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Abstract

Due to the high-efficiency potential over 40%, the two-terminal (2T) perovskite/c-Si tandem solar cell
becomes a desirable and promising candidate for solar cells. The photovoltaic materials and devices
(PVMD) group in TU Delft has developed the c-Si solar cell using poly-SiOx as carrier-selective passivating
contacts. The utilization of poly-SiOx as carrier selective passivating contacts is relatively new and very
interesting to be analyzed as its bandgap can be varied by changing its oxygen content. This can be used
in the solar cell to increase the Jsc.

In this work, the 2T perovskite/c-Si tandem solar cells' optimization has been conducted by means of
optical and electrical simulations. Optical simulations of the 2T, 3T and 4T perovskite/c-Si tandem solar
cells in GenPro4 are presented. The main objective is to show the new type of bottom cell's optical
performance in the 2T, 3T, and 4T tandem solar cell. Furthermore, the two-terminal (2T) perovskite/c-Si
tandem solar cell's electrical modeling framework with the new type of the bottom cell has been
developed. In this model, the optical generation profile from GenPro4 was successfully imported into the
semiconductor simulations software called Sentaurus TCAD. The perovskite and c-Si solar cells have been
optimized separately. The perovskite solar cell optimization was conducted by changing parameters such
as contact resistance, surface recombination velocity and thickness of each layer. This leads to the increase
in the perovskite solar cell efficiency from 15.83% to 21.50%. This top cell was combined with a c-Si bottom
cell with an efficiency of 25% to form a two-terminal (2T) tandem solar cell. The two-terminal (2T)
perovskite/c-Si was further optimized by optimizing the tunnel recombination junction. The optimization
of TRJ was done by varying the doping concentration of indium tin oxide (ITO) and spiro-OMeTAD,
respectively. As a result, the 33.70% efficiency of the two-terminal (2T) perovskite/c-Si tandem solar cell
was obtained.

Keywords: 2T perovskite/c-Si tandem solar cell, carrier-selective passivating contacts, GenPro4, Sentaurus
TCAD, opto-electrical modelling framework, contact resistance, surface recombination velocity, thickness
optimization, tunnel recombination junction.
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1. Introduction

1.1. Background

Solar energy is one of the most promising renewable energy sources [1] [2]. It is very abundant [2] [3]. As
can be seen in Figure 1. 1, the amount of energy our planet receives from the sun can meet more than
3000 times the current global energy needs [3]. Solar energy is also the cleanest renewable energy source,
it does not produce greenhouse gas emissions like fossil fuels [1]. Solar energy can also be generated
anywhere, as long as there is sunlight. This characteristic makes solar energy become easier to be installed
in rural areas than other types of energy such as wind energy, coal, nuclear, etc. Solar energy also can give
us a chance to become prosumer, so the people can consume, control and also sell the electricity back to
the grid [4] [5]. The falling price of the solar panel is also expected to increase the use of solar energy in
the world [6].

RENEWABLE ENERGY SOURCES
HAVE THE POTENTIAL TO
PROVIDE 3078 TIMES THE
CURRENT GLOBAL ENERGY
NEEDS

ENERGY RESOURCES OF THE WORLD

BIOMASS: 20x
GEOTHERMAL: 5 X
MARINE: 2X
HYDRO: 1 X

Figure 1. 1. Energy resources of the world. Adapted from [3].

Based on data in Table 1.1, the amount of energy that can potentially be produced from solar energy is
very high, i.e., 56,940,000 TWh for solar PV and 40,296,000 TWh for concentrated solar power (CSP).
Nevertheless, utilization is still very small [3]. Until 2020, the global electricity generation for solar PV is
only 332 TWh or 0.00058% of the total solar energy potential, whereas for the CSP the utilization of this
energy by 2020 is only 50 TWh or 0.00012%. The low utilization can be occurred because of many aspects,
one of them is from the technological aspect. The device could not convert the solar energy into electricity
optimally yet. Until now, the solar panels on the market have an average efficiency of 15-20%. That means,
from the total solar energy received, 80-85% is still wasted. This losses 50% comes from spectral mismatch
[7]. It contributes greatly to the losses because of the inability of the absorber to accommodate all
incoming spectral, thus many models are continuously developed to increase the efficiency of solar cells,
one of them is tandem configuration.
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Table 1. 1. The power potential of each energy technology and the current power delivered as electricity.

Energy potential Global electricity
Energy Technology worldwide [8] generation in 2020 [3]
TWh TWh %
Hydro 16,644 4,513 27.11
Wind 14,892,000 1,272 0.0085
Geothermal 394,200 131 0.0332
Solar PV 56,940,000 332 0.00058
Concentrating solar 40,296,000 50 0.00012
power

1.2. Tandem solar cell

Tandem solar cell is the type of solar cell that combines two absorbers with different energy bandgaps in
one stack [9]. This technique is one of the ways to increase the efficiency of solar cells. The basic principle
of tandem solar cells is optimizing the spectrum by splitting the spectrum and placing an absorber that
works optimally in the range of that spectrum [9]. Absorber with higher bandgap energy will occupy the
top layer, and absorb the high energy photons [10]. The bottom cell with lower bandgap energy will absorb
the low energy photons [10]. This configuration allows a larger portion of the light energy to be converted
into electricity by reducing thermalization losses.

1.2.1. Advantages of the tandem solar cell over the single-junction solar cell

The single-junction solar cell is the most widely used solar-cell type on the market today. Recently, silicon
and GaAs as the common absorber material, have achieved an efficiency record of 26.7% and 28.9%. Based
on the Shockley-Queisser limit, this value has approached the maximum efficiency value for a single-
junction solar cell, which is 33.16% for an absorber with a bandgap of 1.34 eV or 29.4% for solar cells with
silicon as the absorber [11][ [12]].

Therefore, another method is needed to maximize the use of solar energy. Tandem solar cell is the answer
to overcome the barrier efficiency of a single junction. By combining several semiconductor materials with
different energy bandgap, it allows the utilization of solar energy optimally.

1.2.2. Types of the tandem based on the number of terminal connection

Based on the number of terminal connections, tandem solar cells are divided into 3 types i.e. two-terminal
(2T) tandem solar cell, three-terminal (3T) tandem solar cell and four-terminal (4T) tandem solar cell [10].

Two-terminal (2T) tandem solar cell

Based on the number of the transparent conductive oxide (TCO) two-terminal (2T) tandem solar cells can
be divided into two forms, i.e. two-terminal (2T) monolithic stack and two-terminal (2T) mechanically-
stacked [10].

Two-terminal (2T) monolithic stack

Two absorbers are monolithically stacked on top of another with a single transparent conductive layer
[10]. The recombination or tunneling layer is formed between the two absorbers. This tandem is the most
attractive and has been widely used in the market because of the ease of fabrication and its commercial
viability [10]. The only disadvantage is the current matching issue i.e. the performance of the tandem solar
cell is limited by the absorber with the lowest current [10] [13].
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Figure 1. 2. Two-terminal (2T) monolithic stack. Adapted from [10].

Two-terminal (2T) mechanically-stacked

The device consists of two absorbers stacked separately but they are serially connected with the two
terminal outputs [10]. The transparent conductive layer is also placed on the top and bottom cells. This
type has some advantages such as does not require interfacial tunneling and also the current matching
[10]. Nevertheless, as can be seen in Figure 1. 3, this configuration needs extra TCO layers which leads to
strenuous optical losses [10].

TCE

+

Figure 1. 3. Two-terminal (2T) mechanically-stacked. Adapted from [10].

Three-terminal (3T) tandem solar cell

3T tandem solar cell structure is quite similar with the 2T tandem. The main difference is the use of the
interdigitated back contact (IBC) cell as the bottom cell structure. The 3T tandem configuration are shown
in Figure 1. 4 below.

—

Figure 1. 4. Three-terminal (3T) tandem solar cell. Adapted from [14].

The carrier extraction and collection process are quite similar to the 2T tandem. In the case of the np-np
configuration, the holes from the top cell are recombined with the electron from the bottom cell. The
electrons in the top cell are collected in the front contact, whereas the holes from the bottom cell are
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collected in the rear contact. The difference of the 3T is the ability to extract the excess current in the
bottom cell using the second back contact of the IBC cell. It makes the device less sensitive to the current
matching [14].

Four-terminal (4T) tandem solar cell

As can be seen from Figure 1. 5, each cell has two terminals so that the electrical output can be generated
independently [15]. The top cell has to be semi-transparent type so it does not deter the transmission light
to the bottom cell [10].

This 4T mechanically stacked configuration allows a significant increase in solar cell performance [10]. As
can be seen in Figure 1. 5, the 4T tandem solar cell requires more complex substrates, layers,
interconnection, and processing steps. Moreover, the use of many TCO layers also reduces the price
competitiveness of this tandem. The TCO layer is the most critical component in the performance and
manufacturing perspective. One TCO layer requires expensive costs through sputtering or CVD equipment.
TCO layer creates an inherent trade-off between optical and series resistance losses which causes a
decrease in the overall efficiency of the PV module by 10-25% [10].

Therefore, it is still very difficult to imagine the production of competitive large-scale modules using
tandem 4T technology [10].

TCE

y

—

+

Figure 1. 5. Four-terminal (4T) mechanically-stacked. Adapted from [16].
The following is a summary of some advantages and disadvantages of each type of tandem solar cell.

Table 1. 2. Pros and cons of 2T, 3T and 4T tandem solar cell, ref [10] [15].

4 ande

Pros Cons Pros Cons Pros Cons
- At the - Current - The - Until now, this - Each cells - ltis still
optimum matching intermediate model is more operates impractical for
bandgap, 2T condition terminal adds convenient for independently large scale
has the same another research purposes manufacturing
performance degree of
with 4T freedom of The 3T - The processing
electrical configuration has steps are more
connection the lowest complicated
which relaxes maximum
the circuit efficiency
from the compared to the
current 2T and 4T
matching issue configuration
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1.3. Semiconductor materials

Semiconductors are a group of materials having conductivities between metals and insulators.
Semiconductors can be classified into two types, i.e. the elemental semiconductor materials and the
compound semiconductor materials. The elemental semiconductor materials are the materials belonging
to group IV of the periodic table, whereas the compound semiconductor materials are the materials which
formed mostly from the combinations of group Il and group V elements of the periodic table [17].

Table 1. 3. (a) A portion of the periodic table; (b) A list of some semiconductor materials. Adapted from [17].

5 6 Si Silicon

B c Ge Germanium
Boron Carbon Compound semiconductors
13 14 15 AP Aluminum phosphide

Al Si P AlAs Aluminum arsenide
Aluminum | Silicon Phosphorus GaP Gallium phosphide
31 32 33 GaAs Gallium arsenide

Ga Ge As InP Indium phosphide
Gallium Germanium = Arsenic
49 51 (b)

In Sh
Indium Antimony

(a)

Table 1. 3 (a) shows some elements of group lll, group IV and group V in which the more common
semiconductors are found. A more complex semiconductor made by the combination of Group lll, group
IV, group V, and another group elements is also possible such as perovskite structure (CH3NH3Pbs-Cly).
Table 1. 3 (b) shows some examples of the elemental and compound semiconductors. The compound
semiconductors can also be formed by more than two elements, for example, gallium indium phosphide
(GalnP).

1.3.1. Crystalline silicon (c-Si)

Crystalline silicon is silicon in the crystalline form. It is being one of the most widely researched
semiconductor materials for more than 30 years [18]. It also still dominant in the market share of PV
technology which accounted for around 95% of the total production in 2019 [19]. It belongs to the first
generation of solar cells, often referred to as conventional, traditional, or wafer-based solar cells [20].
Crystalline silicon has so many advantages such as abundance in nature (about 25% of the earth's crust is
silicon) [18]. It is classified as a non-toxic material, so it is suitable for development of green technology. It
can remain stable for 20 years [18]. Crystalline silicon is high energy efficiency [18]. At present, the highest
efficiency of the single junction crystalline silicon solar cell has reached 26.7% with the theoretical limit of
the efficiency being 29.4% [12].

1.3.2. Perovskite

In this section, a brief description of perovskite is shown. The background of using perovskite as the top
cell for the 2T tandem solar cell that used for the simulation is also explained.

Perovskite is a natural mineral [21] [22]. It was first discovered as a calcium titanate compound (CaTiO3)
by German mineralogist Gustav Rose in 1839 [20] [23] [24] [25]. The mineral was named perovskite as a
tribute to the Russian mineralogist Lev Perovski (1792-1856) [21] [22]. Later on, the compounds with the
same crystal structure as CaTiO3 are categorized into perovskite material. Perovskite is currently classified
as an emerging thin-film technology, which means that this material is still under development and has
not been commercialized yet [20].
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Perovskite has so many advantages, including relatively earth-abundant, low-cost synthesis, lead-free,
stable in thermodynamic, high PCE, high V., Js, and FF, large cell area, defect tolerant, suitable bandgaps
~ 1.5 eV, etc [26]. From the economic side, perovskite also can be produced at a low cost and in efficient
way [22]. So, that is why perovskite becomes the most promising alternative material to be developed.
Perovskite that is commonly used today, is MAPBIs. In this project, another type of perovskite is
introduced. MAPBI5Clx will be used as an absorber in the top cell. This material has several advantages
compared to the perovskite material commonly used today (MAPBIs), such as enhance device stability,
better charge collection efficiency, and reproducibility [27] [28]. Besides, Cl in these structures plays an
important role in improving film morphology and increasing grain boundaries of perovskite crystal, which

enhances short-circuit current [28].

The following is a timeline of various types of solar cell perovskite from the first time it was published by
Miyasaka et al. in 2009 with an efficiency of 3.8% until 2017, which was recorded to have achieved an
efficiency of 22.1% by the Ulsan National Institute of Science and Technology (UNIST) [22]. It can be seen
that the development of the efficiency graph is increasing. Moreover, in 2018, perovskite efficiency has
reached 23.3% and is the highest efficiency for perovskite solar cells. Theoretically, perovskite can reach
power conversion efficiency (PCE) up to 30% [29].
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Figure 1.1. Timeline of various perovskite solar cells. Adapted from [22].

The main challenge for the perovskite now is the instability of the material [26]. It is still unstable when in
contact with moisture [26]. This behavior makes a barrier to commercialization. To overcome this problem,
future research should focus more on the following actions, i.e., enhancing the intrinsic stability of the
perovskite absorber layer, proper geometry design, and finding durable coating material that protects the

cell from moisture [25].
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1.4. Silicon heterojunction (SHJ)

Silicon heterojunction (SHJ) is currently become most widely used as a bottom cell for perovskite/silicon-
based tandem solar cells [30]. SHJ solar cells become a hot topic within the crystalline silicon PV as it can
achieve record-efficiency energy conversion up to 26.6% [31]. The structure of the silicon-based
heterojunction is shown in Figure 1. 6.
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Figure 1. 6. Silicon heterojunction solar cell structure. Adapted from [32].

SHJ has several advantages, including good surface passivation ability with the use of a thin-film silicon
amorphous buffer layer that separates the bulk from highly recombinative metallic contacts, the
manufacturing process uses low temperature (<300 °C), thereby reducing device production costs, and
also an excellent temperature coefficient of -0.23%/°C. This value is lower than the temperature
coefficient value of the homojunction silicon technology, which is -0.45%/°C (standard homojunction) [33].

1.5. Present status of the 2T, 3T and 4T perovskite/c-Si tandem solar cells

In this section, the present status of the 2T, 3T and 4T perovskite/c-Si tandem solar cells are summarized.

Table 1. 4. Summary of the present status of the 2T, 3T and 4T perovskite/c-Si tandem solar cells [34] [35] [36].

A O Pub ed Area s, P %
2T
HZB 2020/01 1.06 29.1
Kohnen 2019/05 0.77 19.2 1.77 76.6 26.0
Kohnen 2019/05 0.77 17.8 1.77 78.6 25.0
Nogay 2019/03 1.43 19.5 1.74 74.7 25.4
Mazzarella 2019/02 1.10 19.0 1.79 74.6 25.4
Chen 2019/01 0.42 17.8 1.80 79.4 25.4
Oxford PV 2018/12 1.03 19.8 1.80 78.7 28.0
Jost 2018/10 0.77 18.5 1.76 78.5 25.5
Bush 2018/08 1.00 18.4 1.77 77 25.0
F. Sahli 2018/06 1.42 19.5 1.79 73.2 25.5
Zheng 2018 0.16 16.2 1.74 78 21.8
Y.L.Wu 2017 1 17.6 1.75 73.8 22.5
K.A. Bush 2017 1 15.3 1.73 79 18
F. Sahli 2017 0.25 16.8 1.75 77.5 22
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Werner 2016 1.43 15.3 1.64 64.8 16
Mailoa 2015 1 11.5 1.85 75 13.7
S. Albrecht 2015 0.16 14 1.79 79.5 18.1
3T

Tockhorn 2020/01 0.78 Pero:17.4 1.117 63.5 12.3
IBC: 14.4 0.600 64.2 5.5

>17.8

4T

Rohatgi 2020/03 P:0.1 Pero: 20.6 1.100 78.9 17.8

Si: 4 n-TOPCon 0.675 79.6 8.9
Sicell: 16.6

> 26.7

Duong 2020/01 P:0.21 Pero: 18.0 1.202 78.5 17.0
IBC: 4 IBC: 19.6 0.697 78.0 10.7

> 27.7

Duong 2020/01 P:1 Pero: 17.5 1.205 76.3 16.1
PERL: 1 PERL:18.6 0.675 80.4 10.1

> 26.2

Wang 2019/ Pero: 19.8 1.156 79.9 18.3
HIT: 15.6 0.698 80.1 8.7

> 27.0

Jaysankar 2019/ Pero: 15.4 1.220 73.4 13.8
IBC: 24.1 0.678 81.2 133

>27.1

Quiroz 2018/ Pero: 21.0 1.098 74.1 17.1
PERL: 17.7 | 0.674 80.1 9.6

> 26.7

Duong 2017/ Pero: 19.4 1.120 73.0 16.0
IBC: 18.8 0.690 80.0 10.4

>26.4

Werner 2016/ Pero: 20.1 1.070 75.5 16.4
HIT: 16.0 0.693 79.5 8.8

>25.2

Table 1. 4 the latest and the highest perovskite-based tandem cell for 2T, 3T and 4T. Until 2020, the highest
efficiency of the 2T, 3T and 4T perovskite/c-Si tandem solar cells are 29.1%, 17.8%, and 27.7%, respectively.

The highest efficiency of 2T perovskite/c-Si tandem solar cells has been achieved by Helmholtz-Zentrum
Berlin (HZB). Only general information can be obtained because the journal regarding it has not been
published yet. Practically, the 2T tandem perovskite/c-Si solar cells can reach about 35% efficiency and
theoretically, it can be increased until 45% efficiency under standard test conditions (AM1.5G, 1kW /m?2,
25 °C) [37]. Until now, to surpass above the 30% efficiency, there are still many challenges, such as the
recombination layers that should be compatible with minimal voltage and optical losses, controlling the
light within the device including transparency of top electrode, reduction in reflection, and increased the
perovskite's cell stability [38].

For the 3T perovskite/c-Si tandem solar cells, only a few pieces of information can be obtained regarding

the experimental of these tandem configurations. The latest experiment was conducted by Tockhorn et
al. They were fabricated 0.78 cm? of 3T perovskite/Si tandem solar cell with 17.8% efficiency [39]. The
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highest efficiency of 4T perovskite/c-Si until now is achieved by Duong et al. from Australian National
University with 27.7% efficiency [40].

1.6. Carrier selective passivating contacts

Carrier selective passivating contacts are basically thin films deposited on the silicon wafer and have a
function as a carrier selective and surface passivation.

1.6.1. Carrier selective contacts

Carrier selective contact has become an essential part of the solar cell. It acts like a filter that allows only
one carrier type, either only electrons or hole, to pass through the contact while blocking the other one
[41].

The idea of the carrier-selective concept is based on obtaining a high degree of carrier selectivity [41]. To
achieve that, the doping concentration needs to be increased significantly, but the increasing of the doping
concentration inside the absorber will raise the level of intrinsic charge carrier recombination, i.e., Auger
recombination, which it does not expect to happen. To avoid these recombinations and reduce the process
complexity, the carrier-selective contact is separated from the absorber [41].

1.6.2. Surface passivation

A brief description of surface passivation and also five passivation techniques are given.

Surface passivation is a method to reduce the defect density by placing a thin layer of suitable material
over the semiconductor surface [7]. The thin layer will act as a valence electrons donor so that the covalent
bonds on the semiconductor surface will be formed and the surface trap density (NsT) will be reduced [7].
The density of the surface trap (NsT) needs to be lower, so the carrier lifetimes will be higher, leading to
higher efficiency cells [7].

Surface passivation can be achieved using five different techniques, i.e., deposition of dielectric film,
chemical methods, field effect passivation, high-low junction and p-n junction [42].

Depositing of dielectric films

The most widely used of surface passivation technique in crystalline silicon solar cells [42]. Various of
deposition methods such as chemical vapor deposition (CVD), physical vapor deposition (PVD) and thermal
oxidation are used to deposit dielectric material such as SiNx, TiO; and Al,03 [43].

Chemical methods

The chemical methods are the passivation technique that works by involving the oxidation process [42].
First, the solar cells will undergo a standard cleaning then dipped into a liquid solution such as H,SOa, HF
or HNOs. After that it will be heated for a specific duration. After the chemical passivation process is
successful, the effective lifetime of minority carriers will be improved [42].

Field effect passivation

Field-effect passivation is a technique for reducing surface recombination by using electric field effect [42].
This technique is highly stable and can drive out a certain type of carrier, which can lower the surface
recombination in a certain area [42].

High-low junction

This technique also uses the electric field effect for reducing recombination [42]. The working principle of
this technique is the diffusion of high carriers density of the front surface field (FSF) and back surface field
(BSF) to either front or back layers to achieve passivation. That is possible if the carrier density of the bulk
of the solar cells is lower than the carrier density of FSF and BSF [42].
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Figure 1.2. Solar cell with diffused FSF and BSF. Left: Flat type solar cell. Right: Textured solar cell. Adapted from
[42].

p-n junction

The working principle of p-n junction passivation is similar to the high-low junction passivation. The small
difference is the inclusion of n and p-type dopant atoms [42]. A combination of n and p doped atoms
results in a shift of Fermi energy levels, which produces a higher energy barrier compared with high-low
junction passivation. A high energy barrier leads to better passivation of the solar cell. This technique is
used in high-efficiency solar cells, such as PERL solar cells [42].

Good carrier-selective passivating contacts are the materials that can provide excellent passivation, high
carrier selectivity and also low contact resistivity [41].

The following are some materials that have been used as a carrier-selective passivating contacts.

Poly-Si

Poly-Si has been widely used as a carrier-selective passivating contacts (CSPCs) [44] [45] [46]. The implied
Voc of 721(692) mV for n-type(p-type) had been reported using poly-Si as CSPCs [44]. The fill factor of 75.2%
has been achieved on a front textured IBC solar cell using poly-Si as passivating contacts, which denotes
good carrier transportation between poly-Si and c-Si through the junction of the solar cell [44].
Nevertheless, the 250 nm of poly-Si used in solar cells has significant free carrier absorption, which reduces
the performance of the solar cells [47] [48].

Poly-SiOy

Poly-SiOy is a further development of poly-Si in terms of carrier-selective passivating contacts [47]. It is a
promising material due to the extremely high passivation quality that has been achieved [47]. Poly-SiOy is
the enhancement of poly-Si as a passivation material. When forming a poly-SiOy, the oxygen content was
optimized, so the free carrier absorption is minimal. The implied V,. can reach up to 740 (700) mV for n-
type (p-type) poly-SiOx [47]. Based on G. Yang et al.’s experiment, the solar cell had a fill factor of 83.5%,
which indicates that the carrier transport to the junction is successfully efficient [47].

Poly-SiCy

Poly-SiCx has been validated as a promising passivating contacts in the high-efficiency solar cells [49]. The
efficiency of 20.17% has been achieved by using this material [50]. High passivating quality of poly-SiC«
depends on the following factors, i.e., doping ratio R of carbon [methane flow (sccm)/silane flow (sccm)]
and the annealing temperature [50]. The higher level of both factors is essential to achieve a high carrier
lifetime [50].
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Figure 1.3. The example of passivation contact structure using poly-SiCx/poly-Si on the top/rear side of the solar
cell. Adapted from [50].

Figure 1.3 shows an example of the solar cell structure that uses carrier-selective passivating contacts
(CSPCs). As shown in Figure 1.3, (n) poly-SiC./SiOz has a role as a CSPCs at the solar cell’s front contact,
whereas (p) poly-Si/SiO,, which also acts as a CSPCs is placed at the rear contact of the solar cell.
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Figure 1.4. Left: The comparation of I-V curve of solar cells using poly-Si and poly-SiCx as the front contacts.
Right: The comparison of external quantum efficiency (EQE) curve of the solar cell. Adapted from [50].

Figure 1.4 compares the performance of poly-Si and poly-SiCy as the passivating contacts at the front side
of the solar cells. The thickness of both poly-Si and poly-SiCs is 15 nm, respectively. The performance
properties of the solar cells, such as saturation current density (Jsc), open-circuit voltage (V,.), fill factor
(FF) and efficiency (n), are shown. As can be seen in Figure 1.4, poly-SiC achieved a higher value in all
parameters than poly-Si. This phenomenon happened due to the higher parasitic absorption of poly-Si at
the front contact of the solar cells [50].

For the EQE, in the short-wavelength area, poly-SiC also achieved a higher EQE than poly-Si. Based on
those data, poly-SiCs contact has a better performance than poly-Si when they are placed at the front side
of the solar cells.

1.7. Tunnel recombination junction

Tunnel recombination junction (TRJ) is an interlayer that connects two subcells in the solar cell structure
[51]. TRJ has an important role in optimizing the performance of the tandem solar cells [51] [52]. TRJ has
a function to provide enough recombination. If not, the light will induce dipole due to the accumulation of
the trapped electrons or trapped holes, which would make the electric field on top and bottom cell getting
weaker. Afterward, it will degenerate the performance of the tandem solar cell [51].
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1.7.1. The example of tunnel recombination junction

Figure 1. 7 (a) and (b) show the structure of the GaAsPN/Si tandem solar cells and the simulated band
diagram of GaP (n) and Si (p) tunnel junctions, respectively.
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Figure 1. 7 (a). The GaAsPN/Si tandem solar cells structure, (b) Simulated band diagram of GaP (n)/Si (p) tunnel
junctions. Adapted from [53].

The red circle is shown in Figure 1. 7 (b) represents the depleted region. When the doping concentration
of Si (p) and GaP (n) is high, the depleted region becomes thinner and an electron can penetrate the
barrier, as indicated by the black arrow. This process is called tunneling. Tunneling can be divided into two
different approaches, i.e., local and non-local tunneling [54].

. —2

local tunnelling !
generation
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B
+ local tunnelling
i recombination

®

Figure 1. 8. The difference between the local and non-local tunneling models. Adapted from [54].

In local tunneling, no real carrier transport through a barrier occurs, while in non-local tunneling, carriers
are transporting through a barrier. In non-local tunneling, the recombination of electrons and holes are
occurring at different positions [54]. In this thesis work, the non-local tunneling is modeled by using a band
to band tunneling. Band to band tunneling is one of the fundamental tunneling mechanism in such pn-
junctions. For the band to band tunneling, the tunneling process is directly happening from band to band.
To implement band to band tunneling, non-local mesh (NLM) should be created. Sentaurus TCAD, as
electrical simulation software, facilitates the implementation of non-local tunneling in the model by using
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NLM. As shown in Figure 1. 7 (b), the length and permeation terms are introduced. Length value specifies
the maximum distance of the vertex to the reference surface, whereas permeation specifies the extended
length of non-local lines, across the reference surface, toward the opposite direction of the length
parameter [55].

1.7.2. The Fermi energy

Fermienergy (Ef) is the electrochemical potential of the electron in the material. It represents the averaged
energy of electrons in material. The Fermi energy is a temperature-dependent quantity. It can also be
called the Fermi level. The relation of the Fermi energy and the charge carriers are as follows

n= N, exp( ) for Ec — Ep = 3kpT (1)

p= N, eXp(EZ:TsF) for Ep — E, > 3ksT (2)

where E¢ is the minimum reachable conduction-band energy, Ey is the maximum reachable valence-band
energy, ksT is the thermal energy, Nc and Ny are the effective densities of the conduction band states and
the valence band states, respectively. Nc and Ny are defined as follows.

annkBT anpkBT

Ne =2 (—2%)2 and N, =2 (—2%=)2 (3)

where m; and m,, are the effective mass of the electrons and holes, respectively and h is the Planck
constant.

1.8. Carrier transport phenomena

The carrier transport phenomena are fundamental for determining the current-voltage characteristic of
semiconductor devices. In this section, two basic transport mechanisms in a semiconductor, i.e., drift and
diffusion, are explained.

1.8.1. Drift

Drift is the charged particle movement due to an electric field. In an electric field, the positively charged
holes will be accelerated in the same direction of the electric field, whereas the negatively charged
electrons will go in the opposite direction. The carrier acceleration is often disturbed because of two
conditions. The first is a collision with the thermally vibrating lattice atoms and second is with ionized
impurity atoms. The resulting motion of the charge carriers can be expressed by the average drift velocities
(v). The average drift velocities for electrons (va,) and holes (vqgp), in the case of low electric fields, can be
expressed as

Vagn = —Hn (4)

Vap = _#pf (5)
where u is the proportionality factor called mobility. It is an important parameter of the semiconductor,
which describes how good a particle will move due to an electric field. By multiplying the average drift

velocities of each carrier type with elementary charge and its concentrations, the electron and hole drift
current density can be obtained. The formulas are shown as follows

]n,drift = —qnVgn = qnﬁunf (6)

Iparist = qPVap = qPHpE (7)
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The electron drift current densities become positive (the same direction as the electric field) due to the
negative charge of an electron. By combining equation (6) and (7), the total drift current can be expressed
as follows

Jarife = q(@Up + npy)é (8)

1.8.2. Diffusion

The second mechanism, in addition to drift, that can lead a current in a semiconductor is diffusion. It is a
process whereby particles flow from high concentration region to low concentration region as an effect of
random thermal motion. In the diffusion transport mechanism, the particles do not need to be charged to
be involved in the diffusion process. The driving force comes from the gradient in the particle
concentration. The current as a result of diffusion is proportional to the gradient in particle concentration.
The formula of the electron and hole diffusion current densities can be formed as follows

]n,diff = qD,V, (9)

Jpairr = —aDpVp (10)

where g is the elementary charge, D, and D, are the electron and hole diffusion coefficients, respectively
and V,, and V, are the electron and hole density gradients, respectively. Combining equation (9) and (10)
will lead to the total diffusion current formula as follows

]diffusion = q(DpV, — Dpvp) (11)
The total current density (J) is the sum of the total drift current (Ja) and total diffusion current (Jaifusion)-

J = Jarige + Jaif rusion (12)
CI(p.up + nun)é + q(DnVy — DPVP)

1.9. Carrier generation and recombination

In this section, the definition of generation and recombination will be explained. The different types of
recombination are also explained in detail.

Generation is a process whereby electrons and holes are created, whereas recombination is a process
whereby electrons and holes are eliminated. The generation process that happens from bandgap to
bandgap is called direct generation. This process happens in direct bandgap materials whereby there is no
change of momentum needed for electrons to excite into the conduction band. This process is mostly
radiative, i.e., the electron-hole pair is generated due to absorbed photons and a photon is emitted if
electron-hole pairs recombine directly.

The recombination plays an important role in the solar cells’ performance, such as: reducing the current
that can be collected and utilized from the solar cells and affecting the solar cell voltage, which leads to
influence the energy conversion efficiency of the solar cells. The recombination mechanism can be divided
into several types, i.e., direct recombination, Shockley-Read-hall recombination, Auger recombination and
Surface recombination.

1.9.1. Direct recombination

Direct recombination mainly happens in direct bandgap semiconductors. The generated excess carrier
concentrations (An) and (Ap) with
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n =n,+Anandp= p, +Ap (13)

can be decreased due to recombination of charge carriers (R). In steady state, the direct recombination
(Ry) is given by
Ry = cq(np — n;?) (14)

where ¢y is the direct recombination coefficient, n and p are the electron and hole concentrations,
respectively and njis the intrinsic carrier concentrations. If the semiconductor is assumed under low-level
injection, for the n-type and p-type semiconductor, the recombination rate formula can be expressed as

P —DPo
Ra =~ cqno(p — po) = (15)
Tpd
n—ng
Rq = capo(n — ng) = (16)
Thd
respectively. The lifetime of minority holes and minority electrons are given by
. (17)
Tpg = ——
pd CaNo
: (18)
‘[ =
nd CdPo

where n, and p, are the equilibrium concentrations.

1.9.2. Shockley-Read-Hall recombination

Shockley-Read-Hall (SRH) recombination is the type of recombination process when the recombination of
electrons and holes does not happen directly from bandgap to bandgap but facilitated by the lattice
defects. In the center of the recombination, there is an allowed energy level within the forbidden gap
called trap states. It can trap free charge carriers and lead to very effective recombination. The SRH
recombination rate formula is expressed as follows

np — n?

Rspy = venoNp .
n+p+2n; cosh(%) (19)
B

Where vy, is the thermal velocity, o is the capture cross-sections, Nt is the trap density, n and p are the
electron and hole concentrations, n; is the intrinsic carrier concentrations, Er is the trap energy, Ep; is the
Fermi energy level in the intrinsic material, ksT is the thermal energy at 300 K. For the n-type
semiconductor at low injection rate, n = n,, where n, is the electron concentration under thermal
equilibrium and under the assumption of n >> p, the formula of the Rsgy become

P — Do b —Do
= CpNT(p —Do) =——

Rsry = venoNr n E E
i ZT — ZFi Tp,SRH
1+2 ) cosh( kT )

(20)

where ¢, is the hole capture coefficient and 7, sgy is the lifetime of holes in an n-type semiconductor. For
the p-type semiconductor at a low injection rate, the formula can be expressed as follows
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n—ng n—ng

Rgpy = UgnoNy

=cyNr(n —n,) =

n; Er — Eg; (21)
1+ 2=Lcosh(ZL—=FEi Tn,SRH
Do cosh( KT )

where ¢, is the electron capture coefficient and 7, szy is the lifetime of electrons in an p-type
semiconductor.

The relation of the lifetime of holes (electrons) with the holes (electrons) capture coefficient are shown as
follows

1 1
and TTl,SRH =
pINT cnNr

Tp,SRH = c (22)

The equations (25) show that the lifetime of minority carriers due to SRH recombination is inversely
proportional to the trap density. Therefore, it is important to keep the trap density low to have a good
semiconductor.

1.9.3. Auger recombination

Auger recombination is important in indirect semiconductors. It is a three particle process as shown in
Figure 1. 9.

(a) (b)

Figure 1. 9. Auger recombination illustration with (a) two electrons; and (b) two holes. Adapted from [56].

The Auger recombination rate (Raug) strongly depends on the charge carriers. As it is a three particle
process, the recombination rate for electron-electro hole (eeh) and electron-hole-hole (ehh) process are
expressed as

Reen = Cun®p (23)

Renn = Cpnp? (24)

respectively, where C, and C, are the proportionality constant which strongly depend on temperature .
Reen is dominant when the electrons become the majority charge carrier, whereas Renn is dominant when
the holes become the majority charge carriers. Raygcan be obtained by adding the equation (23) and (24).

RAug = Reen + Renn = Cnnzp + Cpnp2 (25)

1.9.4. Surface recombination

Surface recombination is one of the recombination mechanism that needs to be minimized because It will
reduce the current that can be collected and utilized from the solar cell. Surface recombination occurs due
to the presence of many valence electrons on the silicon surface that cannot find a partner to form a
covalent bond. That condition will create defect which is so-called dangling bond as can be seen in the
Figure 1. 10 below [7].
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dangling bonds
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)

Figure 1. 10. Dangling bonds on c-Si surface. Adapted from [7]

Due to those dangling bonds, many trap states are built within the bandgap. Those trap states will capture
the electrons from the conduction band. These trapped electrons will attract the holes and consequently
lead to form a which so-called Shockley — read — Hall (SRH) recombination [7].
The surface recombination rate (Rs) for n-type semiconductors can be approximated using the following
equation:

Rs = Sy (ps — Po) (26)
where:
S, is the surface recombination velocity, [cm/s].
ps is the hole concentration at the surface.
Do is the equilibrium hole concentration.

Surface recombination velocity is used to specify the number of carriers recombining on the surface per
unit area per unit time per unit volume of excess bulk carriers. It can be expressed as:

Sy = V¢n 0p Nt (27)
where:
Vg, is the thermal velocity, [cm/s].
gy is the capture cross-section for holes, [em?].
Ngr is the surface trap density, [cm™].

For p-type semiconductor, a,,, ps and p, should be replaced with a;,, ng and n,, respectively [7].

1.10. Simulation software

In this section, a brief description of the simulation software that have been used while executing the
simulations of solar cells is given.

Optical simulations have been conducted using GenPro4 and for electrical simulations Sentaurus TCAD has
been used.

1.10.1. Optical simulation using GenPro4

Optical simulation is an important step when designing a solar cell [57]. It provides a detailed
understanding of the cells’ optical properties, such as reflection and parasitic absorption losses. To have a
high quality of solar cells, reflection and parasitic absorption need to be as low as possible.

GenPro4 is a Matlab-based program developed at Delft University of technology, which provides the
reflectance, absorptance of each layer and also transmittance as a function of wavelength [58]. GenPro4
has been approved to simulate a wide range of wafer-based and thin-film solar cells [58]. Now it also has
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been commercially available to the photovoltaics society. Not only optical properties, but GenPro4 can
also simulate textured surfaces in solar cells [58].

1.10.2. Electrical simulations
In this section, the importance of doing electrical simulations and a brief description of the electrical
simulations software is given.

Electrical simulation are playing an important role in solar cell design. It replicates the behaviour of an
actual electronic device or circuit then reveals the performance parameter of the solar cell, such as: fill
factor, short circuit current density (Jsc) and open-circuit voltage (Vo) [59].

Sentaurus is one of the products of Synopsis Corp which simulates the production, operation and reliability
of the semiconductor devices [60]. It provides an important insight into semiconductor devices’ behaviour,
which can lead to new device concepts [60]. Sentaurus can be divided into four specialized areas, i.e.,
process simulation, structure editing, framework and device and interconnect simulation [60]. The
detailed of the Sentaurus TCAD suite can be seen in the following figure.

Framework
Process

simulation -

Waorkbench
Structure
editing Sentaurus Structure Editor =

. Sentaurus

Visual
Sentaurus

PCM
Studio

Device and
interconnect T I

simulation

Figure 1.5. Sentaurus TCAD suite. Adapted from [60].

Figure 1. 5 shows the various tools included in the TCAD Sentaurus. In this thesis work, some of the tools
from Sentaurus TCAD that are used for electrical simulations are the Sentaurus workbench (SWB),
Sentaurus structure editor (SDE), Sentaurus Mesh (SNMesh), MatPar, Sentaurus device (SDevice), and
Sentaurus Visual.

Sentaurus Workbench (SWB)

Sentaurus workbench is a synopsys framework designed to facilitate the use of tools from Sentaurus TCAD.
SWB makes it easy for users to input system commands for handling data files. The advantage of using
SWB is the possibility to run various simulation group automatically. By using SWB, users can integrate
various Sentaurus TCAD tools into one framework [61].

Sentaurus structure editor (SDE)

Sentaurus structure editor is used to edit and generate device structures in either a 2D or 3D form. The
device can be generated or edited interactively or by using a script. SDE supports various things such as
generating model geometry, define contact regions, add the doping profile, define local refinements, etc
[62].
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Sentaurus Mesh (SNMesh)

Sentaurus Mesh is a tool from Sentaurus TCAD which functions to produce finite-element meshes used in
semiconductor device simulations, process simulations and electromagnetic simulations. SNMesh has
three mesh generation engines, i.e., an axis-aligned mesh generator, an offsetting mesh generator and a
tensor-product mesh generator [63].

MatPar

MatPar is one of the Sentaurus TCAD tools that has various functions, including organize model parameters
in hierarchical material parameter database, generates material parameter files to be used in device
simulations, generate region-wise, material-wise, and interface-wise pre-processes parameter files, and
also it can combine the global parameter database and local parameter database which is defined by the
user [64].

Sentaurus Device

Sentaurus Device is used to simulate numerically electrical behavior from the semiconductor device. The
physical models of the devices used for the simulation are inputted through this tool. Typical tool flow for
a device simulation using SDevice is shown in Figure 1. 11 below.

<] !
/ 4 P /
command boundary command parameter]
_dvs.cmd _fps.tdr ‘ _des.cmd name.par
vy vy ,
o — " current
Sentaurus Sentaurus _des.pit
Structure grid Device
Editor —P» | _mshidr | —— —
plot
* * _des.tdr

/ /

output output
_msh.log _des.log

Figure 1. 11. Device simulation process flow using Sentaurus Device. Adapted from [55].

Sentaurus Visual

Sentaurus Visual is used to visualize the output of the simulation in 2D and 3D. Sentaurus visual can also
be used to extract simulation data on SDevice. In this thesis work, the electrical output parameters such
as Js, Vo, FF and n are extracted using SVisual [65].

1.11. Objective and research question

The main objective of this master thesis is to optimize perovskite/c-Si tandem solar cells in which the
bottom cell uses the novel carrier selective passivating contacts materials poly-Si, poly-SiOx and poly-SiC.
The main research questions in this thesis are:

1. What is the optimum and realistic implied photo-current density generated by the 2T, 3T and 4T
perovskite/c-Si tandem solar cells structure using the novel carrier selective passivating contacts
materials (poly-Si, poly-SiOx and poly-SiCy)? What are the optical losses due to these novel materials?

2. What are the optimum parameters and efficiency of the top cell (perovskite solar cell)? The
parameters optimized are contact resistance, surface recombination velocity and the thickness of
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each layer. These optimized parameters are used in the simulations of 2T tandem solar cells. The
optimized parameters of the bottom cell have been taken from other work.

3. Whatisthe optimum tunnel recombination junction used in the 2T perovskite/c-Si tandem solar cells?
In this case, the optimized parameter is the doping of the tunnel recombination junction layers.

1.12. Outline

This thesis consists of five chapters. Chapter 2 explains the optical simulations in detail. Starting from the
required input parameters, the steps of work, the output generated from optical simulation, and analysis
of the generation profile produced. Chapter 3 explains the optimization of the perovskite solar cells used
as the top cell in the 2T tandem. The electrical simulations of the 2T perovskite/c-Si tandem solar cells and
optimization of the tunnel recombination junction are explained in Chapter 4. Finally, chapter 5 presents
the summaries of the works and the recommendations for further research.
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2. Optical Simulations

This chapter is aimed to answer the first research goals introduced in subchapter 1.10 which was “How
much the optimum and realistic implied photo-current density generated by the 2T, 3T and 4T
perovskite/c-Si tandem solar cells and also the optical losses of CSPCs in each optimum structure?” to
answer the main research questions, the main research questions are divided into three sub-questions,
i.e., “How much the implied photo-current density produced by the 2T, 3T and 4T tandem perovskite/c-Si
using the novel carrier selective passivating contacts materials (poly-Si, poly-SiOx and poly-SiC)?”, “How
much the implied photo-current density of the 2T, 3T and 4T tandem perovskite/c-Si after the thickness
optimization?” and “How much the implied photo-current density generated by adding an encapsulation
material to the tandem structure?” First, the tandem structure of each configuration will be presented in
subchapter 2.1, the input parameters such as n and k data which were used and the thickness of each layer
are presented in subchapter 2.2, the method to calculate the implied photo-current density is explained
in section 2.3, the optical simulation results are presented in section 2.4, the discussion related the results
are shown in section 2.5 and the conclusions are presented in section 2.6.

2.1. Tandem Structure

In this section, the structures of the 2T, 3T and 4T perovskite/c-Si tandem solar cells used in optical
simulations are explained.

2.1.1. 2T perovskite/c-Si tandem solar cells structure

In this report, as can be seen in Figure 2. 1, the 2T perovskite/c-Si tandem solar cell consists of two
structures, i.e., non encapsulated and encapsulated by glass and EVA. The non-encapsulated structure is
divided into two types, i.e., before thickness optimization and after thickness optimization. The thickness
of the top cell has been optimized both optically in GenPro4 and electrically in Sentaurus TCAD. The
purpose of these two structures is to know how much the highest J,, can be achieved and how much the
optimum and realistic J,» can be generated using this tandem structure.

The top cell of the tandem is adapted from [66] [67]. It consists of the fluorine-doped tin oxide (Sn0,), the
electron transporting layer (TiO,), mixed halide perovskite (CH;NH3PBIs«Cly) as the absorber layer, and hole
transporting layer (spiro-OMeTAD). This top cell structure has several advantages over the commonly used
perovskite (MAPBIs) such as better charge collection efficiency and reproducibility [27]. To increase the
amount of light absorbed in the absorber, MgF, as an anti-reflective coating is added. The bottom cell is
currently being developed in TU Delft. It uses high carrier-selective passivating materials such as poly-SiOx
and poly-SiCs. The top cell and bottom cell are connected optical and electrically by ITO. ITO acts as the
tunnel recombination junction. The detail of the structure can be seen in Figure 2. 1. The encapsulated
materials such as glass and EVA are added into the structure. Glass is very important to be added because
it has some major functions such as transmit the incident solar radiation to the absorber with minimum
loss and protect the PV module from the environment [68]. The ethylene-vinyl acetate (EVA) also plays an
important role such as: protect the solar cells from environmental damage, mechanical protection and
electrical insulation [69]. The detail of the thickness of each layer is explained in section 2.2.
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Figure 2. 1. The 2T perovskite/c-Si tandem solar cells structure. (a) Non encapsulated, (b) Encapsulated by
glass and EVA.

2.1.2. 3T perovskite/c-Si tandem solar cells structure

The structure of 3T perovskite/c-Si tandem solar cells using different carrier-selective passivating contacts
can be seen in Figure 2. 2. Figure 2. 2 (a) shows the 3T tandem structure without encapsulation, whereas
in Figure 2. 2 (b) the structures of 3T are encapsulated by glass and EVA. The optical simulations were done
for three scenarios. The first and second scenarios are the optical simulations for the non-encapsulated
structure before and after thickness optimization. The third scenario is optical simulations after optimizing
the thickness and adding an encapsulation material.

The top cell of the 3T perovskite/c-Si tandem is using the same reference as the 2T and 4T perovskite/c-Si
tandem. The bottom cell is an interdigitated back contact (IBC) Si device using poly-Si, poly-SiCx and poly-
SiOy as carrier-selective passivating contacts.

The 3T configuration can be run either in 2T configuration or utilize the second back contact to extract
excess current. It is the reason that the choice of perovskite thickness in 3T configuration is more relaxed
and does not need current matching [70]. The current of this structure can be extracted in two ways. First,
the current is extracted between the front n-type contact and the back p-type contact. Second, it can also
be extracted between the back n-type and p-type contact [70].
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Figure 2. 2. The 3T perovskite/c-Si tandem solar cells structure. (a) Non encapsulated, (b) Encapsulated by
glass and EVA

2.1.3. 4T perovskite/c-Si tandem solar cells structure

The structure of the 4T perovskite/c-Si tandem is shown in Figure 2. 3. This structure is quite different from
2T and 3T. First, because each cell in the 4T configuration acts as an individual cell, so it has more ITO
layers. The additional ITO layers are placed at the rear side of the top cell and on the bottom cell's front
layers, respectively. The ITO is a conductive material and highly transparent. It has been commonly used
as TCO layers [71]. It helps the charge carriers travel to the contacts. The side effect of the higher number
of the ITO layers is the increase of the parasitic absorption losses. The fabrication of ITO is also still
expensive, so that is one of the reasons why 4T configuration is still difficult to penetrate into the market.
The production steps are more complex and the production cost is also high. It makes the price of the
module is not competitive yet. As can be seen in Figure 2. 3, the tandem structure is flat-textured. Right
now, the flat surface of the top cell for 4T configuration is the most possible and realistic way to do [72]
[73] [74] [34] [75]. Based on the 4T tandem paper's research, the glass is also put on top of the surface.
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Figure 2. 3. The 4T perovskite/c-Si tandem solar cells structure encapsulated by glass

In this section, the input parameters needed to have the accurate optical simulation results are explained.

GenPro4 needs two main parameters to conduct the simulations. First is the optical properties data i.e.
refractive index (n) and extinction coefficient (k) of all layers. Second is the thickness of each layer. The n
and k data from the tandem structure can be seen in Figure 2. 4 and Figure 2. 5.
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Figure 2. 4. Optical properties used for the top cells. (a) refractive index n, (b) extinction coefficient k.

Figure 2. 4 (a) and (b) show the refractive index and extinction coefficient of the top cell structure,
respectively. These n and k are obtained from the paper published by Alnuaimi et al [67]. It consists of the
SnO3:F as the FTO layer indicated by the black line, TiO; as the electron transporting material indicated by
the red line, perovskite as the absorber indicated by the blue line and spiro-OMeTAD as the hole
transporting material indicated as the pink line. As can be seen in Figure 2. 4 (a), SnOz:F has a different
refractive index ranging from 2.1 to 1.5 in the wavelength range of 300 to 1200 nm. The extinction
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coefficient (k) of the SnOz:F is very low. TiO; has a refractive index of around 2.1 and is highly transparent.
The extinction coefficient of the TiO; is also not too different from the SnO,:F. The perovskite has a
refractive index that varies between 1.5 and 2.7. As can be seen from Figure 2. 4 (b), the extinction
coefficient of the perovskite is very high up to 1.3 at the wavelength of 380 nm but it is become zero
starting from the wavelength of 800 nm. So that is why photons are highly absorbed by the perovskite at
the wavelength of 300 to 800 nm, but it absorbed much less for larger wavelengths. The spiro-OMeTAD
has a lower refractive index of around 1.65. Its extinction coefficient is high at the wavelength of 300 nm
to 480 nm.
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Figure 2. 5. Optical properties of the bottom cells used. (a) refractive index n, (b) extinction coefficient k.

Figure 2. 5 (a) and (b) show the refractive index (n) and extinction coefficient (k) of the bottom cell. The
bottom cell consists of the ITO indicated by the black line, poly-Si (n)/poly-SiOx (n)/ poly-SiC«(n) as the
passivating materials are indicated by the red, dark blue and pink line, respectively. SiO;is indicated by
the green line. The crystalline silicon as the absorber is indicated by the dark blue line. There are also poly-
Si (p)/poly-SiOx (p)/ poly-SiCx(p) indicated by a purple, yellow and brown line, respectively. As can be seen
from Figure 2. 5 (a), SiOz has the lowest refractive index value among others. ITO has a refractive index of
around 1.8. Its value is not too different from SiO,. Other than these layers, the refractive index value is
very high, ranging from 3 to 6.8. These materials are highly transparent. From Figure 2. 5 (b), it shows that
most of the materials are highly absorbing up to 800 nm of wavelength.

The second main parameter to be inputted in GenPro4 is the thickness of each material. Table 2. 1 shows
the detailed thickness of each layer. The thickness is divided into three categories i.e. non-optimized, after
optimized and encapsulated by the glass. The thickness of the top cell which is SnO;:F, TiO,, perovskite
and spiro-OMeTAD are obtained from the paper published by Alnuaimi et al [67]. These values are inputted
into the non-optimized column. However, the perovskite thickness is subject to be adjusted to get the
current matching, so the perovskite thickness is not included in the table. The layer thickness optimization
is only done for the top cell, for the bottom cell the values are kept the same. The optimum thickness
value of each layer was obtained by using optical and electrical simulations. The detail of the optimization
of the top cell electrically is explained in Chapter 3. For the glass, the 3 mm layer thickness as the optimum
value was used [68]. The EVA used as the encapsulated material has 300 um thickness as the common
thickness used for the encapsulation [76]. For the 4T tandem configurations, the EVA is also needed to
bond the top and bottom cells. The thickness of the EVA is 30 um [77].
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Table 2. 1. The layer thicknesses of the tandem solar cells.

Thickness of each layer (nm)

Non After Encapsulated
optimized | optimized by glass

MgF, 90 90 90
Glass (mm) - - 3

EVA front (lvlm) - - 300

SnOy:F 650 220 220
TiO, 50 45 45
Spiro-OMeTAD 350 50 50
ITO 75 75 75

EVA int (Lm) - - 30
poly-Si (n) 30 30 30
poly-SiOy (n) 30 30 30
poly-SiCy (n) 30 30 30
SiO, 1 1 1

c-Si (um) 280 280 280
poly-Si (p) 30 30 30
poly-SiOx (p) 30 30 30
poly-SiCx (p) 30 30 30

ITO rear side 120 120 120
Ag (um) 3 3 3

2.3. Method

In this section, the method of calculating the implied photo-current density (J,) is explained.

The absorption profiles were simulated using GenPro4. GenPro4 is a MATLAB-based program developed
at Delft University of Technology [58]. It is an advanced optical model that combines wave optics and ray
optics in a more flexible way [78]. From the absorption profiles of each layer, the implied photo-current
density (Jpn) is calculated by using this formula:

1200 nm
ni= 0 [ a@owar g

00 nm

Where q is the elementary charge, Aiis the absorption spectrum of i-th layer, @ is the photon flux according
to the AM1.5G solar spectrum and A represents the wavelength. The maximum implied photo-current
density for the top and bottom cells are calculated by using the absorption of the perovskite and c-Si layers,
respectively.

2.4. Results

In this section, optical simulation results of the 2T, 3T and 4T perovskite/c-Si tandem solar cells are shown.
Each configuration (2T, 3T and 4T) has three different results, i.e., before thickness optimization, after
thickness optimization and encapsulated by the glass. The optical simulation results shown here are only
for the tandem structure using poly-SiOx as CSPCs. Meanwhile, for the tandem using poly-Si and poly-SiC
as the CSPCs, the Jo, of the absorbers and optical losses of the CSPCs in each tandem structure will be
presented in the conclusion session.
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2.4.1. 2T perovskite/c-Si tandem solar cells

Figure 2. 6 (a), (b) and (c) are the optical simulation results for the fully textured 2T perovskite/c-Si tandem
solar cells.
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Figure 2. 6. Absorptance and reflectance of current matched 2T perovskite/c-Si tandem solar cells using poly-SiOx
as CSPCs. (a). before thickness optimization, (b) after thickness optimization and (c) encapsulated by glass.

The description of the graph can be seen in Table 2. 2 below.

Table 2. 2. The description of the absorptance vs wavelength graph

Color of the area Description
White Total reflectance
Light beige The absorptance that can be utilized from the absorber layers
Orange Absorptance of the perovskite

Light grey Absorptance of the c-Si
Parasitic absorptance in MgF;
Light blue Parasitic absorptance in ITO
Yellow Parasitic absorptance in TiO;
Light Green Parasitic absorptance in Spiro-OMeTAD
Parasitic absorptance in poly-SiOx (n)
Parasitic absorptance in poly-SiOx (p)
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Those graphs show the absorptance of each layer at a wavelength from 300 nm to 1200 nm. The
absorption in the SiO; layer is so small, so it is not visible in the figure. The total losses can be obtained by
adding the reflection losses and the total parasitic absorption losses.

Figure 2. 6 (a) shows the absorptances versus wavelength for the 2T perovskite/c-Si tandem solar cells
before thickness optimization. Figure 2. 6 (b) shows the optical simulation result of the tandem structure
after optimizing the layer thickness. Figure 2. 6 (c) is the optical simulation result of the tandem structure
after adding a glass as an encapsulation material to make the tandem more realistic.

As can be seen in Figure 2. 6 (a), before the thickness of each layer being optimized, the parasitic
absorption losses were very high. The SnO,:F (indicated by light blue area) absorbs very high photons
which lead to the parasitic absorption losses of 4.2 mA/cm?2. The second-largest loss happened in the Spiro-
OMeTAD. It has parasitic absorption losses of 2.6 mA/cm?. The reflection losses become the third place as
it contributes to 1.1 mA/cm?(11.11% of the total losses). The interesting parts i.e. the poly-SiOyx (n) and (p)
contribute the parasitic absorption losses of 0.3 mA/cm?(3.4% of the total parasitic absorption losses) and
0.7 mA/cm?(7.1% of the total parasitic absorption losses), respectively. Perovskite thickness of 224 nm
was needed to achieve the current matching. As can be seen in Figure 2. 6 (a), it shows that the tandem
structure can produce 18.30 mA/cm?of implied photo-current density. The Jy» result is higher because the
two strategies of increasing the absorptance had been applied, i.e. adding MgF; as anti-reflection losses
to reduce the reflection losses of the front interfaces and making the tandem structure fully textured.
Based on the optical simulations, by adding an anti-reflective coating such as MgF,, the Jo, can be increased
by 6.7%.

Figure 2. 6 (b), the thickness of the top cell of the tandem was optimized. The optimum thickness of each
layer can be seen in Table 2. 1. As can be seen in the figure, the parasitic absorption losses are much
reduced. By changing the thickness of SnO:F from 650 nm to 220 nm, the parasitic absorption loss is
decreasing from 4.2 mA/cm? to 1.6 mA/cm? (reduced by 61.9%). For the spiro-OMeTAD, as indicated by
the light green area, by changing the thickness from 350 nm to 50 nm, the parasitic absorption losses are
decreasing from 2.6 mA/cm? to 0.5 mA/cm? (reduced by 80.8%). The thickness of the bottom cells is kept
the same, so the parasitic absorption losses of each layer of the bottom cells remain the same. The
perovskite thickness of 217 nm is needed to get the current matching. It is 7 nm thinner than the perovskite
layer in the tandem structure before thickness optimization. The implied photo-current density of the
tandem after current matching is 19.82 mA/cm?. It is increased by 8.3% after thickness optimization. As
shown in Figure 2. 6 (b), by optimizing the FTO layer, photons' absorptance in the perovskite layer at a
wavelength of 350 nm to 650 nm is increasing. The absorptance of c-Si at a wavelength of 810 nm to 1050
nm is also increasing by optimizing the SnO,:F and spiro-OMeTAD layers. However, the thickness
optimization of the tandem structure also leads to the increase of the reflection losses, especially at the
interface between the perovskite and c-Si and at the rear side. The increasing of the reflection losses due
to the number of photons that were originally absorbed by the coatings as parasitic absorption losses are
being reflected back into the air.

Figure 2.6 (a) and (b) show the optical simulation results of the 2T perovskite/c-Si tandem solar cells before
and after thickness optimization. Nevertheless, those values are not realistic enough because, in reality,
the module needs to be encapsulated [68] [69]. The encapsulation is needed to prevent the module from
environmental damage. So to make it realistic, the tandem is encapsulated by glass and EVA. EVA is used
to join the tandem structure to the glass. It is also used to protect the PV materials from the environment
and mechanical damage [69]. The optical simulation results are shown in Figure 2. 6 (c).

The azure coloured area indicated the parasitic absorptance losses of the glass. The beige coloured area
represents the parasitic absorption losses of the EVA. The parasitic absorptance values of these two layers
are 0.5 mA/cm? and 0.2 mA/cm?, respectively. By encapsulated the tandem with the glass and EVA, there
is anincrease in the absorptance in perovskite and c-Si at the wavelength of 740 nm to 940 nm. The implied
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photo-current density of this structure after the current matching is 19.37 mA/cm?2. The encapsulation
leads to the decreasing of the Jyn by 2.3%. The total reflection losses by implementing the glass and EVA
on the tandem structure is 2.1 mA/cm? (26.9% of the total losses). The total parasitic absorption losses of
this structure are 5.7 mA/cm?. The highest parasitic absorption losses are occurred in the SnO,:F layer with
2 mA/cm? (35.1% of the total parasitic absorption losses). The poly-SiOx (n and p) have the parasitic
absorption value of 0.3 mA/cm? (5.3% of the total parasitic absorption losses) and 0.8 mA/cm?(14.04% of
the total parasitic absorption losses), respectively. The perovskite layer thickness of 194 nm is needed to
get the current matching. If it is compared with the result published by Fsahli et al. (19.5 mA/cm?), the
implied photo-current density of 19.37 mA/cm? produced by this tandem structure is a very good result
for the 2T perovskite/c-Si tandem solar cells, but it should be underlined that this result is only from the
optical perspective [79]. The electrical simulations are needed to get the Js, Vo, FF and n, after that the
results can be fairly compared.

2.4.2. 3T perovskite/c-Si tandem solar cells

In this subsection, the optical simulation results of the 3T perovskite/c-Si tandem solar cells are explained.
The simulations have the following purposes: First, to know how much the J,; can be produced from the
3T perovskite/c-Si tandem structure using the new bottom cell structure; second, to minimize the optical
losses of the tandem structure by optimizing the layer thickness and the third, to have the realistic tandem
structure by encapsulated it with glass. The optical simulations results of the 3T perovskite/c-Si tandem
solar cells are shown in Figure 2.7 below.
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Figure 2.7. Absorptance and reflectance of current matched 3T perovskite/c-Si tandem solar cells using poly-SiOx
as CSPCs. (a). before thickness optimization, (b) after thickness optimization and (c) encapsulated by the glass.
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Figure 2.7 (a) shows the absorptance versus wavelength of the 3T tandem structure before thickness
optimization. The implied photo current density of the perovskite and c-Si are 18.31 mA/cm? and 18.35
mA/cm?, respectively. The Jy» of each absorber is obtained by multiply the J,» of each absorber with the
area of the contacts. As can be seen in Figure 2. 2, the area of the p and n contacts are 70% and 20%,
respectively [80]. The perovskite layer thickness used in here is kept the same with the perovskite layer
thickness in 2T tandem. The purpose of this is to know how much the implied photo-current density
generated by the 3T tandem structure using the same absorber thickness as in 2T. The parasitic
absorptance losses of the poly-SiOx layers (n and p) in Figure 2.7 (a) are 0.3 mA/cm? and 0.5 mA/cm?,
respectively.

Figure 2.7 (b) presents the optical simulations results of the 3T perovskite/c-Si tandem solar cells after
thickness optimization. The implied photo-current density of the perovskite and c-Si are 19.91 mA/cm?
and 19.92 mA/cm?, respectively. The parasitic absorptance losses of the poly-SiOy layers (n and p) in this
structure are 0.4 mA/cm? and 0.6 mA/cm?, respectively. In the 3T tandem structure, there are two contacts
in the rear side. These contacts allow the tandem cells to utilize the implied photo-current density
optimally.

Figure 2.7 (c) shows the optical simulations results of the 3T tandem structure encapsulated by glass and
EVA. The implied photo-current density of the perovskite and c-Si are 19.39 mA/cm?and 19.45 mA/cm?,
respectively. The Jy, of the absorbers are slightly lower than the result in Figure 2.7 (b), it is because the
glass and EVA absorb the photons and lead to the additional parasitic absorption losses in the structure.
Based on the optical simulations, for the same case, the total implied photo-current density of the
absorbers in 3T is slightly higher than in 2T (0.14% higher for the non-optimized thickness structure, 0.45%
higher for the optimized thickness structure and 0.23% higher for the encapsulated with glass).

2.4.3. AT perovskite/c-Si tandem solar cells

In the previous two subsections, it has been explained how much Jy, can be produced in the 2T and 3T
perovskite/c-Si tandem solar cells using poly-SiOx as carrier-selective passivating contacts. In this
subsection, the optical simulation results of the 4T configuration using poly-SiOx as carrier-selective
passivating contacts will be presented.

Before explaining further about the optical simulation results, the 4T tandem structure has a slight
difference from the tandem structure. As can be seen in Figure 2. 3, the 4T tandem structure requires an
additional ITO layer to the rear side of the top cells as well as the front side of the bottom cells. The ITO is
necessary because in 4T configurations, the top cell and bottom cell are acting as individual cells, thus
requiring additional TCO as the solar cell's electric contact. Apart from the ITO, the EVA (Ethylene Vinyl
Acetate) layer is also added between the top and bottom cells. It acts as a glue to bind the top cell and
bottom cell structures [69].

The tandem structure has a double side textured bottom cell. As shown in Figure 2. 8, the optical

simulation results for the non-encapsulated structure is not presented. Normally, for the 4T tandem
configuration, the tandem is encapsulated by glass [34] [75].
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Figure 2. 8. Absorptance and reflectance of current matched 4T perovskite/c-Si tandem solar cells using poly-SiOx
as CSPCs.

The implied photo-current density of the perovskite and c-Si are 17.66 mA/cm? and 20.81 mA/cm?,
respectively. The perovskite thickness is kept the same as the perovskite layer thickness in the 2T tandem
structure i.e. 194 nm. The total reflection loss of this structure is 3.2 mA/cm? whereas the total parasitic
absorption loss of this structure are 4.8 mA/cm?. The parasitic absorption of the glass is 0.5 mA/cm?,
whereas the parasitic absorption of the EVA layer is so small (2.3E-4 mA/cm?) so that the value is not
showed up in the figure. The highest parasitic absorption is occurred in the SnO,:F layer with the value of
1.1 mA/cm?(22.9% of the total parasitic absorption losses). Until know, the journal that has been published
related to the 4T perovskite/c-Si tandem are using flat type for the top cell structure [72] [73] [74] [34]
[75].

2.5. Discussion

In this section, all-optical simulation results of the 2T, 3T and 4T perovskite/c-Si tandem solar cells using
different carrier-selective passivating contacts (poly-Si, poly-SiCx and poly-SiOy) are shown.
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Figure 2.9. The Jpn (mA/cm?) of fully textured 2T and 3T perovskite/c-Si tandem solar cells before thickness
optimization.
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Figure 2.9 shows the implied photo-current density of the 2T and 3T perovskite/c-Si tandem solar cells
before thickness optimization using poly-Si, poly-SiCx and poly-SiOx as carrier-selective passivating
contacts. For both configurations, the highest total implied photo-current density was achieved by using
poly-Si as the carrier-selective passivating contacts. For the 2T configuration, the highest total implied
photo-current density can be achieved is 36.78 mA/cm?, but because the top cell and bottom cell are
connected in series, so the implied photo-current density generated by the tandem structure is limited by
the cell that produces lower implied photo-current density, i.e. 18.37 mA/cm?. For the 3T configuration,
the highest total implied photo-current density is slightly higher than the 2T configuration (0.14% higher),
but in 3T, the current matching is not required. The subcells can be operated independently at their
maximum power point (MPP) [39]. The second-highest total implied photo-current density was achieved
by using poly-SiOy as carrier-selective passivating contacts. Comparing with the tandem structure using
poly-Si as the carrier-selective passivating contacts, the difference was so smalli.e. 0.60% for 2T and 0.46%
for 3T. In terms of performance, the poly-SiOx has more advantages than poly-Si such as the crystallinity
and the absorption coefficient can be adjusted by varying the oxygen content during material deposition
and the bandgap also can be widened, so it can be transparent for longer wavelength [47]. Whereas, the
poly-Si is not transparent, especially when it is doped heavily. It parasitically absorbs the amount of light
in the form of free-carrier absorption [47].

_____________________________________________

20.04( 119.85| |19.83|:i(20.06| [19.92| |19.91

Perovskite
c-Si

20.03 19.8 19.82(1119.99| |19.74| (19.92

_____________________________________________

Figure 2.10. The Jon (mA/cm?) of fully textured 2T and 3T perovskite/c-Si tandem solar cells after thickness
optimization.

Figure 2.10 shows the implied photo-current density of the 2T and 3T perovskite/c-Si tandem solar cells
after optimizing layer thicknesses. As can be seen from the figure, the implied photo-current density of 2T
perovskite/c-Si tandem using poly-Si, poly-SiCx and poly-SiOy are 20.03 mA/cm?, 19.80 mA/cm? and 19.82
mA/cm?, respectively. Comparing with Figure 2.9, the increase of the J,; of the tandem using poly-Si, poly-
SiCx and poly-SiOy after thickness optimization are 8.79%, 8.79% and 8.31%, respectively. Whereas for the
3T tandem configuration, after optimizing layer thicknesses, the increasing of the total implied photo-
current density of the 3T tandem structure using poly-Si, poly-SiCx and poly-SiOx are 8.74%, 8.89%, 8.65%,
respectively.
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Figure 2.11. The Jo» (mA/cm?) of 2T, 3T and 4T perovskite/c-Si tandem solar cells after encapsulated by
glass.

After optimization, to make the tandem more realistic, the tandem should be encapsulated with glass and
EVA. The optical simulation results of the 2T, 3T and 4T perovskite/c-Si tandem solar cells after
encapsulation are shown in Figure 2.11. The implied photo-current density after current matching for 2T
tandem using poly-Si, poly-SiCx and poly-SiOx are 19.55 mA/cm?, 19.30 mA/cm? and 19.37 mA/cm?,
respectively. Comparing with the 2T results in Figure 2.10, the decreasing of the J,; after adding the
encapsulation materials is up to 2.5%.

For the 3T tandem, the total implied photo-current density of the tandem structure after encapsulation
by using poly-Si, poly-SiCx and poly-SiOx are 39.13 mA/cm?, 38.61 mA/cm? and 38.84 mA/cm?, respectively.
The difference between the J,» results compared with Figure 2.10 is up to 2.6%.

The optical simulation results of the 4T perovskite/c-Si tandem solar cells using different carrier-selective
passivating contacts are also shown in Figure 2.11. For the 4T configuration, the top cell structure is flat
because considering the fabrication visibility [34]. It also uses glass and EVA to make it realistic. As can be
seen in Figure 2.11, the 4T tandem has the lowest total implied photo-current density compared with the
2T and 3T. It clearly shows that the main difference is in the Jy» values produced by the perovskite. The
absorption in perovskite is lesser because the structure of the top cell is flat, so the coupling of light is not
as high as the textured surface. From the optical simulations using GenPro4, the total implied photo-
current density of 4T perovskite/c-Si tandem solar cells using poly-Si, poly-SiCx and poly-SiOx are 38.82
mA/cm?, 38.55mA/cm? and 38.47 mA/cm?, respectively.

2.6. Conclusion

The purpose of this section is to answer the first research question about how much the optimum and
realistic implied photo-current density (J,») can be produced by the 2T, 3T and 4T perovskite/c-Si tandem
solar cells structure and also the optical losses of CSPCs in each optimum structure. To reach an optimum
and realistic phase, the main research questions have been divided into three sub-questions as follow:

e How much the implied photo-current density produced of the 2T, 3T and 4T perovskite/c-Si
tandem solar cells before thickness optimization?
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e How much the implied photo-current density produced by the 2T, 3T and 4T perovskite/c-Si
tandem solar cells after thickness optimization?

e How much the implied photo-current density of 2T, 3T and 4T perovskite/c-Si tandem solar cells
after encapsulated by the glass?

The first sub-question has been answered and can be seen in Figure 2.9. The implied photo-current density
for the 2T and 3T before thickness optimization and the optical losses in CSPCs are shown in Table 2. 3
below.

Table 2. 3. The summary of optical simulations of 2T and 3T perovskite/c-Si tandem solar cells before thickness
optimization.

Using poly-Si as CSPCs Using poly-SiCx as CSPCs Using poly-SiOy as CSPCs
J Parasitic J Parasitic J Parasitic
ph q ph q ph 2
Absorption Absorption Absorption
2 2 2
(mA/cm?) e (mA/cm?) Vi (mA/cm?) i
Perov i Poly- | Poly- | Perov i Poly- Poly- Perovs S Poly- Poly-
skite Si(n) | Si(p) | skite SiCx (n) | SiCx (p) kite SiO«(n) | SiOx (p)
2T | 18.41 | 18.42 0.2 0.1 18.20 | 18.20 0.5 0.2 18.30 | 18.31 0.3 0.7
3T | 18.37 | 18.46 0.2 0.1 18.20 | 18.22 0.5 0.1 18.31 18.35 0.3 0.5

The answer to the second sub-question has been revealed in Figure 2.10. The summary of the optical

simulation results can be seen in Table 2. 4 below.

Table 2. 4. The summary of optical simulations of 2T and 3T perovskite/c-Si tandem solar cells after thickness

optimization.

Using poly-Si as CSPCs Using poly-SiCy as CSPCs Using poly-SiOx as CSPCs
J Parasitic J Parasitic J Parasitic
ph g ph g ph q
Absorption Absorption Absorption
2 2 2
(mA/cm?) (mA/cm?) (mA/cm?) (mA/cm?) (mA/cm?) (mA/cm?)
Perov Si Poly- | Poly- | Perov oSi Poly- Poly- | Perovs oSi Poly- Poly-
skite Si(n) | Si(p) | skite SiC«(n) | SiC«(p) | kite SiOy(n) | SiOx (p)
2T | 20.04 | 20.03 | 0.2 0.1 19.85 | 19.80 0.6 0.2 19.83 | 19.82 0.4 0.8
3T | 20.06 | 19.99 | 0.2 0.1 19.92 | 19.74 0.6 0.1 19.91 | 19.92 0.4 0.6

The Jpn value for the 2T, 3T and 4T perovskite/c-Si tandem solar cells after encapsulation and also the
optical losses in poly-Si, poly-SiCx and poly-SiOx as the answers for the third sub-question are shown in
Table 2. 5 below.

Table 2. 5. The summary of optical simulations of 2T, 3T and 4T perovskite/c-Si tandem solar cells after thickness
optimization and encapsulation.

Using poly-Si as CSPCs Using poly-SiCx as CSPCs Using poly-SiOx as CSPCs
J Parasitic J Parasitic J Parasitic
ph . ph . ph a
Absorption Absorption Absorption
2 2 2
(mA/cm?) — (mA/cm?) ViR (mA/cm?) Ty -
Perov Si Poly- | Poly- | Perov Si Poly- Poly- | Perovs Si Poly- Poly-
skite Si(n) | Si(p) | skite SiCx (n) | SiCx (p) kite SiOx(n) | SiOx (p)
2T | 19.55 | 19.56 | 0.2 0.1 19.30 | 19.31 0.5 0.2 19.38 | 19.37 0.3 0.8
3T | 19.60 | 19.53 | 0.2 0.1 19.30 | 19.31 0.5 0.1 19.39 | 19.45 0.4 0.6
4T | 17.78 | 21.04 | 0.3 0.1 17.31 | 21.24 0.7 0.2 17.66 | 20.81 0.4 0.9
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The main research question about finding the optimum and realistic J,» of 2T, 3T and 4T perovskite/c-Si
tandem and also the optical losses of CSPCs in each optimum structure can be known by referring to Table
2. 5. As can be seen in Table 2. 5, the optimum and realistic Jo» of 2T, 3T and 4T perovskite/c-Si tandem
are obtained by using poly-Si as CSPCs. For the 2T tandem configuration, the J,, after current matching is
19.55 mA/cm?, whereas the optical losses in poly-Si (n) and (p) of that structure are 0.2 mA/cm?and 0.1
mA/cm?, respectively. For the 3T tandem configuration, the J,, of the perovskite and c-Si are 19.60 mA/cm?
and 19.53 mA/cm?, respectively. The optical losses in poly-Si (n) and (p) of the optimum 3T tandem are 0.2
mA/cm?and 0.1 mA/cm?, respectively. For the 4T tandem configuration, the Jp, of the perovskite and c-Si
are 17.78 mA/cm? and 21.04 mA/cm?, respectively and the optical losses in poly-Si (n) and (p) of the
optimum 4T tandem are 0.3 mA/cm?and 0.1 mA/cm?, respectively.
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3. Optimization of the
perovskite solar cell

This chapter answers the second research question introduced in section 1.10 which is “How much is the
efficiency of the top cell (perovskite solar cells) after optimization?” It also quantifies the value of the
optimized parameters and shows the sensitivity analysis. The simulation parameters are explained in
section 3.2, the comparison with experimental data is explained in section 3.3, the optimization
parameters are presented in section 3.4, the results and discussion are shown in section 3.5 and the
conclusions are present in section 3.6.

5.1. Introduction

In order to optimize the 2T perovskite/c-Si tandem solar cell, first, the bottom cell (c-Si solar cell in this
case) and the top cell (perovskite solar cell in this case) are optimized separately. This optimization aims
to produce optimized perovskite/c-Si tandem solar cells whose performance is close to optimal
performance. This chapter focuses on top cell optimization. The optimized parameters of the bottom cell
are present in the next chapter. To obtain a clear understanding of the optimization process, the
optimization process flow is presented in Figure 3.1.
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Figure 3.1. Optimization process flow of 2T perovskite/c-Si tandem solar cell

As shown in Figure 3.1, the first step is optimizing the top and bottom cells separately. These optimized
parameters are used in a perovskite/c-Si 2T tandem configuration along with the anti-reflective and
encapsulation materials. The final step of this work is optimizing the tunnel recombination junction of the

2T tandem by changing the doping of the (electron transporting layer) TCO and hole transporting layer
(Spiro-OMeTAD). This has been explained in chapter 4.

The perovskite structure used as the top cell is taken from [67]. It has various advantages over the
commonly used perovskite (MAPbls), including a better charge collection efficiency and reproducibility
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[27] [66]. The perovskite has also been successfully manufactured in the lab, with 15.4% efficiency [67].

The perovskite structure used in the simulation is shown in Figure 3.2.

Perovskite

Figure 3.2 Simulated structure of the top cell

Figure 3.2 shows the simulated structure of the top cell that consists of 650 nm fluorine-doped tin oxide
(FTO), 50 nm titanium dioxide (TiO3) as the electron transporting layer, 330 nm methylammonium lead tri-
iodide perovskite with a mixed halide (CHsNHsPbls~Cly), 350 nm Spiro-OMeTAD as the hole transporting
layer and 200 nm silver as the back metal.

3.2. Model and parameters

The material parameters of the top cell are obtained from [67]. The parameters are shown in Table 3.1.
The complex refractive index (n) and the extinction coefficient (k) of each material are shown in Figure 2.

4 (a) and (b).

Table 3.1. Simulation parameters of the top cell [67]

Parameters Unit SnO0::F (FTO) TiO; CH3NH;3Pbs-Clx Spiro-OMeTAD
Thickness nm 650 50 330 350
Doping cm?3 2x10% 1x 10 2x10% 2x10%
Mobility (pe/pn) cm?/Vis 20/10 20/10 1.62 2 x 10%/2 x 10°*
Dielectric constant - 9 9 6.5 3
Band gap eV 3.5 3.2 1.55 3
Electron affinity eV 4 4 3.9 2.45
Holes lifetime 1x10° 1x10° 2.88x 107 1x10°
Electron lifetime 1x10° 1x10° 2.88x 107 1x10°
Conduction density cm3 2.2x 10 2.2x 10 4.42 x 10Y 2.2 x 108
Valence density cm 1.8 x 10% 1.8 x 10% 8.47 x 10 1.8 x 10
Radiative coefficient cm3s?t - - 2x10%° -

Auger coefficient cmés? - - 9.9x10% -

The surface recombination velocity (SRV) for the interface between TiO; and CH3NHsPbs-,Cly is 3500 cm/s
whereas the SRV for the interface between CH3NHsPbs-,Cly and Spiro-OMeTAD is 100 cm/s [67].

The optical and electrical simulation models from the literature [67] have been used in Sentaurus TCAD.
The physics models used in the electrical simulations are shown in Table 3. 2 below.
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Table 3. 2. Summary of the physics models used for electrical simulations

Device Modelling
Model Description
Carrier transport Drift-diffusion model
The effect of interface defect Surface recombination velocity
SRH recombination
Recombination Auger recombination
Radiative recombination

Heterostructure device simulation Thermionic emission

Doping Phosphorous and boron constant profile

The simulations were performed under the one sun AM1.5G spectrum [67].

3.3. Comparison with experimental data

Before doing the optimization, all the material parameters, including the n and k data, were given as inputs
and simulated in Sentaurus TCAD. The idea was to check the models used in simulation and to compare
the simulated J-V with the experimental J-V [67].

The simulation result is shown in Figure 3.3. It shows the comparison of the experimental J-V obtained

from [67] with simulated J-V. As can be seen in Figure 3.3, the simulated J-V is quite similar to the
experimental J-V.

25

204

£

(=]

z

‘; 15 4

=

15}

=

v

.=

e 10 4

v

=

S

(&)

5
—— J-V Experiment (mA/cm?)
— J-V Simulations {mA,fcmz)
D T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

Figure 3.3. The comparison of experimental J-V with simulated J-V

The output parameters of the experiment [67] and simulations from Sentaurus TCAD are shown in Table
3.3 below. These simulation results were used as the starting point for the optimization of the top cell
(perovskite solar cells).

Table 3.3. The comparison of top cell performance parameters from the experiment [67] and simulations

Too Cell Output

P T aemAfem) | Vae(V) | FF(%) | n(%)
Experiment 21.5 1.07 67 15.41
Simulations 21.75 1.078 67.51 15.83
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3.4. Optimized parameters

The parameters of the top cell that are optimized are the contact resistance, surface recombination

velocity of the interface between TiO, and perovskite and thickness of each layer. These parameters were

chosen to be optimized due to the following reasons:

1. The Fill factor is influenced by high series resistance. Therefore, the optimization of the contact
resistance is needed to increase the efficiency of the top cells. The idea is to have the fill factor >
80%, similar to the second-highest efficiency of the perovskite solar cells reported in the world [81].

2. The SRV of the interface between TiO, and perovskite (front interface) is the second parameter to
be optimized. The reason is due to the higher SRV value reported in the literature for this interface.
Therefore the probability of the generated carriers to recombine in this interface is higher than in
the back interface. The V.. is highly affected by the recombination. Thus the SRV of the front
interface needs to be optimized [67].

3. Thickness of each layer has also been optimized. This is essential as the thickness affects the parasitic
absorption and the recombination in the solar cell. The optimum thickness is one of the
requirements to achieve the high performance of the solar cell [82].

3.5. Result and discussion

In this section, the effect of optimizing the contact resistance, surface recombination velocity between the
TiO; and perovskite interface and also the thickness of FTO, TiO,, CH3NH3Pbs-Clx and Spiro-OMeTAD on
the Js, Vo, FF and n are explained in detail.

3.5.1. Contact resistance optimization

Contact resistance is the first optimization parameter. In literature [67], the value of contact resistance
has not been reported. The contact resistance value is obtained by comparing the simulated J-V from
Sentaurus TCAD with the experimental J-V [67]. From the simulation, the contact resistance values of the
front and back contacts obtained are 2.2 Q. cm?and 2.2 Q. cm?, respectively. These values are further
optimized to get a higher fill factor. The simulation results are shown in Figure 3.4.

74 4 - ©  FF(%)

724

704

FF (%)

68

66

64

T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Contact resistance_(front and back) (Ohm.cm?)

Figure 3.4. The effect of contact resistance on fill factor by varying the front and back contact resistance using
the same value.

Figure 3.4 shows the effect of the front and back contact resistance on the fill factor. As expected, by

increasing the contact resistance value, the fill factor is decreasing. By optimizing the contact resistance,
the fill factor can be increased from 67.51% to 73.83%.
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3.5.2. Surface recombination velocity optimization

The second parameter that is optimized is surface recombination velocity between TiO; and perovskite
interface. In the simulations, the optimum value of contact resistance was used. The default value of the
SRV between TiO; and CH3NHsPbs-Cly interface is 3500 cm/s. The SRV then varied from 100 cm/s to 3500
cm/s. The simulation results are shown in Figure 3. 5.
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Figure 3. 5. The effect of surface recombination velocity on (a) Jsc (mA/cm?), (b) Voc (V), (c) FF (%) and (d) n (%)

Figure 3.5 (a), (b), (c) and (d) show the effect of the surface recombination velocity on Js., Vo, FF and n,
respectively. Jic of the perovskite solar cells is not significantly affected by the change in the SRV value.
This can be seen in Figure 3. 5 (a). As expected in Figure 3. 5 (b), the V.. is decreasing by increasing the
SRV. Figure 3. 5 (c) shows the relationship between the SRV and FF values. As shown in this figure, by
increasing the SRV value, the FF of the device decreases. If we refer to the V,. value in Figure 3. 5 (b), it
also shows that the V,.value decreases with the increase in the SRV value. Referring to the solar energy
book [83], it is stated that the decrease in the V,.value will lead to the decreasing of FF, although the
decrease is not significant.

Efficiency is a dependent parameter. The efficiency value will depend on the Ji, Vo and FF. As shown in
Figure 3. 5 (d), by increasing the SRV, the top cell's efficiency is also decreasing. This trend is kind of
expected, but from the simulation the optimum efficiency can be quantified. From the SRV optimization,
the optimum SRV of 100 cm/s was chosen. The Fill factor is increasing from 73.83% to 82.1%. The efficiency
can be increased from 15.5% to 19.17%. This value has been chosen as it can be implemented
experimentally [67].

3.5.3. Thickness optimization

In this section, the result of the thickness optimization of each layer has been presented and explained in
detail.
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Perovskite thickness

In this subsection, perovskite thickness has been optimized. The optimum thickness will lead to the high
performance of the solar cells, therefore it plays a crucial role [82]. The optimum value of the contact
resistance and the optimum value of surface recombination velocity between TiO, and perovskite
interface was used in the simulations. The perovskite thickness was also varied from 130 nm to 2030 nm.
The default thickness of perovskite from the literature is 330 nm. The simulation results are shown in

Figure 3. 6 below.
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Figure 3. 6. The effect of perovskite thickness on Jon (mA/cm?), Jsc (mA/cm?) and Jiotal recombination (MA/cm?)

Figure 3. 6 shows the effect of perovskite thickness of the implied photo-current density (J,n), short circuit
current density (Jsc) and total recombination current density (Jiotal recombination). The Jon, Jsc and Jiotal recombination
are indicated by the black dots, red dots and green dots respectively. The green axis on the right-hand side
is the axis for the Jiotal recombination. The relation of the Jps, Jsc and Jiotal recombination €an be seen in the following

formula:

]ph = ]sc + ]total recombination (29)
Total recombination current density is the sum of the recombination current densities associated with all
the generation-recombination processes in the top cell.

]total recombination = ]SRH + ]Auger + ]radiative +]surface recombination (30)

where Jsgu, Jauger, Jradiative AN Jsurface recombination are Shockley-Read-Hall recombination current density, auger
recombination current density, radiative recombination current density and surface recombination

current density, respectively.

The current density Jszy associated with the SRH recombination process can be calculated using this

formula:

q
Jsru = Wtot»];z Rsgy (x, y)dA (31)

where Rszy is the SRH recombination rate, Wi is the total width of the device and q is the elementary
charge. Likewise, recombination current density from another generation-recombination processes such
as auger, radiative and surface recombination can be computed using the spatial integration of the
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corresponding generation-recombination rates [60]. For the current density associated with the auger
recombination, the formula is:

q
I f RAuger(x’ y)dA
R

tot

]Auger = (32)

where Rauger is the auger recombination rate. For the Jradiative, the formula is the following:

q
_f RRadiative (X, y)dA
R

tot

Jradiative =

(33)

where Rrdiative iS the radiative recombination rate. The current density associated with the surface
recombination was calculated using the following formula:

q
. f RSurface recombination (X, 3’) dA
R

]surface recombination =
Wtot

(34)

where Rsurface recombination is the surface recombination rate. As shown in Figure 3. 6, perovskite
thickness is a limiting parameter for top cell performance. By increasing the thickness, the J, is getting
increase because more photons are absorbed. Until 430 nm, the Js is also increasing with the increase in
perovskite thickness. After 430 nm, the Js is decreasing. This is due to the increase in the total
recombination current densities in the perovskite. From the simulations, the highest J;. was obtained for
the perovskite thickness of 430 nm.
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Figure 3. 7. The influence of perovskite thickness on recombination current densities.

Figure 3. 7 shows the relation of the perovskite thickness and the recombination current densities. From
the simulations, it can be concluded that by increasing the perovskite thickness, the recombination current
density of each recombination process also getting higher. The highest recombination current density
value is the SRH recombination. This means that the amount of defects in the perovskite lattice are high
so that the electrons are trapped at such a defect and thus recombine with the holes that are attracted by
the trapped electrons [84]. The SRH is also known as the dominant generation-recombination process in
semiconductor at most operational conditions [84].
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Figure 3. 8 (a) shows the effect of the perovskite thickness on V... When a thin absorber layer of 130 nm
was simulated, the photo current density and the short circuit current density are low. Nevertheless, the
Vocis high as can be seen in Figure 3. 8 (a). This relation is because at this value, the recombination is less
as shown in Figure 3. 6. From the electrical simulations, by increasing the perovskite thickness, its open
circuit voltage is decreasing. This is due to the higher recombination. The relation of the Vo and the
recombination can be known by using the following formula:

KT h
Ve = —1In (Z2+41) (35)
* q Jo
where Kz is Boltzmann constant, g is elementary charge, Jon is the photo-current density and Jo is saturation

current density. Equation (35) shows that the V.. is depending on Jy» and Jo. The photo-current density has
a small variation whereas the saturation current density may differ by orders of magnitude. J, depends on
the recombination in the solar cells [85]. Hence, the recombination in the device will affect the V.. Figure
3. 8 (b) shows the results of the FF by varying the perovskite thickness. As shown in that figure, by
increasing the thickness of the perovskite, the FF is decreasing. The decreasing of the FF is due to the
increase in series resistance across the cell [86]. By using the optimum perovskite thickness of 430 nm, the
FF is slightly decreasing from 82.1% to 80.87%, but the efficiency is increasing from 19.17% to 19.78%.

FTO Thickness

The second thickness optimization was done for fluorine-doped tin oxide (FTO). FTO is well known for its
chemical and thermal stability [87]. It is also inexpensive material and can be a possible alternative to ITO
[87]. In the simulation, the optimized thickness of the perovskite was used and the FTO thickness was
varied from 100 nm to 700 nm. Figure 3. 9 (a) shows the influence of the FTO thickness on Jp, and Js.. The
Jon and Ji are indicated by black dots and blue dots, respectively. As can be seen from Figure 3. 9 (a), by
increasing the FTO thickness, the Jy» and Jsc of the top cell were decreasing. It is due to the increase of the
parasitic absorption in FTO layer [88]. Consequently, this loss decreases the number of photons taking part
in the photo-electronic conversion process in the absorber which leads to the lower Jp, and Js..

Figure 3. 9 (b) and (c) show the effect of the FTO thickness on V,. and FF. As you can see in the figure, the
Voc and FF values tend to be constant. The change in the thickness of the FTO does not really have an
impact on the V, and FF values. Therefore, in this case, the perovskite efficiency value will depend more

on the Ji value. As shown in Figure 3. 9 (d), the efficiency trend is very similar to the trend of Js in Figure
3.9 (a).
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Figure 3. 9. The effect of FTO thickness on (a) Jsc (mA/cm?), (b) Voc (V), (c) FF (%) and (d) n (%)

Figure 3. 9 (d) shows the influence of the FTO thickness on efficiency. The increasing of FTO thickness
deteriorates the top cell performance as indicated by the decrease in efficiency. The highest achievable
efficiency by varying the FTO thickness was 21.04%. It was obtained by using the 200 nm thickness of FTO.
Based on the literature, the 200 nm for the FTO thickness is experimentally possible [87].

ETL thickness

The third thickness optimization was done for TiO,. TiO; acts as the electron transporting layer (ETL) in the
top cell. The ETL plays an important role in the extraction and transportation of photogenerated electrons
in the top cell [89]. It also contributes to achieving high-efficiency cells [90]. The optimum thickness of ETL
is needed for highly efficient solar cells [90]. ETL's optimum thickness will lead to high transmittance, low
leakage current between perovskite and ETL and low charge transfer resistance [90]. In the simulations,
the optimum perovskite thickness of 430 nm, the optimum FTO thickness of 200 nm and HTL thickness of
350 nm were used [67]. The ETL thickness was varied from 25 nm to 100 nm. The simulation was not run
below the 25 nm because considering the realistic aspect in the fabrication. The simulation results are
shown in Figure 3. 10.
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Figure 3. 10. The effect of ETL thickness on (a) Js«c (mA/cm?), (b) Voc (V), (c) FF (%) and (d) n (%)

Figure 3. 10 (a) and (b) shows the influence of ETL thickness on Jps and Jic and Vo, respectively. As shown
in Figure 3. 10 (a), the Jyn and Jsc are decreasing by increasing the ETL thickness. Based on the simulations,
it shows that the varying of the ETL thickness is not significantly affect the V.. Its value is remain constant.
The FF of the solar cell is increasing by increasing the ETL thickness. The highest efficiency of was obtained
by using the ETL thickness of 45 nm.

HTL thickness

The last thickness optimization was done for Spiro-OMeTAD. Spiro-OMeTAD acts as the hole transporting
layer (HTL) in the perovskite solar cell. In this simulation, the optimum thicknesses of FTO, perovskite and
ETL were used. The thickness of HTL was varied from 40 nm to 175 nm.
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Figure 3. 11. The effect of HTL thickness on (a) Jsc(mA/cm?), (b) Voc (V), (c) FF (%) and (d) n (%)

Figure 3. 11 (a) shows the effect of the HTL thickness on J,, and Jsc, respectively. As shown in Figure 3. 11
(a), starting from 50 nm, the increase of HTL thickness will lead to low J,,and Js.. The reason is by increasing
the HTL thickness, the distance travelled by holes to reach the electrode is getting larger, hence the
probability of the recombination event is getting higher [91]. Figure 3. 11 (b) and (d) show the influence of
the HTL thickness on Vi and FF. As shown in Figure 3. 11 (b), the Vo remains constant. The variation of
the HTL thickness did not affect the V,value of the device. For the FF, by increasing the thickness of the
spiro-OMeTAD, the FF value is decreasing. It is due to an increase in series resistance [86].

Figure 3. 11(d) shows the effect of the HTL thickness on efficiency. The optimum efficiency of 21.51% was
achieved by using the HTL thickness of 50 nm. After that, efficiency is decreasing. This is due to the
decreasing of the Js..

3.6. Conclusion

The purpose of this section is to answer the second research question introduced in section 1.10, which is
“How much is the optimum efficiency of the top cell after optimization?”. To answer that question, the
summary of the optimized parameters of the top cell are shown below.
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Figure 3. 12. Summary of the parameters of the top cell before optimization and after optimization
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Figure 3. 12 shows the J-V curves and the summary of the output parameters of the top cell before
optimization and after optimization. From the figure, it can be concluded that the optimization has
improved the top cell efficiency from 15.83% into 21.50%.
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4. Optimization of the tunnel
recombination junction

In this chapter, the optimization of the tunnel recombination junction will be presented. Firstly, the
optimized output of the individual (top and bottom) cells is shown. Secondly, the tandem cell output with
the optimized top and bottom cell parameters are presented. Thirdly, the tandem was further optimized
by optimizing the tunnel recombination junction. This chapter is aimed to answer the third research
question introduced in section 1.10 which is “How much is the efficiency of the 2T perovskite/c-Si tandem
after optimizing the tunnel recombination junction?” The parameters of the tunnel recombination
junction optimized are Spiro-OMeTAD and ITO doping. To answer the main research questions, the main
research questions were divided into two sub-research questions, i.e., “How much is the optimum ITO
doping concentration?” and “How much is the optimum Spiro-OMeTAD doping concentration?”

4.1. Summary of the perovskite and c-Si after optimization

Table 4. 1 shows the output parameters of the perovskite solar cell and c-Si solar cell after having optimized
them individually. The optimization of the perovskite as the top cell of the 2T tandem has been explained
in Chapter 3. The optimization of the c-Si to be used as the bottom cell has been done in other work (the
publication is in the process).

Table 4. 1. The output parameters of the optimized perovskite and c-Si

Output parameters

Individual Cell
ndividual t.e Joe (MAJCM?) | Ve (V) | FF(%) | 1 (%)
Perovskite 22.20 1.196 80.99 21.50

c-Si 41.13 0.72 84.52 25.03

As shown in Table 4. 1, after optimization, the efficiency of the perovskite and c-Si solar cells are 21.50%
and 25.03%, respectively. The next step is building a 2T perovskite/c-Si modelling framework using the
optimum optical and electrical parameters of the perovskite and c-Si solar cells in Sentaurus TCAD.

4.2. Modelling framework of the 2T perovskite/c-Si tandem solar cells

In this section, the modelling framework of the 2T perovskite/c-Si tandem solar cells is explained in detail.

First, the optical simulations of the 2T perovskite/c-Si using the optimum thickness were conducted. The
optical generation profile from GenPro4 will be used in Sentaurus TCAD. Second, the 2T perovskite/c-Si
tandem structure was built in the Sentaurus structure editor. The perovskite solar cells’ rear metal was
removed and then the structure was stacked on the top of the textured bottom cells. Spiro-OMeTAD from
the perovskite solar cells and the front ITO of the bottom cells act as the tunnel recombination junction.
The Glass and EVA, as encapsulated materials, are also added to the structure. Other parameters such as
metal contacts, doping, meshing strategy and optical generation profile were added in this phase. Third,
the device structure then generated using the Sentaurus mesh from within the Sentaurus structure editor
and used as the grid file in the Sentaurus device. The material parameters of the tandem cells are created
in MatPar. The physical models of the 2T perovskite/c-Si tandem were inputted in the Sentaurus Device.
The Sentaurus device then simulates the 2T perovskite/c-Si tandem by referring to the grid and parameter
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files. Finally, the output parameters such as Js;, Vo, FF and n are then extracted by using Sentaurus Visual.
The modelling framework of the 2T perovskite/c-Si is shown in Figure 4. 1.

| Perovskite -: ‘ n, k _Optice.nl
b Sopne s thickness
H 10, |

c-Si

* 2T tandem structures

| Sio | ) Mes_hi"g Material 2T perovskite/c-Si tandem
by pely-SIOR P iyl Optical + Doping Parameters physical models
E W | generation
2T Perovskite/c-Si | profile l
i Tandem | Sentaurus
: Solar Cell structure. —— Sentaurus __ ~ Sentaurus
,,,,,,,,,,,,,,,,,,,,,,, - . Device Visual
editor
Jsoo Voor FE N

Grid file

Figure 4. 1. Simulation steps of the 2T perovskite/c-Si tandem solar cells
The physical modelling used for the 2T perovskite/c-Si tandem solar cells are shown in Table 4. 2 below.

Table 4. 2. Simulation parameters of the 2T perovskite/c-Si tandem solar cells

Device Modelling
Model Description
Carrier transport Drift-diffusion model
The effect of interface defect Surface recombination velocity
SRH recombination
Recombination Auger recombination
Radiative recombination
Heterostructure device simulation Thermionic emission
Doping Phosphorous and boron constant profile
Non-local tunneling Band to band tunneling

4.3. The result of 2T tandem (before optimizing the TRJ)

After the perovskite and c-Si are stacked together, the 2T tandem structure is simulated. The simulation
results are shown in Table 4. 3.

Table 4. 3. The output parameters of the 2T tandem before optimizing the TRJ

Output parameters
Jsc (mA/sz) Voc (V) FF (%) n (%)
2T Tandem Cells 19.84 1.929 87.99 33.67

As shown in Table 4. 3, the 2T tandem efficiency of 33.67% can be obtained using the optimized
parameters of the top cell and bottom cell. In the simulations, the current matching was achieved by
varying the perovskite thickness. It is a good sign that from the simulations, our new bottom cell structure
combined with the chosen perovskite structure can generate the 2T tandem solar cells efficiency of more
than 30%. It has surpassed the current record efficiency of 2T tandem, which is 29.15% from HZB.
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The tandem device’s performance can be further optimized by optimizing the tunnel recombination
junction [52]. It plays an important role in the performance of the tandem cells [51]. The band diagram of
the 2T perovskite/c-Si before optimizing the TRJ are shown below.
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Figure 4. 2 (a) Band diagram of the 2T perovskite/c-Si tandem solar cells before optimizing the TRJ; (b) A closer
view of the TRJ area

Figure 4. 2 (a) shows the band diagram of the 2T perovskite/c-Si tandem solar cells before optimizing the
TRJ. The doping concentration used of the Spiro-OMeTAD and ITO are 2.10® ¢m™ and 1.10%° cm3,
respectively. The red line and green line are the conduction band and valence band energy, respectively.
The dashed dark blue and light blue are the quasi-Fermi level of the electrons and holes, respectively.
When the photons enter the device, the photon with the energy > bandgap energy of the perovskite will
be absorbed by the top cell, the remaining photons will be transmitted to tunnel junction layers and the
ones that are not absorbed by these layers reach c-Si and are absorbed by the c-Si according to its
bandgap. The electron-hole pair will be generated in the absorbers and supporting layers. As shown in
Figure 4. 2 (a), the electron in the perovskite will be going to the FTO and collected in the front contact
and the holes will be going to the Spiro-OMeTAD (HTL). In the bottom cell, the electron-hole pair will be
generated in the c-Si. The electron will be going to the ITO (TCO) and holes will be going to the bottom
poly-SiOx and get collected by the back contact. The electron from ITO and holes from the Spiro-OMeTAD
will recombine in the tunnel recombination junction. Figure 4. 2 (b) shows the closer view of the tunnel
recombination junctions. The electrons can tunnel and recombine with holes if the depleted region
becomes thin enough [92]. The depleted region is influenced by the doping of the two sides of the
recombination junction, i.e., Spiro-OMeTAD and ITO [93].

4.4. Optimization parameters

The tunnel recombination junction occurred between the Spiro-OMeTAD and ITO layers. The tunneling
process is highly affected by doping concentration [94]. Therefore, the parameters need to be optimized
are the doping concentration of the TRJ. In this case, is the doping concentration of the Spiro-OMeTAD
and ITO.

4.5. Results and discussions

This section is divided into two parts; first, optimizing the TRJ by changing the TCO doping concentration.
Second, the further optimization of the TRJ by keeping the optimum doping concentration of the TCO and
varying the doping concentration of HTL.
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4.5.1. Optimization the TRJ by changing the TCO doping
Here, the effect of the doping concentration of TCO to the Js, Vo, FF and n are shown in Figure 4. 3.
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Figure 4. 3. Effect of the TCO doping to the PV parameters; (a) on Js, (b), on Vo, (c) on FF and (d) on n

The TCO doping was varied from 9.10%° cm™ to 9.10%° cm?3. The default doping of the TCO before the
optimization is 1.10%° cm3, This value is obtained from the bottom cell parameters. As shown in Figure 4.
3, the Jic and Vo values remain constant. The V.. of the highest and lowest TCO doping only has a small
difference, i.e., 0.003 V. From the simulations, the highest performance of the 2T tandem cell was achieved
by using the TCO doping concentration of 9.10%° cm™. The optimization of the TRJ by changing the TCO
doping leads to increased efficiency from 33.689% to 33.691%. Apparently, the 1.10%° cm™ as the default
doping has approached the optimum doping concentration for TCO. When the doping value is lower than
9.10%° cm3, the convergence issue was happening in the simulation. The variation in doping is affecting
the FF and efficiency in tandem. The FF is decreasing as the doping concentration increases. The increase
of doping concentration leads to the misalignment of the quasi-Fermi level of the electrons and holes. The
misalignment will reduce the carrier transport and leads to the decreasing of FF. The decreasing of n is
due to the decreasing of the FF. To get clearer about the carrier transport in the TRJ, the comparison of

the band diagram of the tandem with the highest and lowest efficiency is shown below in Figure 4. 4 and
Figure 4.5.
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Figure 4. 4. (a) Band diagram of the 2T perovskite/c-Si tandem with TCO doping concentration of 9.10%° cm™3; (b)
Showing perfect band alignment between Es, and Esp

Figure 4. 4 (a) shows the band diagram of the 2T perovskite/c-Si tandem with the optimum TCO doping
concentration i.e. 9.10* cm™ whereas

Figure 4. 4 (b) shows the closer view of the TRJ. As can be seen in

Figure 4. 4 (b), the quasi-Fermi level of the electrons and holes are aligned, hence this makes a good carrier
transport and leads to the high FF.
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From the band diagram, we see that the decreasing of the FF was due to the misalighment of the quasi

fermi energy of electrons (Ez,) and holes (Eg).

4.5.2. Optimization the TRJ by changing the HTL doping

After obtaining the optimum doping of the TCO, the next aim was to get the optimum doping
concentration of the HTL. By keeping the optimum TCO doping concentration of 9.10° cm3, the doping of

the HTL was varied from 2.10%* cm™ to 1.10%° cm™3. The simulation results are shown below.
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Figure 4. 6. Effect of the HTL doping to the PV parameters; (a) on Js, (b), on Vo, (c) on FF and (d) on n

Figure 4. 6 shows the effect of the HTL doping on the Js, Vo, FF and n. Spiro-OMeTAD is used as the hole
transporting material. From the simulations, when the doping concentration of ITO is optimum, the
changing in doping concentration of Spiro-OMeTAD has no significant effect in J, Vo, FF and n. The Js
values are constant. The different of Voc for the highest and lowest Spiro-OMeTAD doping concentration
was only 0.0006 V. For the FF, by changing the doping concentration of Spiro-OMeTAD from 2.10%® cm™3 to
1.10%° cm3, the FF was slightly decreasing from 87.9883% to 87.9263%. Because the Jsc and V, are mostly
constant, the n of the tandem is mostly affected by the change in FF. From the simulations, it was found
that the optimum doping concentration of Spiro-OMeTAD is 5.10%cm?3. It leads to the increasing of the 2T
tandem efficiency from 33.689% to 33.702%. The summary of the optimum doping concentration of TCO
and HTL are shown below.
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Table 4. 4. Summary of the optimum doping concentration of the TCO and HTL

aye Doping Conce atio
TCO 9.10% cm?
HTL 5.10%¥ cm3

4.5.3. 2T perovskite/c-Si tandem output

Figure 4. 7 shows the J-V curves of the tandem and the output parameters of the 2T tandem before and
after optimizing the TRJ, respectively.
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Figure 4. 7. The J-V curves and optimum output parameters of the 2T perovskite/c-Si

As can be seen on Figure 4. 7, by optimizing the doping concentration of the TCO and HTL, there is a slight
increase in Vo from 1.929 V to 1.931 V. The FF remains constant The efficiency increases slightly from
33.67% to 33.70%.

4.6. Conclusions

In this chapter, the optimum output parameters of the perovskite and c-Si solar cells are presented. The
output parameter of the 2T tandem perovskite/c-Si before optimizing the TRJ are also shown. Afterwards,
the optimization of the tunnel recombination junction by varying the HTL and TCO doping concentration
also have been conducted.

In order to answer the main research question: “How much is the efficiency of the 2T perovskite/c-Si
tandem after optimizing the tunnel recombination junction?”

The following sub questions are arise:
e “How much is the optimum TCO doping concentration?”
e “How much is the optimum HTL doping concentration?”

From the simulations, the optimum TCO and HTL doping concentrations have been obtained. The optimum
doping concentration of TCO and HTL are 9.10*° cm™ and 5.2 cm3, respectively. An efficiency of 33.70%
is achieved after optimizing the doping parameters of TRJ. It is also concluded that when the doping
concentration of TCO is optimum, changes in Spiro-OMeTAD's doping concentration do not significantly
impact the value of the tandem efficiency, but when the TCO doping is not optimum, the changing in spiro
doping has a significant impact on efficiency.
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5. Conclusions and Outlook

5.1. Conclusions

In this chapter, the final conclusions of this thesis work are summarized. The main research questions
presented in 1.10 will be answered.

The implied photo current density produced by the 2T and 3T perovskite/c-Si tandem solar cells after
thickness optimization are shown in Table 5. 1.

Table 5. 1. The summary of the Jyn of 2T and 3T perovskite/c-Si tandem after thickness optimization.

Fully Textured Fully Textured
2T 3T
CSpes Jon (MA/cm?) Jon (MA/cm?)
Perovskite c-Si Perovskite c-Si
poly-Si 19.54 19.53 19.51 19.56
poly-SiCyx 19.31 19.30 19.31 19.31
poly-SiOy 19.43 19.42 19.48 19.50

Table 5. 2 shows the 2T, 3T and 4T perovskite/c-Si tandem after encapsulation.

Table 5. 2. The summary of the Jo» of 2T, 3T and 4T perovskite/c-Si tandem after encapsulation.

Fully Textured Fully Textured Flat Textured
2T
CSpes Jon (MA/cm?) Jon (MA/cm?) Jon (MA/cm?)
Perovskite c-Si Perovskite c-Si Perovskite c-Si
poly-Si 19.54 19.53 19.51 19.56 17.95 18.9
poly-SiCy 19.31 19.30 19.31 19.31 17.58 18.9
poly-SiOy 19.43 19.42 19.48 19.50 17.91 18.95

Based on the two tables above, the use of poly-Si as CSPCs resulted in the highest J,, value compared to
poly-SiOx and poly-SiC.. This is because the poly-Si has the lowest free carrier absorption coefficient than
the poly-SiCx and poly-SiOx.

From the optimization of the contact resistance, surface recombination velocity and the thickness of top
cell (perovskite solar cell), the efficiency can be improved from 15.83% to 21.50%.

From the tunnel recombination junction optimization, by varying the doping concentration of TCO and
HTL, the efficiency of the two-terminal (2T) perovskite/c-Si tandem of 33.7% can be achieved. In this thesis
work, it was found that ITO (TCO) and Spiro-OMeTAD (HTL) doping level are important for TRJ band

alignment.
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5.2. Outlook

After several achievements, as explained in conclusion, some further work can still be done, which is:
e Simulate an electrical tandem structure with other CSPCs such as poly-Si and poly-SiC.
e Comparing the results of this thesis work with perovskite/SHJ solar cells because SHJ is the most
common bottom cell structure used in tandem.

e Optimization of the c-Si thickness in the tandem because generally, the industry uses a c-Si
thickness of 180 um for higher V..
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