layers were measured using two complementary techniques: PDS and RT.
PDS measures the absorption in CSPCs layers on a quartz substrate whereas the
RT technique measures the absorption in CSPCs layers on a (textured) c-Si wafer
substrates. PDS measures the deflection of a laser beam passing through a cuvette
filled with a suitable liquid (FC72 in our case), due to the heat absorbed by the
layer under test immersed in the cuvette. The setup used for PDS measurements
is shown in Figure 3.2. More details about this technique can be found elsewhere
[163]. For these measurements, we used samples as in Figure 3.1(a), whose quartz
substrate does not contribute to absorption.
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Figure 3.2: Schematic sketch of the absolute PDS setup used in this work.

For obtaining the wavelength-dependent absorption coefficient using the
absolute PDS method [163], RPDS, TPDS and APDS spectra have been simultane-
ously measured at the same spot in the wavelength range from 300 nm to 2000
nm. RPDS and TPDS were measured with two independent detectors opportunely
placed on the optical table and coupled with the PDS setup. In Figure 3.3, these
curves have been plotted for n-type doped poly-SiOx layer. Similar to the finding
of Zdenek et al. [163], we find that 1-RPDS-TPDS spectrum aligns well with the
measured absorption APDS. For the RT measurements, total R and T of symmetric
samples were measured using a Perkin Elmer Lambda 1050 equipped with an
integrating sphere accessory. In the wavelength 300 to 860 nm, the spectral slit
width is 2 nm and the integration time of the photomultiplier tube detector was
set to 0.4 s. In the wavelength range of 860 to 2000 nm, the spectral slit width varies
from 5 to 20 nm and it uses InGaAs detector with integration time set to 1 s. The
spectrophotometer was calibrated by measuring the reflectance of a calibrated
highly reflective reference sample (Spectralon) and a dark measurement (i.e. with
the light beam blocked). We measured the centre spot of the samples in both
reflectance and transmittance measurements. Table 3.2 gives an overview of the
executed measurements and their related samples.
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Table 3.2: Samples for PDS, SE, Raman, and RT measurements.

Experiment Name Substrate Type of layer dlayer [nm] RCO2 or RCH4 or RPH3 or RB2H6

PDS RCO2 quartz poly-SiOx (n) 100 [0 - 0.83]
RCH4 quartz poly-SiCx (n) 100 [0.54 - 0.85]

RT F0 Flat wafer - - -
F1 Flat wafer poly-SiCx (n) 30 0.69
X0 Textured wafer - - -
X1 Textured wafer poly-SiCx (n) 30 0.69
X3 Textured wafer poly-SiCx (p) 30 0.69

X1-RPH3 Textured wafer poly-SiCx (n) 30 [0.13 - 0.33]
X3-RB2H6 Textured wafer poly-SiCx (p) 30 [0.13 - 0.33]

X2 Textured wafer poly-SiOx (n) 60 0.62
X4 Textured wafer poly-SiOx (p) 37 0.20

X2-RPH3 Textured wafer poly-SiOx (n) 40 [0.33 - 0.83]
X4-RB2H6 Textured wafer poly-SiOx (p) 37 [0.11 - 0.65]

Figure 3.3: RPDS, TPDS, and APDS spectra measured at the same spot of an n-type doped poly-SiOx
layer on quartz substrate. 1−TPDS −RPDS and APDS spectra coincide, even though they come from

different detectors for RPDS and TPDS and CCD camera for APDS [163].

3.2.3. Optical modelling

The refractive index and absorption coefficients are obtained from ellipsometer
using Cody-Lorentz model. As we will show in section 3.3.1, our CSPCs are mixed
phase materials, and we considered using Effective Medium Approximation (EMA)
but this approach did not improve the fit further. It is possible to add a Drude term
to represent FCA, as commonly done for metals [167–169]. However, Drude model
possesses several deficiencies [170]. In our samples FCA is relatively weak, adding
a Drude term did not lead to satisfactory results. Varying input parameters of
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Drude model, and therefore varying absorption coefficients at long wavelengths,
did not significantly affect the quality of the ellipsometry data fit. This implies that
the Drude model, when used for our layers, can give widely different absorption
coefficients. As obtained absorption coefficients would not be reliable, the Drude
term was not included. GenPro4 is an optical model for simulation of solar cells
in which ray optics and wave optics are combined [114]. It is suitable for quickly
and accurately simulating c-Si solar cells with multilayer structures [114]. In this
study, we have used GenPro4 to simulate the thin films deposited on both sides
of textured wafers (see Figure 3.1(b)). The needed absorption coefficients were
derived using two methods: the Ritter-Weiser applied on PDS spectra and the IM
from RT spectra. To obtain wavelength-dependent α of flat layers on quartz from
PDS, the Ritter-Weiser formula [163] was used:

2e(αd) = (1− r )

(
1+ APDS

TPDS

)
+

√
(1− r )2

(
1+ APDS

TPDS

)2

+4r (3.3)

where absorptance, transmittance and thickness are denoted by A, T and d,
respectively, and the ratio r is defined as

r =
(n −m

n +m

)2
(3.4)

In Equation 3.4, n and m are the real parts of the refractive indexes of the
layer under test and of the surrounding medium (in our case, FC72), respectively.
Wavelength-dependent n and d of the layer were obtained by SE deploying a
Cody-Lorentz fitting.

Spitzer et al. provided a detailed physical model for absorption by free charge
carriers, taking into account their interaction with the lattice and impurities
[171, 172]. The model has been validated for crystalline materials, including c-Si,
but it is not directly applicable to the amorphous/crystalline mixed-phase mate-
rials like the poly-Si alloys hereby considered [172]. For deriving the absorption
coefficient from the absorptance of a layer on textured c-Si substrate, we used
the IM approach [165]. This approach is executed using Genpro4 software. For
our specific purpose of determining the absorption coefficients of mixed phase
materials, the Rudiger model, despite its empirical nature, is an improvement
of Schroeder [173] and Green [174] models and therefore is used in this work.
Rudiger has given the following equations to calculate the absorption coefficients
due to FCA in p-type and n-type highly-doped c-Si, respectively [165]. Here, λ is
the wavelength, p and n are the doping concentrations:

αFC,p (cm−1) = 2.6×10−18 ×
(
λ

µm

)2.4

× p

cm−3 (3.5)
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αFC,n (cm−1) = 1.8×10−18 ×
(
λ

µm

)2.6

× n

cm−3 (3.6)

We assume that in the wavelength range from 800 to 2000 nm, the absorption
coefficient is due to the FCA (αFC), and is given by the following equation [165]:

αFC (cm−1) =C ×
(
λ

µm

)x

(3.7)

where constant C and exponent x are fitting parameters. At short wavelengths,
these CSPCs layers have high absorption coefficient and the free carriers’ contri-
bution is almost negligible. On the other hand, at long wavelengths the FCA starts
to play a dominating role. SE is expected to accurately detect the absorption at
shorter wavelengths but not the weak absorption at longer wavelengths. Hence,
we use the absorption coefficients from SE measurements (αe ), combined with
those due to FCA accrued from IM approach by choosing accurately C and x in
Equation 3.7 (α=αe +αFC ). In this way we are able to get the absorption coeffi-
cients in entire wavelength range from 300 to 2000 nm. The input thickness of the
layer on textured wafer, that is used for these simulations, is calculated by dividing
the thickness of layer on flat surface by a factor of 1.7. The contribution of the
in-diffused region is relatively small, but the FCA in the in-diffused regions has
been incorporated into the model nonetheless. The in-diffused layer has been
modelled as a separate layer in the optical model with effective thickness ‘d ’ and
uniform doping concentration C0. We choose C0 as the surface concentration,
while the effective thickness follows from the following equation [175]:

d = Cn

C0
(3.8)

Here Cn is the areal concentration which is calculated by integrating the
doping profile in c-Si. The refractive index (‘n’) for doped Si varies less than 15%
due to FCA within the doping range (1015 to 1021 cm−3) whereas αFC A varies over
several orders of magnitude in the same doping range [176]. Hence, it is safe to
assume the refractive index ‘n’ of intrinsic silicon for our in-diffused layer too.
The absorption coefficients (α) used for our in-diffused layers are calculated from
Rudiger’s Equation for highly doped silicon (Equation 3.5 and 3.6) [165]. Figure
3.4 shows the measured doping profile of poly-SiOx layer with in-diffusion in the
c-Si bulk. As shown in Figure 3.4, C0 is in the order 1020 cm−3 and Cn was derived
to be in the order 1014 cm−2. This means that we can model the in-diffused layer
as a layer of uniform doping concentration C0 and effective thickness given by
Equation 3.8. Using this approach, the effective thickness comes to be around 10
nm. Similarly, for poly-SiCx layers, C0 is in the order 1017 cm−3 [63] and Cn was
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derived to be in the order 1011 cm−2 [63]. Thus the effective thickness comes also
to be around 11 nm. The parameters used for modelling the in-diffused region for
different CSPCs are given in Table 3.3.

Table 3.3: Parameters used for modelling in-diffused region.

CSPC (source of data) C0 (cm−3) Cn (cm−2) d (nm) αFC/cm−1 =C ×
(

λ
µm

)x

n-type doped poly-SiOx [156] 3.51×1020 3.63×1014 10.34 αFC/cm−1 = 631.8×
(

λ
µm

)2.6

p-type doped poly-SiOx [Fig. 3.4] 2.15×1020 2.07×1014 9.64 αFC/cm−1 = 559×
(

λ
µm

)2.4

n-type doped poly-SiCx [63] 7.24×1017 8.50×1011 11.74 αFC/cm−1 = 1.30×
(

λ
µm

)2.6

p-type doped poly-SiCx [63] 7.24×1017 8.50×1011 11.74 αFC/cm−1 = 1.88×
(

λ
µm

)2.4

Figure 3.4: Electrochemical Capacitive-Voltage [ECV] profile of a p-type poly-SiOx layer on c-Si
wafer (RCO2 = 0.2 and RB2H6 = 0.38).

3.2.4. Flowchart for extracting absorption coefficients

In this work, we have used absorption coefficients derived from PDS spectra
(flat layers) and verified if they are trustworthy once used to perform optical
simulations in GenPro4 software (textured layers). In case the fit was not accurate,
we used the IM approach. The followed flowchart is reported in Figure 3.5 and
can be applied for the extraction of absorption coefficients of other mixed phase
materials as well.
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Figure 3.5: Flowchart for deriving the absorption coefficient of mixed phase materials, where n is
the real part of the refractive index; α is the absorption coefficient (αe and αFC are the SE and IM

components, respectively); dlayer is the thickness of the layer under test on textured c-Si wafer
(calculated by dividing the thickness of layer on flat quartz by 1.7).

3.3. Results

3.3.1. Characterization on quartz substrates

Structural characterization

Raman measurements were performed to understand the structure of our poly-
SiOx and poly-SiCx layers. Figure 3.6(a) shows the Raman measurements of poly-
SiOx layer with varying RCO2 . They all show a peak at 517 cm−1, which is attributed
to phosphorus doped c-Si peak [177]. With increasing RCO2 , another broad peak
centred at 480 cm−1 becomes evident. This peak is attributed to the transverse
optical mode of amorphous Si [178]. Deconvoluting these spectra, as reported in
Figure 3.6(b) for RCO2 = 0.83 sample, we get also another peak at around 507 cm−1,
which is attributed to the grain boundary interface between silicon nanocrystals
and the surrounding amorphous silicon-oxide matrix [177, 179, 180]. Our poly-
SiOx layers are therefore mixed phase materials, being formed by a mixture of
amorphous and crystalline fractions. As expected, the amorphous silicon-oxide
fraction increases with increasing RCO2 .
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Figure 3.6: (a) Raman spectra of n-type doped poly-SiOx layers for different RCO2 after annealing;
(b) peaks deconvolution reported for the sample with RCO2 = 0.83.

Raman measurements performed on the as-deposited and annealed poly-SiCx

layers are included in Figure 3.7. A broad peak at around 480 cm−1 is observed for
the as-deposited samples in Figure 3.7(a). This peak is attributed to the transverse
optical mode of amorphous Si [178]. After annealing, the obtained spectra shown
in Figure 3.7(b) are rather different. Along with the amorphous silicon peak, we
observe a peak at around 513 cm−1. This is quite close to 511 cm−1 peak which is
attributed to silicon nano-crystals. The downshift of this frequency from 520 cm−1

could be due to the compressive stress and grain size related effects [181, 182]. We
observe these two peaks only for RC H4 = 0.54 and 0.69. This indicates presence
of nc-Si grains and reveals that also these layers have a mixed phase structure.
For RC H4 = 0.85, we observe only a broad peak at around 480 cm−1 indicating its
completely amorphous phase.

Figure 3.7: Raman measurements of n-type doped poly-SiCx with varying RCH4 for (a) as deposited
layers (b) annealed layers.
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Real part of refractive index

SE measurements reported in Figures 3.8(a) and 3.8(b) show the real part of the
refractive index of our poly-SiOx and poly-SiCx layers, respectively, with intrinsic
hydrogenated amorphous silicon (a-Si:H) and n-type c-Si as references. In general,
from c-Si reference to poly-SiOx and poly-SiCx layers, we see two trends: (i)
a decrease of peak value and (ii) a peak shift towards higher wavelengths for
increasing RCO2 and RC H4 , respectively. We find that n obtained for poly-SiOx

layers decreases with increasing RCO2 in the entire wavelength range from 300
to 2000 nm. For poly-Si (RCO2 = 0) layer, as expected, n is quite similar to that
of n-type c-Si. We also observe that, as the RCO2 increases, the peak value of n
decreases down to 3.9, approaching the value of 2.85 for longer wavelengths. The
decrease in peak value of n is another indication that our poly-SiOx becomes
more amorphous with increasing RCO2 , as supported by Raman measurements
(see Figure 3.6(a)). Similarly, for n-type doped poly-SiCx layers, the peak value
of n decreases with increasing RC H4 , even though already for wavelengths longer
than 800 nm all trends are closely bundled (see Figure 3.8(b)).

Figure 3.8: Refractive indices of n-type doped (a) poly-SiOx or (b) poly-SiCx layers with varying
RCO2 or RCH4 , respectively.

Absorption coefficients from PDS

Figures 3.9(a) and 3.9(b) show the absorption coefficients of n-type doped poly-
SiOx and poly-SiCx layers respectively from PDS measurements. In both cases,
we used a-Si and n-type doped c-Si (1020 cm−3 and 1021 cm−3 doping concentra-
tions) as references. The absorption coefficients of n-type doped c-Si with doping
concentrations 1020 cm−3 and 1021 cm−3 have been generated using equations 3.5
and 3.6 [165]. Our poly-SiOx layers, being partly amorphous and partly crystalline
as previously shown by Raman measurements, are less absorptive than a-Si and
more absorptive than c-Si in the visible region. At longer wavelengths, the absorp-
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tion coefficients of poly-SiOx layers are within the reference lines of doped c-Si.
This indicates that our layers have doping concentration in the range between
1020 cm−3 and 1021 cm−3. We observe that by increasing RCO2 , the absorption
coefficient increases in the visible region but decreases in the near infrared region.
In other words, poly-SiOx layers absorb more than poly-Si (RCO2 = 0) in the visible
region, while they are more transparent in the near infrared region with increasing
RCO2 . For poly-SiCx layers, the absorption coefficients increase for increasing
RC H4 in the visible and near infrared region (see Figure 3.9b). In other words,
poly-SiCx layers tend to absorb more in the visible and near infrared region as
RC H4 increases. To describe this phenomenon further investigation is needed.

Figure 3.9: Absorption coefficients from PDS measurements of n-type doped (a) poly-SiOx and (b)
poly-SiCx layers with varying RCO2 and RCH4 , respectively. Intrinsic amorphous silicon and c-Si

(characterized by two different doping concentrations) were used as reference.

3.3.2. RT measurements on c-Si substrate

Flat versus textured c-Si wafer substrates

Figure 3.10(a) shows wavelength-dependent R and T spectra of flat samples, a
bare c-Si wafer (F0) and a c-Si wafer double-side coated with 30-nm thick layers of
poly-SiCx (F1). Note that in all cases 1-R and T are plotted, so that one can observe
the absorptance A directly from the graph in terms of (1 – R) – T. As expected,
below 900 nm wavelength the c-Si wafer is opaque (T = 0). Beyond 1200 nm,
c-Si is known to have a low absorption coefficient and the flat c-Si wafer hardly
absorbs any light (A ≈ 0). Sample F1 also has a low absorptance for wavelengths
larger than 1200 nm. If we derive absorption coefficients from this value, the error
margin will be large due to the weakness of the absorptance compared to the
measurement error. This is the limitation in obtaining the absorption coefficient
of weakly absorbing films from RT measurements, at least for flat samples.

Next, referring to Table 3.2, the textured samples X0 to X1 are considered,
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whose measured 1-R and T spectra are shown in Figure 3.10(b). The grey symbols
show the results of sample X0, the bare double-side textured wafer. Here, we focus
on the absorptance for wavelengths longer than 1200 nm. Due to light trapping,
texturing has amplified the long-wavelength absorptance in the c-Si wafer, corre-
sponding to an increase in path length of light [183]. The blue symbols show the
measured spectra of double-side textured sample X1 symmetrically coated with
30-nm thick poly-SiCx layers. Compared to sample F1, the absorptance is now
increased. This suggests that the texture not only enhances the absorptance in the
c-Si wafer, but also that of the thin film deposited on top of the surface textures.
Similarly, RT measurements were performed on sample X2 (double-side textured
wafer symmetrically coated with 60-nm thick poly-SiOx layers). The correspond-
ing measurement results are shown in Figure 3.11(a). The results above indicate
that using symmetric, double-side textured wafers, the weak absorption of light at
wavelength longer than 1200 nm could be successfully amplified and detected
with RT measurements.

Figure 3.10: Wavelength-dependent spectra from RT measurements (1-R and T) of (a) F0 and F1
samples and (b) X0 and X1 samples. For a description of the samples, refer to Table 3.2.

Verifying PDS absorption coefficients

To verify if the absorption coefficients obtained from PDS of n-type doped poly-
SiOx and poly-SiCx layers can be used for optical modelling, we have performed
simulations using GenPro4. The structure simulated has the thin film layer struc-
ture (poly-SiOx or poly-SiCx ) deposited on both sides of the textured wafer, as
shown in Figure 3.1(b). The optical model also incorporates 1.5-nm thick NAOS-
based tunnelling SiO2. These simulations use α obtained from PDS and n from
ellipsometry model as input to generate R and T spectra. The input thickness
of the layer on textured wafer is calculated by dividing the layer’s thickness on
flat surface by a factor of 1.7. For thickness values used in optical simulations
refer to Table 3.2. Generated R and T spectra have been compared with their
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measured counterparts as shown in Figure 3.11a and 3.11b for sample X2 and
X1, respectively. The corresponding absorptance and absorption coefficients of
poly-SiOx and poly-SiCx layers are shown in Figures 3.12a and 3.12b, respectively.
A similar analysis has been done for p-type doped poly-SiOx and poly-SiCx layers
(see Figure 3.13(a) and Figure 3.13(b)).

We observe that the generated curves fit the measured curves quite well from
400 nm to 1200 nm. In the wavelength range between 300 and 400 nm, the curves
do not fit for poly-SiOx and poly-SiCx layers due to their transmittance being
below 1%. This is the case of our CSPCs under test. Also, for wavelengths longer
than 1200 nm, we do not observe an accurate fit in case of poly-SiOx and poly-SiCx

layer. Referring to the flowchart in Figure 3.5, we passed to the IM approach for
extracting α directly from RT measurements.

Inverse modelling (IM) approach

Choosing values of C and x in Equation 3.7, FCA coefficients can be derived for
the CSPCs under test. The fit of the bare textured sample X0 yields C = 0.025 and x
= 2.0. These values for the c-Si bulk absorption coefficient are then also used in all
subsequent IM simulations. In case of sample X2, textured symmetrical 60-nm
thick n-type doped poly-SiOx layer on c-Si wafer, the fit yields C = 840 and x = 1.65.
With respect to the simulated R and T spectra based on α from PDS, there is now
a very good agreement measured spectra (see Figure 3.11a). In case of X1 sample,
textured symmetrical 30-nm thick n-type doped poly-SiCx layer on c-Si wafer,
the fit yields C = 650 and x = -0.8, which result in even closer agreement between
simulated and measured spectra (see Figure 3.11b). In case of the X4 sample, a
textured symmetrical 37-nm thick p-type doped poly-SiOx layer on c-Si wafer,
the fit yields C = 4200 and x = 0.5 (see Figure 3.13(a)). For X3 sample, a textured
symmetrical 30-nm thick p-type doped poly-SiCx layer on c-Si wafer, C = 1290
and x = -2.5 give a close agreement between measured and simulated absorptance
spectra (see Figure 3.13(b)).

3.4. Discussion

3.4.1. Absorption coefficients

The obtained α from both PDS and IM approaches of some n-type CSPCs layers
under test (X2 and X1) are shown in the bottom panels of Figures 3.12(a) and
3.12(b), respectively. In the same Figures, we report also the absorptance spectra,
which include both contributions of the bulk c-Si wafer and of the layers sandwich-
ing it. For n-type doped poly-SiOx layers, we get a fit with an average deviation
of 4.3% and 0.7% from PDS and IM approaches, respectively. For n-type doped
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Figure 3.11: GenPro4 simulation results using optical properties from PDS or IM approach
compared to measured 1-R and T spectra measurements for (a) X2 and (b) X1 samples. For a

description of the samples,ref to Table 3.2.

poly-SiCx layers, we get a fit with an average deviation of 1.6% and 0.8% from
PDS and IM techniques respectively. The obtained α, also from both PDS and
IM approaches, of p-type CSPCs layers under test (X4 and X3) are shown in the
bottom panels of Figures 3.13a and 3.13b, respectively. In the same Figures, the
absorptance spectra are also reported. For p-type doped poly-SiOx layer, we get
an average deviation of 7.6% and 1.1% for PDS and IM approaches, respectively.
For p-type doped poly-SiCx layer, we get an average deviation of 2.9% and 1% for
PDS and IM approaches, respectively.

We find that these absorption coefficients successfully estimate FCA in the
wavelength range above 800 nm, which ellipsometer is unable to detect. While the
PDS approach proves to be straightforward with regards to sample preparation,
the IM approach ultimately shows a better fit for optical modelling of CSPCs on
c-Si substrate. Thus, α from IM approach can be used as an input for optical
modelling of solar cells endowed with poly-SiOx and poly-SiCx CSPCs. In this way,
parasitic losses will be better quantified and both single- and multi-junction solar
cells will be further improved.

We observe that the absorption coefficients obtained from both techniques
have differences especially in the UV and IR part of the spectrum. This is ascribed
to the likely difference in growth and subsequent crystallization of the layers
under test on the different substrates used in these two methods. By obtaining
absorption coefficients from PDS and IM techniques independently, we could
compare the optical behaviour of the layer on both quartz and c-Si substrates.
Using the advantages of both the techniques, accurate absorption coefficients for
optical modelling can be obtained in the wavelength range from 300 to 2000 nm
for both poly-SiOx and poly-SiCx layers either on quartz or on textured c-Si wafer.
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PDS can be used to measure absolute absorption directly. Using this technique,
the absorption coefficients can be derived as discussed in sections 3.2.3 and 3.2.4.
However, its limitation is that it does not predict correct absorption when the
transmittance is below 1%. On the other hand, the IM approach helps in getting
data at long wavelengths for CSPCs in solar cells. This approach depends on
the absorption coefficients from SE in the UV/visible range but adds the FCA
component, which starts to play a role for wavelength longer than 800 nm.

Figure 3.12: Top panels: overall absorptance in n-type doped layer / textured c-Si substrate
symmetric samples; bottom panels: absorption coefficient of the CSPC layer under test. (a)

poly-SiOx (RCO2 = 0.62); (b) poly-SiCx (RCH4 = 0.69).

3.4.2. Effect of RCO2 , RCH4 , RPH3 , and RB2H6 on Optical Properties

The poly-SiOx and poly-SiCx CSPCs are mixed phase materials and, by varying,
respectively, RCO2 and RC H4 , their optical properties can be altered. We observe
that their n decreases with increasing RCO2 or RC H4 [63]. Thus, n can be somewhat
tuned to minimize front reflection in FBC cells endowed with these CSPCs. We
also note that FCA decreases for n-type doped poly-SiOx layers in the infrared
region with respect to the reference poly-Si (RCO2 = 0). The reference poly-Si
(RCO2 = 0) can be found in Ref. [38]. The probable reason could be that, with
increasing RCO2 , the a-SiOx phase in the poly-SiOx layer is expected to increase, as
supported by Raman measurements (see Figure 3.6a). Since the doping efficiency
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Figure 3.13: Top panels: overall absorptance in p-type doped layer / textured c-Si substrate
symmetric samples; bottom panels: absorption coefficient of the CSPC layer under test. (a)

poly-SiOx (RCO2 = 0.2); (b) poly-SiCx (RCH4 = 0.69).

of the crystalline phase is higher than that of the amorphous phase [184], the
incorporation of the dopants into the a-SiOx phase is more difficult, thereby
decreasing FCA for increasing RCO2 .

Figures 3.14(a) and 3.14(b) show the analysis of additional samples for n-
type doped poly-SiOx and p-type doped poly-SiOx layers using IM analysis with
different RPH3 and RB2 H6 , respectively. A similar analysis is shown for n-type
and p-type doped poly-SiCx layers in Figures 3.15(a) and 3.15(b), respectively.
Samples with ratio RPH3 = 0.54 (Figure 3.14(a)) and RPH3 = 0.13 (Figure 3.15(a)) are
the reference samples used in Figure 3.12(a) and 3.12(b), respectively. Similarly,
samples with ratio RB2 H6 = 0.38 (Figure 3.14(b)) and RB2 H6 = 0.13 (Figure 3.15(b))
are the reference samples shown in Figure 3.13(a) and 3.13(b), respectively. As
expected, we find that with the increase in doping gas flow ratio, the FCA increases.
In these cases, our IM approach not only proves to be effective with regards to
textured CSPC layers, but also to carry out the expected trend.
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Figure 3.14: Variation of absorption coefficients with changing RPH3 and RB2H6 of (a) n-type doped
poly-SiOx (RCO2 = 0.62); (b) p-type doped poly-SiOx (RCH4 = 0.2).

Figure 3.15: Variation of absorption coefficients with changing RPH3 and RB2H6 of (a) n-type doped
poly-SiCx (RCO2 = 0.69); (b) p-type doped poly-SiCx (RCH4 = 0.69).

3.4.3. Effect of thickness on absorption coefficients extracted by IM

We performed additional experiments, in which we have deposited different
thickness of p-type doped poly-SiOx layer (RCO2 = 0.2 and RB2 H6 = 0.38). A fixed
absorption coefficient obtained from inverse modelling approach (as shown in
Figure 3.13(a)) of p-type doped poly-SiOx layer has been used. The simulated
absorptance of this layer deposited on both sides of double side textured wafer
for thickness values of 10 nm, 15 nm and 37 nm is shown in Figure 3.16(a) and
confirms that the thicker the layer is, the higher the absorptance is. With only
one refractive index and absorption coefficient data sets, we managed to get a
very good fit with an average deviation of only 1%, 0.8% and 1.2% for samples
with thickness of 10 nm, 15 nm and 37 nm, respectively. A similar analysis was
done for p-type doped poly-SiCx layer (RC H4 = 0.69 and RB2 H6 = 0.13). Using the
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absorption coefficient of this p-type doped poly-SiCx layer (as shown in Figure
3.13(b)), we measured and simulated the total absorptance in layers deposited
on both sides of double side textured wafer for different thicknesses. The results
are shown in Figure 3.16(b), where we demonstrate an average deviation of 1%,
0.6% and 1.2% for samples with thickness 30 nm, 51 nm and 90 nm, respectively.
Again, this shows that the absorption coefficient obtained from IM approach for a
single layer thickness can be used to simulate absorptance of layers of different
thicknesses.

Figure 3.16: Measured and simulated overall absorptance in p-type doped layer / textured c-Si
substrate symmetric samples (a) p-type doped poly-SiOx (RCO2 = 0.2 and RB2H6 = 0.38); (b) p-type

doped poly-SiCx (RCH4 = 0.69 and RB2H6 = 0.13).

3.5. Conclusions
In this study, we demonstrated that, from PDS or IM approach, we could success-
fully extract the absorption coefficients of n-type and p-type doped poly-SiOx

and poly-SiCx layers on fused silica quartz substrate and on textured c-Si wafer
substrate, respectively, in the extended wavelength range from 300 to 2000 nm.
The absorption coefficients of n-type and p-type doped poly-SiOx and poly-SiCx

layers obtained from PDS and IM approach have differences. These most likely
stem from the different substrates used in these two techniques. By using the RT
measurement technique on double-side textured samples, we could successfully
measure the weak FCA in our CSPCs layers. Using the absorption coefficients
from the IM approach, we got a good fit (around or less than 1% average deviation)
between measured and simulated R and T spectra. Obtained α can now be used
as an input to study the optical behaviour of single- and multi-junction solar cells
endowed with poly-SiOx and poly-SiCx CSPCs. We also analysed that by changing
the RCO2 and RC H4 , the optical properties of poly-SiOx and poly-SiCx layers can
be altered. With increase in RPH3 and RB2 H6 , FCA increases in our CSPCs.
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Abstract

Since single junction c-Si solar cells are reaching their practical efficiency limit.
Perovskite/c-Si tandem solar cells hold the promise of achieving greater than 30%
efficiencies. In this regard, optical simulations can deliver guidelines for reducing
the parasitic absorption losses and increasing the photocurrent density of the tan-
dem solar cells. In this work, an optical study of 2, 3 and 4 terminal perovskite/c-Si
tandem solar cells with c-Si solar bottom cells passivated by high thermal-budget
poly-Si, poly-SiOx and poly-SiCx is performed to evaluate their optical perfor-
mance with respect to the conventional tandem solar cells employing silicon
heterojunction bottom cells. The parasitic absorption in these carrier selective
passivating contacts has been quantified. It is shown that they enable greater than
20 mA/cm2 matched implied photocurrent density in un-encapsulated 2T tan-
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dem architecture along with being compatible with high temperature production
processes. For studying the performance of such tandem devices in real world
irradiance conditions and for different locations of the world, the effect of solar
spectrum and angle of incidence on their optical performance is studied. Passing
from mono-facial to bifacial tandem solar cells, the photocurrent density in the
bottom cell can be increased, requiring again optical optimization. Here, we anal-
yse the effect of albedo, perovskite thickness and band gap as well as geographical
location on the optical performance of these bifacial perovskite/c-Si tandem solar
cells. Our optical study shows that bifacial 2T tandems, that also convert light
incident from the rear, require radically thicker perovskite layers to match the
additional current from the c-Si bottom cell. For typical perovskite bandgap and
albedo values, even doubling the perovskite thickness is not sufficient. In this
respect, lower bandgap perovskites are very interesting for application not only in
bifacial 2T tandems but also in related 3T and 4T tandems.

4.1. Introduction

Crystalline silicon (c-Si) solar cells dominate the photovoltaic market due to their
relatively high efficiency, low manufacturing costs and long-term stability. How-
ever, single junction c-Si solar cells are reaching their practical efficiency limit
of about 27% [95, 153]. One way to improve this efficiency limit is by stacking
high bandgap cell on top of low bandgap cell in tandem configuration to re-
duce thermalization losses. Perovskite/perovskite [185–188] and perovskite/c-Si
[47, 88, 91, 101, 110, 189–203] tandem solar cells are gaining lot of attention in
this regard. This is because perovskite solar cells have a sharp optical edge, a
long diffusion length, a tuneable bandgap range and a good short wavelength
response [74, 204–206]. These properties make perovskite-based solar cells ideal
top cell in combination with c-Si bottom cell to form tandem solar cells. Several
c-Si bottom cell technologies can be considered for this application. So far, most
of the high efficiency tandem solar cells have been fabricated using silicon het-
erojunction (SHJ) bottom cell [88, 91, 189, 197–200, 202], which are processed at
temperatures well below 250 °C. On the other hand, widespread industrial c-Si
solar cells are compatible with high temperature processes such as impurity getter-
ing, thermal oxidation, dopants diffusion, and firing through metallization. In this
respect, perovskite/silicon-homojunction tandem cell has been demonstrated
[207]. Carrier-selective passivating contacts (CSPCs) based on poly-Si [59, 151–
153, 208–211], poly-SiOx [38, 156] or poly-SiCx [63, 158] are typically formed at
temperatures higher than 800 °C. Hence, they are excellent candidates for increas-
ing the efficiency of high-thermal budget c-Si solar cells [208, 209, 212]. A potential
drawback is their parasitic absorption, especially when they are deployed at the
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front side of the c-Si solar cell. These high temperature CSPCs have also been used
in fabricating high efficiency perovskite/c-Si tandem solar cells [47, 110]. In view
of potential efficiencies well above 30%, perovskite/c-Si tandem solar cells with
bottom cells passivated with different CSPCs can significantly reduce the levelized
cost of electricity [213] . However, an important step in improving the efficiency
of such tandem devices is by design optimization. Such design optimization can
be performed by optical and electrical simulations. Researchers in the past have
focussed on the optical simulations of perovskite/c-Si tandem solar cells with
mostly silicon heterojunction c-Si solar cells [197, 214–216]. However, research
regarding the optical simulations of perovskite/c-Si tandem solar cells with high
temperature CSPCs is less developed. The abovementioned issue of increased
parasitic absorption in high temperature CSPC occurs mostly in the shorter wave-
length range (λ < 800 nm). It is therefore expected to be less severe in perovskite
/ silicon tandems where these shorter wavelengths are largely absorbed by the
perovskite top cell before reaching the CSPCs. The parasitic absorption losses in
high temperature CSPC in perovskite / silicon tandems have thus far not been
quantified and this will be one of the objectives of this work. In this work, we have
optically simulated perovskite/c-Si tandem solar cells with such high temperature
CSPCs in GenPro4 software [114] and analysed different architectures, such as
monolithically integrated two terminal (2T), three terminal (3T) and mechanically
stacked four terminal (4T) perovskite/c-Si tandem solar cells. The performance
of tandem solar cells endowed with poly-Si, poly-SiOx or poly-SiCx CSPCs are
compared with that of tandem solar cells comprising a heterojunction bottom
solar cell. Finally, as these tandem solar cells are used in modules, where encapsu-
lation materials such as glass and Ethylene-Vinyl Acetate (EVA) are deployed, we
have also studied the optical effect of encapsulation. 2T perovskite/c-Si tandem
solar cells require current matching between the top perovskite solar cell and
the bottom c-Si solar cell. The advantage of 4T tandem solar cell is that it does
not require current matching. However, fabrication of top cell and bottom cell
separately requires additional transparent contacts, which adds optical losses
and fabrication costs. The pros and cons of mechanically stacked 4T tandem and
monolithically integrated 2T are well documented [217, 218]. The advantages
of both 2T and 4T configurations are combined in a 3T tandem configuration,
which we consider as well. The 3T tandem configuration that we consider has one
contact at the front and two contacts interdigitated at the rear [219]. Also, different
tunnel recombination junction (TRJ) layers are studied to find the junction mate-
rial with the most suitable optical properties for perovskite/c-Si tandem solar cells
with CSPCs. Here, we have compared a wide range of tandem configurations and
optimized the thickness of each layer to achieve maximum photocurrent current
density and quantified the parasitic absorption losses in the high temperature
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CSPCs. The optical simulations of perovskite/c-Si tandem solar cells are done at
Standard Test Conditions (STC) [17]. However, in real-world operating conditions,
the solar cell is not (always) illuminated perpendicularly, and the absorption of
photons is influenced by the apparent position of the sun and spectral conditions
[220, 221]. Here, we simulate and study the effect of different spectra and angles
of incidence. In addition, we consider bifacial tandem configurations, which can
also convert the light incident on the rear side e.g. after ground reflection. For
these solar cells, we study the effect of albedo, perovskite thickness and bandgap
on the optical performance of the tandem solar cells for different locations in
the world. This contribution is organized as follows. We evaluate the potential
of several 2T, 3T and 4T architectures and we study their optical behaviour in
real-world conditions. Finally, we discuss the results and draw our conclusions.

4.2. Evaluation of optical potential of device architectures

Cell and module level modelling approaches and the modelling framework have
been explained in the supplementary information A. In this section, we use the
validated optical model (see supplementary information A) to quantify the im-
plied photocurrent density of the perovskite/c Si tandem solar cells. Our goal
is to explain the subtle differences in implied photocurrent between (i) various
electrical configurations (2T, 3T and 4T), (ii) various c-Si bottom cell architectures
(with poly-Si, poly-SiOx and poly-SiCx CSPCs), and (iii) encapsulated and un-
encapsulated tandems. An overview of the 2T, 3T and 4T perovskite/c-Si tandem
structures simulated in GenPro4 are shown in Fig. 4.1. Aside the case of the top
cell in the 4T tandem configuration, for which it is still challenging to demon-
strate a perovskite solar cell on a glassy textured substrate, all other configurations
under test are endowed with textured surfaces. This choice was made not only
to simulate the highest possible Jph in tandem devices, but also to realize a flat
broadband reflectance spectrum that allows for high optical performance also
in encapsulated devices. Unless explicitly stated, simulated 2T and 3T tandem
devices are endowed with a p+−nc −Si : H/n+−nc −Si : H stack that has the
role of a TRJ, as in the validated 2T tandem solar cell reported in Ref. [88]. In this
section we consider ‘standard’ illumination conditions (AM1.5 spectrum and nor-
mal incidence). These results will lay the foundation for the analysis of real-world
illumination conditions that will be considered in Section 4.3.



4.2. Evaluation of optical potential of device architectures

4

67

Figure 4.1: : Simulated tandem structures: (a) 2T, (b) encapsulated 2T, (c) encapsulated 2T bifacial,
(d) encapsulated 3T, (e) encapsulated 3T bifacial, (f) encapsulated 4T, and (g) encapsulated 4T

bifacial.

4.2.1. 2T perovskite/c-Si tandem solar cells

Referring to Fig. 4.1(a), we compare here the optical performance of 2T tandem
configurations comprising poly-Si, poly-SiOx or poly-SiCx CSPCs in the bottom
cell and with simulation inputs, such as optical properties and thicknesses of
each layer, as explained in supplementary information A. Fig. 4.2(a) shows the
wavelength-dependent reflectance and absorptance spectra for the 2T tandem
solar cell with poly-SiOx passivated c-Si solar cell. The useful absorption in per-
ovskite and c-Si solar cells is shown by orange and grey lines, respectively. Inte-
grating these spectra over the AM 1.5 spectrum gives an implied photocurrent
density of 20.2 mA/cm2, as the top and bottom cell photocurrent densities were
perfectly matched by tuning the perovskite thickness to 545 nm. The white area
represents the reflection loss, and the remaining coloured areas represent the
parasitic absorption losses in supporting layers, such as transparent contacts
(light blue) or electron transport layer (light red). The absorption losses in the
n- and p-type poly-SiOx CSPCs, indicated by the red and dark green areas, corre-
spond to 0.32 mA/cm2 and 0.63 mA/cm2, respectively. As anticipated, because the
perovskite layer on top absorbs most shorter wavelength light (λ < 800 nm), these
parasitic absorption losses in the poly-SiOx CSPC are much lower than in case
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of a single junction device, especially for the light-facing n-type poly-SiOx (see
supplementary information A). When used in modules, these solar cells are encap-
sulated with glass and EVA (see Fig.4.1(b)). The glass and EVA absorb 0.46 mA/cm2

and 0.21 mA/cm2, respectively, and cause additional reflection losses from the
air/glass interface. As a result, the implied photocurrent density after current
matching is 19.49 mA/cm2, a reduction of 3.5% compared to the un-encapsulated
case. Because the absorption in glass is slightly larger in the infrared compared
to the visible part of the spectrum, a slightly lower perovskite thickness of 515
nm is now required to match the top and bottom cell currents. A similar analysis
was performed for 2T tandem solar cell with poly-SiCx and poly-Si CSPCs. Fig.
4.2(b) reports the wavelength-dependent reflectance and absorptance spectra for
2T tandem with poly-SiCx passivated CSPCs. Again, the perovskite thickness is
tuned to achieve a matched implied photocurrent density. The reference tandem
with SHJ has the thinnest supporting layers (15-nm thick electron transport and
hole transport stacks, see supplementary information A), exhibiting the lowest
parasitic absorption losses and thus giving the highest Jph . The poly-SiOx is more
absorbing than poly-SiCx for wavelengths longer than 1000 nm, but slightly less
absorbing for shorter wavelengths (see Fig. 4.2(b) and supplementary information
A). These two effects compensate each other and thus numerically similar Jph

for poly-SiCx and poly-SiOx tandems is obtained. On the other hand, as both
n-type and p-type poly-Si materials, used in this work, are less absorptive than
their poly-SiOx and poly-SiCx counterparts, the performance of the tandem with
poly-Si CSPCs is higher than that of the other high-thermal budget CSPCs but is
still slightly lower than the SHJ reference. We fixed a priori the thickness of the
high-thermal budget CSPCs to comply with the typical architecture of reported
devices in literature that do not show fill factor issues. Given the full planar de-
ployment of such layers in tandem devices and their contact with the TRJ on one
side and with the transparent conductive oxide (TCO) on the other side, it could
be optically beneficial to attempt their thinning. However, we leave this sensitivity
study to a more experimental setting for also verifying the electrical behaviour
of the resulting devices. Table 4.1 gives an overview of the perovskite thickness
with the matched implied photocurrent density achieved in the 2T tandem with
different CSPCs in both un-encapsulated and encapsulated cases.

Tunnel recombination junction

The tunnel recombination junction is an important part of the 2T tandem solar
cell. From the optical point of view, the tunnel recombination layers should
be transparent to the light transmitted by the perovskite absorber so that it can
reach the bottom c-Si solar cell. Also, the real part of refractive index should
be in between the refractive indices of the layer above and below of the TRJ
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Figure 4.2: Reflectance and absorptance of 2T perovskite/c-Si tandem solar cell (see Fig. 4.1(a))
with top cell as in Ref. [88] and bottom cell as (a) poly-SiOx passivated c-Si solar cell or (b)

poly-SiCx passivated c-Si solar cell.

(in this case Spiro-TTB and n-type doped poly-Si, poly-SiOx or poly-SiCx ). The
electrical requirements of a tunnel recombination junction are important as well
[222], but they are outside the scope of this optical study. Results so far rely on
doped nc-Si:H layers [88] used as TRJ. In this section, we explore the possibility
of using nc-SiOx :H [223–225] or Sn-doped In2O3 (ITO) TCO as TRJ layers (see
Table 4.1). We find that by using nc-SiOx :H as TRJ, Jph values nearly the same as
those computed for tandems with nc-Si:H TRJ are obtained. This is due to two
factors cancelling out: (i) the nc-SiOx :H absorbs less compared to nc-Si:H, while
(ii) the nc-SiOx :H has a refractive index value less ideally situated between Spiro
and CSPC, which increases the reflection losses slightly. Note that because of
this increased reflectance, perovskite layers have to be used that are 10 to 15 nm
thinner. The TCO-based TRJ, on the other hand, parasitically absorbs more than
the other two TRJs, so the matched Jph is lower and this trend is observed for all
the four CSPCs considered in Table 4.1. It also includes the case of direct contact
between Spiro-TTB (Hole transporting material of the perovskite) and CSPCs.
We observe that in this case, a slightly higher matched implied photocurrent
density can be achieved due to less parasitic absorption in TRJ. However, the
electrical performance of such tandems without TRJ would need further electrical
investigations.

4.2.2. 3T perovskite/c-Si tandem solar cell

As shown in Fig. 4.1(d), the 3T tandem solar cell is optically very similar to the
2T tandem, but it has a c-Si IBC solar cell as the bottom cell. Thus, at the rear
side of the device, there are alternating n-contact, gap, p-contact, gap, etc. These
parts have slightly different optical properties. Since GenPro4 is a 1D simulator,
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Table 4.1: Implied photocurrent density (Jph) of 2T tandem with different CSPCs. SHJ stands for
silicon heterojunction and is intended as reference.

Un-encapsulated Encapsulated
TRJ p+-nc-Si:H/n+-nc-Si:H

Jph matched (mA/cm2) Perovskite thickness (nm) Jph matched (mA/cm2) Perovskite thickness (nm)
SHJ (ref.) 20.41 560 19.70 535

Poly-Si 20.34 560 19.64 527
Poly-SiOx 20.20 545 19.49 515
Poly-SiCx 20.20 535 19.53 510

TRJ p+-nc-SiOx:H/n+-nc-SiOx:H
Jph matched (mA/cm2) Perovskite thickness (nm) Jph matched (mA/cm2) Perovskite thickness (nm)

SHJ 20.41 550 19.70 520
Poly-Si 20.34 550 19.65 523

Poly-SiOx 20.20 533 19.50 505
Poly-SiCx 20.20 520 19.53 500

TRJ Sn-doped In2O3 (ITO)
Jph matched (mA/cm2) Perovskite thickness (nm) Jph matched (mA/cm2) Perovskite thickness (nm)

SHJ 20.36 540 19.66 515
Poly-Si 20.28 540 19.61 515

Poly-SiOx 20.14 520 19.45 497
Poly-SiCx 20.15 510 19.50 490

No Tunnel Recombination Junction
Jph matched (mA/cm2) Perovskite thickness (nm) Jph matched (mA/cm2) Perovskite thickness (nm)

SHJ 20.44 568 19.72 537
Poly-Si 20.39 565 19.66 535

Poly-SiOx 20.22 547 19.51 517
Poly-SiCx 20.24 541 19.56 514

separate simulations are performed for each of the n-contact, p-contact, and
gap regions. The calculated absorptances are then combined into a weighted
average, where the relative surface areas of n-contact (20%), p-contact (70%) and
gap (10%) are used as the respective weights. Just as for the 2T tandem, the con-
tacts of the 3T tandem can be endowed with poly-Si, poly-SiOx or poly-SiCx . In
3T configuration no current matching between top and bottom cell is required.
In our simulation campaign, however, we kept the thickness of the perovskite
absorber layer fixed at the value found to get current matching in 2T configuration
(see Table 4.1). This choice was (i) to prevent the proposal of 3T devices with an
overly thick top absorber, which could result in experimental issues, and (ii) to
compare the performance of 3T tandems with their 2T configuration counter-
parts (see Section 4.4.1). Running our optical model, we found that the influence
of TRJ layers for all cases of c-Si bottom cells on the optical performance of 3T
tandem devices was negligible and due to the decoupling of Jph between top
and bottom cells. In this contribution we then report only the results related
to the p+−nc −Si : H/n+−nc −Si : H TRJ as in Ref. [88]. As an example, the
wavelength dependent reflectance and absorptance spectra for an encapsulated
3T tandem with poly-SiOx passivated c-Si bottom solar cell are given in Fig. 4.3.
Aside the broadband increase in reflectance due to the presence of glass, we ob-
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serve that this 3T tandem device exhibits an optical behaviour very similar to the
un-encapsulated 2T tandem device reported in Fig. 4.2(a). Deploying an IBC ar-
chitecture for the c-Si bottom cell, for which both contacts based on poly-SiOx are
placed at the rear of the tandem, one could expect a lower absorption loss in such
layers with respect to the 2T tandem counterpart. However, this is not case be-
cause the top perovskite cell behaves optically very similarly as in the 2T tandem,
absorbing most of the light before 800 nm and still exposing at longer wavelengths
the parasitically absorptive behaviour of the poly-SiOx layers. Very similar results
are obtained in case of poly-Si and poly-SiCx technologies. An overview of all the
results with different CSPCs and for different tandem configurations are given in
Table 4.2.

Figure 4.3: Reflectance and absorptance of 3T encapsulated perovskite/c-Si tandem solar cell (see
Fig. 4.1(d)) with top cell and TRJ as in Ref. [88] and a c-Si IBC bottom cell passivated with poly-SiOx

CSPCs.

4.2.3. 4T perovskite/c-Si tandem solar cell

In the 4T perovskite/c-Si tandem solar cell, the top and bottom cells are mechan-
ically stacked; thus, they are connected optically but not electrically. Similar to
the previous case of 3T tandem configuration, the thickness of the perovskite
absorber layer is fixed at 513 nm, which is the value found when validating our
modelling platform with the device reported in Ref. [226] (see Fig. 4.1(f)). From
an optical point of view, the main difference with 2T and 3T configuration is that
in the 4T configuration the perovskite top cell is deposited front-to-back on a flat
glass substrate while for the 2T and 3T configurations the perovskite top cell is
deposited back-to-front on a textured c-Si bottom cell. From a fabrication point
of view, it is so far challenging to fabricate a textured perovskite cell on glass.
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Fig. 4.4(a) shows the reflectance and absorptance spectra for an encapsulated 4T
tandem with poly-SiOx passivated c-Si bottom solar cell. This diagram reveals
that the flat top cell gives rise to significantly higher reflection losses (white area).
Also, next to the n-type and p-type poly-SiOx layers, which absorb around 0.29
and 0.61 mA/cm2, respectively, the additional ITO layer at the rear side of the top
cell results in an increase of parasitic absorption losses. The Jph of top and bottom
cells are therefore reduced to 19.35 and 18.25 mA/cm2, respectively. In case of
other CSPCs, a slight increase in bottom cell currents is observed due to lower free
carrier absorption in the longer wavelengths (see Table 4.2). Although practically
difficult to manufacture, into an attempt to increase the Jph in the top cell, we
imagined texturing the top perovskite solar cell. For comparing the 2T, 3T and
4T configurations, we considered the textured perovskite cell from Ref. [88] (see
Fig. 4.4(b)). Owing to the texturing, the Jph of the top cell increases, but the Jph of
the bottom cell is 18.84 mA/cm2, which is lower than that of 2T tandem due to
additional losses in ITO layers. Table 4.2 gives an overview of the Jph of the various
encapsulated tandem configurations for different CSPCS.

Figure 4.4: Reflectance and absorptance of 4T perovskite/c-Si tandem solar cell with (a) flat top cell
as in Ref. [226] (see Fig. 4.1(f)) or (b) textured top cell as in Ref. [88] (Fig. 4.1(f) but with textured

top cell as in Fig. 4.1(b)). The c-Si bottom cell is passivated with poly-SiOx CSPCs.

4.3. Real world conditions
The results presented thus far assume normal incidence and AM1.5 spectrum for
the incident light. However, in real world conditions both the angle of incidence
and spectral conditions vary simultaneously as the apparent sun position and
cloud coverage vary with the time of day and year. In this section, we first study the
individual effects of air mass (AM) and the angle of incidence (AOI) on the implied
photocurrent density. To illustrate these effects, we consider the encapsulated
2T perovskite/c-Si tandem with bottom cell passivated with poly-SiOx CSPC. We
choose this CSPC because it is a new material whose optical performance in
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tandems has not been reported so far.

4.3.1. Air mass

When the sun’s elevation angle above the horizon decreases, the sunlight trav-
els longer distance through the atmosphere, resulting in an increasing AM and
corresponding reduction of the spectral irradiance, especially for the shorter wave-
lengths [17]. The spectra for different air mass are generated using the Simple
Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) v2.9.2 de-
veloped by NREL [227]. In Fig. 4.5(a), the effect of AM on the Jph is shown for
the encapsulated 2T poly-SiOx passivated tandem solar cell. Here, we kept the
perovskite thickness fixed at the thickness that matches the Jph for the AM 1.5
spectrum. The graph shows that with increasing the AM the implied photocurrent
density in both perovskite and c-Si decrease. This is expected as the higher AM
spectra have lower irradiance. The implied photocurrents of perovskite top cell
and c-Si bottom cell do not decrease at the same rate, causing a current mismatch
up to 35% between the top and the bottom cell as the spectrum varies. This effect
is especially relevant for 2T tandems, but not for 3T and 4T tandems, which do not
require current matching. Note that very similar behaviour was found also in case
of tandems with c-Si bottom cells passivated with the other CSPCs considered in
this work.

Figure 4.5: : Implied photocurrent density of encapsulated 2T tandem with c-Si bottom cell
passivated with poly-SiOx as function of (a) AM and (b) angle of incidence.
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4.3.2. Angle of incidence

Unless the PV module is tracking the sun, the angle of incidence, between the
incoming light and the PV module surface normal, also varies with the time of day
and year. For increasing angle of incidence, one would expect higher reflection
losses, especially at the air/glass interface. At the same time, the un-reflected
light enters the solar cell under an oblique angle which might affect the optical
path length in perovskite and silicon layers, potentially causing current mismatch.
To study this effect on the implied photocurrent density, the angle of incidence
is varied from 0° to 90°. The simulation results shown in Fig. 4.5(b) reveal that
with increasing the angle of incidence, the absorption in both perovskite and c-Si
decreases thereby decreasing the corresponding implied photocurrent densities.
Different than in case of the AM variation, the Jph of top and bottom cell for
flat glass encapsulation decrease at the same rate, remaining closely matched
with changing angle of incidence. The maximum mismatch between the implied
photocurrent densities is only 0.88%. Again, a very similar behaviour was found
also in case of tandems with c-Si bottom cells passivated with the other CSPCs
considered in this work. Light trapping effects due to the c-Si pyramid texture
play an important role and are taken into consideration in our GenPro4 [114]
model that is used to obtain the presented cell and module simulation results. In
addition, textured glass simulations [228, 229] have been considered to study its
effect on photocurrent density. Fig. 4.5 (b) reveals the behaviour of perovskite and
c-Si solar cells in 2T configuration with textured glass encapsulation. The texture
is on the outside of the glass. We observe that texturing increases the photocur-
rent density significantly especially at larger angles of incidence. The maximum
mismatch between top and bottom cell’s implied photocurrent densities is below
1.5% in this case.

4.3.3. Effect of location on mono-facial tandem modules

Under real-world conditions the abovementioned variations in AM spectrum and
angle of incidence occur simultaneously and vary depending on latitude and
cloud coverage. We perform the hourly spectral irradiance analysis, as outlined
in supplementary information A, for the cities of Reykjavik (Iceland, 64°08’ N),
Rome (Italy, 41°53’ N) and Alice Springs (Australia, 23°42’ S). We consider a module
endowed with mono-facial 2T tandem solar cells and decorated with p+−nc −
Si : H/n+−nc −Si : H TRJ. To compare the year-averaged optical performance
of different scenarios, we use the concept of the yearly average photocurrent
density. For every hour of the year, we calculate the photon absorption rate in
the individual perovskite and c-Si absorber layers. We assume that the tandem’s
current output is limited by the sub-cell with the lowest implied photocurrent
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density, which for some hours will be the top cell while at other hours will be the
bottom cell. We calculate this limiting implied photocurrent density for every hour
of the year and then take its average. As this quantity is related to the annual energy
yield, it allows us to optimize the optical design of the 2T tandem solar cell for a
particular location without resorting to electrical yield calculations. Figure 4.6(a),
(b) and (c) show the variation of the yearly average photocurrent of mono-facial
2T SHJ and poly-SiOx passivated tandem solar modules with varying perovskite
absorber layer thickness for the three abovementioned locations. Under standard
test conditions, the optimal perovskite thickness for these tandem solar cells are
535 nm and 515 nm, respectively. However, in real world conditions for which
the illumination varies over the year, we define the optimum thickness as the
thickness that maximizes the yearly average photocurrent density. We find that
for different locations the optimum thickness of the perovskite absorber changes
considerably: ∼600 nm in case of Reykjavik for both c-Si technologies, 535 nm
and 515 nm in case of Rome for SHJ and poly-SiOx c-Si technologies, respectively,
and 500 nm in case of Alice Springs for both c-Si technologies. We explain this by
Rome having averaged over the year a similar spectrum as AM 1.5 and that is why
the optimum thickness at STC is also the optimum for Rome. For Reykjavik, the
spectrum has a higher AM, with relatively less visible light compared to infrared
light, which must be compensated with a thicker perovskite. Alice Springs has a
lower AM and so a thinner perovskite layer is the optimum. Optically, we observed
that the tandem cell endowed with SHJ bottom c-Si cells outperforms that based
on c-Si cells passivated with poly-SiOx CSPCs (see table 4.2). This result translates
to module level (see figure 4.6). Note that for perovskite thicknesses thinner than
the optimum value, the perovskite current is for most hours of the year lower than
that of c-Si and limits the tandem. Conversely, for perovskite thicknesses thicker
than the optimum, the c-Si current limits the tandem.

In addition to 2T mono-facial tandem simulations, we also study 3T and 4T
mono-facial tandem simulations, both for flat and textured glass encapsulation
(as described in section 4.3.2). The location considered here is only Rome. Figure
4.7 (a), (b) and (c) below shows the simulated yearly average photocurrent density
of 2T, 3T and 4T mono-facial tandem solar cells. For 2T tandems we find that
textured glass simulations give an increase in the yearly average photocurrent
of about (3 – 4%) due to reduced reflection loss, especially for larger angles of
incidence as shown in Figure 4.5 (b). We also observe that on texturing the glass,
the optimum thickness of the perovskite does not change. For 3T tandems, which
have a similar structure, glass texture gives a similar (3 – 4%) enhancement for
both top and bottom cell currents. In 4T tandems, the glass texture, besides
reduced reflection loss, has a secondary effect of making light pass through the
flat top cell more obliquely. This further enhances absorption in perovskite and
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Figure 4.6: Yearly average photocurrent density of mono-facial 2T tandems with SHJ bottom cell
(red stars) or c-Si bottom cell passivated with poly-SiOx (grey triangles) for varying perovskite
absorber thickness in (a) Reykjavik (Iceland), (b) Rome (Italy) and (c) Alice Springs (Australia).

increases the gain in top cell current to 6% compared to flat glass. The more
oblique path does mean that a lower fraction of incoming photons is transmitted
to the bottom cell, limiting the current gain in the bottom cell to 1%. Note that
textured glass may increase the module soiling [230], a negative effect not taken
into consideration in these simulations.

Figure 4.7: Simulated yearly average photocurrent density of mono-facial tandems with poly-SiOx
bottom cell for varying perovskite absorber thickness in Rome. The tandem configurations are (a)

2T, (b) 3T, and (c) 4T,
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4.3.4. Effect of albedo and perovskite band gap on bifacial tandem mod-
ules

In bifacial 2T tandem solar cells (see Fig. 4.1 (c)), the current in c-Si increases due
to the reflection from the ground (albedo). Since the c-Si does not transmit any
rear-incident light that can be absorbed by perovskite, the rear side irradiance
does not contribute to additional current generation in the perovskite top cell.
The effect of albedo on the optical performance of a bifacial 2T tandem module
with c-Si bottom cell passivated with poly-SiOx has been studied. Mean albedo
values of 0.09, 0.44, and 0.85 have been taken into consideration for different
ground surfaces such as sandstone, dry grass and snow, respectively [122, 231].
Fig. 4.8(a) below shows the yearly average photocurrent in the 2T bifacial tandem
for different albedo values as function of perovskite thickness. These values have
been calculated for the location of Rome with a module tilt of 27° facing South and
compared with the results for the mono-facial module (see grey symbols in 4.8(a)).
We observe that for low albedo values of 0.09 (= low impact of rear-incident light
on the optical behaviour of the tandem), we get an optimum perovskite thickness
between 700 nm and 800 nm. This is much thicker than the optimal 515-nm
thick perovskite absorber found for the mono-facial tandem module; but it is still
required to match the additional current density from the c-Si due to the rear side
irradiance. Beyond 800-nm thick perovskite absorber, the c-Si current limits the
tandem. On the other hand, for higher albedo values of 0.44 and 0.85, there is even
more additional c-Si current due rear side irradiance, and the perovskite current
seems to always limit the tandem, even in case of a 1000-nm thick perovskite layer.
To get current matching in case of mid-to-high level of albedo, another option
is to reduce the optical bandgap of the perovskite absorber layer so that it can
absorb a wider range of the solar spectrum. The optical bandgap of the perovskite
has been blue-shifted in steps of 25 nm similar to the approach used in Ref. [232].
To this end, we keep the location of Rome and the abovementioned mounting
configuration and we fixed to 700 nm the thickness of the perovskite absorber.
We then determine the optimum bandgap corresponding to current matching.
As reported in the Fig. 4.8(b), for bifacial tandems with albedo value of 0.09, the
optimum bandgap is (1.55 eV) whereas for 0.44 albedo, the optimum bandgap is
1.45 eV. For a very high albedo of 0.85 (snow), the optimum bandgap is less than
1.4 eV. As in Section 4.3.1 and Section 4.3.2, a very similar behaviour was found
also in case of tandems with c-Si bottom cells passivated with the other CSPCs
considered in this work. However, we assume the ground to have a constant
(wavelength independent) albedo. Therefore, the spectral distribution of light
incident on the rear side is always the same as on the front side. In reality, the
albedo of a material like grass is wavelength dependent [122], which will result in
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differences between front and rear spectra. This may introduce a minor deviation
in calculated Jph [233].

Figure 4.8: Yearly average photocurrent density of bifacial 2T tandem module with c-Si bottom cell
passivated with poly-SiOx computed in Rome (Italy, tilt = 27°, azimuth = South) for different albedo

values and as function of (a) perovskite absorber thickness or (b) perovskite absorber band gap
(thickness fixed to 700 nm). The black triangles values are the reference from mono-facial 2T

tandem cell; instead, red squares values are related to the mean albedo value of sandstone (0.09);
the black diamonds to that of dry grass (0.44); and the blue circles to that of snow (0.85).

4.3.5. Effect of location on bi-facial tandem modules

The analysis of perovskite thickness and bandgap in the previous section was
presented for only one location and several albedo values. To thoroughly study
the effect of location on the 2T bifacial tandem modules, simulations have been
performed also for Reykjavík in Iceland and Alice springs in Australia. Fig. 4.9
shows a comparison of the yearly average photocurrent density for perovskite
absorber thickness from 400 nm to 700 nm. Going from the least sunny to the sun-
niest location, the yearly average photocurrent density increases from Reykjavík
to Rome to Alice Springs and for perovskite absorber layer thickness from 400 to
700 nm.

4.4. Discussion

4.4.1. Overall comparison between different perovskite/c-Si tandem ar-
chitectures and CSPCs

The deployment of the poly-SiOx CSPCs in single junction c-Si solar cells leads
to significant additional parasitic absorption losses, which in turn reduces the
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Figure 4.9: Yearly average photocurrent density of bifacial 2T tandem with c-Si bottom cell
passivated with poly-SiOx : comparison between different perovskite absorber thicknesses and

different locations. Albedo value considered here is 0.44.

implied photocurrent density (See Fig. A.3 (a) of supplementary information A).
However, these optical losses occur largely for shorter wavelengths (λ < 600 nm)
and do not play a critical role in perovskite/c-Si tandem configurations. In the 2T
configuration, the implied photocurrent density reduction is limited to at most
0.3% for poly-Si, 0.8% for poly-SiCx , and 1% for poly-SiOx CSPCs. The results for
2T, 3T and 4T tandems are summarized in Table 4.2. For 2T, the current matched
top and bottom Jph is given with the corresponding perovskite thickness. This
shows that careful choice of the perovskite absorber thickness is crucial. For 3T
and 4T, separate top and bottom Jph are shown, considering for comparison the
same perovskite thickness and texture as in 2T. The 3T and 4T tandem devices
exhibit similar trends for the different CSPCs as 2T. Note that for the 3T tandem,
the photocurrent density in the bottom cell can be tuned by varying the area of
n-type and p-type doped layers at the rear as well as the gap in between them. In
this respect, while the difference in absorption coefficient between n-type and
p-type doped layers can be optically leveraged, one must take care that emitter-
to-pitch ratio of the IBC device does not become too small, giving rise to charge
collection issues [234]. For 4T, the bottom cell current is about 3% lower than
that in 2T and 3T tandems due to parasitic absorption in additional ITO layers
involved. When the perovskite top cell is not textured, the 4T configuration gives
rise to additional reflection losses and correspondingly lower Jph in both top and
bottom cells.

Compared to tandem solar cells based on SHJ bottom cell, tandem solar cells
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based on poly-Si, poly-SiOx and poly-SiCx CSPCs have slightly lower photocurrent
densities due to the higher parasitic absorption in these high temperature CSPCs.
This is because they are thicker and more heavily doped than the low temperature
counterparts. Despite this, they can still achieve greater than 20 mA/cm2 matched
implied photocurrent density in the un-encapsulated architecture along with
being compatible with high temperature production processes.

For 2T, it is needed to match the top and bottom Jph . For 3T and 4T, having
a thicker perovskite absorber will lead to higher photocurrent in the top cell but
lower photocurrent in the bottom cell. In these configurations, a larger perovskite
thickness will give voltage output at a potentially higher current which will result
in a higher efficiency. However, a very thick perovskite thickness such as around
1000 nm might lead to fabrication issues and to lower electrical properties such as
Voc because of a larger recombination triggered by limited diffusion length. For 2T
tandem, the optimum perovskite thickness is crucial as by varying the perovskite
thickness by 50 nm leads to a significant variation in photocurrent density (see
Figure 4.7(a)). Figures 4.7 (b) and (c) show the variation of photocurrent density
with perovskite thickness for both top and bottom cell in 3T and 4T configurations.
Since current matching is not required in 3T and 4T, even on changing perovskite
thickness, the average photocurrent density is almost constant which comes
around 3.49 mA/cm2 for 3T and 3.33 mA/cm2 for 4T (not shown).

Table 4.2: Implied photocurrent density of encapsulated mono-facial tandem devices with c-Si
solar cells passivated with poly-Si, or poly-SiOx , or poly-SiCx . Tandem devices endowed with SHJ

bottom cell are reported as reference. The 4T architecture with textured top cell refers to Figure
4.1(f) but with textured top cell as in Figure 4.1(b); dpero stands for thickness of the perovskite

absorber and in case of 2T it is the thickness for which current matching is achieved.

Jph [mA/cm2]
dpero [nm] 2T 3T 4T Textured top cell dpero [nm] 4T Flat top cell

Top Bottom Top Bottom Top Bottom
SHJ (ref.) 535 19.70 19.72 19.63 19.60 19.02 513 19.38 18.58

Poly-Si 527 19.64 19.62 19.62 19.52 18.99 513 19.36 18.53
Poly-SiOx 515 19.49 19.49 19.53 19.56 18.84 513 19.35 18.25
Poly-SiCx 510 19.53 19.53 19.51 19.54 18.84 513 19.38 18.23

4.4.2. Comparison of real-world conditions with standard test conditions

In the real-world conditions, the illumination spectrum and the Sun’s position
change over the entire year. We observe that the optimum thickness of mono-
facial 2T tandem with c-Si bottom cell passivated with poly-SiOx , under standard
test conditions, is around 515 nm (see Table 4.2). This thickness is also optimum,
averaged over the whole year, for the city of Rome. However, for a location with
a somewhat higher AM spectrum such as Reykjavik, the optimum perovskite
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thickness is thicker (∼600 nm). The opposite is also true: for a location with a
lower AM spectrum such as Alice Springs, the optimum perovskite thickness is
thinner 500 nm (see Fig. 4.6). Hence, the optimum thickness changes for the
real-world conditions. So, in general, the spectrum and angle of incidence do
influence the absorption in both mono-facial and bifacial perovskite/c-Si tandem
solar cell and related modules (see Fig. 4.9). Like 2T tandem solar cells, also the
3T and the 4T tandem solar cells will show a varying yearly average photocurrent
density with changing locations.

4.4.3. Comparison of mono-facial and bi-facial tandem solar cells

Compared to mono-facial tandems, a higher yearly averaged photocurrent density
can be achieved with bifacial tandems due to the ground reflectance, which
contributes to the extra current in the bottom cell. For 2T tandems we observe
that by increasing the thickness of perovskite absorber layer, the yearly averaged
Jph increases if current generation in perovskite is the limiting factor. This happens
even for perovskite thicknesses as high as 1000 nm and for albedo values of 0.44
or 0.85 (see Fig. 4.8(a)). The optimum thickness for 2T tandem is the point where
the transition from perovskite to c-Si being the limiting factor in Jph occurs. For
a particular bandgap of perovskite absorber, its optimum thickness in bi-facial
2T tandems is higher than that in mono-facial tandems (see Fig. 4.8(a)). Or
conversely, for a particular perovskite thickness, the optimum bandgap in bi-
facial 2T tandems is lower than that in mono-facial tandems (see Fig. 4.8(b)).
These effects are more pronounced the larger the albedo.

To study the effect of tandem architectures, we compared the yearly averaged
photocurrent density of mono-facial and bi-facial 2T, 3T and 4T tandem solar
modules (see fig. 4.10). We choose the tandems based on poly-SiOx passivated
bottom cell as a comparative example. The mono-facial tandems were simulated
for the optimized perovskite thickness of 515 nm in case of 2T and 3T architectures
and 513 nm for 4T architecture (see Table 4.2). For bifacial 2T tandems, since
the perovskite current is the limiting factor for very thick absorber thickness, an
upper value of 700 nm has been chosen (see Fig. 4.8 (a)). On the other hand, 3T
and 4T do not have the constraint of current matching. In these architectures,
having a thicker perovskite absorber is beneficial because a higher current from
the perovskite top cell will lead to higher efficiency. Hence, for bifacial tandems,
the perovskite thickness of 700 nm was chosen for comparison. To have a more
realistic approach from a fabrication standpoint, flat top cell is chosen for the 4T
given in Table 4.2. From mono-facial to bifacial tandems, the thicker perovskite
absorber combined with the additional rear side absorption in the c-Si absorber,
yield improved performance. Passing from 515-nm to 700-nm thick perovskite ab-
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sorber (i.e. from mono-facial to bifacial configurations), but still having perovskite
as limiting factor, the yearly average photocurrent density of the top cell increases
by 7.4%, 5.5%, and 5.5% in case of 2T, 3T and 4T tandem architectures, respec-
tively. At the same time, the yearly average photocurrent density of the bottom
cell increases by 46%, 46%, and 50% in case of 2T, 3T, and 4T tandem architectures.
This latter gain is due to the rear side absorption in c-Si, minus a small reduction
in front-side absorption in c-Si due to the thicker perovskite layer. For bifacial
2T tandem, since the perovskite is limiting the total photocurrent density and
thickness of perovskite cannot be increased further, lower bandgap perovskites
should be considered to increase the average yearly photocurrent density. Note
that changing the bandgap will also affect the electrical parameters of the tandem,
such as the open circuit voltage, but this is out of scope for this optical study. For
the 3T and 4T tandem configurations, the extra current in the bottom cell due to
rear side absorption in c-Si contributes to the total photocurrent independent of
the top cell current.

Figure 4.10: Comparison of yearly average photocurrent density of mono-facial and bifacial 2T, 3T,
and 4T tandems with c-Si bottom cell passivated with poly-SiOx . Here bifacial tandems are

endowed with 700-nm thick perovskite absorber. Numbers and letters in the diagram refer to
sub-figures in Fig. 4.1.

4.5. Conclusions

The goal of our work was to investigate what affects the optimum perovskite
thickness for current matching in 2T perovskite / c-Si tandems and how the
optical performance of these devices compares with that of related 3T and 4T
tandems.

In 2T tandem configuration high temperature CSPCs such as poly-Si, poly-
SiOx and poly-SiCx can achieve matched photocurrent density greater than 20
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mA/cm2 and around 19.5 mA/cm2 without encapsulation and with encapsula-
tion, respectively. These values are slightly lower than those of a 2T tandem based
on SHJ bottom cell because of the high doping-driven free carrier absorption in
high-thermal budget CSPCs. However, these CSPCs are compatible with high tem-
perature production processes and are therefore appealing for the mainstream
c-Si industry. We observed that when designing a 2T tandem, the effect of encap-
sulation should be taken into consideration as it reduces the optimum perovskite
thickness by about 25 nm. With our modelling approach, we can also optimize
the thickness of the perovskite absorber according to the location and angle of
incidence, as the optimum thickness of the perovskite absorber under standard
test conditions is not the same as in real world conditions.

At module level, we introduced the yearly average photocurrent density as
term of comparison among different tandem architectures. Evaluating bifacial
tandems, a higher yearly average photocurrent density than that of mono-facial
tandems could be obtained due to the ground reflection that contributes extra
current to bottom c-Si cell. The optimum thickness of the perovskite absorber
for bi-facial tandems is higher than that of the mono-facial tandems. On the
other hand, the bandgap of perovskite absorber is another parameter that can be
tuned in bifacial 2T, 3T and 4T tandems to harvest more current from the top cell
without realizing an overly-thick top cells. For higher albedo values, the optimum
bandgap of perovskite is lower as compared to the optimal bandgap found for
lower albedo values. Careful optimization of albedo and thickness and bandgap
of perovskite absorber is crucial in achieving a high yearly average photocurrent
density.
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Abstract

Single junction crystalline silicon (c-Si) solar cells are reaching their practical
efficiency limit while perovskite/c-Si tandem solar cells have achieved efficiencies
above the theoretical limit of single junction c-Si solar cells. Next to low-thermal
budget silicon heterojunction architecture, high-thermal budget carrier-selective
passivating contacts (CSPCs) based on polycrystalline-SiOx (poly-SiOx) also con-
stitute a promising architecture for high efficiency perovskite/c-Si tandem solar
cells. In this work, we present the development of c-Si bottom cells based on
high-temperature poly-SiOx CSPCs and demonstrate novel high-efficiency four-
terminal (4T) and two-terminal (2T) perovskite/c-Si tandem solar cells. First, we
tuned the ultra-thin, thermally grown SiOx. Then we optimized the passivation
properties of p-type and n-type doped poly-SiOx CSPCs. Here, we have optimized
the p-type doped poly-SiOx CSPC on textured interfaces via a two-step annealing
process. Finally, we integrated such bottom solar cells in both 4T and 2T tandems,
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achieving 28.1% and 23.2% conversion efficiency, respectively.

5.1. Introduction

Single junction c-Si solar cells are reaching their practical efficiency limit [95, 235].
One way to further increase the efficiency of solar cells based on c-Si is to deploy
them as bottom device in tandem structures with a wide bandgap top device.
Perovskite/c-Si tandem solar cells attract considerable attention in this regard
[47, 88, 89, 91, 101, 110, 189–195, 197–202, 236–245] with certified conversion ef-
ficiencies so far up to 34.6% [94]. The two common tandem architectures are a
monolithically integrated two-terminal (2T) tandem configuration, where the
two devices are electrically connected via a tunnel recombination junction (TRJ),
and a mechanically stacked four-terminal (4T) tandem configuration where the
two devices are optically connected but electrically decoupled. The 2T tandem
solar cell design has simple electrical connections but requires current matching
between the two devices to reach optimal efficiency. It is thus sensitive to the
daily variations of solar spectrum. The 4T tandem configuration does not require
current matching between its component devices and so has fewer restrictions
on the device optimizations. However, due to the devices being electrically de-
coupled, each of them has its own transport layers and additional encapsulation
layers for optical coupling, which increases the overall parasitic absorption. The
advantages and disadvantages of 2T and 4T tandem configurations have been ex-
plored before [50, 193, 222, 246]. As bottom device, besides silicon heterojunction
(SHJ) cells [88, 91, 193, 197, 236, 238–241] silicon solar cells based on high-thermal
budget carrier-selective passivating contacts (CSPCs) have been less developed
[47, 111, 112, 242–244]. Such CSPCs are so-called since they require high tem-
perature fabrication steps, which can be up to 1000 ◦C. Poly-crystalline silicon
(poly-Si) is an example of these high-thermal budget CSPCs and has enabled
high efficiency single junction c-Si solar cells [59, 152, 208, 247, 248], concurrently
yielding high quality surface passivation and charges transport. However, doped
poly-Si exhibits a high free carrier absorption, which has turned the attention of re-
searchers towards wide bandgap materials, such as polycrystalline-SiCx [63, 158]
and polycrystalline-SiOx (poly-SiOx), which can be more transparent while ensur-
ing similar conductivity with respect to poly-Si [38, 156]. Such CSPCs consist of
doped poly-Si, alloyed with carbon or oxygen, which are deposited on an ultra-thin
SiOx layer, prepared by a wet-chemical process (nitric acid oxidation of silicon,
NAOS) [38], thermal oxidation [249], UV/O3 process [250], or low-temperature
plasma oxidation [251]. The opto-electronic properties of poly-SiOx depend on
the oxygen content [38, 252]. Poly-SiOx is a novel material which has been suc-
cessfully employed in c-Si single junction solar cells [38, 252, 253] and, to the best
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of our knowledge, its long-wavelength optical potential in tandems has not been
explored so far. As these CSPCs are compatible with high temperature production
processes, they are appealing to the mainstream c-Si PV industry. In view of poten-
tial tandem efficiencies well above 30%, perovskite/c-Si tandem solar cells with
bottom cells fabricated with high-thermal budget CSPCs can significantly reduce
the levelized cost of electricity compared to single junction silicon photovoltaics
[213].

Solar cells fabricated with poly-SiOx CSPCs on an ultra-thin tunnelling SiOx

layer grown via NAOS process have exhibited active area efficiency of around
21% in a front/back contacted (FBC) architecture [253]. However, these cells were
2-cm2 wide and deployed thermally evaporated metal contacts. In this work, next
to adopting screen printing for metallization and developing larger area devices
(from 2 cm2 to 4 cm2), an ultra-thin SiOx layer prepared by thermal oxidation
of the c-Si surface is used as tunnelling SiOx. As compared to tunnelling oxide
grown via NAOS, thermal oxides are denser and less prone to blistering, have
lesser bulk defects, provide better wafer chemical passivation [254] and is more
stoichiometric resulting in higher thermal stability [255]. Other advantages of
using a thermal oxide are (i) the controllability over the oxide thickness and its
microstructures by changing the oxygen flow rate, temperature, and time, and (ii)
the industrial applicability in state-of-the-art furnaces.

We optimized the passivation of both n-type and p-type doped poly-SiOx

on the ultra-thin thermally grown SiOx especially because p-type poly-SiOx on
textured surfaces has been a limiting factor in terms of passivation [158, 254, 256].
To this end, a two-step annealing process was used to improve the passivation
quality of p-type poly-SiOx CSPCs on textured interfaces. Finally, we studied
the integration of c-Si solar cells endowed with these optimized high-thermal
budget CSPCs in perovskite/c-Si 4T and 2T tandem devices, achieving conversion
efficiency of 28.07% and 23.18%, respectively.

5.2. Experimental details

5.2.1. Crystalline silicon (c-Si) solar cells

We used 4-inch n-type float zone (FZ) double-side polished (DSP) Topsil wafers
(orientation: <100>, resistivity: 1-5Ω cm, thickness: 280 ± 20µm). For double-side
textured (DST) solar cells, both sides of the wafers were textured in a tetramethy-
lammonium hydroxide (TMAH) solution containing ALKA-TEX (GP-Solar-GmbH)
as additive. For single-side textured (SST) solar cells, the front side was protected
by a thick silicon dioxide (SiO2) layer deposited using plasma-enhanced chemical
vapour deposition (PECVD). After partially texturing the wafer, the SiO2 layer was
etched using a Buffered Hydrogen Fluoride (BHF (1:7)) solution. Subsequently,
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the samples were cleaned by dipping them in HNO3 (99%), to remove eventual
organic contaminations, and then in HNO3 (69.5%, at 110 ◦C) to remove inorganic
contaminations. The samples are then dipped in 0.55% HF solution to remove
any native oxide layer before thermal oxidation to grow a thin tunnelling oxide
layer. Here, after preliminarily investigating an optimal growth temperature (ul-
timately fixed at 675 ◦C), the time of the thermal oxidation process is optimized.
Then, both the n-type and the p-type poly-SiOx passivating contacts are deposited
on the thermal oxide with a dual-stack layer of 10-nm thick intrinsic a-Si layer
using low-pressure chemical vapour deposition (LPCVD) process and 20-nm
thick doped a-SiOx:H layer from PECVD process. Silane (SiH4), carbon dioxide
(CO2) and hydrogen (H2) gases are used as the sources to deposit these poly-SiOx

passivating contacts. Phosphine (PH3) and diborane (B2H6) gases are used as
doping sources for n-type and p-type poly-SiOx passivating contacts, respectively
[252]. The dopant concentration of such poly-SiOx CSPCs is in the order of 1020

cm-3 [156, 252]. The total thickness of the passivating contact hereby described
will not overcome 30 nm. Because of that thickness, an additional TCO layer is
needed for lateral transport of carriers. Also here, after an initial study on the
optimal annealing temperature seeking for an eventual co-annealing temperature
between the n-type and p-type doped layers, these samples were annealed at
950 ◦C between 5 and 15 minutes to crystallize the abovementioned films into
poly-SiOx layers and drive in the dopants for both DST and SST cells. In this high
temperature process, hydrogen effuses from the whole layer stack. Therefore,
these cell precursors were hydrogenated by forming gas annealing (FGA) at 400 ◦C
for 1 hour after being preliminarily capped with a 100-nm thick PECVD SiNx layer
[257]. Upon the removal of the SiNx capping layer, indium tin oxide (ITO) layers
were sputtered to ensure efficient (i) lateral carrier transport of charge carriers
and (ii) optical performance at the front side as an anti-reflective coating (75 nm)
and at the rear side as an optical buffer for the rear reflector (150 nm) [258]. As this
step deteriorates the passivation quality [253, 259, 260], an additional annealing
was executed in hydrogen for one hour at 400 ◦C. Finally, screen printing and
curing for 30 minutes at 170 ◦C was used to realize low-temperature front and
rear Ag-based metallic contacts. We have also fabricated a front side flat (rear side
textured) c-Si solar cell that is deployed in 2T tandem devices (see Figure 5.1). The
fabrication of such an architecture is described in more detail in Section 5.2.2.
The current-voltage measurements of c-Si solar cells were performed using an
AAA class Wacom WXS-90S-L2 solar simulator. The best SST and DST devices
were certified at the CalTeC of the Institute for Solar Energy Research Hamelin
(ISFH), Germany, which provided also the related external quantum efficiency
(EQE) spectra (illumination in-between the front metal fingers). For passivation
tests, symmetrical samples were fabricated with n-type or p-type doped poly-
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SiOx CSPCs on flat and textured c-Si wafers. A lifetime tester (Sinton WCT-120)
was used to perform passivation measurements, such as implied open-circuit
voltage (iVoc), on precursors in quasi-steady-state photoconductance (QSSPC) or
transient photoconductance decay (transient PCD) mode [261, 262].

5.2.2. Perovskite/c-Si tandem solar cells

For 2T perovskite/ c-Si tandem solar cells, SST solar cells were fabricated with
front side flat n-type poly-SiOx and rear side textured p-type poly-SiOx. This
configuration of the bottom sub- cell is chosen to meet the requirements for de-
positing the perovskite top device in a p-i-n configuration. After high temperature
annealing (900 ◦C for 15 minutes) and the abovementioned hydrogenation step,
the SiNx capping layer was removed. This was followed by sputtering 30-nm
(150-nm) thick ITO layer on the front (rear) side of the cell. Finally, a 500-nm
thick Ag layer was deposited on the rear side of the cell using thermal evaporation.
Atomic layer deposition (ALD), in combination with solution-processing, ther-
mal evaporation, and sputtering were used to fabricate the perovskite top device.
On the front, flat ITO layer of the bottom device, the perovskite top device com-
prised in a bottom-up sequence NiOx / 2-(9H-carbazol-9-yl)ethyl]phosphonic
acid (2PACz) / perovskite (1.67 eV) / C60 / SnOx / ITO / MgF2. The front electrical
contact was made of evaporated silver. The 8-nm thick NiOx layer was deposited
on the ITO layer using thermal ALD [263, 264]. The deposition was done at a
base pressure of 5 × 10-6 mbar in a home-built reactor using nickel bis(N,N’-di-
tert-butylacetamidinate) (Ni(tBu-MeAMD)2) as nickel precursor and water as the
co-reactant. The precursor bubbler was maintained at 90 ◦C and an Ar flow was
used for bubbling. The substrate temperature approached 150 ◦C during the de-
position. Subsequent solution-processed and evaporated layers were processed
in an inert atmosphere. 2PACz (TCI, 98%, dissolved 0.3 mg/ml in ethanol) was
deposited by spin-coating at 3000 rpm for 30 s followed by annealing the substrate
at 100 ◦C for 10 minutes [265]. The perovskite precursor solution was prepared
by mixing 936 µl PbI2 (TCI, >99.99%, 691.5 mg/ml in DMF:DMSO 4:1) with for-
mamidinium iodide (FAI, Greatcell Solar Materials) (199.9 mg)and 936 µl PbBr2

(TCI, > 99%, 550.5 mg/ml in DMF:DMSO 4:1) with methylammonium bromide
(MABr, Greatcell Solar Materials) (133.1 mg), followed by mixing the FAPbI3 and
MAPbBr3 solutions in a 79:21 (v/v) ratio and adding 5 vol.% CsI (Sigma Aldrich,
99.999%, dissolved 389.7 mg/ml in DMSO) and 5 vol.% KI (Alfa Aesar, 99.998%,
dissolved 249.0 mg/ml in DMF:DMSO 4:1). The precursor was spin-coated at 4000
rpm (5 s to reach 4000 rpm) for 35 s; at 25 s from the start of spin-coating, 300
µl anisole was cast onto the substrate leading to perovskite crystallization. The
substrate was then placed on a hot-plate and the film was annealed at 100 ◦C
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for 30 minutes. Following the substrate cooling down, choline chloride (Sigma
Aldrich, >99%, 1 mg/mL in 2-propanol) was dynamically spin-coated at 4000 rpm
for 35 s followed by thermal annealing at 100 ◦C for 30 minutes. Then, C60 (10 nm)
was deposited by thermal evaporation at a rate of 0.5 Å/s. Following that, spatial
atomic layer deposition (s-ALD) was used to deposit a SnO2 (20 nm) buffer layer
[187]. Tetrakis(dimethylamino)tin(IV) was used as tin precursor and water as the
co-reactant. A nitrogen curtain was used to isolate the two half-reaction steps.
A 180-nm thick ITO layer was deposited using RF sputtering process at a rate of
0.3 Å/s. Finally, a 100-nm thick Ag perimeter contact, and a 120-nm thick MgF2

anti-reflective coating were thermally evaporated to complete the tandem device.
More information about this solar cell stack can be found in [266]. Schematic
sketches of single junction solar cells combined with perovskite solar cells in 4T
and 2T tandem devices are reported in Figure 5.1.

Current density – voltage (J–V) scans of the 2T perovskite/c-Si tandem solar
cells were done under a tungsten-halogen illumination source filtered by a UV
filter (Schott GG385) and a daylight filter (Hoya LB120) with intensity adjusted to
100 mW/cm2. A 1 cm2 shadow mask was used. The solar cells were operated under
reverse or forward sweeps (between + 2.0 V and – 0.5 V for tandem solar cells) at
a rate of 0.25 V/s using a Keithley 2400 source meter. The EQE measurements
of the 2T perovskite/c-Si tandem solar cells were performed using a modulated
monochromatic probe light (Philips focusline, 50 W) through a 1 mm radius
aperture. The response was recorded and converted to the EQE using a calibrated
silicon reference cell. Light- and voltage-biasing was used to isolate the EQE of
the individual devices; 530 nm (perovskite) or 940 nm (silicon) bias light and a
forward bias close to the open-circuit voltage of the single-junction solar cell
was used. The single junction c-Si solar cells, described in Section 5.2.1, were
combined with earlier processed and certified semi-transparent perovskite solar
cells [86, 226, 267, 268] to fabricate the 4T tandem devices. The efficiency of 4T
tandem cells was determined by following the procedure described by Werner
et al. [144]. Next to the conversion efficiency of our 4T tandem devices, another
outcome of this procedure was the filtered EQE of the deployed bottom devices.

5.3. Results and discussion

5.3.1. Passivation properties of poly-SiOx CSPCs

Here, we optimized the passivation quality of n-type and p-type doped poly-
SiOx CSPCs. Since, SST poly-SiOx passivated c-Si solar cell has n-type doped
poly-SiOx CSPC applied on front textured interface and p-type doped poly-SiOx

applied on rear side flat interface, we optimized n-type doped poly-SiOx CSPC on
DST symmetric samples and p-type doped poly-SiOx on DSP symmetric samples
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Figure 5.1: Sketches of the various solar cells reported in this work. The c-Si single junction solar
cells endowed with p-type and n-type poly-SiOx CSPCs are shown in the dashed box at the bottom

left. The single-side textured (SST) with front textured and the double-side textured (DST) solar
cells are then combined with 4T perovskite/c-Si tandem devices. The SST with rear textured solar
cell is used for the 2T perovskite/c-Si tandem device. The ITO layers of top and bottom cells in the

2T perovskite/c-Si tandem are processed in different labs on different layers, for which some
differences in both optical and electrical properties are expected.

(see Figure 5.2(a)). On the other hand, for DST poly-SiOx passivated c-Si solar
cell, we optimize both n-type and p-type doped poly-SiOx CSPC applied on DST
symmetric samples (see Figure 5.2(b)). As mentioned earlier in Section 2.1, these
CSPCs are prepared stacking doped poly-SiOx layers on a tunnelling oxide grown
by thermal oxidation on a c-Si FZ wafer, followed by a high temperature annealing
step. The passivation results in Figure 5.3 were obtained after the high temperature
annealing step. We use two parameters to optimize the passivation of these
CSPCs: (1) the thermal oxidation time for the growth of tunnelling oxide and
(2) the annealing time. Figure 5.3(a) and (b) show the passivation (in terms of
iVoc) of p-type doped poly-SiOx CSPC applied on DSP symmetrical sample and
n-type doped poly-SiOx applied on DST symmetrical sample, respectively, for
different thermal oxidation time at 675 ◦C (shown with different colours). Three
annealing times (5, 10 and 15 minutes at 950 ◦C) were considered for each thermal
oxidation time. For both p-type doped CSPC on DSP wafers and n-type doped
poly-SiOx CSPC on DST wafers, we found the same optimal thermal conditions
for the tunnelling SiOx and the high temperature annealing: 6 minutes at 675 ◦C
and 10 minutes at 950 ◦C, respectively (see Figure 5.3(a) for p-type case and Figure
5.3(b) for n-type case).

On the other hand, for the symmetric p-type doped poly-SiOx on DST wafer,
notwithstanding the optimum found again at 10 minutes of thermal annealing in
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Figure 5.2: (a) SST poly-SiOx passivated c-Si solar cell with (top) symmetric n-type doped poly-SiOx
on DST substrate and (bottom) symmetric p-type doped poly-SiOx DSP substrate; (b) DST

poly-SiOx passivated c-Si solar cell with symmetric (top) n-type doped poly-SiOx and (bottom)
p-type doped poly-SiOx on DST substrates.

Figure 5.3(c), thermally grown tunnelling SiOx prepared at 675 ◦C for 3 minutes
was found to yield better results (iVoc ∼ 640 mV) than the rest of the samples. The
underwhelming passivation performance of these DST samples can be ascribed
to a strong Auger recombination due to the excessive diffusion of dopants in the
c-Si bulk. To quench such a diffusion, a 2-step annealing was used [269, 270].

The first annealing step, done after the intrinsic a-Si layer deposition, was
performed at 950 ◦C for 1 minute. This was meant to render this intrinsic silicon
denser [271] and therefore harder for dopants to be crossed. The second annealing
step, done after the deposition of the doped a-SiOx:H layer, was performed at 950
◦C between 5 and 15 minutes like in previous cases so far discussed. For this new
series of samples, thermally grown tunnelling SiOx was prepared at 675 ◦C for 3
minutes. The passivation results for the symmetric p-type doped poly-SiOx on
DST wafers are reported in Figure 5.3(d), showing more than 20 mV improvement
with respect to the best passivation achieved with the single-step annealing.

As described in Section 5.2.1, hydrogenation by FGA after SiNx layer capping
is performed on p-type and n-type doped CSPCs to reintroduce the hydrogen
that effused after high temperature annealing. Figure 5.4 shows the comparison
in passivation of p-type and n-type doped poly-SiOx symmetric samples after
thermal annealing and after hydrogenation. The optimum thermal oxidation and
annealing conditions, as described in Figure 5.3, have been chosen for each type
of CSPC. We observe that p-type and n-type doped poly-SiOx CSPCs applied on
DSP and DST symmetric samples, respectively, gave the same iVoc of 690 mV after
high-temperature annealing which improved to 710 mV after hydrogenation. The
p-type poly-SiOx symmetric sample without 2-step annealing gave an iVoc of 668
mV after hydrogenation. Using the 2-step annealing technique, the symmetric
p-type doped poly-SiOx applied on DST wafer exhibited an iVoc of 687 mV after



5.3. Results and discussion

5

93

Figure 5.3: Implied Voc of symmetric (a) p-type doped poly-SiOx on DSP wafer, (b) n-type doped
poly-SiOx on DST wafer, and (c) p-type doped poly-SiOx on DST wafer for different thermal
oxidation time (thermal oxidation temperature is fixed at 675 ◦C) and three annealing times

(annealing temperature is fixed at 950 ◦C). These three diagrams share the same legend. (d) Implied
Voc of symmetric p-type doped poly-SiOx on DST wafer with two step annealing. In this case, the

thermal oxidation temperature and time are fixed at 675 ◦C for 3 minutes. Here the first step
annealing temperature and time have been varied. For each first step annealing condition, a

second step annealing time of 5, 10 and 15 minutes is considered, again at fixed annealing
temperature (950 ◦C).

hydrogenation. Applying the same 2-step annealing technique to symmetric
n-type doped poly-SiOx on DST wafer (including the thermally grown tunnelling
SiOx prepared at 675 ◦C for 3 minutes as in the p-type case), an iVoc of 690 mV was
found after hydrogenation, resulting in lower passivation quality than the single
step annealing case. Here, as the intrinsic poly-Si layer resulting from the first
annealing got denser [271], we speculate that the phosphorus doping atoms do
not easily reach the tunnelling SiOx/c-Si bulk interface to establish an effective
electric field. In addition, as shown in Figure 5.3(b), the tunnelling SiOx prepared
at 675 ◦C for 3 minutes is not the best condition for the n-type doped poly-SiOx on
a textured surface. Still, this case is investigated (and later put forward in solar cell
fabrication) to realize a neat flow chart in which both n-type and p-type doped
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poly-SiOx layers essentially undergo the same thermal processes at the same time.

Figure 5.4: Implied Voc for different types of CSPCs after high temperature annealing and after
hydrogenation processes. Here, tex is used to denote textured.

5.3.2. Solar cell results

In this Section, we report on the performance of single junction c-Si solar cells
based on n-type and p-type poly-SiOx as CSPCs. The sketches of SST and DST poly-
SiOx passivated c-Si solar cell were shown in Figure 5.2. The evolution of surface
passivation quality after annealing, hydrogenation, TCO deposition and hydrogen
annealing for SST solar cell precursors is shown in Figure 5.5(a). As expected, the
iVoc increases by 20 mV after hydrogenation. Then, the TCO deposition results
in a considerable loss in iVoc from 714 mV to 690 mV due to sputtering-related
damages [253, 260]. This loss in passivation is recovered by annealing the cell
precursor at 400 ◦C in hydrogen environment for 1 hour [259]. The best SST solar
cell exhibited a certified designated area power conversion efficiency (PCE) of
20.47% (Voc = 695 mV, Jsc = 36.68 mA/cm2, FF = 80.33%, metallization faction
∼3%, designated area = 3.915 cm2, see Figure 5.5(c)). Moving from the previous
2-cm2 wide area device, SiOx layer grown via wet-chemical NAOS and evaporated
metallic contacts [253], as well as applying the further optimized doped poly-SiOx

layers, we could keep the Voc relatively high (from 691 mV to 695 mV) and sensibly
improve the FF (from 76.4% to 80.3%) of the solar cells based on poly-SiOx CSPCs.
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Figure 5.5: (a-b) The evolution in passivation quality (iVoc) after specific steps of single side
textured (SST) and double side textured (DST) solar cells fabrication: (1) annealing, (2)

hydrogenation, (3) TCO deposition and (4) hydrogen annealing; (c-d) certified current-voltage and
power-voltage curves of the best SST and DST poly-SiOx passivated c-Si solar cell. Sketches of SST

and DST solar cells are reported in Figure 5.2. Images of fabricated SST and DST solar cells are
given in Appendix B.

As mentioned in Section 5.3.1, the p-type and n-type doped poly-SiOx CSPCs
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with 2-step annealing technique are used as the hole and electron contacts in
DST solar cells, respectively. The change in passivation after different fabrication
steps for the DST solar cell precursor is shown in Figure 5.5(b). The increase in
passivation after hydrogenation and its decrease after ITO deposition are as ex-
pected. However, unlike the SST case, the loss in passivation after TCO deposition
is not fully recovered after hydrogen annealing at 400 ◦C for 1 hour. This is be-
cause the DST solar cell precursor has p-type doped CSPC applied to the textured
side, which is the limiting factor in terms of passivation and does not recover its
passivation even after such a hydrogen annealing. The best DST solar cell gave a
certified designated area PCE of 19.44% (Voc = 655 mV, Jsc = 37.85 mA/cm2, FF =
78.42%, metallization faction ∼3%, designated area = 3.903 cm2, see Figure 5.5(d)).
Compared to the SST solar cell, despite suffering from poorer surface passivation
as witnessed by the lower Voc and FF, the DST cell exhibits higher Jsc. This gain
can be ascribed to the textured rear side of the DST solar cell which promotes a
more efficient light scattering at the rear side and thus higher absorption in the
c-Si bulk. Figure 5.6(a) shows the EQE of the SST and DST devices. As expected,
the EQE of the DST cell outperforms that of the SST cell at wavelengths above 800
nm.

Figure 5.6: (a) EQE spectra of the SST and DST single junction c-Si solar cells endowed with n-type
and p-type poly-SiOx CSPCs. (b) Filtered EQE spectra of the same solar cells deployed as bottom

devices in 4T perovskite/c-Si tandem devices.

5.3.3. Application in four terminal (4T) perovskite/c-Si tandem solar
cells

The SST and DST poly-SiOx solar cells were deployed as bottom devices in high
efficiency 4T tandem devices together with a previously processed and certi-
fied perovskite top device (bandgap 1.60 eV) [86, 226, 267, 268]. The schematic
sketches of the two 4T tandem devices alongside their constituting layers are
presented in Figure 5.1. Following the method of measurement reported in [144]
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and with the certified measurements of both semi-transparent perovskite top and
c-Si bottom devices, the combined results are summarized in Table 5.1. The 4T
tandem devices based on SST and DST poly-SiOx bottom devices provide a PCE of
27.97% and 28.07%, respectively. Both SST and DST cells, after being illuminated
with the transmitted light through the perovskite top device, experienced similar
Jsc losses. Looking at the filtered EQE (see Figure 5.6(b)), the DST cell keeps the
optical edge over the SST cell for every wavelength above 800 nm. The SST cell
loses however more in Voc and FF than the DST cell.

Table 5.1: External parameters of the semi-transparent perovskite top device (certified at ESTI, code
XF812), the SST poly-SiOx bottom cell (certified at ISFH CalTeC, code 0019018), and DST poly-SiOx

bottom cell (certified at ISFH CalTeC, code 002603), and their 4T perovskite/c-Si tandem device
combinations.

Solar cell Description Voc (mV) Jsc (mA/cm2) FF (%) PCE (%)

Perovskite top device Single junction 1139 22.00 78.60 19.70
SST poly-SiOx -based bottom device Single junction 695 36.68 80.33 20.47

Filtered 666 16.00 77.60 8.27
4T Tandem - - - 27.97

DST poly-SiOx -based bottom device Single junction 655 37.85 78.42 19.44
Filtered 637 16.80 78.20 8.37
4T Tandem - - - 28.07

5.3.4. Application in two terminal (2T) perovskite/c-Si tandem solar cells

As sketched in Figure 5.1, we also fabricated SST solar cells with flat front side
coated with n-type poly-SiOx and textured rear side coated with p-type poly-SiOx.
This solar cell architecture was deployed to form a 2T perovskite/c-Si tandem
device with a p-i-n perovskite top device. Due to the textured p-type poly-SiOx

CSPC limiting the passivation quality, these solar cells suffered large passivation
loss after the ITO deposition. Again, some of the passivation loss was recovered
after annealing in hydrogen at 400 ◦C for 1 hour. The best single junction solar
cell achieved a designated area PCE of 16.67% (Voc = 649 mV, Jsc = 34.28 mA/cm2,
FF = 74.93%, metallization faction 3.15%, designated area = 3.92 cm2). The cur-
rent density-voltage characteristic and the EQE spectrum of the single junction
solar cell are reported in Figure 5.7(a) and (b), respectively. From the EQE and
reflectance spectra in Figure 5.7(b), we note large parasitic absorption at short
wavelengths (300 - 400 nm) and at very long wavelengths (1000 - 1200 nm). This
light is absorbed in the front/rear ITO and in the front/rear poly-SiOx CSPCs.
Between 600 and 1000 nm, other than the reflection losses, most of the light is
absorbed in c-Si solar cell.
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Figure 5.7: (a) Current density-voltage characteristic and (b) EQE and 1-Reflectance (1-R) spectra of
the single junction c-Si solar cell with front side flat n-type poly-SiOx and rear side textured p-type

poly-SiOx. The schematic of the corresponding structure is given in Figure 5.1

Figure 5.8: (a) JV curve and (b) EQE curve of 2T perovskite/c-Si tandem solar cell with poly-SiOx
passivated c-Si bottom cell. The corresponding device structure is shown in Figure 5.1. The blue,

red and black curves represent EQE spectra of perovskite top cell, c-Si bottom cell and tandem cell
respectively. The area covered by the blue line indicates the photo-current density generated by the

perovskite top cell, while the area covered by the red line indicates the photo-current density
generated by c-Si bottom cell.

The abovementioned poly-SiOx passivated c-Si solar cell was integrated with
the perovskite top device into a 2T perovskite/c-Si tandem device yielding an
active area PCE of 23.18% (Voc = 1.76 V Jsc = 17.8 mA/cm2, FF = 74%, active area:
1 cm2, see Figure 5.8(a)). The 2T tandem efficiency is higher than the efficiency
of its top device by 5%abs (with respect to an opaque analogous single junction
perovskite solar cell efficiency [266, 272]) and the efficiency of its bottom device by
6.5%abs. This efficiency is higher than that of the earlier reported value of 21.3%
for a monolithic 2T perovskite/PERC-POLO tandem device [243]. On the other
hand, it is lower than that of the earlier reported value of 25.1% for monolithic 2T
perovskite/c-Si tandem device where the bottom device is endowed with poly-
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SiCx CSPCs [158]. These three types of high-thermal budget devices exhibit similar
Vocs (1.74 to 1.8 V) and FFs (74%) in 2T tandem devices while only the one with
poly-SiCx CSPCs could achieve better current matching between the devices (19.5
mA/cm2). The EQE of the 2T tandem device (Figure 5.8(b)) shows that our bottom
device can deliver 19.2 mA/cm2, but that the top device limits the short-circuit
current density of the stack to 17.8 mA/cm2. By further optimizing the layer
thickness and perovskite bandgap, the current generation of the two devices can
be better matched and consequently the efficiency of the 2T tandem devices can
be further increased.

5.4. Conclusions
In this study, we optimized n-type and p-type poly-SiOx CSPCs on an ultra-thin
thermally grown tunnelling SiOx layer. We incorporated these into single junction
c-Si solar cells which were eventually used as bottom devices in 4T and 2T tandem
devices. Good passivation quality was achieved for textured n-type poly-SiOx

(iVoc = 710 mV). Using a two-step annealing process, the passivation quality of
the textured p-type doped poly-SiOx could be improved too (iVoc = 687 mV). With
the developed n-type and p-type poly-SiOx CSPCs, we fabricated ∼4-cm2 wide,
screen-printed, a SST single junction c-Si solar cell with certified efficiency of
20.47% and FF > 80%. Likewise, a certified efficiency of 19.44% was obtained for a
DST cell endowed poly-SiOx CSPCs. This DST solar cell architecture is presented
here for the first time and exhibits, without any dual anti-reflective coating, an
active area Jsc = 37.85 mA/cm2. This is in line with state-of-the-art FBC silicon
heterojunction solar cells and other architectures based on high-thermal budget
CSPCs.

We tested our c-Si solar cells in combination with a previously processed and
certified semi-transparent 19.70% perovskite solar cell. The internally measured
efficiencies of the 4T perovskite/c-Si tandem devices featuring SST and DST poly-
SiOx passivated c-Si bottom devices are 27.97% and 28.07%, respectively. Based on
the improved passivation quality of the textured p-type poly-SiOx, we fabricated
SST solar cell with flat n-type poly-SiOx at the front side and textured p-type poly-
SiOx at the rear side with an efficiency of 16.79%. Integrating such a poly-SiOx

solar cell as bottom device with a p-i-n perovskite solar cell on top, resulted in a
2T tandem device with an efficiency of 23.18%.
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Abstract

At standard test conditions (STC), the performance of photovoltaic modules is
compared using efficiency. As irradiance and module temperature fluctuate
over the year and STC efficiency does not assess the performance of the module
accurately in real world conditions, the annual energy yield is used instead as
performance metric. Perovskite/silicon tandem solar cells are being massively
researched and sought after in PV industry for their efficiency well above 34% with
further growth perspective. In this work, to evaluate and compare performance of
different perovskite/silicon tandem photovoltaic (PV) modules based on different
bottom cell technologies, we use a hybrid modelling approach. Such approach,
combining experimentally obtained and simulated current-voltage curves, flexi-
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bly predicts the annual energy yield of novel tandem PV modules via our PVMD
toolbox and enables their optimization in any location. In particular, considering
(i) mono- and bi-facial architectures, (ii) 2-terminal and 4-terminal module con-
figurations, and (iii) silicon heterojunction or novel poly-SiOx passivated c-Si solar
bottom cells, we compare the annual energy yield of different perovskite/silicon
tandem modules and we optimize their performance in different locations with
respect to different perovskite thickness and bandgaps.

6.1. Introduction

Crystalline silicon solar cells (c-Si) dominate the photovoltaic (PV) market. As
single junction crystalline silicon (c-Si) solar cells are approaching their theoret-
ical efficiency limit [80, 235, 273] with record conversion efficiency above 27%
[274], perovskite/c-Si tandem solar cells are gaining attention [47, 88, 89, 91, 93,
101, 110, 189–195, 198–202, 236–245, 275, 276]. Perovskite solar cells are being
extensively studied in various domains, including simulation and optimization
[277–284], fabrication [285–293], and energy yield analysis [86, 190, 220, 294–
303]. Perovskite/c-Si tandem solar cells have shown efficiencies of 34.6% [94]
and have the potential to go beyond that. 2-terminal (2T) and 4-terminal (4T)
configurations are typically considered for tandem solar cells and modules. In
2T configuration, the top and bottom cells are monolithically integrated and
the current matching between them is crucial to obtain a high efficiency. In 4T
configuration, the top and bottom cells are fabricated separately, and no current
matching is required; but optical losses increase. This is due to additional charge
transport layers required for top and bottom cells as well as the optical matching
layer in between the component cells. More information about the 2T and 4T
tandem configurations can be found in [50, 193, 222, 246].

A performance metric more relevant than the efficiency, which is measured at
standard test conditions (STC) [17], is the annual energy yield. This performance
metric accounts for time-dependent and location-dependent variations in spec-
tral irradiance and cell temperature, to which solar cells, and especially tandem
devices, are sensitive. Dedicated software can be used to simulate from certain
input data the irradiance-dependent and temperature-dependent current density-
voltage (JV) curves and from those predict the energy yield of novel tandem device
designs for various climate conditions [115, 301], study their performance losses
[304] or evaluate their degradation [296]. In this work, we introduce a hybrid
experimental-modelling approach for predicting the energy yield of prospective
tandem modules. We use measured IV curves of lab-scale c-Si solar cells based on
carrier-selective passivating contacts (CSPCs), taken at different irradiance and
temperature levels, and combine those with simulated IV curves of perovskite top
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cell endowed with different absorber thickness and band gap. Then, we combine
such information in our PVMD toolbox [115] to predict the annual energy yield of
perovskite/c-Si tandem modules with different bottom cell technologies and in
different climatic conditions.

CSPCs passivate the silicon surface along with providing carrier selectivity.
One way CSPCs are incorporated in c-Si solar cells is by depositing intrinsic and
doped amorphous silicon layer on c-Si wafers as in silicon heterojunction (SHJ)
solar cells [305–307]. Another way is by depositing thin tunnelling silicon di-oxide
(SiO2) on c-Si wafers followed by a doped polysilicon (poly-Si) layer as in Tun-
nel Oxide Passivated Contact (TOPCon) solar cells technology [308]. TOPCon
technology has replaced the Passivated Emitter Rear Cell (PERC) and Al-based
Back Surface Field (Al-BSF) technologies and is now actually dominating the PV
market [71]. The world market share of TOPCon solar cells is anticipated to reach
50% in 2034 [71]. Poly-Si solar cells based on TOPCon technology have shown
high efficiency [59, 152, 153, 208, 247, 248, 254, 309, 310], but poly-Si layers ex-
hibit parasitic absorption losses [60]. To reduce the parasitic absorption in these
layers, poly-SiOx [38, 38, 156, 156, 252, 311, 312] and poly-SiCx [63, 158] are also
being explored as CSPCs. Researchers have conducted studies on energy yield of
perovskite/c-Si tandem solar cells with SHJ bottom solar cell. However not much
attention has been devoted to the modelling of energy yield of perovskite/c-Si tan-
dem solar cells with high temperature CSPCs bottom solar cells. In our previous
work, we have shown the optical optimization and fabrication of perovskite/c-Si
tandem solar cells where the bottom cell is endowed with novel poly-SiOx -based
CSPCs [252, 311, 312]. In this work, we extend that study to predict the annual en-
ergy yield of prospective perovskite/c-Si tandem modules with bottom poly-SiOx

CSPCs cells. To this end, (i) we use our physics-based comprehensive modelling
framework in real world conditions; (ii) we optimize both the bandgap and thick-
ness of the perovskite top absorber; and (iii) we evaluate, in reference to SHJ, the
performance of poly-SiOx bottom cell in 2T and 4T configurations for both mono-
and bi-facial cell architectures.

6.2. Experimental

In this study, we use front/back contacted (FBC) poly-SiOx based c-Si solar cell
[312] to study the effect of high temperature CSPCs in tandem applications. JV
measurements have been performed for different irradiance and temperature on
FBC poly-SiOx based c-Si solar cell using a AAA-class solar simulator which shines
artificial light using xenon and halogen lamps with a spectrum close to standard
air mass 1.5. The JV measurements at different temperatures are performed by
cooling/heating the stage on which measurement sample is kept. Also, the JV
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measurements at different irradiance levels are performed by using polka dot
beam splitters that scale down the intensity of the incident light without affecting
the shape of the spectrum. JV curves at different irradiance and temperature of the
FBC poly-SiOx based c-Si solar cell are shown in Figure 6.1 (a) and (b), respectively.
The irradiance ranges between 200 W/m2 to 1000 W/m2 and the temperature
ranges from 15 °C to 55 °C. As expected, the Jsc increases with increasing illumina-
tion intensity and the Voc decreases with increasing temperature. The fabrication
details of FBC poly-SiOx based c-Si solar cell are given elsewhere [312] and its
schematic diagram is shown in Figure 6.3(b).

Figure 6.1: Measured JV curves (denoted by Meas) and reconstructed JV curves by Calibrated
Lumped Element Model (CLEM) of front side textured c-Si solar cell endowed with poly-SiOx

CSPCs (solar cell structure shown in Figure 6.3 (b)) for varying (a) irradiance for a fixed temperature
of 25 ◦C and (b) temperature for a fixed irradiance of 1000 W/m2.

6.3. Simulation approach

The PVMD toolbox has been used to calculate the energy yield of perovskite/c-Si
tandem modules with different bottom cell technologies [115]. The PVMD toolbox
consists of cell, module, weather, thermal and electrical models which together
enable to simulate the energy yield of a solar cell or a PV module [115]. GenPro4
software is used to calculate the optical properties of the solar module [114]. We
define the layer stack and give optical constants (refractive index and absorption
coefficient) as well as the thickness of each layer as input in GenPro4. GenPro4
calculates the angle- and wavelength-resolved reflectance and absorptance of
each layer in the module. The absorption calculated in GenPro4 is also depth
resolved. For the bi-facial tandem modules, such calculation is performed for
both front and rear irradiance. The absorption in each layer is given as an input to
the module part, which uses a ray tracing model [126] to calculate the absorption
of the cells in the module. Note that the module comprises 60 series-connected
and encapsulated cells. The angle- and wavelength-dependent absorption is
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given as an input to the weather model to calculate the photocurrent generated
by each cell in the module. We use the Perez model to reconstruct the sky map
from Diffused Horizontal Irradiance (DHI) and Direct Normal Irradiance (DNI).
This sky map indicates the brightness of each part of the sky. The tilt and other
mounting conditions are given as input in module part which calculates the
sensitivity map. This sensitivity map is multiplied by the sky map to obtain the
global tilted irradiance [127]. The sky map and therefore also the tilted irradiance
are spectrally resolved. The spectral distribution is calculated by the SBDART
model [131]. The thermal module then calculates the temperature of the cell, and
the electrical part uses a calibrated lumped element model (CLEM) to compute
the module JV curves and DC energy yield for every hour of the year.

Figure 6.2: Flowchart showing hybrid approach used to calculate the (annual) energy yield of
tandem modules with poly-SiOx bottom cell.

The implied photocurrent density (output of the weather module) and the
other electrical parameters (extracted from simulated/measured JV) are given as
input in the CLEM model to generate tandem JV curves. Note that this CLEM is
based on a five-parameter single diode model in which each of the parameters
are temperature and irradiance (corresponding photocurrent density) dependent.
These temperature- and irradiance-dependent parameters are obtained by fit-
ting the JV curves at different temperature and irradiance levels. In our hybrid
approach, the JV curves can either be obtained from measurements, or from
semiconductor device simulations such as those carried out with ASA software
[115, 119, 313]. For the perovskite/c-Si tandem device endowed with the reference
SHJ bottom cell, the JV curves of both the top and the bottom cell are obtained
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from simulations. The schematic process flow of this simulation framework used
to compute the energy yield of perovskite/c-Si tandem solar cells is shown in
Figure 6.2. Our hybrid approach is an extension of the existing simulation frame-
work [115] whereas the input JV parameters of the top perovskite solar cell have
been simulated and the bottom poly-SiOx c-Si solar cell has been experimentally
measured.

6.4. Validation

Figure 6.3: (a) Comparison of simulated absorptance (black line) with EQE (black squares) for front
back contacted (FBC) single side textured (SST) poly-SiOx passivated c-Si solar cell (b) solar cell

structure used for simulation and measurement of EQE. Comparison of (c) simulated absorptance
with EQE (given in Ref. [314]) and (d) simulated JV with measured JV (given in Ref. [314]) for the

reference 2T perovskite/c-Si tandem with SHJ bottom cell.

The in-house developed and manufactured FBC poly-SiOx solar cell [312], with a
certified efficiency of 20.47%, has been used for validating the proposed modelling
framework. The FBC poly-SiOx solar cell has a front side texture and rear side
flat interface. The refractive index (n), extinction coefficient (k) and thickness of
n-type and p-type doped poly-SiOx CSPCs have been taken from our earlier work
[252]. Figure 6.3 (a) shows the simulated absorptance and measured EQE of the
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FBC poly-SiOx cell. The simulated values have an average deviation of 1.6% from
the measured values, which shows that the simulated values are a good match
with the measured values. The schematic of the simulated structure is shown in
Figure 6.3 (b). Validation of EQE and JV of the reference 2T perovskite/c-Si tandem
with SHJ bottom cell is shown in Figure 6.3 (c) and (d) respectively.

Measured JV curves at varying irradiance and temperature of the FBC poly-
SiOx solar cell are given as dots in Figure 6.1 (a) and (b) respectively. This shows
that, as expected, increasing irradiance increases the current and increasing
temperature reduces voltage in these solar cells. These JV curves are used for
parameter extraction which are given as an input to the electrical part of the
PVMD toolbox. As explained in Section 6.3, the measured curves are fitted using
the five-parameter model, and the irradiance and temperature dependence of
each of these five parameters is again parameterized. The average deviation
between measured JV curves (details in Section 6.2) and reconstructed JV curves
(from CLEM parameters) is less than 5%, showing that the fit is a good match.
The JV curves of the top perovskite solar cell and the reference SHJ bottom cell
[115, 314] have been obtained by ASA simulations and have been shown in Figure
6.4. The main effect of increasing temperature is a decrease in the Voc , which is
clearly observed in both the JV-curves from measurement (of the poly-SiOx cell),
and those from ASA simulation (of the perovskite and SHJ cells), and is included
in our energy yield model. A secondary effect of increasing temperature, is a
slight increase in Jsc due to bandgap variations. This is naturally included in the
JV-curves obtained from measurement. However, this effect is not included in the
JV-curves obtained from ASA simulations. This might lead to an underestimation
of energy yield by a few percentage.

While the poly-SiOx solar cell is fabricated in-house and holds potential for
improvement in both passivation quality and optical performance, the SHJ solar
cell considered represents an optimized, high-efficiency device as described in
Ref. [314]. In terms of parameters relevant to the energy yield model, transitioning
from the SHJ to the poly-SiOx -based solar cell results in a reduction in Voc . This
decline is primarily attributed to the poly-SiOx cell’s lower passivation quality,
which requires further optimization. Consequently this leads to an increase in
recombination current density (Jo). Additionally, the SHJ solar cell demonstrates
better carrier collection, as evident by a lower series resistance compared to the
poly-SiOx -based solar cell. Furthermore, differences in the optical constants of the
carrier-selective passivation contacts (CSPCs) between the two c-Si technologies
contribute to performance variations. The thicker poly-SiOx layer introduces
higher parasitic absorption losses, slightly diminishing the optical performance
of the poly-SiOx based solar cell compared to the SHJ solar cell.
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Figure 6.4: Simulated JV curves in ASA and GenPro4 (denoted by SIM) and reconstructed JV curves
by Calibrated Lumped Element Model (CLEM) of perovskite solar cell for varying (a) irradiance for
a fixed temperature of 25 ◦C and (b) temperature for a fixed irradiance of 1000 W/m2 and SHJ solar

cell (c) for varying irradiance for a fixed temperature of 25 ◦C and (d) temperature for a fixed
irradiance of 1000 W/m2.

6.5. Input parameters and structures

The FBC poly-SiOx c-Si solar cell, the 2T tandem based on mono-facial poly-SiOx

cell, the 2T tandem based on bi-facial poly-SiOx cell, and the 4T tandem based
on mono-facial poly-SiOx cell are shown in Figure 6.5 (a)-(d), respectively. We
have considered a front and rear side texturing in the bottom c-Si solar cell to
achieve maximum absorption. Perovskite solar cell deposited on top of c-Si solar
cell follows the same texturing in 2T. For the 4T tandem, a flat perovskite top cell
is considered as the perovskite solar cell in this case is deposited on flat glass. The
thickness of the various layers used in simulation is given in Table 6.1. Thickness
of c-Si is chosen to be 160 µm to match with industrial standards.
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Figure 6.5: Simulated solar modules archetypes: (a) single junction mono-facial encapsulated FBC
poly-SiOx solar cell, (b) 2T mono-facial encapsulated perovskite/c-Si tandem with poly-SiOx

bottom cell, (c) 2T bi-facial encapsulated perovskite/c-Si tandem with poly-SiOx bottom cell, and
(d) 4T mono-facial encapsulated perovskite/c-Si tandem with poly-SiOx bottom cell. Flat/flat top
cell is considered for 4T. In such configuration an ITO layer is added at rear of the top cell for hole

collection. Glass (ARC) is used as an anti-reflection coating to reduce reflection losses whereas
Glass (Fe) is the soda lime glass typically used as an encapsulant in PV modules [115]

Table 6.1: Input layer thickness of simulated solar cell structures.

2T and 4T tandem
Perovskite Top cell c-Si Bottom cell

Layer Thickness Layer Thickness
TOP ITO / IZO [2T,4T] 40 nm, 175 nm Top ITO 75 nm
SnO2 5 nm poly-SiOx (n type) 20 nm
C60 7 nm SiO2 1.5 nm
Perovskite [2T,4T] variable c-Si bulk 160 µm
PTAA 23 nm poly-SiOx (p type) 30 nm
Bottom ITO [4T only] 175 nm Bottom ITO 150 nm

Ag 300 nm
Encapsulation materials

AF2400 93 nm Glass-Fe10ppmM1 3000 µm
Glass ARC 53 nm Polyolefin-UVT 450 µm

Table 6.2 shows the various module parameters used in simulations. For bi-
facial tandems (as shown in Figure 6.5 (c)), no rear metal is considered. Since, the
rear TCO will increase the series resistance in bi-facial tandem, we consider twice
the value of interconnection losses in the bi-facial case. Cell to module losses
such as the parasitic absorption losses due to encapsulation, spacing losses to
account for the spacing between the cells and metal contact shading have been
included. The location specific input parameters used in simulation, such as
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Global Horizontal Irradiance (GHI), optimum tilt, latitude and longitude, average
Air Mass (AM) and average Ambient Temperature (Tav g ) for each location are also
included in Table 6.3. The architecture and input parameters of the double side
textured reference SHJ tandem has been taken from Ref. [89, 115, 314].

Table 6.2: Module and electrical parameters used in energy yield simulation.

Parameter Value Parameter Value
Number of Cell
rows

10 Bypass diodes 3

Number of Cell
columns

6 Module thickness 0.5 cm

Cell length 15.675 cm Module row spacing 800 cm
Cell width 15.675 cm Module area 1.5749 m2

Total number of
cells

60 Edge spacing 1 cm

Cell spacing 0.3 cm Module side spacing 2 cm
Metal Resistance 0.0039Ω [315] Module azimuth South-facing

0°, North-
facing 180°

Metal coverage 2% [316, 317] Mounting height 50 cm

Table 6.3: Global Horizontal Irradiance (GHI), optimum tilt, latitude and longitude, average Air
Mass (AMav g ) and average Ambient Temperature (Tav g ) of different locations used in simulation.

AMav g and Tav g are averaged over the entire year.

Location Annual
Global
Horizontal
Irradiance
(GHI)
(kWh/m2)

Optimum
Tilt (°)
[318]

Latitude
and
Longitude

Average
Air Mass
(AMavg)

Average
Ambient
Temperature
Tav g (°C)

Reykjavik
(Iceland)

752 43 64.1470 °N
21.9408 °E

2.61 5.46

Rome
(Italy)

1403 27 41.9028 °N
12.4964 °E

2.17 15.80

Alice
Springs
(Australia)

2203 -27 23.6980 °S
133.8807 °E

1.87 21.63



6.6. Results and Discussion

6

111

6.6. Results and Discussion

6.6.1. Energy yield at Standard Test Conditions (STC)

Table 6.4 gives the parameters of SHJ and poly-SiOx based c-Si solar cells and
modules at STC. The 2T tandems have been current-matched for a perovskite
bandgap of 1.68 eV. The matched photocurrent density of the 2T mono-facial
tandem based on poly-SiOx bottom cell is 19.5 mA/cm2 for a 550-nm thick per-
ovskite absorber. Using the hybrid modelling approach, we can predict various
parameters of the module comprising 2T mono-facial tandem devices based on
poly-SiOx bottom cells, such as the power (421 Wp ) and the module efficiency
(26.7%) at STC. In the case of 4T mono-facial configuration, a thicker perovskite
of 700 nm is used for simulations as there are no current matching restrictions
and a thicker perovskite is expected to give better performance. The module com-
prising 4T mono-facial tandem devices based on poly-SiOx bottom cell delivers
STC power output of 382 W and a module efficiency of 24.3%. We note the STC
power output of the 2T tandem is 10.3% higher than that of the 4T tandem. The
4T tandem output is lower due to additional optical losses caused by the interme-
diate optical matching layers [319] and electrical losses due to the additional ITO
layer at the rear of the perovskite top cell. SHJ tandem solar cells present higher
output power to poly-SiOx tandem solar cells. This is due to the lower passivation
quality and larger parasitic absorption losses of doped poly-SiOx CSPCs and ITO
in the tandem based on poly-SiOx bottom cell. Unlike the SHJ tandem, wherein
the tunnel recombination junction (TRJ) is optimized for highest performance
[89, 115, 314], the ITO layer considered in the poly-SiOx tandem has been taken
from the fabricated poly-SiOx based single junction (SJ) solar cell [312] and has
not been optimized for the tandem case. The TRJ of the tandem device based on
poly-SiOx bottom cell could be further optimized to increase the annual energy
yield, but it is not the focus of this work. Table 6.5 shows the calculated voltage,
current and power temperature coefficients (TCs) for SHJ and poly-SiOx single
junction (SJ) solar modules as well as perovskite SJ solar modules. For poly-SiOx

c-Si solar cell, the TCs are calculated from measured JV curves as given in Figure
6.1(a) and (b). For SHJ solar cell, the TCs are calculated from simulated JV curves
obtained from ASA [115, 314] as shown in Figure 6.4. We find the TCs of the SHJ
cell are more negative as compared to poly-SiOx solar cell. The more negative
temperature coefficients observed in SHJ cells could be due to a higher sensitivity
of Voc to temperature in SHJ solar cells as their passivation layers are deposited at
lower temperatures. In contrast, poly-SiOx -based cells, where passivation layers
are deposited at higher temperature, have better thermal stability and experience
less temperature-dependent reduction in Voc . This indicates that the poly-SiOx

based solar cells might be more temperature stable as compared to SHJ solar cells.
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In this work we use the TCs of bottom cell of tandem to explain the differences in
the performance of tandem as the top perovskite solar cell is similar in both cases.

Table 6.4: Cell and module parameters for c-Si solar cell modules based on silicon heterojunction
(SHJ) (reference) and poly-SiOx technologies. Parameters for both single junction (SJ) and tandem
structures are given below. Thickness of c-Si is fixed to 160 µm, while the perovskite thickness has
been adjusted to obtain photocurrent density (Jph ) matching at STC. For 2T, Jph,top = Jph,bot tom ,

while the bandgap of perovskite is 1.68 eV.

Cell
Type

Perovskite
Thickness
[nm]

Silicon
Thickness
[µm]

Photo-current
Density
Jph,top , Jph,bot tom

(mA/cm2)

Rear
side
photo-
current
density
(mA/cm2)

STC
Power
[Wp ]

STC
Module
Efficiency
[%]

SHJ SJ n.a. 160 37.8 - 323 20.5
Poly-
SiOx SJ

n.a. 160 37.4 - 260 16.5

2T SHJ
Tandem

700 160 19.9 35.7 455 28.9

2T
Poly-SiOx

Tandem

550 160 19.5 34.8 421 26.7

4T SHJ
Tandem

700 160 18.4, 17.7 - 416 26.4

4T
Poly-SiOx

Tandem

700 160 18.4, 17.4 - 382 24.3

Table 6.5: Temperature coefficients (TCs) of SHJ and poly-SiOx based c-Si modules. These
temperature coefficients have been calculated from simulated and measured JV curves of c-Si solar

cells based on SHJ and poly-SiOx technology.

Cell Type TCV oc (%/K) TCJ sc (%/K) TCPmpp

(%/K)
SHJ SJ -0.264 -0.001 -0.322
Poly-SiOx SJ -0.233 0.039 -0.250
Perovskite SJ -0.143 0.0009 -0.174
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6.6.2. Energy yield in outdoor conditions

In this section, the energy yield of novel 2T and 4T mono-facial tandem modules
based on poly-SiOx bottom cell is optimized with respect to different perovskite
thicknesses and bandgaps. The bi-facial case is also considered for the 2T tandem
module. Location chosen for this part of the study is Rome (See Table 6.3). The
input parameters and structure of the tandem devices are given in Section 6.5.
On the other hand, tandem devices based on SHJ bottom cell have already been
optimized in earlier studies [115, 294, 320–322].

2T mono-facial tandem module based on poly-SiOx bottom cell

As we see from Table 6.4, a 550-nm thick perovskite absorber is required to reach
photocurrent density matching in 2T tandem device with poly-SiOx bottom cell.
In outdoor conditions, one has to evaluate the opto-electric performance of the
tandem as function of perovskite bandgap and thickness, which affect both Voc

and Jsc . Hence, we have optimized the bandgap and thickness of the perovskite
absorber layer to maximize the annual energy yield of the 2T tandem device in
Rome at an optimum tilt of 27°. Figure 6.6 shows such optimization wherein
annual energy yield of the 2T perovskite / poly-SiOx tandem module is simulated
for a range of perovskite bandgaps (from 1.56 eV to 1.80 eV) and for different
perovskite absorber thicknesses (from 300 to 600 nm). From Figure 6.6, we find
the optimum perovskite bandgap for 300-nm thick perovskite absorber is 1.64
eV, which gives 602 kWh/y in terms of annual energy yield. This optimum value
increases to 1.68 eV for a 600-nm thick perovskite absorber thickness, which gives
623 kWh/y. Since the optimum energy yield is obtained around photocurrent
density matched condition, we find that by increasing the perovskite bandgap in
2T perovskite/c-Si tandem cell, the optimum energy yield is obtained for a thicker
perovskite absorber.

2T vs 4T mono-facial tandem module based on poly-SiOx bottom cell

In this section, the simulation results related to 2T and 4T tandem devices both
based on poly-SiOx solar cell are compared, again as function of perovskite ab-
sorber thickness and bandgap. The input structure and parameters for the 4T
tandem module have been also given in Section 6.5. Figure 6.7 (a) shows annual
energy yield for varying perovskite absorber thickness (from 300 to 900 nm) of
both 2T and 4T tandem modules based on poly-SiOx bottom cell. Note that the
perovskite bandgap has been fixed to 1.68 eV for these simulations. We observe
an increase in the annual energy yield of the 2T tandem module (592 kWh/y to
624 kWh/y) as the perovskite thickness increases from 300 nm to 550 nm. As
the perovskite thickness is further increased beyond 550 nm, the annual energy



6

114
6. On the annual energy yield of perovskite/silicon tandem modules with

different bottom cell technologies

Figure 6.6: Annual energy yield of 2T mono-facial tandem module based on poly-SiOx bottom cell
as function of top cell perovskite absorber bandgap and thickness. Shift in optimum bandgap is

seen for increasing thickness of perovskite. The simulations have been carried out in Rome as
location at an optimum tilt of 27°.

yield gradually decreases. The annual energy yield for 900-nm thick perovskite
thickness is 615 kWh. This shows that at 550 nm, top and bottom sub-cells are
current matched and, so, the highest annual energy yield is obtained. In general,
we observe the perovskite absorber is limiting the tandem’s total current for thin-
ner perovskite absorbers whereas the c-Si bulk is limiting the current for thicker
perovskite absorbers. From our previous work, we have seen similar trends for to-
tal photocurrent of 2T tandem device [311]. On the other hand, for the 4T tandem
module based on poly-SiOx bottom cell, the current matching is not required. The
annual energy yield for 4T tandem increases for increasing perovskite thickness
(545 kWh at 300 nm to 569 kWh at 700 nm). On increasing the perovskite thickness
after 700 nm, a slight decrease in energy yield is seen (567 kWh at 900nm). Hence,
700 nm is the optimal perovskite thickness for 4T tandem configuration. The
annual energy yield of the optimized 2T and 4T tandems modules are 624 kWh/y
and 569 kWh/y, respectively. The annual energy yield of the 2T tandem module
is higher than the annual energy yield of the 4T tandem module by an average
8.5%. This value is reduced from the 10.3% mark at STC (see Table 6.4) due to
varying real world spectral conditions. A lower annual energy yield in 4T tandem
module can be attributed to the additional optical and electrical losses in the 4T
configuration as compared to the 2T one due to additional charge transport layers
in top and bottom cells of 4T tandem.

Figure 6.7 (b) shows again the annual energy yield of 2T and 4T tandem
modules based on poly-SiOx bottom cell but for varying perovskite bandgaps
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Figure 6.7: Annual energy yield of 2T and 4T perovskite/poly-SiOx tandem for (a) varying
perovskite thickness (perovskite bandgap is fixed to 1.68 eV for 2T and 4T tandem) and (b) varying
perovskite bandgap (perovskite thickness is fixed to 550 nm for 2T and 700 nm for 4T). The 4T and
2T poly-SiOx simulations have been carried out at Rome at an optimum tilt of 27°. The blue circles

indicate the optimal perovskite thickness and bandgap respectively.

(from 1.60 to 1.80 eV) and fixed thickness of the perovskite absorber (550 nm
and 700 nm for 2T and 4T configurations, respectively). These values are chosen
since they realize the highest annual energy yield (see Figure 6.7 (a)). In Figure
6.7 (b) we observe that, as expected, the 2T tandem module based on poly-SiOx

bottom cell is more sensitive than the 4T counterpart to the perovskite absorber
bandgap. This is due to the current mismatch conditions that affect the 2T tandem
configuration. For the perovskite absorber exhibiting bandgaps lower than 1.68
eV, the c-Si bottom cell is limiting and for perovskite bandgaps above 1.68 eV, the
top perovskite cell is limiting. So, in the 2T configuration, the optimum bandgap
for 550-nm thick perovskite is 1.68 eV. By increasing the perovskite band-gap from
1.60 eV to 1.68 eV, the annual energy yield increases from 567 kWh/y to 624 kWh/y.
Above the 1.68 eV bandgap value, the annual energy yield decreases. However,
for the 4T configuration, varying the perovskite bandgap from 1.60 eV to 1.68 eV,
the annual energy yield increases from 562 kWh/y to only 569 kWh/y. On further
increasing the perovskite bandgap, the energy yield decreases to 560 kWh/y at
perovskite bandgap of 1.9 eV. On varying the perovskite bandgap, the energy yield
of 4T tandem varies by only 1.78% unlike the 2T case where the energy yield varies
by around 10%.

2T mono-facial vs bi-facial tandem module based on poly-SiOx bottom
cell

Bi-facial modules can benefit from the additional irradiation on the rear side of the
module. However, in the 2T configuration, this also poses an additional challenge
while pursuing the current matching condition as the rear-side irradiance is fully



6

116
6. On the annual energy yield of perovskite/silicon tandem modules with

different bottom cell technologies

absorbed by the bottom cell. In this section, annual energy yield of 2T bi-facial
perovskite/c-Si tandem modules are simulated with respect to the spectral albedo
of several materials, such as dry grass, green grass, white paint and snow. Note
an in-house developed ray-tracing model [126, 127, 323] is used to calculate both
front and rear side spectrally resolved irradiance for every hour of the year. The
wavelength dependent reflectance or spectral albedo of dry grass, green grass,
white paint and snow are shown in Figure 6.8 (a). The average reflectance over the
wavelength range from 300 nm to 1200 nm is highest for snow (94.3%) followed by
white paint (65.1%), green grass (36.5%) and dry grass (25.3%). Snow is close to
an ideal reflector and is also considered in this study. Here, we have considered
our standard current-matched case of 2T tandem module based on poly-SiOx

bottom cell with 550-nm thick perovskite absorber with 1.68 eV bandgap. Again,
the modelling location is Rome for a tilt of 27°. In order for the results to be
comparable, for a mono-facial tandem module the ground reflected irradiance
has also been taken into account. Spectral albedo of dry grass has been chosen
for these simulations.

First, for surfaces with different spectral albedo, the thickness of the perovskite
absorber is varied while keeping fixed the bandgap to 1.68 eV. These results are
shown in Figure 6.8 (b). As expected, the annual energy yield of the 2T bi-facial
tandem module increases on surfaces with higher spectral albedo as the sunlight
reflected from the ground is absorbed in c-Si absorber and adds to its current.
As expected, the highest annual energy yield is seen for the 2T bi-facial tandem
module on snow. For perovskite thicknesses greater than 550 nm, the increased
current density from the bottom cell starts limiting the performance. So the
annual energy yield can be increased for thicker perovskite absorber. With respect
to the 2T mono-facial configuration, the 2T bi-facial configuration on snow shows
an increase in annual energy yield of 2.5% (4.5% and 5.3%) for 300-nm (600-nm
and 900-nm) thick perovskite absorber. It is evident that a thicker perovskite is
needed to current match the extra current generated due to rear absorption in
bi-facial case. We observe in Figure 6.8 (b), in case of snow, that the optimum
perovskite thickness increases from 550 nm of the mono-facial configuration to
700 nm of the bi-facial configuration. In the former case, the maximum annual
energy yield is 624 kWh/y while in the latter the annual energy yield is 652 kWh/y.
In Figure 6.8 (c), the perovskite bandgap is varied between 1.56 eV and 1.80 eV
while the thickness is set to 550 nm. For perovskite bandgaps below 1.68 eV, the
c-Si current is limiting and the additional light absorption from the rear side of
the tandem module increases the module’s current and, consequently, its annual
energy yield as compared to the 2T mono-facial configuration. Hence, the increase
in annual energy yield for 2T bi-facial tandem modules with respect to 2T mono-
facial tandem modules is higher for perovskite bandgaps lower than 1.68 eV. With



6.6. Results and Discussion

6

117

respect to the 2T mono-facial tandem module poly-SiOx tandem and in case of
snow, the 2T bi-facial tandem module shows an increase of 7.5% (4% and 1.9%)
for 1.56 eV (1.68 eV and 1.80 eV) perovskite bandgap. We remind the optimum
perovskite bandgap and thickness for the 2T mono-facial tandem module being
1.68 eV and 550 nm, respectively. As the spectral albedo increases, we see a slight
shift towards lower perovskite bandgaps. To conclude, the optimum perovskite
bandgap on snow is 1.67 eV and, for perovskite thickness of 550 nm, the resulting
maximum annual energy yield is 650 kWh/y.

Figure 6.8: (a) Wavelength-dependent reflectance for different surfaces; Annual Energy Yield of 2T
bi-facial tandem based on poly-SiOx bottom cell for (b) varying top cell perovskite thickness on

different ground surfaces (perovskite bandgap = 1.68 eV) and (c) varying top cell perovskite
bandgap on different ground surfaces (perovskite thickness = 550 nm). The above simulations are

carried out in Rome at a tilt of 27°.

Notably, the bi-facial configuration demonstrates flexibility in design, with a
broader range of perovskite bandgaps (1.65–1.68 eV) and thicknesses (500–800
nm) resulting in energy yield variations of less than 1%. This indicates the robust-
ness of the bi-facial design to parameter variations. In general, for all surfaces,
a perovskite bandgap of 1.68 eV and a thickness of 700 nm yield the best perfor-
mance for a 2T bi-facial perovskite/c-Si tandem module with a poly-SiOx bottom



6

118
6. On the annual energy yield of perovskite/silicon tandem modules with

different bottom cell technologies

cell. In comparison, for the 2T mono-facial configuration, the optimal perovskite
bandgap and thickness are 1.68 eV and 550 nm, respectively.

When fabricating mono-facial and bi-facial modules together, it is feasible to
use a common perovskite bandgap of 1.68 eV and a thickness of 550 nm, ensuring
efficient performance across both configurations. This approach highlights the
potential for standardizing key parameters, simplifying the fabrication process,
and maintaining high performance under diverse outdoor conditions.

6.6.3. Comparison of SJ and tandem modules based on poly-SiOx and
SHJ bottom cells

In this section, the annual energy yield of tandem modules with different bot-
tom cell technologies, namely SHJ and poly-SiOx CSPCs, has been simulated for
different locations using the PVMD toolbox. Tilting the photovoltaic module at
optimum angle increases the incident irradiance on the plane of the array. The
optimum tilt for testing cities, Reykjavik (Iceland), Rome (Italy) and Alice Springs
(Australia), are given in Table 6.3. The motivation for choosing these cities is that
they cover a wide range of latitudes and an increasing annual global horizontal
irradiance (GHI), as shown in Table 6.3. The single junction and tandem module
archetypes have been shown in the Figure 6.5, while detailed input parameters
are given in Section 6.5.

SJ and 2T tandem modules

Figure 6.9 (a), (b) and (c) show the modelled annual energy yield and specific
energy yield of SJ and 2T tandem modules based on SHJ (reference) or poly-
SiOx technologies in Reykjavik, Rome and Alice Springs, respectively. Optimized
perovskite thickness of 700 nm and 550 nm are used for simulating 2T tandem
modules based on SHJ or poly-SiOx bottom cells, respectively (See Figure 6.7
(a),(b) and Table 6.4). Results of SJ SHJ and poly-SiOx modules are also analysed.
At STC, we observe the output power of 2T tandem modules based on SHJ (poly-
SiOx ) bottom cells is higher than the SJ SHJ (poly-SiOx ) module by ∼41% (∼62%)
(See Table 6.4). Also in outdoor conditions, the 2T modules outperform SJ modules
and, with increasing irradiance at different testing cities, the annual energy yield of
the various module technologies increases. The annual energy yield of 2T tandem
modules based on poly-SiOx bottom cells is 377 kWh/y, 624 kWh/y and 931 kWh/y
in Reykjavik, Rome and Alice Springs, respectively. In contrast, SJ modules based
on poly-SiOx cells realize an annual energy yield of 242 kWh/y, 385 kWh/y and
575 kWh/y in Reykjavik, Rome and Alice Springs, respectively. Therefore, from SJ
to 2T tandem modules based on poly-SiOx , a gain in annual energy yield of 56%,
62% and 62% can be expected in Reykjavik, Rome and Alice Springs respectively.
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The slightly lower tandem gain for Reykjavik can be attributed to the incident
spectrum in Reykjavik being farthest from the STC spectrum (AM1.5) as compared
to Rome and Alice Springs for which the tandem was current matched (See AMav g

in Table 6.3).

Figure 6.9: Annual energy yield (left axis, orange bars) and specific energy yield (right axis, green
bars) of single junction silicon heterojunction (SHJ_SJ) cells module, single junction poly-SiOx

(poly-SiOx_SJ) cells module, 2T tandem module based on SHJ bottom cell (SHJ_Tan) and 2T
tandem module based on poly-SiOx bottom cell (PolySiOx_Tan) in (a) Reykjavik, (b) Rome and (c)

Alice Springs.

Figure 6.9 (a), (b) and (c) show that the annual energy yield of 2T tandem
modules based on SHJ bottom cells is higher than that of the 2T tandem module
based on poly-SiOx bottom cells. The specific energy yield, defined as the annual
energy yield over the STC power and simply indicated with kWh/kWp , is an
important parameter to compare the performance of different cell technologies
relative to their STC performance. The specific energy yield of the 2T tandem
module based on poly-SiOx bottom cells is only ∼1.5% (∼1.2%) lower than that
of the reference 2T tandem module based on SHJ bottom cells tandem in Rome
(Alice Springs). Conversely, for locations with lower irradiance such as Reykjavik,
the specific energy yield of the 2T tandem module based on poly-SiOx bottom
cells is 0.7% higher than that of the 2T tandem module based on SHJ bottom cells.
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We explain this results as follows. At lower irradiance, the voltage and the power
output are more sensitive to temperature change [324]. Hence, the 2T tandem
module based on SHJ bottom cells suffers from higher power loses in case of
temperature changes as compared to the poly-SiOx -based counterpart due to the
more negative temperature coefficient of SHJ bottom cells (see Table 6.5).

4T tandems modules

The series connection of 4T tandem is simulated by simulating the top and bottom
cell JV curves separately for every hour of the year. The resistance values of the
ITO layers for both top and bottom cell curves are included. Finally, the top and
bottom cell’s power is added to obtain the total DC power (energy yield) of the
4T tandem. Here we assume to top cells are not connected to the bottom cells,
so top and bottom operate independently (each have their own MPPT). Figure
6.10 (a), (b) and (c) show the annual energy yield and the specific energy yield of
4T tandem modules based on SHJ or poly-SiOx bottom cells in Reykjavik, Rome
and Alice Springs, respectively. In these simulations, the perovskite absorber is
700-nm thick and its bandgap is fixed at 1.68 eV (see Figure 6.7 (a) as well as Table
6.4). Although the optimal perovskite bandgap for the 4T configuration is 1.81 eV,
we chose a 1.68 eV bandgap for 4T tandem simulations as it closely aligns with the
optimal of 2T configuration. Additionally, the differences in energy yield between
the two bandgaps are minimal in 4T case (See Figure 6.7(b)).

The annual energy yield of the 4T tandem based on poly-SiOx bottom cells
is 348 kWh/y, 570 kWh/y and 849 kWh/y in Reykjavik, Rome and Alice Springs,
respectively. In contrast, the annual energy yield of the 4T tandem module based
on SHJ bottom cells is higher that of the 4T module based on poly-SiOx bottom
cells by 8.7%, 10.8% and 10.4% in Reykyavik, Rome and Alice Springs, respectively.
This is due to the additional opto-electrical losses experienced by the 4T tandem
module based on poly-SiOx bottom cells compared to its SHJ-based counterpart,
similarly to the loss in performance at STC (See Table 6.4). The specific energy
yield of 4T tandem modules based on poly-SiOx bottom cells decreases with re-
spect to that of the SHJ-based counterpart by 1.7% (1.3%) in Rome (Alice Springs).
However, similarly to the 2T tandem modules’ results, the specific energy yield of
the 4T tandem module based on poly-SiOx bottom cells is 0.2% higher than that
of the SHJ-based counterpart in Reykjavik.
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Figure 6.10: Annual energy yield (orange bars) and specific energy yield (green bars) of 4T tandem
modules based on SHJ and poly-SiOx bottom cells in (a) Reykjavik, (b) Rome and (c) Alice Springs.
Optimized tilt, given in Table 6.3, are used in the simulations. The perovskite is absorber is 700-nm

thick and its bandgap is 1.68 eV.

2T bi-facial and mono-facial tandem modules

Figure 6.11 (a), (b) and (c) show the comparison between 2T bi-facial tandem
modules based on SHJ or poly-SiOx bottom cells for different spectral albedos in
Reykjavik, Rome and Alice Springs, respectively. For these bi-facial simulations,
we have used the perovskite thickness that gives the current matched condition
in 2T mono-facial case, i.e. 700 nm for SHJ-based tandem module and 550 nm for
poly-SiOx -based tandem (see Table 6.4). Also, the optimized perovskite bandgap
of 1.68 eV is used in this simulation. The highest annual energy yield values are
obtained on snow, which has the largest average spectral albedo of 94.3% (see
Figure 6.8 (a)). The annual energy yield of 2T bi-facial tandem modules based on
SHJ (poly-SiOx ) bottom cells is 420 kWh/y (397 kWh/y) in Reykjavik, 699 kWh/y
(650 kWh/y) in Rome and 1033 kWh/y (964 kWh/y) in Alice Springs. As in the
mono-facial configuration case, the difference in annual energy yield between
SHJ-based and poly-SiOx -based tandem modules is higher in places like Rome
(+7.5%) and Alice Springs (+7%) and lower in Reykjavik (+5.7%) due to the voltage
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of the SHJ-based tandem module being more sensitive to change in temperature
in places with lower irradiance like Reykjavik.

Figure 6.11: Annual energy yield of 2T bi-facial tandem modules based on SHJ or poly-SiOx bottom
cells in (a) Reykjavik, (b) Rome and (c) Alice Springs for different reflecting materials (dry grass,
green grass, white paint and snow). Results are compared with mono-facial configuration. The

perovskite absorber thickness is set to 700 nm (550 nm) for SHJ-based (poly-SiOx -based) tandem
module. Its bandgap is 1.68 eV. Optimized tilt is considered for each location (Table 6.3).

From Figure 6.11 (a), (b) and (c), we observe that the relative annual energy
yield difference between the 2T tandem modules based on SHJ bottom cells with
respect to the poly-SiOx -based counterpart decreases with increasing spectral
albedo in all testing cities. For example, in Rome, the annual energy yield of the
2T mono-facial tandem based on SHJ bottom cells is higher than that of the poly-
SiOx -based counterpart by 9.8% but decreases to 7.5% in bi-facial configuration
for the case of snow. Since the photo-current density generated from the rear-side
irradiance of the SHJ solar cell is higher than that of the poly-SiOx -based c-Si
solar cell in the 2T configuration (See Table 6.4), the reduced difference in energy
yield between the SHJ and poly-SiOx -based cells in the bi-facial case (compared
to the mono-facial case) cannot be attributed to optical factors. To explain this,
the average operating temperature (Tav g ), open circuit voltage (Voc−av g ), and



6.6. Results and Discussion

6

123

short circuit current (Isc−av g ) of the 2T tandem modules based on SHJ or poly-
SiOx bottom cells in Rome are given in Table 6.6. The increased irradiance in
bi-facial tandem modules increases both the photogenerated current and the
voltage. However, the latter increase is curbed by the increase in operating cell
temperature due to the increase in absorbed irradiance in the bi-facial tandem
modules (see Table 6.6) [297]. Due to the more negative temperature coefficient
of the SJ SHJ module (see Table 6.5), the Voc−av g is slightly lower in the 2T tandem
modules based on SHJ bottom cells than in the poly-SiOx -based counterparts.
Hence, the voltage gain from mono-facial to bi-facial configuration is smaller
in 2T tandem modules based on SHJ bottom cells than in the poly-SiOx -based
counterparts (see Table 6.6). Similarly, the increase in operating temperature
due to the additional photogenerated current in bi-facial configuration increases
the current more in the 2T tandem module based on poly-SiOx bottom cells
than in the SHJ-based counterpart due to the more positive current temperature
coefficient of the SJ poly-SiOx module (see Table 6.5). Hence, the difference
between the 2T bi-facial tandem module based on SHJ bottom cells and the 2T bi-
facial tandem module based on poly-SiOx bottom cells decreases with increasing
spectral albedo.

Table 6.6: Average output parameters of 2T tandem modules based on SHJ or poly-SiOx bottom
cells in Rome.

SHJ technology Poly-SiOx technology
Modules
output
parameters

2T
mono-
facial
tandem

2T
bi-facial
tandem
on
snow

Absolute
increase

2T
mono-
facial
tandem

2T
bi-facial
tandem
on
snow

Absolute
increase

Average
operating
Temperature
Tavg (°C)

18.35 18.53 0.18 18.51 18.73 0.22

Average
output volt-
age Voc_avg

(V)

55.19 55.54 0.35 53.43 53.93 0.5

Average
output
current
Isc_avg (A)

1.66 1.7 0.04 1.62 1.67 0.05
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6.7. Conclusions
In this work, we have used a hybrid approach (combination of simulation and
experimental data) in an advanced simulation framework to calculate the annual
energy yield and the specific energy yield of novel 2T and 4T tandem modules
based on poly-SiOx bottom cells. This approach makes our device simulations
flexible and is especially useful for predicting annual energy yield of tandem
modules with novel materials or architectures.

Our results reveal several critical insights into the performance of poly-SiOx -
based tandem modules. Under standard test conditions (STC), we calculated
power outputs of 421 Wp and 382 Wp for 2T mono-facial and 4T tandem modules,
respectively, based on poly-SiOx bottom cells. In outdoor realistic conditions,
the optimized annual energy yield of a 2T mono-facial and 4T tandem modules
based on poly-SiOx bottom cells is 624 kWh/y and 572 kWh/y, respectively, in the
testing city of Rome. By leveraging bi-facial configurations, we further enhanced
the annual energy yield of 2T tandem modules to 652 kWh/y on reflective surfaces
such as snow, showcasing the potential of poly-SiOx -based tandems in high-
albedo environments.

Using our simulation framework, we have determined the optimum perovskite
thickness and bandgap for various tandem configurations. For the mono-facial
2T tandem, the optimal parameters are a bandgap of 1.68 eV and a thickness of
550 nm, while for the 4T perovskite/c-Si tandem, they are 1.81 eV and 700 nm.
However, a common perovskite bandgap of 1.68 eV can be effectively utilized
for both 2T and 4T configurations, as the 4T tandem demonstrates less than 2%
variation in energy yield within the 1.68–1.81 eV bandgap range. In the 2T bi-
facial configuration, a bandgap of 1.68 eV and a thickness of 700 nm generally
perform best across all surface types. However, we observe that a broader range
of perovskite bandgaps (1.65–1.68 eV) and thicknesses (500–800 nm) results in
energy yield variations of less than 1% in the bi-facial case. This highlights the
flexibility of our modeling framework, which allows for the optimization of a
common set of parameters across different conditions.

In this study, we have experimentally shown that the poly-SiOx passivated c-Si
solar cell can be more thermally stable as compared to the modelled SHJ solar cell
presented in our previous study [115]. We find that, similarly to the power output
under STC, in outdoor realistic conditions the annual energy yield of tandem
module based on SHJ bottom cells is higher than that of the poly-SiOx -based
counterpart. However, for locations with lower irradiance such as Reykjavik, the
specific energy yield of 2T (4T) tandem module based on poly-SiOx bottom cells
is 0.7% (0.2%) higher than that of SHJ-based counterpart due to the effects of
poly-SiOx solar cells’ temperature coefficient on tandem being more significant
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at lower irradiance. Using bi-facial tandem modules on snow, the annual energy
yield difference between 2T tandem modules based on SHJ and poly-SiOx bottom
cells can be reduced. The increased rear irradiance in bi-facial configuration
increases its operating temperature leading to lesser gain in performance of 2T
bi-facial tandem based on SHJ bottom cells as compared to the poly-SiOx -based
counterpart due to the difference in their temperature coefficients.





7
Conclusions and Outlook

7.1. Conclusions

I n this thesis, high temperature CSPCS for c-Si solar cells are optimized, evalu-
ated and integrated in perovskite/c-Si tandem solar cells. The main conclusions

are summarized below.
Firstly, the absorption coefficients of mixed phase material such as n-type and

p-type doped poly-SiOx and poly-SiCx are extracted via novel inverse modelling
approach based on reflection-transmission measurements in the 300-1200 nm
wavelength range. By using this approach, free carrier absorption is accurately
modeled in the infrared region. We find that by increasing the doping concen-
tration, the free carrier absorption in n-type and p-type doped poly-SiOx and
poly-SiCx CSPCs increases. The obtained absorption coefficients are used in sub-
sequent optical simulations of tandem solar cells with such high temperature
CSPCs. This model could be extended to find absorption coefficients of other
silicon based CSPCs. These results are described in detail in chapter 3.

Secondly, using the absorption coefficients from chapter 3, optical simulations
of 2T, 3T and 4T perovskite/c-Si tandem solar cells with high temperature CSPCs
are simulated in real world conditions (See chapter 4 for detailed results). A
matched current density of greater than 20 mA/cm2 and around 19.5 mA/cm2 for
un-encapsulated and encapsulated tandem, respectively, with poly-Si, poly-SiOx

and poly-SiCx CSPCs is obtained. The performance values are slightly lower than
those of a two-terminal (2T) tandem solar cell that uses a silicon heterojunction
(SHJ) as the bottom cell. This is due to increased free carrier absorption, which
occurs due to the high levels of doping required in poly-Si, poly-SiOx and poly-SiCx

CSPCs that undergo high-temperature processing. Despite this, these CSPCs are
well-suited for high-temperature manufacturing methods, which makes them
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attractive for the current mainstream crystalline silicon (c-Si) solar cell industry.
Their ability to withstand high temperatures means they can be integrated into
standard production lines, making them a practical choice even though their
efficiency is slightly impacted by doping-related absorption. Using yearly average
photocurrent density, tandem architectures are compared at module level. It is
shown that a higher yearly average photocurrent density is obtained for bi-facial
tandems. The optimum thickness of the perovskite absorber layer in bi-facial
tandem solar cells is greater than in mono-facial tandems. Additionally, for higher
albedo values, the optimal bandgap of the perovskite absorber is lower compared
to the bandgap that is best suited for lower albedo conditions.

Thirdly, an implied Voc of 710 mV was achieved for the textured n-type and
flat p-type doped poly-SiOx CSPCs on thin thermal tunneling oxide after hydro-
genation. These CSPCs are incorporated into poly-SiOx passivated 4 cm2 screen-
printed single-junction c-Si solar cell with a SST configuration. This cell achieved
a certified efficiency of 20.47% and a fill factor above 80%. Using two-step anneal-
ing, the passivation of textured p-type doped poly-SiOx CSPC on thin tunneling
thermal oxide was improved to 687 mV. A DST solar cell with poly-SiOx CSPCs was
presented for the first time with a certified efficiency of 19.44% . These results are
discussed in detail in chapter 5.

Fourthly, in chapter 5, the fabricated poly-SiOx passivated SST and DST solar
cells are tested as bottom cells in combination with a certified semi-transparent
perovskite top cell with a 19.70% efficiency. These novel 4T perovskite/c-Si tandem
solar cells give an efficiency of 27.97% and 28.07%, respectively. A 2T tandem with
poly-SiOx passivated bottom cell was fabricated for first time with an efficiency of
23.18%.

Finally, using a hybrid approach, annual energy yield of 2T and 4T perovskite/c-
Si tandem with poly-SiOx passivated bottom cell is estimated for different loca-
tions of world in chapter 6. This value comes out around 624 kWh and 569 kWh
for 2T and 4T poly-SiOx tandem, respectively, in Rome. It is shown that using a
bi-facial 2T configuration on highly reflecting surface like snow, this annual energy
yield can be increased to 652 kWh. In comparison to 4T, the 2T perovskite/c-Si tan-
dem configuration is much more sensitive to perovskite thickness and bandgap
variations. We find an optimum bandgap of 1.68 eV and optimum perovskite
thickness of 550 nm for our poly-SiOx tandem. We find that the poly-SiOx tandem
is more thermally stable than the SHJ tandem. Due to the effect of temperature
coefficient being more significant in places of lower irradiance, the poly-SiOx

tandem shows a higher specific energy yield than the SHJ tandem in such places.
Moreover, the difference between the annual energy yield of bi-facial SHJ tan-
dem and poly-SiOx tandem is reduced on snow due to the difference in their
temperature coefficients.
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7.2. Outlook
The following recommendations are offered for future research.

1. Electrical optimization of recombination layer of 2T perovskite/c-Si tan-
dem solar cells with high temperature carrier-selective passivating contacts
would help in further improving its efficiency. Role of TCO as a tunnel
recombination layer in 2T tandems could be investigated. Doping and
thickness of ITO can be optimized to improve the performance of such
tandems.

2. In this study, we have not focused on optimizing perovskite solar cells. Op-
timizing the perovskite top cell is crucial to improve the performance of
perovskite/c-Si tandems. Considering different top cell configurations such
as nip or pin architecture could lead to interesting observations and im-
provement in the performance of tandem. Different perovskite composition
with varying bandgaps could be investigated. Additionally, dual cation and
triple cation perovskite could be compared in terms of its performance
in a perovskite/c-Si tandem and the role of additives in perovskite could
be further investigated. When we consider perovskite/c-Si tandem mod-
ules, fabrication of high efficiency large area perovskite solar cells could
be a bottleneck. Fabrication of large area perovskite solar cells need to be
investigated and optimized for higher efficiency and energy yield.

3. Stability of perovskite/c-Si tandem solar cells is also crucial considering that
perovskite top cell degrades much faster than c-Si solar cells. Tests need be
performed to evaluate and improve the stability of perovskite/c-Si tandems
with high temperature CSPCs.

4. In this study, optical simulations of 3T poly-SiOx based tandem solar cells
were done. However, an electrical study on 3T poly-SiOx based tandem
solar cells and, subsequently, a fabricated 3T poly-SiOx tandem could lead
to interesting new research areas as 3T tandem does not require current
matching.

5. Another potential future research could be the fabrication of perovskite/c-
Si tandem modules with high temperature CSPCs. This would give the
possibility to measure such modules in real world conditions and compare
the experimentally measured value with the estimated value of the model.





A
Comparing optical performance

of perovskite/silicon tandem
architectures under real-world

conditions

This appendix provides supporting information of Chapter 4, which was included
in the publication of Nonanophotonics *

A.1. Modelling approach
We first explain our cell-level and model-level modelling approaches and we
validate our modelling framework

A.1.1. Cell level optical model

Optical software GenPro4 [114], is used to perform optical simulations of per-
ovskite / c-Si tandem solar cells. The generated output is reflectance (R), transmit-
tance (T), absorptance (A) spectra of each layer of a solar cell and their related
implied photocurrent densities (Jph). This is calculated by integrating the ab-
sorbed photons over the Air mass 1.5 (AM 1.5) [325] spectrum for standard test

*M. Singh, R. Santbergen, I. Syifai, A. Weeber, M. Zeman, O. Isabella, “Comparing optical perfor-
mance of a wide range of perovskite / silicon tandem architectures under real world conditions,”
Nanophotonics, 10(8), 2043-2057, 2021.
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conditions. The optical model combines wave and ray optics, as illustrated in
Fig. A(a) and 1(b) for the perovskite/ c-Si tandem solar cells. This means that it
simultaneously takes into consideration the interference in the sub-wavelength
layer stack of the perovskite top sub-cell, and the anti-reflective effects of the
super-wavelength pyramid texture of the underlying c-Si bottom sub-cell. Gen-
Pro4 is a one-dimensional (1D) simulator. It does not take into consideration
the width of the device or optical shading by metal contact fingers. When the
bottom cell is an interdigitated back contacted (IBC) solar cell, which has two
interdigitated rear side contacts, the optical generation profile could vary across
the width of the device. To simulate such cells, we have used a weighted averaging
technique [216].

Figure A.1: Working principles of GenPro4 optical model. (a) Ray optics is used to model the
anti-reflective and light scattering effect of c-Si pyramid texture; (b) multi-layer wave optics is used

to model the interference in the thin films deposited on top of the texture.

A.1.2. Module level optical model

Tandem cells in modules need to be encapsulated. This is reflected in our model
by considering both glass and EVA materials. We assume that the simulated
modules contain 10 rows of 6 cells. The width of a single cell is 15 cm, even
though this dimension could be straightforwardly changed to accommodate larger
silicon wafers dimensions. The mounting height is 0.5 m above the ground, tilting
27 degree and azimuth is South (North) for locations in Northern-hemisphere
(Southern-hemisphere). Measured hourly global horizontal irradiance and direct
normal irradiance data are input for the Perez sky model [128], which - combined
with the hourly sun position - is used to recreate the real-world spectral irradiance
conditions, considering both the direct and diffuse irradiance contributions. The
ray-tracing method outlined in Ref. [127] is then used to calculate the plane of
array irradiance. This method was extended for tandem solar cells. The method
was made spectrally resolved and layer resolved, such that it can determine the
individual photon absorption rate in all layers of the perovskite and silicon sub
cells, considering the varying incident angles and illumination spectrum. For
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bifacial tandem solar cells, this calculation is performed separately for irradiance
incident on front and for irradiance incident on the rear side of the PV module.

A.2. Simulation input and validation
The input of optical simulations in GenPro4 are complex refractive indices (N =
n + ik), also known as nk data, and the thickness of each layer. For the bottom
cell in 2T, 3T and 4T tandem, c-Si solar cells with poly-Si, poly-SiOx and poly-
SiCx CSPCs have been considered. The refractive indices of poly-Si have been
calculated for 1020 cm−3 doping concentration [58]. For poly-SiOx and poly-
SiCx carrier-selective passivating contacts, the refractive indices and extinction
coefficients are measured using the inverse modelling (IM) technique [252]. The
real and imaginary parts of these complex refractive indices are shown in Fig.
A.2(a) and (b). In the same diagrams, nk data of Ag and ITO are reported as in-
house measured. The corresponding thickness are shown in table A.1. To validate
our simulations, we have compared the simulated absorptance with the external
quantum efficiency (EQE) of front/back-contacted (FBC) c-Si solar cells with poly-
SiOx CSPCs (see Fig. A.3). The simulated absorptance and the measured EQE are
closely matched with an average deviation of less than 2%. These simulations
have been performed in the wavelength range between 300 nm and 1200 nm. For
single junction poly-SiOx passivated c-Si solar cells, high parasitic absorption in
the front n-doped poly-SiOx layer is noticeable, which increases further when
texturing is considered (not shown here).

Figure A.2: (a) Refractive index (n) and (b) extinction coefficient (k) of layers used in simulations
(poly-Si, poly-SiOx and poly-SiCx CSPCs).
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The tandem structure given in Ref. [88] has been simulated and used as valida-
tion platform. The complex refractive indices used for simulations of perovskite
/c-Si tandem solar cells are shown in Fig. A.4, the corresponding thicknesses and
the source of their nk data are shown in Table A.1. The perovskite considered in
our simulations is (C s0.05(M A0.17F A0.83)0.95Pb(I0.9Br0.1)3) absorber layer with a
bandgap of 1.55 eV from Ref. [226]. For the perovskite nk data that has been used
in 2T simulations has been taken from Ref. [226], blue shifted by 20 nm to account
for the slightly higher bandgap in Ref [88] i.e. 1.6 eV. The reflectance of a bare
air/glass interface is 4% and most of PV modules installed today employ some
form of anti-reflective coating (ARC) to reduce this to less than 1%. In Ref. [88],
MgF2 (magnesium fluoride) has been used as an ARC for 2T un-encapsulated
tandem solar cell. To keep similar layer materials, we have used the same ARC
(MgF2) on glass for all encapsulated tandem cases as well. However, MgF2 coat-
ings are not sufficiently durable for real outdoor use [326]. Other materials such
as porous silica [327] are typically used for outdoor applications. Since the typical
refractive index of porous silica (1.3 – 1.4 depending on porosity) is in the same
range as that of MgF2 (1.38), the optical effect of MgF2 coating that we use in
our simulations is very similar to that of a porous silica coating (both reduce the
air/glass reflectance to <1%). Ethylene Vinyl Acetate (EVA) has been used as an
encapsulant in between the glass and the cell. The EVA used is EVAsky S87 from
Brigdestone, a UV transmitting EVA. However, EVA does not have high enough
barrier properties to protect perovskite against moisture, so real perovskite/silicon
tandem modules would rather be encapsulated with polyolefins or ionomers. As
these more novel encapsulation materials are still under development, we decided
to use the optical constants of the abovementioned EVA instead.

Figure A.3: (a) Comparison of simulated absorptance in c-Si (grey area) with EQE (black circles) for
flat/flat poly-SiOx passivated c-Si solar cell (b) solar cell structure used for simulation and

measurement of EQE [38].

For the textured surface, pyramids with a fixed base angle of 52 degrees and
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random position are given as input to the simulation. Fig. A.5(a) shows that the
simulated reflectance and absorptance spectra in perovskite and silicon absorbers
are in excellent agreement with the measured reflectance, top cell EQE and bottom
cell EQE, respectively, with average deviation of less than 1%. This shows that the
GenPro4 model, combined with the input data, very accurately models this type
of tandem device. The nk data and layer thicknesses of the perovskite top cell
used in these validation simulations will be used to simulate the top cell optical
behaviour in all subsequent 2T and 3T tandem simulations.

Table A.1: Thickness of layers used in tandem simulations. Nps stands for nanoparticles.

2T,3T 4T
Top cell Top cell

Layer Thickness Layer Thickness
MgF2 [328] 134 nm MgF2 [328] 161 nm
IZO [329] 110 nm PTAA and NiO Nps [226] 233 nm

SnO2 [216] 10 nm ALD ZnO [226] 28 nm
C60 [226] 35 nm PCBM [226] 44 nm

Perovskite [2T, 3T] [226] variable Perovskite [226] 513 nm
Spiro-OMeTAD [215] 12 nm ITO (front and back) [226] 142 nm and 237 nm

nc-Si (n and p) [measured in house] 10 nm and 10 nm ZnO Nps [226] 17 nm
Bottom cell

Layer Thickness Layer Thickness
poly-Si(Ox ,Cx ) layers (n) [58],[252] 30 nm ITO (front and back) [measured in house] 75 nm and 120 nm

c-Si bulk [329] 280 µm a-Si (n,p and i) [330] 7,7 and 8 nm
poly-Si(Ox ,Cx ) layers (p) [58],[252] 20 nm c-Si bulk [331] 280 µm

Ag [measured in house] 3 µm
Encapsulation materials

Glass [332] 3000 µm EVA [333] 300 µm

For the 4T tandem simulations, the semi-transparent top cell structure has
been taken from Ref. [226]. The complex refractive indices for the top cell are
shown in Fig. A.6. The thicknesses and the source of their nk data are shown in
Table A.1. The simulated reflectance, transmittance and absorptance spectra in
perovskite absorber are shown in Fig. A.5(b) and compared with the measured
reflectance, transmittance and EQE spectra. Again, good agreement between
simulation and measurement is obtained with an average deviation of only 1.3%.
This shows that also for this architecture the optical model is validated; and the
corresponding n and k data are accurate. Textured glass simulations [228, 229]
have been considered to study its effect on photocurrent density. We considered 5
µm size pyramids textures both on the front and rear side of the glass. In reality,
rear side texture should be of nano size [334] in order to allow deposition of
good quality perovskite layer. However, simulating these rear side nano textures
requires rigorous solving of Maxwell’s equations, not possible with our simulation
approach [335].
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A. Comparing optical performance of perovskite/silicon tandem architectures

under real-world conditions

Figure A.4: (a) Refractive index (n) and (b) extinction coefficient (k) of layers used to do simulations
of 2T tandem given in Ref. [88]. The top cell data is used for all subsequent 2T and 3T simulations.

Figure A.5: Comparison of measured EQE (top cell = blue circles, bottom cell = red circles),
reflectance (R, black circles) and transmittance (T, between black circles and green circles) spectra
with simulated R, T, and absorptance spectra in every layer (perovskite = pink line, c-Si = grey line):
(a) 2T tandem from Ref. [88] and (b) transparent perovskite cell from Ref. [226]. AT in (b) stands for

total absorptance.
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Figure A.6: (a) Refractive index (n) and (b) extinction coefficient (k) of layers used to do simulations
of 4T tandem.





B
Poly-SiOx passivated c-Si solar

cells for perovskite/c-Si tandems

This appendix provides supporting information of Chapter 5.

Figure B.1: Front and rear side photos of fabricated wafer-based single side textured (SST)
poly-SiOx passivated c-Si solar cells.

139



140 B. Poly-SiOx passivated c-Si solar cells for perovskite/c-Si tandems

Figure B.2: Front and rear side photos of fabricated wafer-based double side textured (DST)
poly-SiOx passivated c-Si solar cells.
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