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Abstract

Perovskite/Silicon tandem cells are gradually becoming more promising in the field of photovoltaic
technology since they have already surpassed the theoretical power conversion efficiency (PCE) limit of
single junction (SJ) silicon cells (~30%), while they can be commercially compatible. Several architectures of
Perovskite/silicon devices were proposed. The most known of them are four terminals tandem (4TT) and
two terminals tandem (2TT). Which are well researched and have already surpassed the highest efficiency
achieved by SJ silicon cells. On the other hand, 3TT is less known architecture which have received less
attention in research than 2TT and 4TT but seems to combine the advantages of both and eliminate their
disadvantages. Although of the few research done on 3TT, they revealed great potential of achieving high
efficiency. Yet it is still practically challenging to design and fabricate stable 3TT devices that bring 30%
PCE’s goal to reality. To continue unveiling the potential of 3TT perovskite/Si device, more research needs to
be done in areas that haven’t been investigated before. And that was the target of this project.

The 3TT device structure proposed in this work is a perovskite top cell on a c-Si IBC bottom cell. And the
focus of the project was to investigate and optimize the design parameters of the perovskite top cell as well
as the IBC bottom cell to improve the overall efficiency of the tandem device using 2D modelling. To achieve
these Objectives, a 2-D simulation model template was built for the mentioned tandem device with the help
of Sentaurus TCAD. Further, the model template has been validated. Subsequently, the validated model was
used to conduct a comparison between the proposed 3TT device and an identical 4TT device to examine the
compactivity of the model with other tandem configurations. This has shown that the 3TT model has
performed as good as the 4TT model. Both models showed capability of achieving efficiency beyond 30%.

Then, the performance of the 3TT model was examined under different thicknesses of Perovskite layer. This
revealed that the 3TT device has the highest efficiency when the perovskite layer has a thickness between

0.5 - 1.2 um where efficiency higher than 30% can be achieved.

The next step was to investigate and redesign the IBC bottom cell to improve the 3TT performance. First,
the device performance under different pitch values in the IBC bottom cell was examined. It was found that
the lower the pitch is, the higher the performance becomes. It was also found that the pitch value doesn’t
influence only the bottom cell but also the top cell. Which makes the performance of 3TT device more
sensitive to pitch values than the SJ IBC cell. Second, the rear emitter to base ratio in the IBC bottom cell was
investigated. Which showed that the emitter/base ratio has less influence on the 3TT behavior when the
pitch value is within or less than the range of the diffusion length of the bulk material. But the influence of
the ratio grows up when the pitch is higher. The 3TT device has its peak performance when the ratio is
between 2:1 to 4:1.

After that, the tandem model was redesigned to corporate all the outcomes that was found in previous steps.
This resulted in several scenarios based on best parameters to design 3TT models with the best outcome.
Four scenarios have been suggested where each of them can achieve PCE higher than 31.5 %.

Finally, we have studied the effect of surface recombination on the performance of the 3TT device. Which
revealed that most of surface recombination losses are coming from the interfaces between perovskite layer
and ETL or HTL layers. Therefore, if these surface recombination losses are suppressed, that will lead to a
PCE higher than 33 %.
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1 Introduction

1.1 Motivation

While global energy demand is growing, fossil fuels remain the major current energy sources although
they are scarce and depleting [1]. Therefore, fossil fuels won’t be able to meet energy demands soon.
Moreover, continuing using fossil fuels speeds up environmental damage and climate change since it is
the main contributor to CO2 emissions [2]. Thus, Renewable green energy, in particular solar energy,
is the only feasible solution to these challenges since it can be accessed anywhere in the world and
available in abundant quantities [3].

In the last decades, the most efficient approach to harvest solar energy so far was the photovoltaic (PV)
technology. Where solar energy is converted to electricity [3]. PV technology is gradually becoming
dominant among energy generating technologies around the globe. In recent years, energy generated
from PV devices has achieved a competing levelized cost of energy (LCOE) comparable to or even lower
than energy generated by fossil fuel technologies [4]. This is the result of continues reduction in the
cost of PV cell production and enhancing the power conversion efficiency (PCE) of the cell.

But since the dominant commercial PV types in the market are single junction (SJ) devices and they are
approaching their theoretical PCE and industrial fabrication costs limits. Therefore, we are looking at
new novel technologies that further can push solar generated energy beyond these limits (efficiency &
costs).

The next section explains briefly the working principle of PV solar cell and further explores its main
limitations.

1.2 Photovoltaic technology and solar cells

Solar spectrum:

Solar energy is the electromagnetic radiation received from sun. The spectrum of this radiation nearly
matches a black body radiation of 5,800 K [5]. The extraterrestrial solar spectrum measured at the top
regions of the earth’s atmosphere is referred as AMo spectrum corresponds to total power density of
1353 W/m?, the acronym AMo stands for air mass zero [6]. The air mass coefficient anywhere on earth
surface in reference to AMo can be calculated according to the following formula:

_ 1 (1)
"~ cos (0)

Where 0 is the zenith angle. At angle 6 = 48.2°, the air mass coefficient is AM1.5 corresponds to 1000
W/m? power density. AM1.5 is commonly used to characterize the performance of PV or solar
cells under standardized conditions [6].

Working principles of PV cells:

Solar cells are photo-electrical devices which converts part of the incident solar irradiance into
electricity by using the so-called photovoltaic effect [7]. The cell is made from two materials which
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form a junction with a bandgap energy (E;). If the energy of incident photons (E;) is lower than Eg,
light won’t be absorbed, which is referred to as non-absorption losses [7]. If Ey is higher than E,, the
light will be absorbed and generate electron-hole pairs. which are separated and excited to different-
energy states. then the separated charge carriers will diffuse through the cell and are collected at its
electrodes (terminals). Which cause the current to flow in order to cancel the created potential [8]. the
excess energy from absorbed photons will be released in form of heat in a process called thermalization
[9]. Moreover, before charge carriers are collected, recombination of electrons and holes can occur due
to short diffusion lengths Ly, defects etc. [8]. Additionally, solar cells suffer from ohmic losses coming
from material resistivity as well as optical losses caused by reflection, refraction, and shadowing [9]. All
these losses combined limit the PCE of a solar cell. Thus, producing sufficient solar cells requires careful
designing and fabrications processes that take care of all losses.

In order to measure the performance of a solar cell at certain conditions, several characteristic
parameters need to be measured at these conditions. The first parameter is called open circuit voltage
(Voc), which represent the maximum measured voltage across the solar cell’s electrodes when no load
is applied on the cell [10]. The second parameter is the short-circuit current density (Jsc), which is the
current density measured by short circuiting the terminals of the solar cell under specific conditions
and normalized on the cell’s area [8]. Third is the maximum power point (MPP) which is the working
point when electrical generated power in a solar cell is maximum under the given illumination
conditions [11]. The corresponding generated current & voltage at MPP are Inpp & Vimpp respectively.
Finally, the filling factor (FF) is the ratio between Impp X Vimpp rectangle and the Isc X Voc rectangle, as
shown in Figure 1, FF is calculated as in following equation [10]:

FF = JmppX Vinpyp (2)
JscxVoc
Pmax

ISC
Impp ---------------------------------------------

E mpp

o

5

O

Voltage [V] Vmpp Voc

Figure 1 A typical diagram of I] _V curve for illuminated solar cell. The figure also displays the external cell parameters and how
they are related to each other.

The aforementioned parameters can be used to calculate the power efficiency (n) which is the ratio of
maximum generated electrical power to the input solar power (Pin). The efficiency is then

— JmppXVmpp (3)
Pin

n



To make comparison easier between different solar cells or modules, efficiencies and other parameters
are normally measured under standard test conditions (STC) at AM1.5G, Pi, = 1000W/m?, and cell
temperature of 25°C [12].

1.3 Classifications of PV technology

Solar cells can have different composing materials, designs and structures. Based on these variations
and historical developments, three main generations have emerged as follow:

First generation of PV technology refers to wafer-based cells which are mainly mono/multi crystalline
silicon (c-Si) cells in a single p—n junction (SJ p-n) configuration with indirect bandgap of E; ~1.12 €V. c-
Si cells are featured by having broad spectral range of light absorption as well as their high carrier
mobilities beside the abundance of silicon, which made them one of the earliest forms to be used
commercially and consequently the most common used in industry today [13]. To date, the highest PCE
of a §J c-Si solar cells is coming out of Kaneka’s Interdigitated Back Contact (IBC) c-Si solar cell which
has a record of 26.7% [14]. The IBC cell uses a double back contact at the rear of the cell to collect the
generated current. Where the whole emitter is located at the rear and base structure in inter-digitated
pattern. This allows the cell to minimize shading losses which leads to higher (photogenerated) or short
circuit current. Furthermore, the existence of co-planar cell’s interconnection reduces the module
fabrication complexity by allowing thinner and larger wafers to be used [15]. In addition, the
elimination of contact from the front of the cell gives the cell a uniform black appearance and allows for
bigger and larger contacts to be used at the rear which will reduce resistive losses [16]. Some of the
IBC cells drawbacks are their theoretical efficiency limit as well as the expensive and energy intensive
manufacturing of crystalline silicon [17]. Figure 2 shows a schematic side cross section of a typical IBC
solar cell with a correspondent rear cross section showing the contacts busbars.

Emitter Base region
! region’
Floating Junction (n+)
p-type si
N

| Bitch Size | Metal contacts

(a) Side cross section b} Sesursepecitn

Figure 2 A typical schematic IBC cross-section (a) side cross section showing emitter contact, base contact and pitch (b)
Correspondent rear surface showing interdigitated emitter-base busbar pattern [16].

From Figure 2, it is seen that the emitter & base busbars have different widths and areas. This is due to
design optimization since emitter has to collect holes which are different in size and mobility from
electrons which are collected by the base [16].



To utilize the generated charge carriers more efficiently, passivation is necessary in IBC cells. Where a
layer/s of material are used to suppress recombination of charge carriers near interfaces. And
facilitating the transport of one type of charge carrier toward certain metal contact. Example of such
materials is intrinsic hydrogenated amorphous silicon (a-Si:H) which improves the vertical conductivity
and provide carrier selectivity. Another example of passivating material is the use of polysilicon in
tunnel oxide passivated contact (TOPCon), where a thin layer of tunneling oxide such SiOz2 is deposited
on n+ and p+ polysilicon layers forming a selective emitter and base contacts respectively [18]. Based
on the used approach, passivation can reduce the recombination velocity and thus the losses at
interfaces. Or it creates front and back surface fields which facilitate the transport and separation of
carriers. Or it exploits tunneling effect where one type of carriers passes to the contact while the other
is blocked. Which will result in higher Vo in the IBC cell [19].

Although IBC solar cells have several advantages, but they still suffer from few challenges:

= low FF compared to conventional direct contact Si cell.

= high series resistance due to rear emitter.

® The manufacturing process complexity leads to significantly higher production cost.

= The need for higher material quality (high lifetime wafer = c-Si > wafer thickness, so that the
carriers can travel from the surface to the back contact, thus thinner wafer is also needed) [16].

While several improvements can be made to tackle these challenges which will be considered in this
project by:

= introducing intrinsic buffer layers for surface passivation which reduces surface recombination

=  Optimizing the back geometry (pitch, ratio) which minimize series resistance [20]. The IBC
structure requires fine pitch to be able to collect charge carriers, where the pitch is the distance
from one middle of contact finger to the middle of the next finger with the same polarity. The
finer the pitch the more carriers can be collected.

The second-generation of PV is the thin film (TF) PV technology that uses thin absorbing layers which
ranges from a few microns to a few nanometers in thickness and deposited onto inexpensive substrates
such as metals or glass [21]. Their significant small thickness gives them the advantages of being more
flexible, transparent, and cheaper than traditional silicon cells. However, TF cells low efficiency stayed a
challenge from industrial perspective for many years [22]. Several types of TF solar cells have
improved their efficiency in the last years such as cadmium telluride (CdTe) with 21.5% PCE record,
copper indium gallium diselenide (CIGS) with 21.7% PCE record [23] [24]. Which put them back on
the track of competition. In particular, one type of TF technology has outperformed other technologies
in a short time span and that is the Perovskite single junction (SJ) TF cell. During the last decade, its
efficiency has improved from PCE of 3.5 % to 25.5 % in 2020, which placed it as one of the fastest
growing PV technologies so far [25].

Perovskite solar cells (PSCs) are made from hybrid organic-inorganic lead or tin halide-based material
as absorbing layer in an orthorhombic crystal structure with a structure formula of ABX;, where A & B
represent cations and X is anion as positions in the crystal lattice [26]. These materials have high
absorption coefficient which enables them to absorb the solar spectrum within very small thickness.
Further, they have long carrier lifetime which leads to long charge carrier diffusion length as well as
high carrier mobilities. They also hold suitable properties to be fabricated as TF solar devices at low
costs [27]. In addition, altering the A, B and X elements can create a wide range of options to control
bandgap energy as well as electron affinity which makes worthy options for solar tandem devices.



However, they suffer from toxicity and instability by humidity & temperature. Thus, encapsulation and
coatings are needed which are promising approaches to contain their toxicity and improve their
stability [28].

PSCs are made in mesoporous structure (where mesoporous medium penetrates the perovskite
absorber) or planar structure (where it is formed from separate stacked layers consisting of the hole
transport layer (HTL), perovskite absorber layer, and the electron transport layer (ETL)) [29].
Furthermore, the planer structure can be structured in two configurations based on polarity, the p-i-n
and n-i-p configuration. Where the letter’s “p”, “n” & “i” represent the order of the “HTL”, “ETL” and
the Perovskite layer respectively. When the HTL material is firstly deposited on the substrate, the
configuration is commonly called inverted planar or p-i-n. In contrast, when the first material that is
deposited on the substrate is ETL, it is called regular planar or n-i-p PSC. A schematic of these
configurations is shown in Figure 3:
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Figure 3 Schematic of planer configurations of PSC (p-i-n) on left and (n-i-p) on right.

Typically, n-i-p structure is best used for SJ PSC applications while p-i-n structure is favored in tandem
devices because of its suitable optical properties to the tandem structure [30]. It is important to choose
ETL and HTL from materials that are aligned in their bandgap energy with the perovskite so that the
charge carriers can be separated and transported to the intended terminals. Usually, low Perovskite
bandgap energy material is desired for SJ applications, while high bandgap energy is desired for
tandem devices. Furthermore, both electron transporting layer (ETL) and holes transporting layer
(HTL) need to be adjusted in accordance with the Perovskite properties in order to optimize the
efficiency [30].

The third generation PV technology refers to high power converting efficiency (PCE) solar cells that
use approaches such spectral up/down conversion, light concentration and/or multijunction (M]J) cells
to exceed the single junction Shockley-Queisser (SQ) limit. More information about third generation PV
cells can be found in reference [8]. The focus of this project will be limited to MJ solar cells, in
particular, dual tandem perovskite/c-Si devices. Next section will discuss this type of cells in more
details.



1.4 Perovskite/c-Si tandem solar cells

The typical solar cell is made up of a single c-Si (p-n) junction that has a maximum theoretical PCE of
~29% according to SQ limit with Auger recombination restricted [31]. This limit is due to different
internal loss mechanisms which are blackbody radiation, recombination processes, spectrum losses,
and impedance matching [32]. On the other hand, multi-junction (MJ]) or tandem solar cells are made
up from different absorbers forming multiple p-n junctions with different bandgaps, where each
absorber allows absorption from certain part of the incident spectrum. This result in a higher
maximum theoretical PCE that can go as high as 68.7% when the number of junctions is infinite [33].
Thus, MJ or tandem cells offer excellent alternative to replace the SJ PV technologies that many of them
are approaching their theoretical limit.

The simplest structure of MJ cells is a double junction (DJ) solar cell made from two SJ cells above each
other. The top cell, usually, has higher bandgap energy (E,) that is optimized for the absorption of short
wavelength photons. While the bottom cell has lower E, to optimize absorption of the long wavelength
photons. This reduces both radiative and thermalization losses, which consequently lead to a solar
tandem device that can surpass a PCE of 30% [34]. An example of such DJ tandem devices is the
Perovskite/c-Si tandem. This type of tandem devices has at the top a perovskite SJ thin film solar cell
based on organic-inorganic metal-halide material as the absorbing layer. Which is paired with SJ c-Si
wafer bottom cell. As it was discussed before, both these SJ cells are well-researched in the field of PV
technology and have already achieved high PCE [35] [36]. The emergence of PSC/c-Si tandem is
promising because of the abundance of both silicon and Perovskite material as well as cheaper
fabrication cost compared to III-V tandem devices. Furthermore, PSCs have high tunable bandgap
energy varying from 1.5 to 2.0 €V [37]. Which makes them attractive as top cell candidate, while the
indirect bandgap of c-Si is most suitable as bottom cell [38].

Perovskite sub-cell can be staked on the top of c-Si sub-cell mechanically or monolithically in the
tandem structure in different configurations based on the number and the positions of terminals
(contacts). the most common configurations are two terminals (2T), four terminals (4T), and three
terminals (3T) [39]. Next sub-sections will describe each configuration with the focus on comparing
between them as well as to highlight their common advantages/disadvantages.

1.4.1 2T configuration
in this layout, the two sub-cells of the tandem device are brought together monolithically without
mechanical separation. This result in a series connection of both sub-cells.

Figure 4 describes the schematic cross section of 2T tandem device, we can see from the figure that the
higher energy photons are absorbed by the perovskite layer generating electron-hole pairs. Electrons
are transported by the ETL and collected by the front top silver terminal, while the holes are
transferred to the recombination layer by HTL. On the other hand, low energy photons are absorbed by
c-Si layer generating electron-holes pairs. Where holes are collected at the rear back silver contact
while the electrons recombine with the holes produced from perovskite layer at the recombination
junction (R]).
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Figure 4 Schematic cross section of 2T PSC/c-Si tandem device (not to scale).

The generated current of the tandem device is limited by the sub-cell that produces less electron-holes
pairs while the voltage of the tandem is the sum of the potential produced by both sub-cells [39].
Current density reduction then lowers the PCE of a 2T tandem. To achieve higher PCE, current
matching between the top and lower sub-cell is needed. This additional step is considered the main
disadvantage of 2T layout since it constrains the material choices and requires careful current
optimization [40]. While the main advantage of 2T layout is the simplicity of the design which doesn’t
need mechanical separation of the two sub-cells or any additional transparent conductive layers
between them that could cause extra parasitic losses. Thus, 2T configuration reduces the costs of
fabrication on a modular level [41].

In 2019, a new record of 2T perovskite/c-Si tandem device was achieved with PCE of 26.7% [42].
Followed by another record in 2022 exceeding the 28.7% by Hanwha Q Cells [43]. And again in 2022,
the 30% parity was surpassed by EPFL and CSEM achieving a world record of 31.25 % for the first time
for perovskite on silicon tandem cells [44].

1.4.2 4T configuration

In a 4T layout, the two solar sub-cells are separated mechanically, and the charge carriers are collected
separately at different 4 terminals. The result is two staked electrical junctions with sperate circuitry
that allows the generated power from each sub-cell to sum up collectively [39].

Figure 5 describes the schematic cross section of 4T device, we can see from the figure that the higher
energy photons are absorbed by the perovskite layer and collected separately from bottom cell by two
terminals. On the other hand, the lower energy photons are absorbed by c-Si layer and also collected
apart from the top cell by another two different terminals. Thus, each sub-cell operates individually.
Which make the current and voltage that is produced by one cell causes no influence on the other sub-
cell. Thus, there is no need for current matching between them as it is needed in 2T configuration [40].
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Figure 5 Schematic cross section 4T Perovskite/c-Si tandem device (not to scale).

However, 4T layout requires additional two transparent conductive layers to collect charge carriers
from the back of the top sub-cell and the front of the bottom sub-cell as well as one additional isolation
layer between the sub-cells [45]. Therefore, generated current as well as PCE will suffer from reduction
coming from the additional reflection and absorption losses in these layers [46]. Furthermore, these
layers add extra level of complexity to the design and fabrication of the tandem device [40].

In 2020, a record with 28.2% PCE was already achieved in lab environment for 4T configuration [47].
A newer record has been announced by the German research institute Helmholtz-Zentrum Berlin
(HZB) surpassing 29.8% [48]. The higher efficiency and the wider range of bandgap selection made 4T
perovskite/c-Si tandem the most widely used approach in research among Perovskite/c-Si tandems.
And it is expected to exceed the 30% PCE parity very soon [49]. On the other hand, 2T is more
preferred approach for industry since it simpler and cheaper to produce [39]. However, a 3T
configuration could be a breakthrough in the solar tandem technology since it has the potential to
compete with both 2T & 4T approaches.

1.4.3 3T configuration

In the 3T layout as in the 2T layout, the two sub-cells are staked monolithically on a single substrate.
The charge carriers are collected at the top and rear of the tandem device. However, a third electrical
terminal is added either at the rear of the bottom sub-cell or between the two sub-cells to overcome the
current mist-match. This contact is shared by both sub-cells [45]. The result is an integrated
architecture that doesn’t require mechanical separation of sub-cells, neither it requires current
matching optimization. At the same time, it allows both sub-cells to operate independently at their MPP
conditions similar to 4T device [40]. Which makes the device’s energy yield more stable against
spectral variation and has less parasitic absorption [50]. Therefore, 3T layout in tandem devices carries
optimistic promises to surpass the PCE achieved in both 2T & 4T, likewise to reduce fabrication costs.



Figure 6 shows a schematic cross section of a 3T tandem device with one terminal at the front of top
cell and two contacts at the rear of bottom cell i.e., with an IBC bottom cell.
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Figure 6 Schematic cross section of 3T Perovskite/c-Si tandem device (not to scale).

As it is seen in Figure 6, the high energy photons are absorbed by the Perovskite layer while the low
energy photons are absorbed by the c-Si layer. The energy bandgaps in each layer of the tandem are
chosen in a way to facilitate collecting electrons (holes) from both absorbers at one rear terminal while
holes (electrons) generated by Perovskite layer are collected at the front top contact and those
generated by c-Si are collected at the second rear contact [45].

Although it is not intensively researched as 2T and 4T, the 3T architecture can be designed in different
configurations with different levels of complexity which makes it attractive research topic in the field of
PV technology. It can combine the advantages of both 2T & 4T configuration and overcomes their
disadvantages [51]. More about the current research of 3T tandems is discussed in the next section.

1.5 State of art of 3T Perovskite/IBC Tandem cells

The current state of art of 3T perovskite/c-Si tandem device is based on a few but fruitful research. So
far, two main 3T configurations were used to realize a 3TT device. Either by introducing the third
terminal in the middle between the sub-cells or by adding it to the rear of bottom sub-cell [50]. One of
the recent experiments on the first approach is done by Park et al in 2019, which resulted in a stable
physical tandem cell with PCE of 23.1% that could maintain 97% of its initial efficiency for more than
100 days. The third terminal in this tandem was established between the sub-cells as a thin transparent
ITO conduction layer that serves also as a recombination layer on the top of a flat-surface c-Si substrate
[52]. The drawback of this approach is the high parasitic absorption when the middle (contact) layer is
thicker than 10onm which reduces the performance of the bottom sub-cell significantly [50].



On the other hand, the second 3T configuration (PSC on top of c-Si IBC cell) has gained more interest in
research. This approach was developed over years starting from the concept of a 3T Si cell with back
contact emitter that was first introduced by Chiang et al. in 1978 to make use of the transistor effect in
such cells [53]. Later on in 2000, Nagashima et al. has proposed a new design where the top cell was
AlGaAs and the bottom cell was based on either Si or Ge. The basic principle of this device is to allow
carrier selectivity by altering the doping to produce barriers that facilitate diffusion of one carrier type
(electrons or holes) in certain directions while the other type is blocked in those directions. Which leads
to collecting carriers at each terminal selectively with minimal recombination probability [54]. The
model of Nagashima has opened the door for researchers to further exploit it with new materials with
some enhancement on the original design. One of the most distinguished works in this regard is the
work of Warren et al. where they used Sentaurus-TCAD simulation package to investigate the
performance of the 3T III-V/c-Si tandem device over a range of different conditions to optimize power
extraction from the device [54]. Furthermore, they were the first to experimentally build a 3T tandem
device of GaInP cell on top of c-Si POLO IBC cell with PCE of 27.3%), where (POLO) stands for carrier-
selective polysilicon on oxide (POLO) [55]. In 2020, Warren et al. also introduced a taxonomy for
Three-Terminal Tandem (3TT). The created taxonomy has cleared a lot of confusion and differences of
used terminologies when it comes to 3TT device. More details about the taxonomy can be found in
reference [46].

Further, in 2019, R. Santbergen et al. produced one of the first 3TT Perovskite/ c-Si models using the
carrier selective concept of Nagashima et al. [51]. The model had n-type Silicon Heterojunction IBC
bottom cell passivated by hydrogenated amorphous silicon (a-Si:H). while the top cell is a Perovskite
cell in n-i-p or p-i-n order. This result in two different models with the top cell having a similar or
inverted polarity from the bottom cell. Which allowed to compare the performance of these two
different circuitries [51]. The model was realized using the software GenPro4 for optical simulation and
ASA or Quokka software for electrical simulations. The results showed that organizing the junctions in
np-np order has obtained a bit higher efficiency than a pn-np order. In addition, higher power yield can
be achieved when using thicker perovskite layers. But the most important finding of this pioneer work
was that this 3TT configuration has the potential to surpass 32% PCE [51]. Similarly, the group of
Tockhorn et al in 2020 has considered the same 3TT device layout with slight changes. The simulations
were based on drift-diffusion of charge carriers and continuity equation using the software package
Sentaurus TCAD [50]. The result has demonstrated that potential of 27% PCE can be obtained.
Further, they were able to fabricate, physically, a tandem device that reached 17.1% PCE under MPP
conditions [50]. Which confirmed that a high efficiency 3TT device using this configuration is feasible.

Furthermore, Connolly et al. took the 3T Perovskite/ n-type c-Si IBC a step further by adding a highly
doped perovskite layer on top of the perovskite absorber to enhance selectivity of terminals by creating
a selective band offset barrier (SBOB). Which allows each sub cell to operate independently with less
recombination and thermal losses [56]. This model predicts a high potential of exceeding 35% PCE

[571.

3T perovskite/c-Si IBC tandem cells have not only the potential of higher efficiency but also higher
energy yields (EY). According to the work of Gota et al in comparing 3T with 4T & 2T tandem
architectures, the 3T layout has demonstrated almost 6% higher generated photocurrent density (Jpn),
under all climate conditions compared to 4T layout. Which therefore resulted in extra ~3% to 9% EY
[45]. Additionally, compared to 2T layout, a 3T tandem device outperformed the 2T tandem device
against spectral variations and showed more robustness caused by reduced mismatch losses in 3TT
device [45].
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The work of researchers has given the platform for further research to be conducted on different
material choices, approach, and/or structures of 3TT devices. But yet, only few materials, structures, or
approaches were investigated by other researchers. For example, using advanced 2-D modeling is still
limited. As well, investigating 3TT Perovskite on top of POLO IBC cell is uncommon. Furthermore, the
design of the IBC bottom cell which is used in 3TT device is the same design of SJ IBC cell, which could
not be optimum for 3TT device performance. Thus, re-designing the IBC for optimum performance is a
necessity for tandem device. These issues will be the focus of this project.

1.6 Objectives, research question and Outline of Thesis

Despite the major progress in the field of 3T Perovskite/Si tandem solar cells, yet it is still practically
challenging to design and fabricate stable devices that bring 30% PCE’s goal to reality. Achieving this
goal is important to prove that 3TT perovskite/Si device is capable of breaking the SQ limit of SJ Si cells
as well as competing with other tandem configurations such 2TT and 4TT devices. The challenge in
achieving that goal is due to the difficulty in understanding the nature of optical-electrical coupling
between the component layers and sub-cells, as well as the complexity of design of such high efficiency
tandem devices. Moreover, the integration between module and tandem cells is intricately dependent
on their architecture which needs careful testing and study. Tackling these challenges is of great
importance since it is a bottle neck problem in the future of 3T perovskite/c-Si tandem cells. And due to
these challenges and the complexity of fabrication of 3TT devices, more research on them is carried by
modeling the device with the help of different simulation software’s. Which saves time and costs. In
addition, simulation helps searching and researching new materials and options which are
experimentally almost impossible to do. It also speeds up development of solar technology by
conducting many simulations simultaneously.

However, since most of research which is done on 3T perovskite/c-Si tandem cells involves a bottom
IBC cell, a two-dimensional (2-D) modelling of tandem device is required to reflect accurate realistic
results. Moreover, the need to provide rich information about the charge carriers requires advance 2-D
model that produce higher simulation precision of opto-electrical properties between the layers of the
tandem device. Because of these reasons, this project will be focused on 2-D opto-electrical modeling to
investigate and enhance the performance of 3TT PSC/c-Si IBC device.

Furthermore, the perovskite top cell as well as the c-Si IBC bottom cell need to be investigated and re-
designed for optimum 3TT device’s performance. Therefore, the main research question and aims of
this master research project are:

Can a 3TT PSC/c-Si IBC tandem device exceed the single junction limit and compete with 2TT & 4TT
devices?

And can we improve the design of the tandem cell to increase efficiency of the device?
These research questions lead to the following objectives:

e To propose and design an advance stable 2-D 3T Perovskite/c-Si IBC tandem device’s model
capable of reaching high PCE.

e To validate the model and compare it with SJ reference cells as well as with another tandem
configuration.

e Redesign parameters of perovskite top cell (layer’s thickness) and the architecture of c-Si IBC
bottom cell (pitch and emitter/base ratio) to optimize the proposed 3TT model.
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To achieve these goals, a 2-D simulation model template needs to be built for the mentioned tandem
device with the help of the commercial software package Sentaurus TCAD. Further, the created model
template must be tested and validated with reference data. Then, the validated model can be used to
conduct a comparison between the proposed 3TT device and an identical 4TT device to examine the
compactivity of the model. Furthermore, the 3TT model is used to investigate and improve the design
parameters of the tandem device in general and the design of c-Si IBC bottom cell in particular. The
improved model will deliver an estimation of the realistic potential of the 3TT proposed model and
enable us to assist future research recommendations

Outlines:

This report is put forward in the following structure. Chapter 2 presents the selected device structure to
be simulated, the physical working principles of the device and the opto-electrical simulation setups. In
chapter 3, the initial opto-electrical simulations results of the 3TT template are presented, explained,
and validated. Further, the chapter compare the simulated performance between our proposed 3TT
device and an equivalent 4TT device. Chapter 4 discusses different approaches to optimize the 3TT
device. This includes optimizing the perovskite layer thickness, comparing the pitch behavior between
SJ IBC pitch and 3T IBC and redesigning the IBC cell to optimally work for a 3TT device as well as
optimizing the emitter/base ratio. Finally, Chapter 5 draws the final conclusions of the project.
Furthermore, this chapter will provide suggestions on how to enhance the results as well as
recommendations for further research projects.
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2 3TT Device Structure and Simulation’s Setups

This chapter aims to propose and design an advance stable 2-D 3T Perovskite/c-Si IBC tandem device’s
model capable of reaching high PCE. And to explain the methodology and setups to simulate that
model. Section 2.1 deals with the 3TT device architecture and components. Then, the device physical
working principles are explained in section 2.2. After that, section 2.3 describes the basic simulation’s
principles and the flow mechanism of simulation. Moreover, the section provides a brief summary of
the used TCAD Sentaurus tools and their roles & dependency in the simulation process as well as
enlisting the physical models and parameters that are used for in Sentaurus. Section 2.4. explains the
optical simulation approach and enlists the necessary parameters for it. Finally, section 2.6 describes
the electrical simulation approach.

2.1 Device design and structure

As it was discussed in chapter one, the main objectives of this project are to simulate and optimize a
3TT Perovskite/c-Si IBC device based on advance 2-D modeling. But to be able to build such a model
and optimize it, a basic device structure needs first to be proposed which agrees with the 3TT device
physical working principles. Since there are different 3TT configurations, the tendency of this project
goes for a top perovskite cell in p-i-n configuration on a n-type c-Si IBC bottom cell with polysilicon
carrier selective passivating contacts.

The reason for choosing this type of 3TT configuration is for their excellence predicted PCE as reported
by Tockhorn et al. and Santbergen et al. [50] [49]. In addition, they don’t need a tunneling
recombination junctions between the two sub-cells to activate the third terminal which reduces the
complexity of the flow mechanism of charge carriers. Moreover, TOPcon (Tunnel Oxide Passivated
Contact) SJ IBC have high efficiency and promising accurate carrier’s selectivity when using poly-
Si(n+)/poly-Si(p+)/SiOx as tunnel junctions [58]. This allows to eliminate shading losses and reduce
contact resistance by high carriers’ selectivity. On the other hand, choosing Perovskite top cell in a p-i-n
configuration is to create a reverse junction with the n-type IBC so that both sub-cells operate
independently by the natural diffusion of charges without the need for a tunnel recombination junction
between the two sub-cells to select the carriers.

The schematic diagram of the proposed 3TT device structure with a p-i-n PSC on top of poly-Si
passivated contacts (TOPcon) IBC cell can be seen in Figure 7, Figure 7 displays the charge carrier’s
paths and extractions at contacts. The materials and functions of layers also can be recognized. The
correspondent parameters of these materials and their physical roles are listed below. Which are used
in our simulation to resemble the actual behavior of proposed 3TT device. The layers are ordered from
top to bottom as follow:

=  Anti-reflecting coating (ARC) layer
This layer helps reducing reflections and let more photons to be utilized. Which leads to higher
optical generation. ARC can be a single layer or a stack of several layers to improve light
management. But it is selected to be one layer in this project to reduce complexity and time of
simulations. For optical simulation, SiO, was used as ARC layer with a thickness of 70 nm.
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Figure 7 Schematic (not to scale) of the 3TT layer’s stack that is used in the Sentaurus TCAD simulation.

Ag top metal contact

The top metal contact is meant to collect the charge carriers from the top terminal. The material
was chosen to be silver for their high conductivity and chemical stability.

ITO works as a TCO layer, (40 nm)

Indium tin oxide (ITO) is used as a transparent conductive oxide due to the poor conductivity of the
HTL layer. TCO layer on the top of HTL will facilitates collecting the charge carriers and acts as a
contact that helps generated holes in the top cell to reach the front metal contact. In the basic
simulation, this layer will be omitted to detect the performance of the tandem device without the
help of TCO layer. Then it is added to observe how much improvement this layer has added to the
performance [40].

Spiro-OMeTAD as HTL, (40 nm)

This layer Serves as hole transporting layer which facilitates the flow of holes from the perovskite
absorbing layer to the TCO layer with minimal recombination losses. At the same time, it acts as a
barrier to block transferring electrons to the front top contact [40]. This layer should have high
hole mobility and low electron affinity to serve its purpose. For this project, Spiro-OMeTAD was
chosen. It can work as HTL layer in both n-i-p & p-i-n PSC configurations and it has suitable
thermal and optical properties [59]. The disadvantages of this material are its high absorption and
reflection in the short wavelengths range [40]. Which requires the thickness of the layer to be
small and carefully tuned to boost power conversion. For this work 40-20 nm was found to be the
most effective thickness for Spiro-OMeTAD.

Perovskite:

Since this project is attempting to create a basic model for 3TT devices, the absorbing material for
top cell is chosen to be the standard form of Perovskite which is archetypal methylammonium lead
iodide (CH3NH3Pbl;) or (MAPbI;). This type of Perovskite has relatively shorter diffusion length
compared with other mixed halide perovskite’s materials, which narrow the window of efficient
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thickness range [60]. That is why the performance of 3TT device will be investigated under
different thicknesses of perovskite layer to optimize it for highest performance. The initial basic
model will use a 500 nm thick layer of perovskite. The same thickness is also used in reference SJ
PSC.

SnO, Tin (IV) Oxide (40 nm)

Serves as an electron transporting layer (ETL) to facilitate the flow of electrons from the perovskite
absorbing layer toward the bottom cell. For this project, SnO, is used as ETL which reduces
parasitic loss formed by the HTL. According to literatures, high efficiency PSCs usually use SnO2 or
TiO, as ETL [30]. The disadvantage of TiO, is the high temperature of its processing which could
damage the IBC layers during deposition and annealing processes. And the relatively low electron
mobility which requires it to be in thin thicknesses to serve as effective ETL [61]. That is why TiO2
was avoided and SnO2 was used instead. Which is normally prepared and annealed at lower
temperature ~ 120 °C that doesn’t cause damage or shift in properties for lower layers [62].
Furthermore, SnO2 has anti-reflection properties, higher stability, more ability to extract electrons
than TiO., and better band alignment with perovskite that produces less hysteresis [40]. For this
project, a 40 nm is considered effective thickness For SnO, layer.

poly-Si(n+) (20 - 50 nm)

The use of this lightly doped n-type polysilicon layer at the front surface of the IBC bottom cell will
create front surface field (FSF) passivating layer which reduces surface recombination by
preventing the minority carriers from recombining [63]. Moreover, the formed electric field creates
a tendency for the electrons generated in silicon bulk to not penetrate toward the perovskite top
cell and improve the lateral current by decreasing the resistivity in the base [63]. Thus, it helps
preventing electrons and holes from premature recombination and enhances the carrier selectivity
concept of the 3TT device.

¢-Si (n-type) absorbing material for bottom cell (260 um)

The bottom cell absorber is made of n-type c-Si wafer of 260 pm thick. The layer serves as low
energy light’s absorber which absorbs the rest of spectrum that passes from the top cell. The c-Si
bulk material has indirect band gap with E; =1.12 eV which makes it convenient as a bottom
absorber. However, since the bottom cell in the 3TT device need to be an IBC cell, the Si wafer has
to be in a pure crystalline form in order to deliver high efficiency [17].

SiOx Silicon dioxide (ultra-thin tunnel layer) (1.2 nm)

The purpose of this layers is to enhance selective tunneling probability of majority carriers that
pass through either the emitter or base respectively and to block minority carriers from passing
through [58]. This is made possible using ultra-thin layer of SiOx that creates a potential energy
barrier which allows carriers to tunnel selectively based on the doping concentration of the
polysilicon layers beneath the SiOy layer [58]. In addition, the existence of SiOx at the back of IBC
plays also important role as passivating layer that reduces the number of minority charge carriers
at the rear surface [64].

Poly-Si(n+) and poly-Si(p+)

Highly doped n-&p-type polysilicon (poly-Si(n+), poly-Si(p+)) layers which function as carrier
selective passivating contacts where the poly-Si(n+) layer has average thickness about (20 nm)
covering the base contact and acts as a back surface field (BSF) or base that help collecting
electrons that tunnels from the SiOx layer. While the poly-Si(p+) layer covers the emitter contact
with average thickness about (20 nm). It serves as an emitter which helps collecting selectively the
holes that tunnels from the SiOy layer [58]. Both layers are separated by a gap of 10 um which
prevents contacts and pre-mature recombination from occurring in the region where the two
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layers meet. Moreover, the stack of Poly-Si(n+/p+)/SiOx acts as a shallow diffused region that
increases the tunnel current [64].
It is worth mentioning that the selectivity of tunneled charge carriers depends on several factors,
which are the doping concentration in the polysilicon contacts, and the thickness of the SiOx layer.
Where active doping and a layer of SiOy thinner than 2 nm are pre-requirements to make almost
perfect tunneling of the majority carriers and zero tunneling of minority carriers in each contact
respectively [58].

= Agrear metal contacts (1-5 pm)
Finally, the back metal contacts are made of silver. And the width is chosen in this project to be
80% of the width of the respective passivating polysilicon layer (i.e., 80% of emitter or base
width). This allows for better coverage and lower the contact resistance losses.

2.2 Device working principle

As it was discussed in the previous section, 3TT device requires a delicate design and careful selection
of layers to function properly. A brief description of the functionality of the layers was introduced. In
this section, the working principles of the 3TT structure are further discussed with the focus on the
alignment of the bandgap energies to result in a 3T configuration. Moreover, we distinguish between
dark conditions and illumination conditions in the 3TT device.

2.2.1  Alignment of band gap energies of the layers

To build a robust working 3TT device structure, a careful alignment of bandgap energies is required in
order to achieve the desired outcome. This is realized by selecting materials with bandgap energies and
electron affinities to allow for spontaneous flow of charge carriers in the directions they are meant to
have. Figure 8 below shows a sketch of the aligned stack of layers in the proposed 3TT device based on
bandgap energies and affinities differences.

Perovskite top cell ¢-Si IBC bottom cell
Evac e e e e e o o ____ .
0.95¢
“2.2ev
Ec
HTL
Ag 826V -4.0eV | 4 10ev ATE Si02 100y Ag
Er -4.60eV Perovskite . T -4.60eV
ETL | n-ploysi c-Si
Ev | -5.17eV
5.2eV -5.22eV -5.22eV

-5.44eV

-71.2eV

-9.8¢

Figure 8 Bandgap alignment of 3TT device’s layers.

From Figure 8 it is observed that the recombination junction between the top and bottom cells is
selected from materials with electron affinities and band gaps that allows electrons which are
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generated at the perovskite top cell to flow toward the bottom cell to the rear n-contact. On the other
hand, holes which are generated at the top or bottom cells will face energy barriers that block them to
intercross between the two cells. Thus, hole generated by the perovskite cell will be pushed toward the
front top contact. And the holes generated by c-Si cell will be collected by the rear emitter through
selective tunneling.

To fully understand the working mechanism of solar device, it is important to distinguish between two
conditions that influence the band diagram and energy states of electrons and holes in the device. These
conditions are dark conditions and Illuminated conditions.

The dark conditions are when solar cell is in a stable thermal equilibrium with no illumination,
magnetic field, or mechanical stress [8]. Under these conditions, the fermi energy levels of each layer in
the cell are matching and equal to Eg,. Furthermore, the differences in the work functions between ETL,
absorber layer, and HLT will form a build in voltage V. This voltage is caused by the presence of
electric fields on the boundaries between layers which move holes towards the HTL and electrons
toward the ETL [8].

2.2.2  3TT under illumination

Illumination conditions are when light hits the absorber layer, and consequently generates electron-
hole pairs. The generation process will disrupt the equilibrium status which was mentioned in dark
conditions. Therefore, new fermi-levels for valance & conduction bands will form for holes and
electrons respectively. The generation process will trigger different recombination processes which
need to be reduced when designing the tandem device. This requires sufficient thicknesses and
properties of each layer such as diffusion length, carrier lifetime and sufficient mobilities as well as
light management to reduces recombination, optical, and electrical losses [8]. To do so, the parameters
of layers in each sub-cell need to be adjusted carefully to keep flow of charges optimal.

The generated charge carriers by illumination must be extracted at the proper contacts selectively to
generate efficient power. But since the 3TT device has two absorbers that generate carriers
simultaneously. Each carrier type must be separated and extracted with minimal chances for
recombination. The carrier generation and selection in the proposed PSC/c-Si IBC 3TT device
configuration, can be tracked per absorber as follows:

Generation at top cell (perovskite): Here, electrons are optically generated at the perovskite
absorbing layer then transported through the n-layers (TiO2/poly-Si(n+)/poly-Si(i)/c-Si/SiOx/poly-
Si(n+)) to be collected at the base rear contact (-). The stack of ETL & poly-Si(n+) layers facilitate
electrons in the perovskite layer to diffuse to the bulk of c-Si and from there to tunnel to the BSF (base)
contact with the help of SiOx. While the holes generated in perovskite cannot pass to the bottom cell
due to misalignment of fermi levels which caused by the lower edge of valance band in the ETL that
forbids holes from passing to the direction of bottom cell. Thus, they are blocked by the potential of n-
layers and forced to move to the front top silver contact through (Sipro-OMeTAD/ITO layers) and
collected at the front top terminal.

Generation at bottom cell (poly-Si IBC): In this case, electrons which are optically generated in the n-
type c-Si absorbing layer tend to pass through SiOx/poly-Si(n+) toward the rear base contact rather
than to go upward perovskite top cell. This is because the ultra-thin layer of SiO, combined with poly-
Si(n+) will act as selective tunneling layer which is almost perfect for electrons [65]. On the other
hand, the generated holes in c¢-Si have tendency to be collected at rear emitter contact by tunnelling
through SiOx/poly-Si(p+) since the SnO, layer will block holes from intercrossing in both sub-cells.
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Therefore, the device will form a 3TT layout in P-n-n-P configuration that allows the base contact to
collect the generated current in both top and bottom cells while the holes are collected locally by the
emitter of the respective sub-cell.

After clarifying the working principle of our proposed 3TT device, the next step is to embed the layer’s
parameters and properties into the simulation setups so that the performance of the device can be
observed. But to achieve that, the step-ups and methodology of simulation need to be clarified and a
robust approach need to be taken.

2.3 Simulations description

After the device structure and working principle of the proposed 3TT device are put forward, a
description of the used simulation software is necessary to help understanding the simulation setups
and mechanism. This also introduces how the opto-electrical stimulation of 3TT are approached and
gives a brief introduction of Sentaurus TCAD working principles and the workflow of Sentaurus tools.

Since the bottom cell in our 3TT model represents an IBC unit cell which asymmetric in two
dimensions, this mean that modeling the 3TT tandem device in one dimension is not an option.
Therefore, only 2-D or 3-D modeling can unveil the full behavior of the device. But since a unit cell in
tandem device is periodically repeated in 2-D, a 3-D simulation would be less favorable because it is
much more time consuming. Thus, modeling in this project will be carried out by 2-D simulations.

To simulate the 3TT device in 2-D sufficiently and accurately, it is necessary to pick a reliable software.
The commercial Sentaurus TCAD software package by Sypnosis was chosen to execute the job. This
software is selected because of its excellence in performing multi-dimensional device structure’s
simulations in the field of semi-conductors. Further, it has advanced physical models that covers the
fields of optical physics, thermodynamics, quantum physics and electromagnetism [66].

Sentaurus TCAD uses the numerical finite element method FEM to solve partial differential equations in
space and time domains for the selected physical models. The FEM is based on dividing the unit cell
into mesh blocks (2-D or 3-D). then it solves the physical models for the (area, or volume) of each mesh
block and its boundaries. Thus, FEM obtains approximation solutions and the accuracy of them
depends on both the physical models used and the mesh resolution. Usually, finer mesh is applied
nearby interfaces between layers because these areas represent significant changes in boundary
conditions and consequently less steady flow of physical behavior [67].

For PV devices, modeling requires two types of simulations, optical, and electrical stimulations. Where
the electrical simulations are dependent on the outputs of the optical ones. Figure 9 shows a flow chart
of the logical approach used in this project to execute both optical and electrical modelling of the chosen
3TT device.

As it is shown in Figure g, the first step is to collect all data that is necessary for optical and electrical
simulations for the selected 3TT device configuration. This includes physical materials properties,
geometrical parameters, ambient conditions, and any other implied conditions. Then these data are fed
to various Sentaurus tools which have dependency order. These tools are managed together by
Sentaurus workbench (SWB) which is a graphical user interface that allows editing, controlling, and
running the tools in different scenarios as well as importing external software and integrating them
with other internal tools [68].
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Figure 9 Flow chart of opto-electrical simulation process.

The first tool in our simulation process is a MATLAB code embedded in SWB. Which imports the
external GenPro4 software to execute optical simulations. This code also transfers the optical
generation outputs to 2-D profiles so they can be used in Sentaurus structure design editor (SDE) tool
and Sentaurus device (S.Device) tool

Next, in the simulation process, comes SDE tool, which is used to design the geometry of the 3TT
device. The tool also builds the grids of the device structure and assigns electrical contacts, doping
profiles, optical generation profiles to different regions and materials in the structure. Furthermore, it
builds the meshing profiles of the device and tune it according to the specified requirements of the
simulation or scenario.

After that, the SDE’s outputs together with materials characteristics & parameters are taken by the
S.Device tool as inputs to carry out the simulation of physical models. Many of these parameters and
values need to be added or adjusted manually in the S.Device based on the literature reference values.
Otherwise, Sentaurus will use default values which may shift the output results and lead to incorrect
outcomes. Table 1 summarizes the featured material’s characteristics and parameters in the 3TT device
that need to be supplied to the S.Device in order to solve the simulations correctly and imitate the
characteristics of our proposed 3TT device.

Table 1: Material parameters which need to be implemented in Sentaurus S.Device to imitate the characteristics of the

proposed 3TT device.

Parameter Eg Xe € Hn Wy Np Na N Ny

L. R [eV] [eV] [ [cm?/V.s] | [cm?/V.s] | [cm?3] [cm?3] [cm?3] [cm?3]

c-Si 1.12 [8] -4.05 [8] 11.9 [69] 1400 [70] 470 [70] 2X10" [71] - 2.8x10" [71] 1.04x10" [71]

Perovskite 1.62[72] | -3.82[72] 30 [72] 0.7 (73] 0.4 [73] - - 2.2X10"® [74] 1.8x10" [74]

Sipro-OMeTAD 3.0074] | -2.2 [74] 3 [74] 1X10*[75] | 1X10™*[75] | - 3x10%[74] | 1.0x10"® [74] | 1.0X10%° [74]

SnO2 3.5 [76] -4.0 [76] 9 [76] 20 [76] 10 [76] 2X10" [71] | - 2.2X10'® [76] 1.8x10"[76]

ITO 3.60741 | -4.7(74] 3.5074] | 160 [74] 40 [74] 1X10*[74] | - 4.1x10"% [74] | 1.7%10" [74]

Poly-Si (n) 1.12 [77] -4.1[77] 11.9 [69] 1400 [70] 470 [70] 1X10%° [58] - 2.8x10" [58] 1.04X10" [58]

Poly-Si(p) 112 [77] | -4.1077] 11.9 [69] | 1400 [70] 470 [70] - 1x10°°[58] | 2.8x10[58] | 1.04x10™ [58]

Si02 8.91781 | -0.95(78] | 3.9.0791 | 140179] 47791 5x10[18] | - 2.7x10° 18] | 3.1x10" [18]
Where:
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E,: bandgap energy X.: electron affinity €: dielectric primitivity

Hn (Up): e(h) mobility Na: Acceptor concentration Np: Donor concentration
Nc: effective density of states of the | N,: effective density of states of the
conduction band valence band

To help understand how the S.Device processes the simulations, we view briefly the content of its
command file which has different sections, each of them is responsible to carry out a certain task or
groups of tasks in the simulation process. First, the “File section” is responsible on calling out input
flies and importing all files that are needed for the simulation to work properly as well as producing
simulation’s output files and plots. Second, the “Electrodes section”, it declares which contacts in the
structure to be used as electrodes. And it specifies the initial conditions of these electrodes. Third is the
“Plot section” which specifies all physical properties that need to be extracted from the simulation
results and illustrated in the device structure. Forth is the “Physical section”, where the suitable
physical models are selected and applied on the whole structure, or certain region or material in the
device. The selection of these physical models is user-specified, which means that the user has the
freedom to include or exclude models based on his/her proposed theory/ies. Table 2 gives a brief
summary of the physical models used in simulation of 3TT device of this project. Further, the “Math
section” is responsible for the speed, step size, number of iterations and computational initial
conditions of the simulation. Finally, the “Solve section” determines how the electrodes are swept, the
logical dependency of physical models in the solving process, the conditions when the solving starts and
breaks out, and the goals that need to be reached in the simulation.
Table 2: Based on the device structure band diagrams and the 3TT device working mechanism. Table 2 summarizes the

needed physical models to be solved in the S.Device in order to obtain valid opto-electrical simulations of our proposed 3T
Perovskite/ TopCon IBC tandem device.

Physical concept Physical model
Charge carriers transport Drift-Diffusion Model
Heterostructure device simulation = Thermionic emission
Recombination SRH recombination

Auger recombination
Radiative recombination

Interface recombination SRH surface recombination
Free carrier statistics Fermi-Dirac

Tunneling Band to band tunneling
Doping Constant profile doping
Free carrier mobility Mobility Model

High field saturation

Table 3 Parameters used in simulation for carrier recombination models.

Parameter Value Description
Perovskite
B [cm3.s™] 1.0x107° Radiative recombination [80]
Cn [cm®.s] 1.0x107? Auger recombination (eeh) [81]
Cp [em®.s?] 1.0X10™? Auger recombination (ehh) [81]
c-Si

f [cm3.s™] 4.73X107° Radiative recombination [82]
Cn [cm®.s] 2.8x107% Auger recombination (eeh) [82]
Cp, [em®.s] 1.0x1073! Auger recombination (ehh) [82]
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Finally, Sentaurus visual (SVisual) tool is used to plot and analyze the band diagrams, physical variables
such as current densities, carriers’ distributions, electric field, etc. The tool also exports all user-selected
simulation’s outputs to be displayed or for further processing. Then an extra MATLAB code can be used
to obtain certain useful quantities such as efficiency, MPP-power. MPP-current etc....

Figure 10 shows the processing dependency of the various Sentaurus tools in the workbench and the
order of simulation priorities.

S ; .
’g‘::;ff: g dtiz::;?:s) => SDevice > Svisual C>> MATLAB2
Sentaurus
Workbench :)> ]/(;
MATLAB COE | EDEVICE | MATLAB

Figure 10 Sentaurus tool’s dependency.

2.4 Optical simulation approach

After the whole simulation workflow and Sentaurus software’s line of action have been described in the
previous section. This section further explains the optical simulation methodology, gives a brief
introductory to GenPro4 software, and discusses how optical generation rate profiles are extracted
from GenPro4 and transferred to Sentaurus SDE tool.

The optical simulation in this project aims to extract the values of optical absorption caused by each
layer of the tandem to calculate for both optical losses and generations. For this purpose, GenPro4
software uses both wave and ray’s optics to accurately obtain absorptance and optical generated
current in a relatively short computational time. The software makes use of Fresnel equations and
Lambert-Beer law to calculated for transmittances and reflectance’s on interfaces between flat layers
(net radiation method) [83]. GenPro4 is also used to optimize the tandem device optically by trying
different thicknesses, adding ARC layers as well as adding texture patterns at the bottom or the top of
the sub-cells. In this project, only one ARC layer was added, and no surface texture was implanted.
Because (based on fabrication techniques used to produce such tandems), adding a thin film PSC on c-
Si cell requires that the c-Si bottom cell to have a flat top surface [84].

As it was mentioned earlier, GenPro4 is integrated with Sentaurus workbench as external tool. And it
needs a MATLAB code that executes GenPro4 and exports its outputs to SDE device in form of optical
generation rate (OGR) profiles in the depth domain. The depth profile is needed because the electrical
simulation is based on FEM that requires generation profile for each 2-D mesh block. Thus, the optical
generation profile should be distributed as a function of depth

Our method of calculating the OGR profile is by dividing the absorber medium into several slices in the
y-direction (depth). The silicon slab was sliced to equal slices of thickness 0.1 um, and the perovskite
slab to slices of 0.01 um. This slicing method guarantees a high resolution of the changes in optical
generations rate along all points of depth. Then, the optical generated current density for each slice in
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each absorber is extracted from GenPro4. The extract photo-current density is then used to calculate
the optical generated rate by the following equations:

=_r - _7 (4)
AV At d.AAt

Where G is the OGR per unit volume, AV is Volume unit, At = time interval, n is the number of
electrons generated by absorbed light and d is thickness of layer. While Optical Current density can be
expressed as:

_1_ A _an (5)
PRTAT ANt At
Where q is the charge of electron, A is cross section area of the layer. Then the total optical generation
rate produced by a slice of thickness d can be expressed as:

]ph (6)

G_slice = —————
-stee q.d_slice

After doing these calculations for all slices in an absorber, a table of generation rates vs depth is formed
which presents the generation rate profile for that absorber. Then that table is saved in a file which is
exported to the SDE device and applied in the SDE tool on absorber layer. Figure 11 displays the OGR
profiles for perovskite and c-Si absorber layers respectively as they are applied on the device structure
made by SDE tool.
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Figure 11 Optical generation rate profiles as they are applied on c-Si & Perovskite’s absorber layers respectively in the 3TT
PSC/c-Si IBC device.

From the figure above, it is seen that the highest generation occurs in the first few nanometers of the
perovskite layer. then the generation drops exponentially with the depth. While for c-Si layer, it starts
with lower generation rate than that of perovskite then it drops exponentially. The exponential drop in
both layers is because the flux of the light is highest near the top surface of the layer. thus, it can
generate the most of electron-hole pairs. But the deeper the light penetrates, the sharper the flux
decays because most of it is either already converted to photo-current or reflected. Only a tiny part
penetrates. This effect has influence on the recombination losses. since charge carriers generated near
the surface of the layer need to travel short distance if the terminal is closer to the surface and longer
distance if the terminal is at the bottom and vice versa for carriers generated far from surface.
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2.5 Electrical simulation approach

The purpose of electrical stimulation is to describe and analyze the electrical behavior of charge carriers
in the tandem device. This can be realized by numerically solving the physical models of carrier’s
transport in semi-conductors based on drift diffusion model. Which is a model that solves differential
equations of drift current (caused by the presence of electric field in the material) and diffusion current
(caused by difference in concentration of charge carriers) in time-space domain. More can be found in
[85]. But as mentioned earlier, it is necessary to perform electrical simulations in both dark and
illuminated conditions to have a full picture of the device behavior. Below is a description of how to
obtain these simulations and the simulation band diagram at each set of conditions:

2.5.1 Band diagram at dark conditions

The dark condition measurements are done by introducing the charge carriers in the cell circuit with
electrical means rather than by solar simulator. This is because the fluctuation of light intensity will
create a noise in readings of charge carriers which are generated by illumination [86]. That is why dark
measurements or simulations are more accurate in determining IV characteristics of solar cells and the
quality of the junction.

To obtain the electrical simulation at dark, the condition in the S.Device should be set to “light turned
off” and the initial applied voltage to zero (o V). The solution then is used as initial solution to solve the
continuity equations for electrons and holes iteratively by increasing the applied voltage in small steps.
Each time the voltage is increased, the initial conditions are applied from the solution of the step before
it until the sweeping reach its final goal. This allows to solve the Poisson’s equation at initial boundary
at dark conditions. The graph below displays the resulted simulated band diagram in dark conditions
for the proposed 3TT device using Sentaurus TCAD. Where the conduction band edge is presented in
green, valence band edge in red, and fermi level as a dashed line. As it is expected and can be seen from
Figure 12, the fermi level across the whole device is the same which confirm that the simulation is
indeed at dark condition where the quasi-fermi level of electrons is equal to that for holes. As well, it
indicates that no photocurrent is generated in dark conditions. It is also observed that there is a steady
alignment of the lower level of conduction band that pave the way for electrons to diffuse naturally
from the top layers to the bottom layers across the whole 3TT device.
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Figure 12 Simulated band diagrams of 3TT device using TCAD at dark conditions.

Further, Figure 12 (a) represents the simulated band diagram at dark regarding the top cell, junction
between sub-cells, and the junction between IBC and rear bottom base (n-Contact) with a zoom-in on
the stack c-Si/SiO2/polySi (n+). While Figure 12 (b) represents the band diagram of the 3TT regarding
the top cell, junction between sub-cells, and the junction between IBC and rear bottom emitter (p-
contact) with a zoom-in on the stack c-Si/SiO2/polySi (p+). The difference between figure (a) and (b) is
the type of passivated contact. Where in (a) the contact is made of heavily doped n-type polysilicon
layer that serves as ETL for the IBC cell and in (b) the contact is made of heavily doped p-type
polysilicon layer that serves as HTL for the IBC cell. By zooming-in into these junctions, it is observed
that the band-bending and conduction or valence band offsets agree with purpose of these layers.
Where the base contact attracts electrons and builds a barrier against holes while the emitter attracts
holes and builds a barrier against electrons.
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On the other hand, Figure 12 (c) is a zoom-in of the stack HTL/perovskite/ETL/nploy(n+)/c-Si. It is
observed that the band bending of the Perovskite intrinsic absorbing layer is resembling the expected
behavior of this layers in the dark, where a build-in electric field is formed. Furthermore, it is observed
that the resulted conduction band offset between the perovskite layer and ETL is relatively small
compared with that between perovskite and HTL which is in agreement with the theoretical
assumption that the ETL should facilitates the flow of electrons to the bottom cell and the HTL should
block them form passing to the top. Similarly. The valence band offset between the HTL & perovskite is
relatively small and that between ETL & perovskite is large which is favoring holes created in the
perovskite layer to pass to the top and to be blocked by the ETL.

2.5.2 Band diagram at illuminated conditions

[luminated conditions are important to measure because they unveil the solar device behavior and
performance when interacting with light [86]. For example, the change in light intensity will influence
all the external cell parameters such as the short circuit current, open circuit voltage, shunt resistance
and filling factor. Also illuminated conditions show the realistic influence of each layer in the device on
light and on generated charge carriers.

To simulate the 3TT device under illuminated conditions, we use a similar approach but slightly
different from dark conditions. After the solution of Poisson’s equation is obtained at initial conditions,
this solution is set as initial condition for continuity equation. Here however, the light is then turned on
to one sun while followed by increment increasing of the voltage in small steps. The sweeping span is
set to break when Vo is reached because it is pointless to keep increasing the applied voltage after the
Voc is reached since no current will be generated. The correspondent simulated band diagrams of the
proposed 3TT device at illumination conditions is shown in Figure 13. It can be seen in all-band
diagrams, that the fermi energy levels for electrons and holes are not matching each other anymore
and they are Ep, & Ep, respectively. The gap between them indicates the creation of open circuit
potential caused by the conversion of photons energy to potential energy in the charge carriers. The
open circuit voltage is limited by the photo-generated current, and the difference between work
functions of ETL & HTL layers in the Perovskite top cell, and by the difference between passivating
contact work functions in the bottom IBC cell.

Further, the figure distinguishes between two cases, the first case (Figure 13 (a)) when the sweeping
voltage is applied on the top terminal (p2Contact), and the band diagram between top front terminal
and the rear back base terminal is considered. In this case, it can be observed that the top terminal is
acting as a hole collecting terminal, while the rear base is acting as electrons collecting terminal. By
investigating the band diagram between c-Si and polySi (n+) layers. It can be seen (from the zoom-in
circle) that the rear base contact is very likely to behave as electrons selective layer through tunneling
of major charge carriers. This is made possible by the existing thin SiO, layer which has low electron
affinity and large bandgap energy. If the thickness of the SiO2 layer is small enough (ultra-thin < 2nm),
the tunneling effect is maximized and almost all electrons will tunnel while hindering holes’ transport.

The second case (Figure 13 (b)) when the band diagram between top front terminal and the rear back
emitter terminal is considered. It is observed in this case that the top cell band diagram is similar to
that at dark condition with the exception of the split in quasi-fermi levels. This is because the applied
voltage at the rear emitter contact will not influence the front top contact since the flow of holes
between them is blocked by the ETL layer in the perovskite cell. This leads to a non-engagement of the
top cell. Which indicates that charge carriers cannot intercross between these two terminals. And this
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confirms that both sub-cells are indeed independent in operation since the generated holes are collected
exclusively by each sub-cell independently. And that confirms again that the structure used in this
tandem device is indeed leading to three terminal layout.

As it was for rear base contact, the investigation of the band diagram of the stack c-Si/SiO2/polySi (p+)
layers lead to the same conclusion that the polySi (p+) layer acts as a tunneling selecting contact for

holes where almost all holes will tunnel, and electrons transport is hindered if the SiO, layer is thin
enough.

(a) 37T band diagram (illuminated) considering the IBC's base contact
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Figure 13 3TT device band diagrams under illumination.

It can be concluded that the band diagrams confirms that the structure is indeed a 3TT structure and it
agrees with the working principles of the proposed device which were discussed in section 2.1 & 2.2.
where the front top terminal collects only the holes that are generated at the top cell, the rear emitter
collects only the holes that are generated at the bottom cell with no holes intercrossing between the

sub-cells. And the rear base collects electrons from both sub-cells. which leads to independent
operation of each sub-cell.

2.5.3 Approach to obtain the J-V curves

After performing the electrical simulation in dark and illuminated condition and confirming that the
respective band diagrams agree with the 3TT device’s working principles, the subsequent step is to be
able to extract the correct J-V simulated data for the tandem device and the respective sub-cell’s (sub-
circuits). It is worth mentioning that we deal here with 3T device which has more complex electrical
circuitry than a 2T or 4T devices. Simply because a 3T device represents two independent circuits but
coupled at the same time. Which adds extra degree of freedom to the current-voltage relations. That
means, the full performance of the device can only be obtained by measuring at least one variable in
each circuit simultaneously (two voltages, two currents, or one current of one circuit and a voltage
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from the other) [46]. Graphically, the current-voltage relation of the whole tandem also cannot be
described fully by a line (J-V curve) but rather with a surface (contour plots) [53]. That is why the
“solve section” in the S.Device needs to be conditioned carefully to obtain valid 3T simulation’s results.
Which means that the sweeping span, initial conditions, and goals in that section are dependent on
which electrode it is swept, and which voltage is investigated. The following figure aims to explain how
the voltage sweeping in the S.Device is performed and conditioned.
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Figure 14 Schematic representation of the 3TT simplified circuitry and loading.

Figure 14 above displays a schematic representation of the 3TT simplified circuitry and loading.
showing the electrodes of the 3TT device, the voltages between these electrodes, the current
collected/accumulated between them, and how they are related.

Where F is a virtual point that separate the negative back side of the top cell from the negative front
side of bottom cell, the point is added only for convenience to understand the circuits. J, is the current
collected or accumulated between the rear back emitter terminal (p-contact) and the point F, Jp, is the
current collected between the front top (p2-contact) and the point F, J, is the current collected between
the rear back base (n-contact) and the point F, Vp, 5 is he voltage between the front p2-contact and the
back n-contact, Vp.p is the voltage between the front p2-contact and back p-contact. and V,, is the
voltage between back p and back n contacts.

From Figure 14 there are three terminals where only two can have loads while the third is treated as a
common terminal (otherwise the system will be overstrained) [46]. These two loads allow measuring
the contribution of both bottom and top cells. Thus, the summation of the power generated
simultaneously by two sub-cells, represent the total power produced by the 3TT device.
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Case1, sweeping the voltage at p-contact while n-&p2-contacts remain at zero voltage. In this case,
the circuit between p-&n-contacts (IBC) will experience the applied voltage which will change from oV
to Voc_ec. The applied voltage will allow the current between p-contact and point F (J;.) to be collected
which represents the holes generated by the IBC cell. While the collected current between point F and
the n-contact (J,) will represent the total contribution of the tandem device since the n-contact collects
electrons from top and bottom cells together. J, will also be limited by the voltage between n-&p-
contacts and falls to zero when the applied voltage reaches Voc sc. On the other hand, the accumulated
current between the point F and the top p2-contact will remain constant because the top cell is not
affected by the bottom p-contact and thus won’t react to the applied voltage. The current therefore will
remain at the same initial voltage condition which is J sc psc. That is why it won’t decrease when the
voltage at p-contact increases. Thus, the J-V curve of the top cell will be a straight line. The extracted
results from the first sweeping case are shown as follow:

= If P-contact is swept, voltage difference between p-&n-contacts (Vps) is taken, current density
collected between F and p-contact (Jp) is taken. The following J-V curve is produced in Figure 15.

Sweeping p-contact, Vp-n, Jp

J [mA/cm2]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 15 Current at p-contact when the voltage at p-contact is swept.

Which represents the contribution of the IBC absorber into the tandem cell. It is noticed that the
open circuit voltage is also matching that of the IBC cell. And the current density is negative
because it represents the collected holes.

= If P-contact is swept, voltage difference between p&p2-contacts (Vp.p2) is taken, current density is
Jpo. The following J-V curve is produced in Figure 16. Which represents the contribution of the
perovskite cell within the tandem device. It is noticed that the curve does not have an open circuit
voltage (the current density remains the same over the sweeping span). This is because the
sweeping voltage has no influence at the top cell since the holes at the top or the bottom cell are
blocked from inter-crossing. Thus, the current density at the top cell remains at the oV condition
(Jsc condition). And that confirms that the 3TT configuration is indeed working properly since the
target from this configuration is to prevent holes created locally at each sub-cell from crossing to
the other sub-cell.
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Figure 16 Current at p2-contact when the voltage at p-contact is swept.

= If P-contact is swept, voltage difference between p-&n-contacts (V1) is taken, and current density
collected is Ji. The following J-V curve is produced in Figure 17.
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Figure 17 Current at n-contact when the voltage at p-contact is swept.

Which represents the contribution of both absorbers (tandem current) into the tandem cell. It is
noticed that the open circuit voltage is matching that of the IBC cell which is logical since the
voltage created between n-&P-contacts is limited to the Voc of the IBC cell. And the current density
is positive because it represents the collected electrons.

Case2, when the p2-contact voltage is swept, while the p-&n-contacts remain at zero voltage. The
sub-circuit connecting p2- and n-contacts will experience the applied voltage which will change from
oV to Voc rsc. Thus, the current collected between F and the p2-, or n-contacts will drop to zero when
the applied voltage reaches the Voc of the perovskite cell. On the other hand, the current collected
between F and p-contact will remain constant since the holes exchange between top and bottom cells is
forbidden both ways. The extracted J-V curve results from the second sweeping case are shown as
follow:
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If P2-contact is swept, voltage difference between p2&p-contacts (Vp.p) is taken, current density

collected is J,. The following J-V curve is produced in Figure 18. Which represents the contribution
of the IBC bottom cell within the tandem device. We notice that the curve does not have an open
circuit voltage and the current accumulated between F and p-contact is matching that of the Jsc IBC
cell and it remains constant. The reason for that is the same reason mentioned earlier regarding
the blockage of holes from intercrossing between the sub-cells. (But in this case, we notice that at
higher applied voltages, the current start to show small changes which could indicate a leak of
holes occurring at high applied voltages. But investigating the reasons for that behavior is beyond

the scope of this project).
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Figure 18 Current at p-contact when the voltage at p2-contact is swept.

= If P2-contact is swept, voltage difference between p2-&n-contacts (Vp..n) is taken and collected
current density is Jp.. The following J-V curve is produced in Figure 19.
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Figure 19 Current at p2-contact when the voltage at p2-contact is swept.
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Which represents the contribution of the top cell in the tandem device. The open circuit voltage
here is also matching that of the PSC cell. And the current density is negative because it represents
the collected holes.

= If P2-contact is swept, voltage difference between p2&n-contacts (Vp.n) is taken, and the collected
current density collected is Jn. The following J-V curve is produced in Figure 20.
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Figure 20 Current at n-contact when the voltage at p2-contact is swept.

Which represents the contribution of both absorbers (tandem current) into the tandem cell. It is
observed that the open circuit voltage is matching Voc psc, which is logical since the voltage created
between n&P2-contacts is limited to the Voc of the PSC cell. And the current density is positive
because it represents the collected electrons.

Case3, sweeping the voltage at n-contact while p-&p2-contacts remain at zero voltage. The
sweeping span in this case will be in the negative domain (reversed biasing) since the n-contact has
negative polarity. And the applied voltage on the n-contact will influence the current accumulated at all
three terminals. The two sub-circuits (n- with p2-contacts and n- with p-contacts) will witness a
changing in current flow based on the applied voltage. Therefore, the current collected between F and
n- or p-contact will drop to zero when the applied voltage exceeds Voc isc, while the current collected
between F and p2-contact will drop to zero when applied voltage exceeds Voc psc. The extracted results
from the third sweeping case for the contribution of each sub-circuit are shown as follow:

= If n-contact is swept, voltage difference between n-&p-contacts (Vy.p) is taken, and the collected
current density collected is J,. The following J-V curve is produced Figure 21.

31



Sweeping n-contact, Vp-n, lp

'
(]

J [mA/cm2]

-15

-20
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

V[v]
Figure 21 Current at p-contact when the voltage at n-contact is swept.

Which represents the contribution of the IBC absorber in the tandem device. We notice that the
open circuit voltage is matching the IBC Voc but in negative direction because the sweeping polarity
now is reversed while the current accumulated on p-contact is matching that of the IBC cell. And
the current density is negative because it represents the collected holes.

If n-contact is swept, voltage difference between n&p2-contacts (Vn.p.) is taken, and the current
density collected is Jp.. The following J-V curve is produced Figure 22.
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Figure 22 Current at p2-contact when the voltage at n-contact is swept.

Which represents the contribution of the top cell in the tandem device. The open circuit voltage
here is also matching that of the PSC cell but again negative because the polarity is reversed. And
the current density is negative because it represents the collected holes.

32



= If n-contact is swept, voltage difference between n-&p-contacts (Vi) is taken, current density
collected between F and n-contact (J.). The following J-V curve is produced Figure 23.
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Figure 23 Current at n-contact when the voltage at n-contact is swept.

Which represents the contribution of both absorbers (tandem current density) in the tandem
device. The open circuit voltage is matching that of the IBC cell which is logical since the voltage
created between n-&P-contacts is limited to the Voc of the IBC cell. And the current density is
positive because it represents the collected electrons.

2.6 Conclusion

The purpose of this chapter was to achieve the first objective of this project, which is proposing and
designing a high efficiency 2-D 3TT PSC/c-Si IBC device’s model. This was realized by proposing a
device structure which complies with 3TT device’s working principle. Furthermore, the functionality,
material choice, and initial geometry parameters of each layer in the structure were determined based
on experimental and literature references. After that, the simulation and software setups as well as the
methodology and process flow were explained. In addition, optical simulation approach was discussed
in more details. This included the use of GenPro4 software as well as the method to produce optical
generation depth profiles to be used by SDE tool in 2-D simulations.

Finally, an electrical simulation approach was created for 3TT device’s circuitry which is more
complicated than that of two terminal or four terminal devices. Where 3TT device has independent
operational cells but one terminal is shared between them at the same time. We described how to
simulate such device in dark and illuminated condition and explained how to obtain J-V curve for each
sub-cell.

This chapter also showed the simulated band diagrams of the proposed 3TT device in both dark and
illuminated conditions, which showed what was expected theoretically from this structure and
confirmed that the device indeed functions as a three-terminal device. Furthermore, the initial
simulations were used to show how to obtain J-V curves of each sub-cell and how these curves are
related to the terminal which is been swept in voltage.

The next step will be to validate this model and compare its outputs with those of SJ & 4TT models that
are identical in material choices and/or geometry and/or structure.
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3 3TT Device’s Simulation Results and Discussions

The goal of this chapter is to achieve the second objective of the project. Which is to validate the model
and compare the three terminal (3T) sub-cells with the reference single junction (SJ) cells as well as
with another tandem configuration. Section 3.1 views the optical generation profiles of SJ IBC, SJ
perovskite solar cell (PSC), and 3TT PSC/c-Si IBC device and examines the accuracy of these profiles. In
section 3.2 the electrical simulation outputs of SJ IBC, SJ PSC, and 3TT PSC/c-Si IBC device are
presented. These outputs confirm the working of 3TT device. Then the performance of the SJ sub-cells
with the correspondent 3T sub-cells is compared. Moreover, section 3.3 makes the comparison between
the 3TT device model and an identical 4TT device model. The comparison is helpful to demonstrate the
competency of the 3TT model with other tandem configurations.

3.1 Optical simulation results

This section aims to display and analyze the optical simulation results based on GenPro4 software’s
outputs and the MATLAB code which was impeded in the SWB tool. The optical simulations were
carried out for the 3TT device as well as for the reference SJ cells.

3.1.1  Optical generation absorptance

First, the optical generation absorptance was obtained and optimized by GenPro4 for SJ IBC & SJ PSC
under one sun spectrum for each cell individually. Both SJ cells were set to have flat front surfaces,
same layer’s thicknesses, material properties, and 2-D geometry like that of the proposed 3TT device
model. Then we show the absorptance of the 3TT device. The reason for this is to make a fair
comparison between the SJ cells and their correspondent 3T sub-cells.

Figure 24 shows the simulated absorptance of the SJ reference cells. It can be seen that the SJ IBC
suffers from low absorption between the ultra-violet to the blue regions of spectrum while it maintains
high absorption in the green to near infra-red regions. On the other hand, SJ] PSC shows high
absorption in the blue short wavelength’s region, while it shows almost no absorption in the long
wavelength’s region of the spectrum. It is also noticed that the SJ IBC cell can generate higher
photogenerated current compared with the PSC due to its convenient indirect band gap.

The next step is to obtain the optical generation absorptance for the 3TT PSC/Si IBC device which was
done again by GenPro4. The simulated results reveals that the 3T IBC and 3T PSC have performed
optically less efficiently in the tandem device than their performance as SJ cells. Which is logical, since
each sub-cell, in case of tandem, receives less light, since the one sun spectrum flux is split between
both sub-cells. However, the absorptance in the whole tandem outperforms that of SJ cells. Since wider
range of wavelengths and more energy is utilized. Figure 25 shows the simulated absorptance of the
3TT device in the domain of wavelengths. Where it can be seen that the 3T PSC utilized most of the
high energy photons while the 3T IBC utilized most of low energy photons.
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Figure 24 displays (a) the optical simulated absorptance of SJ IBC with 260 um thick bulk c-Si, flat top, and one layer of ARC
(Si0.). (b) is a schematic diagram of the SJ-IBC cell layer’s structure. (c) the optical simulated absorptance of SJ PSC with 0,5
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Figure 25 displays (a) the optical simulated absorptance of 3TT PSC/c-Si IBC device with flat top/flat middle and one layer of
ARC (Si02). (b) is a schematic diagram of the 3TT device’s structure.
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3.1.2 Confirming accuracy of optical generation profiles

After the optical absorptance for the 3TT device model has been obtained and optimized. The next step
was to produce the OGR profiles in the depth domain for that model. This is because these profiles need
to be used as inputs for 2-D electrical simulations in Sentaurus, which works correctly only with optical
generation rates that have depth profiling. The method how to produce these profiles has been
discussed in section 2.4. However, applying these profiles in the SDE tools won’t necessarily results
with the same optical generation outcome as that obtained directly from GenPro4. This is due to
differences between the interpolation methods and the way how the SDE tool apply them, and the
resolution of the mesh profiles in the SDE tool. Which results in a mismatch between the direct profiles
produced by GenPro4 and the converted profiles used by Sentaurus for the electrical stimulation. That
is way examining the mismatch of these profiles is important step to assure the accuracy of electrical
simulation’s results.

To confirm the precision of our approach, the direct optical generation output of GenPro4 must be
compared with the optical generation output extracted from solving the opto-electrical simulation in
S.Device. This can be realized by calculating the OGR profile from the wavelength domain and compare
it with the method that was discussed in section 2.4. If both are matching, then the method which is
used is accurate and valid to be used for the simulations in Sentaurus TCAD. Calculating the OGR
profile using the absorptance of wavelengths can be summarized as follow:

First the absorptance for each wavelength range in each slice (depth layer) is extracted. The result is a
table for each slice of absorptance vs wavelength range. Then by using the photon flux of the sun for
each range of wavelengths, we can calculate the optical generation rate for each wavelength range in a
slice by the following equations:

=  OGR produced by a wavelength A at depth range Ax is

AGL2) * @) )

gx) = ==

Where A(A\,x) is the absorption of photons at A and depth x, where A < A, , A, is the energy gap
wavelength, ¢(2) is the spectral photons flux at A.

= OGR for the whole wavelength’s range in a slice layer of thickness d_slice is:

. M ®)
G(slice_x) = f g4, x).dA
A

= Incrementally, the above integration can be written as:

A=1200nm
A2.103 (9)
G (slice_x) = Z AQL, x). D(A).
A=300 nm slice

Where 103 is to correct the final unit of generation rate to be in [cm?3.s™]

By integrating these optical generation rates over the whole ranges of wavelengths from 300 nm to
1200 nm, the total generation rate in a whole slice is obtained. By repeating this for all slices, a table of
OG rates vs depth can be formed. Each absorber in the 3TT device produces its own table. These tables
can be used in comparison with the tables produced by the other method (in section 2.4) to detect the
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differences between profiles. For that purpose, the OGR profiles from the two methods were plotted
together for each absorber to detect any mismatch. Also, the total optical current density of the
absorber can be calculated and compared for each method in each absorber. Therefore, the margin
(difference) from GenPro4 gives an indication of how accurate the method used in this project is. The
results of this comparison can be seen in Figure 26 & Figure 27 for both Perovskite & c-Si absorbers
respectively. The match between the two methods exceeds 99.7 %. Also notice that the error margin
increases around the edges (surfaces) of the absorber slab. This is due to resolution of the slicing and
meshing, since finer slices and meshing will increase resolution and thus increase accuracy and vice
versa.
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Figure 26 the match between the direct output of OGR profile from GenPro4 and the actual profile processed in Sentaurus
simulation for the c-Si absorber.
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Figure 27 the match between the direct output of OGR profile from GenPro4 and the actual profile processed in Sentaurus
simulation for the Perovskite absorber.
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By integrating the photo generated current over the whole slab thickness, it is also found that less than
1% difference in photo current density is encountered between the two profiles. Which confirm that the
room of error is significantly small. Further, the difference between the two profiles was investigated
around the edges of the slab nearby interfaces between layers. The difference here is also significantly
small, which indicated that these profiles provide fine precision nearby the interfaces. Which is a
requirement for high resolution mesh around these inference’s areas. A further refinement of the slices
and mesh will increase the precision, but it will come on the cost of higher simulation time.

3.2 Electrical simulation results validation

After getting a working 3TT device template as it was shown in section 2.5, the need to validate this
template is necessary to approve that the simulation results are reliable and accurate. But since, the
3TT model structure that is used in this project has no equivalent physical device or similar 3TT device
measurements, direct validation is not possible. But validating the main components in the 3TT device
based on logical connection with equivalent components models and cells from literature will be an
acceptable approach. To do so, the sub-cells of the 3TT device were based on single junction (SJ) IBC &
SJ PSC cells that have models which are previously validated. These validated models were recreated
and simulated to confirm their agreement with the original models. Then, the codes of these models are
used for 3T sub-cell’s codes after making small modifications to them to be integrated with the 3TT
device model.

3.2.1 IBC cell validation:

The bottom cell in the 3TT device is based on identical (in structure, geometry, and layer’s material)
reference SJ IBC model used by Procel et al. [58]. Which is validated based on a real experimental
physical IBC cell made by G. Yang et al. that achieved a PCE of 21.29%7? [87]. We have recreated the
model of Procel et al. and removed the texture pattern from top surface to make it comparable to the
bottom IBC cell used in 3T device. The model is then simulated to form a picture about the performance
after these modifications. The simulation results of the SJ IBC model under AM1.5G spectrum are
presented in Figure 28.

SJ IBC cell Performance
= Current density SJ IBC Power density SJ IBC
2 40 25
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Figure 28 The simulated J-V & P-V curves of the reference SJ IBC TOPCon cell with flat top surface.

From the chart above and the table beside it, it is observed that SJ IBC with flat top surface has achieved
power conversion efficiency of 22.6%. Although this is not the best efficiency for a bottom cell, but it
still sufficient to be part of highly efficient tandem device.
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The IBC model was then modified to be integrated in the 3TT device model. The simulation results of
3T IBC bottom cell are displayed in Figure 29.

3T bottom c-Si IBC cell performance
= 3T IBC current density 3T IBC power density
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Figure 29 The simulated J-V & P-V curves of the 3T IBC bottom cell with flat top surface

In Figure 29, it is seen that the bottom cell IBC cell has lower PCE than an Identical SJ IBC, similpply
because the top perovskite cell act as a filter of high energy photons which prevent a big portion of light
from reaching the bottom cell. The biggest shift is seen in the SC current density which dropped from
37.7 mA/cm? in the SJ IBC to 17.91 mA/cm? in the 3T IBC cell. Also, Voc & Vmpp experienced a small
drop. Consequently, the PCE dropped from 22.61% to 9.8 %. This behavior is expected from the 3T IBC
cell since most the top perovskite cell utilizes most of incident energy.

Perovskite cell validation

Likewise, as in the IBC bottom cell, the 3T PSC top cell model is based on a SJ PSC reference model
which was validated by reference cell used by D. Yang et al. that achieved PCE of 21.6% for a planar p-i-
n layout [88]. This kind of PSC with SnO2 as ETL and Spiro-OMeTAD as HTL is considered high-
performance planar Perovskite cells with the best efficiency around for planer PSC so far [88]. The

same model is used in the 3TT device with some modifications on some layer’s thickness to optimize
the 3TT device optically.

3.2.2

Therefore, the S] PSC model was recreated and simulated. The outputs of the electrical simulations of
this model agrees with reference model. The simulation results of the SJ IBC model under AM1.5G
spectrum are presented in Figure 30.
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Figure 30 The simulated J-V & P-V curves of the reference SJ PSC cell.
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Then the model was integrated in the 3TT device model. Next, the simulation results of 3T PSC are
obtained and displayed in Figure 31.

3T top PSC cell performance
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Figure 31 The simulated J-V & P-V curves of the 3T PSC cell.

It is seen from Figure 31 that the performance of the 3T PSC has also decreased compared with SJ PSC
although the full spectrum hit the surface of the perovskite cell. This is because the charge carriers in
created by the top cell are constrained in the flow by the presence of the bottom cell. For example,
electrons that are created at top cell will travel longer distance to the rear contact of the bottom cell to
be collected. Which means that they will suffer from higher resistance and recombination losses.

However, the PSC drop of performance is lower than the drop of the IBC cell, Simply, because the 3T
PSC still receive the full spectrum of light while the 3T IBC receives only what was not reflected or
absorbed by the PSC top cell.

3.3 The 3TT device vs 4TT device

The goal of this section is to evaluate how efficient is our proposed 3TT model in comparison with
other tandem configurations such as 4TT device. This comparison will enable us to judge whether a
3TT device, in general, is worth investment and research in term of efficiency, complexity, and cost.
Further, it can tell us how competitive this 3TT model (that is adopted in this project) is with an
equivalent 4TT model.

To answer these inquiries, a 4TT model need to be built and simulated. the model should be identical in
structure, parameters, thicknesses, layer’s order, and layer’s material to the 3TT model with the
exception that the 4TT will have additional one ITO layer at the rear of the top cell and a physical
transparent gap between the sub-cells. The table below summarizes the layers and thicknesses of both
3TT and 4TT models:
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Table 4 A summary of material choces and thicknesses of both 3TT & 4TT models

3TT model 4TT model
layer material thickness  layer material thickness
ARC SiO2 85 nm ARC SiO2 85 nm
Front top contact1 Silver 300 nm Front top contact1 Silver 300 nm
HTL Spiro-OMeTAD 40 nm HTL Spiro-OMeTAD 40 nm
Absorber1 MAPDI3 500 nm Absorber1 MAPDI3 500 nm
ETL SnO, 40 nm ETL SnO, 40 nm
-—- -—- -—- TCO ITO 40 nm
--- - - Back top contact2 300 nm
--- --- --- Middle Isolation EVA 400 pm
FSF_IBC PolySi(n+) 20 nm FSF_IBC PolySi(n+) 20 nm
Absorber2 c-Si 260 um Absorber2 c-Si 260 um
Tunneling layer SiO, 1.5 nm Tunneling layer SiO, 1.5 nm
Passivating contacts  PolySi(n+)/(p+) 10 nm Passivating contacts  PolySi(n+)/(p+) 10nm
Rear metal contacts  Silver 5 um Rear metal contacts  Silver 5 Mm

The correspondent structure schematics for both models are displayed in the following Figure 32:
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Figure 32 schematic diagram (not to scale) of (a) 3TT PSC/c-Si IBC model (b) 4TT PSC/c-Si IBC c-Si model.

It is worth mentioning that the used structure here for both models is meant to deliver an initial basic
functional device structure without additional optimization. Thus, the models don’t have additional
ARC layers (only single coating of SiO. is used). Neither they have any extra texture that utilize more
light. In reality, a 4TT device will have an extra glass substrate where the top cell is deposited on. But in
this proposed model, such a layer is removed to make the comparison with 3TT device more just.
Therefore, these models are meant for basic comparison and not advanced compression since this will
be out of the scope of this project.

The main difference between the two structures is the extra ITO contact layer at the back of top cell and
the transparent isolation layer in the 4TT model. This layer is chosen from an ethyl-vinyl acetate (EVA)
matrix with a thickness of 450 pm based on literature data [89]. The purpose of this layer is to
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guarantee that no current or charge carriers can be exchanged between the two sub-cells. Therefore,
the two cells will operate separately.

After building the models by Sentaurus TCAD and performing opto-electrical simulations, the electrical
simulation’s results for these two models are summarized and displayed in the following two figures:
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Figure 33 The simulated J-V & P-V curves of the basic 4TT PSC/c-Si IBC model with flat top surface.
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Figure 34 The simulated J-V & P-V curves of the basic 3TT PSC/c-Si IBC model with flat top surface.

Figure 33 & Figure 34 represent the J-V & P-V curves for the 4TT & 3TT models respectively. From the
results, it is noticed that the top cell in 4TT device is behaving similar to the SJ PSC, since it is operating
without constraints from the bottom cell. While in the 3TT device, the top cell current is influenced (but
not significantly) by the bottom cell current, which lowers the contribution of the 3T PSC compared
with that of 4T PSC. By the same token, both Voc & Vipp 0f the bottom cell in 4TT are higher than their
correspondent in the 3TT device. However, the 4TT model will suffers from extra parasitic losses in the
bottom cell (for low energy photons) caused by the additional middle EVA and ITO layers. Since
considerable portion of low energy light will be absorbed by these layers which will lower the received
light by the bottom cell and consequently will lead to a lower energy yield. On the other hand, 3TT
model eliminates these parasitic losses. Therefore, it has higher total current density, but it suffers from
a reduced Vnpp in the bottom IBC cell which will lower the efficiency of the bottom cell. So, it can be
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said that both models show high performance larger than the 30% PCE parity even when advanced
optimization and enhancement are not used.

But from manufacturing point of view, the 4TT will be easier to fabricate on a cell level because each
sub-cell can be built separately and brought together mechanically. This adds extra level of freedom in
fabrication conditions and techniques. Which leads to more choices and cheaper feasible options. On
the other hand, the 3TT device is more complex to fabricate since the whole device need to be produced
from bottom to top monolithically without causing damage or changes in properties to the prior
deposited layers. This makes the fabrication techniques limited in choices and causes the fabrication
conditions to be tricky and critical. Which could add to the costs and complexity of fabrication.
However, these 3TT devices cost cheaper on a module level, since they have less terminals which exist
on the top and bottom of the device only, not in the middle. And that leads to a reduced balance of the
system (BOS) costs. To sum it up, both 3TT & 4TT devices have their advantages and disadvantages
when it comes to fabrication costs and complexity. Which makes judgment hard to reach from a
researcher perspective but more relevant if it is assisted by industrial or commercial perspective.

3.4 Conclusion

The aim of this chapter was to validate the created 3TT device model and compare its performance
with other tandem configuration’s performance. This has been done firstly by confirming the accuracy
of the optical simulation of the model. We successfully showed the reliability of the applied 2-D optical
generation rate profiles in SDE tool. And how the optical inputs in Sentuarus agrees with the optical
outputs from GenPro4. Furthermore, the electrical stimulation in both the IBC bottom cell and the PSC
top cells were validated by their correspondent reference SJ cells. This was based on literature data as
well as on previously validated models for SJ cells. These models were recreated and modified to
imitate identical structure and parameters for the 3TT proposed device.

Additionally, the performance of the basic 3TT model was compared with its equivalent 4TT model.
This required building a 4TT PSC/c-Si IBC model which share identical structure and properties to that
of 3TT model except for the two extra layers in between the sub-cells. The comparison revealed that
both models show high capacity to achieve high efficiency (30.38%, 30.69% for 3TT, 4TT models
respectively) with some differences on how their perform. It can be concluded that both devices are
efficient and have independent sub-cells’ operation. Further, it was found that the 3TT device is more
efficient in reducing parasitic losses. However, the 4TT device can compensate for the parasitic losses
by including extra pattern of texture at the top surface of the IBC cell and/or extra ARC which reduces
reflection by the bottom cell significantly. While this extra texture is still difficult to realize in 3TT
devices since a flat top surface at the bottom cell is necessary to uncomplicate the fabrication process.
Finally, it is concluded that both 3TT & 4TT devices have their pros and cons when it comes to
fabrication costs and complexity which can be preferably assisted by industry itself.

It is worth mentioning that 4TT & 3TT devices can obtain even higher PCE if more means of
optimizations are applied. The focus of this project will be enhancing the 3TT device’s performance by
some of these means. Which will be discussed in detail in the next chapter.
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4 Optimization of 3TT Efficiency

By looking at the initial obtained results from the 3TT device’s template in the previous chapter, our
proposed 3TT device shows high efficiency potential that need further optimization to exceed the parity
of 30% PCE. Which is one of the main targets of this project. Therefore, the aim of this chapter is to
redesign parameters of Perovskite top cell (layer’s thickness) and the architecture of c-Si IBC bottom
cell (pitch and emitter/base ratio) to optimize the proposed 3TT model to achieve higher efficiency than
that of the basic model. Section 4.1 study the effect of changing the thickness of Perovskite layer and
optimize the model accordingly. While section 4.2 investigates the effect of changing the pitch width on
the performance of the bottom IBC cell and the whole 3TT device. Further, in section 4.3, the ratio
between emitter width & base width in the IBC bottom cell is optimized to improve outputs of the
whole 3TT device. In section 4.4, several scenarios are nominated based on the previous optimizations.
These scenarios represent the best performing models that have some flexibility in the chosen pitch and
emitter/base ratio. Then in section 4.5, a full 2D performance map of the 3TT device is made based on
the best scenario outputs, which aid understanding the operation of 3TT device on cell level as well as
on a module level. And finally, section 4.6 studies the performance in one case of best scenarios when
the device have/not surface recombination active.

4.1 Optimizing the thickness of perovskite layer

The initial proposed 3TT model has used a value of 0.5 um thick perovskite absorber layer. But this
value was based on a SJ PSC reference cell [74]. Therefore, it is necessary to optimize the perovskite
thickness according to our 3TT model. Consequently, the thickness of perovskite layer was changed
from 0.1 pm to 5 pm. This required substantial adjustment to the code for each thickness. Which
included not only changing the thickness of the layer but also refining the optical simulation and
adjusting the mesh in SDE tool accordingly. Thus, for each thickness, a unique 3TT model was created,
optimized optically, and simulated in Sentuarus. The thickness span was changed in small increments
(= 0.1 pm) from 0.1 to 1.5 um. Then the increment size was increased to 1 um step from 2 to 5 um
thickness to reduce simulation time. The results of these simulations are summarized in the following
chart:

3TT performance when Perovskite layer thickness changed (no
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Figure 35 The performance of both top and bottom sub-cells in the 3TT PSC/c-Si IBC model when the Perovskite absorber
layer’s thickness is changed.
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Figure 35 displays the performance of 3TT device when the Perovskite absorber layers is changed in
thickness. From the chart, it is seen that the power contribution of the top cell increases when the
perovskite thickness increases until it saturates around the thickness of 1 um then starts to decrease
slowly when larger thicknesses are applied. On the other hand, the bottom IBC cell contribution
decreases when the Perovskite layer is thicker, and it continues to decrease until the end of the span.
This is due to higher absorption of light by the perovskite layer when it is thicker which let less photon
flux to pass to the c-Si. In addition to that, the top cell becomes less transparent when the perovskite
layer is thicker.

Furthermore, it is observed that the total power produced by the 3TT device also increases with the
increasing perovskite thickness until it saturates between thickness of 0.5 to 1,2 pum. After that it starts
decreasing when perovskite thickness increases. This can be explained by the stronger influence of
Perovskite top cell. This influence is more visible at small thicknesses in perovskite layer since a change
in thickness means utilizing more photons by the top cell and less photons reaches the bottom IBC cell.
But due to the higher Voc and Vipp of PSC compared with those of the IBC cell, the gain in power
production by the top cell is bigger than the reduction of power at the bottom cell. However, this
influence begins to be less effective and saturates when the increasing of power produced by the
perovskite is matched by a decreasing of power by c-Si. Therefore, the net total produced power density
by the tandem device will not improve. And when the thickness is increased even further, more
parasitic absorption occurs by the perovskite layer. Which means less high energy light is left to be
utilized and more is blocked to pass to the c-Si layer. In addition to that, the bulk resistance of
Perovskite layer increases. That leads to a noticeable decrease in the 3TT device performance when the
perovskite layer has higher thicknesses > 1.5 pm.

Based on the simulations which was performed. It is found that the highest 3TT device performance
happens when the thickness of perovskite layer is in between 0.8 - 0.9 um where the PCE is higher
than 31 %. For further optimizations in this project, we will consider the thickness of Perovskite
absorber layer as 0.8 pm.

4.2 Pitch optimization

As it was stated in the first chapter, the one of the core objectives of this research is to redesign the
cross-sectional geometry of c-Si IBC cell to be more suitable for 3TT device. Several geometrical
parameters play a role in the IBC geometry but the focus in this section and the next section will be on
the pitch and emitter/base ratio parameters respectively. The target of these optimizations will be to
investigate which pitch and emitter/base ratio values deliver higher performance not only to the 3T IBC
bottom cell but also to the whole 3TT device.

4.2.1  Optimizing approach

As it was discussed in section 1.3, It is well known that the smaller the pitch value is in SJ IBC cell, the
higher the performance becomes. Because this allows the IBC cell to collect more carriers with less
recombination losses. But very small pitches are challenging and more costly for fabrication. That is
why the intention is to have as large pitch as possible to suit fabrication needs without losing significant
power production. Thus, it is a tradeoff between high efficiency and lower costs and complexity [16].
But similar assumption cannot be generalized on three terminal tandem devices since it has more
complex current flow mechanism. Therefore, pitch need to be investigated for different values and the
relation between power conversion efficiency and the size of pitch needs first to be studied. Afterward a
conclusion can be drawn about which values show better outcome.
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In our 3TT model, the initial pitch was set to be 550 pum, while the emitter/base width’s ratio was
selected to be 1.5:1 or (60% to 40%) of the pitch value. The following graph (Figure 36) displays a
schematics vertical cross section of the 3TT device and besides it a horizontal cross section of the back
of the bottom IBC cell showing the pattern of emitter and base busbars and defining the pitch which is
the distance between the middle of two contact fingers of the same polarity.

ARC Ag O+
ITO
HTL: 8piro-OMeTAD )
¢-Si (n-type)
Perovskite
ETL: SnOz Si02
PolySi (n+) PolySi I"* "l*
1
A9 i i
] 1
I‘— 1/2 pitch —n—I
c-Si (n-type) 1 1
|
Si02 i !
PolySi [ s ! '
Ag Ag-emi Ag -BSF
O -—
O+

(a) (b)

Figure 36 displays (a) a schematics vertical cross section of the proposed 3TT device unit cell (b) a horizontal cross section of
the back of this device showing the pattern of emitter and base busbars.

Our approach in optimizing the pitch is to start with the SJ IBC cell by increasing the pitch
incrementally in it from (50 um) and up to 5 mm. At the same time, the same ratio between base and
emitter widths should be fixed, which is 60% to 40% respectively. Then the performance of the cell is
observed. A plot between power production vs pitch length is needed to optimize the pitch based on
performance and industrial requirements.

The next step is to repeat the same procedures for the bottom IBC cell in the 3TT device. In this case,
changing the pitch won’t only influence the performance of the IBC cell but also the perovskite top cell,
since the charge carrier’s collection at the rear terminals is connected to the third top terminal. Thus,
we look not only on the IBC performance to determine the optimum pitch but also on the whole 3TT
performance under different pitch’s values.

To carry out the electrical simulations for different pitch values the device geometry and the mesh in
the SDE tool need to be adjusted according to each pitch value to sustain the same back contacts ratio
and mesh resolution.

4.2.2  Pitch optimizing results and analysis

After performing the aforementioned simulations, the results are used to compare between the power
conversion vs pitch value in the SJ IBC cell, 3T IBC bottom cell, PSC top cell, and 3TT device. The
following plot (Figure 37) displays these comparison’s curve.

Based on the result and curves in Figure 37, it can be said that the PCE show the same trend for all cells
where PCE decreases when the pitch increases. Thus, it can be concluded that the finer the pitch is. the
more power can be converted in 3TT device and in its component cells. It is also observed that the peak
performance of all cells is at low pitch values (below 500 um) where PCE for the 3TT model is higher
than 31.2 % and can sustain more than 99% of the highest possible efficiency.
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Pitch effect on Power efficency for SJ IBC, 3T IBC, 3T
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Figure 37 The effect of changing the pitch value in 3T IBC bottom cell on the tandem performance.

Furthermore, it is noticed that the behavior of PCE-curve in the PSC is distinguishes from that behavior
of the curve in SJ IBC or 3T IBC cells. Where the PCE vs pitch value seems to decrease in steeper trend
than the IBC cell. For example, when the pitch change from 100 pm to 5000 pm, the SJ IBC losses about
~ 30 % of its power production in almost a linear decreasing trend. Similarly, the 3T IBC losses about
37% of its power production in similar way. On the other hand, When the pitch value is increased to
5000 pm, the 3T PSC sub-cell will loss ~48% of its efficiency in a more parabolic fashion. Which
influence the behavior of the whole 3TT device heavily. This can be explained by the fact that the
current flow in the PSC is dependent on the top terminal and the rear back base terminal in the IBC
bottom cell. When the pitch value in the IBC bottom cell is increased, the base contact is increased as
well, while the front top PSC contact will stay with the same value. Therefore, both not only the pitch of
the PSC will increase but also the emitter to base ratio for the top cell will decrease causing electrical
shade losses. Which will cause sharper decrease in the PSC efficiency when pitch is increased compared
to the decrease in the IBC efficiency.

Thus, it is clearly seen that the effect of changing the pitch value in the 3TT device doesn’t have impact
only on the IBC bottom cell, but it has even greater impact on the top perovskite cell as well as on the
3TT device. Consequently, we can conclude that the 3TT device is more sensitive to pitch value than
the SJ IBC cell. Thus, it is recommended to redesign the 3T IBC to a finer pitch in order to harvest more
power. But this also needs to be optimized according to fabrication costs and industrial priorities. The
scope of this project doesn’t allow for this kind of analysis. But the result which was obtained here
delivers indications on how to produce higher performance tandem cells.

4.3 Base/emitter ratio optimizing

Similar to the pitch, the emitter/base ratio in the IBC cell also plays important role on influencing the
collection of charge carriers as well as influencing the fabrication costs. For example, a neutral ratio
(1:1) is more cost effective and easier to fabricate but it doesn’t necessarily yield better power
conversion since a wider base will cause electrical shade which reduces the collected current [9o].
Thus, a higher emitter width ratio to the base is better from the perspective of power generation. As it
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was discussed in section 1.3, the best design ratio between emitter to base passivating contacts for a SJ
IBC cell is 3:1 [91]. But for 3TT device, this ratio may not be the optimum ratio. That is why it is
necessary to investigate it for our model.

The approach which is used in optimizing the emitter/base ratio is similar to that used for optimizing
the pitch. But the difference here is fixing the pitch at a value of 550 pum and changing the emitter to
base ratio from 1:20 to 20:1. The obtained results from these simulations are shown in Figure 38:

Power vs Emitter/Base ratio from 1:20 to 20:1 at a 550 um pitch
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Figure 38 Power efficiency when the emitter to base ratio is changed from 1:20 to 20:1

It is observed that the power efficiency of the bottom IBC cell is low when the emitter width is smaller
than the base width. While the efficiency saturates when the ratio exceeds 1.5:1. On the other hand, the
top PSC cell seems to be little effected by the change of the ratio. In general, the 3TT device has its peak
performance between the ratio of 1.5:1 to 4:1.

Although the ratio appears to influence the efficiency of the device, but so far, the ratio doesn’t show a
significant effect on the performance of the 3TT device. The reason could be that the pitch value is near
or smaller than the range of the diffusion length of minority carriers in the bulk c-Si material which is
~900 um based on the parameters used in for this model. Thus, no matter what the ratio is, the
distance that the generated minority carriers need to travel stay within acceptable range (i.e.,
recombination stay small). That is why it was decided to carry out another simulation experiment with
a bigger pitch value to investigate whether the aforementioned argument is true or not.

In the new scenario, the pitch is set to be at value of 5000 um, while the emitter to base ratio is
changed from 1:20 to 20:1. In this way, the variation of ratio will result in emitter and base widths big
enough to confront the diffusion length limit. The electrical simulation results are then obtained for
each ratio and displayed as a function of power density vs the ratio as shown in Figure 39:
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Power vs Emitter/Base ratio from 1:20 to 20:1 at a 5000 um pitch

3TIBC =—3TPCS ——3TT
20

18

16
14

12

0 \

Power [ mW/cm2]

1:20 1:10 14 1:2 1:15 11 151 21 41 1011 201

Ratio [emitter: base]

Figure 39 Power efficiency when the emitter to base ratio is changed from 1:20 to 20:1.

Here, it can be seen that a substantial change in the behavior of power density is detected when the
ratio is changed. To begin with, the IBC bottom cell efficiency has almost increased by 300% when the
ratio changed from 1:20 to 2:1. Then it decreased by almost 40% when ratio changed from 2:1 to 20:1.
Meanwhile, the PSC top cell, which showed nearly no change in the previous experiment, now is
showing a continuous decrease in the efficiency as long as the emitter width is increasing. Finally, the
3TT device efficiency behavior is a summation of both sub-cells’ behavior. Where it decreases at the
extreme ratios and peaks at the middle ratios. the peak performance is detected between the 1:1 and 2:1
ratio.

The result of this experiment proves that when the pitch value is bigger than the diffusion length of the
bulk material, the emitter/base ratio has much greater influence on collecting the charge carriers at the
terminals. Where the holes (electrons) have to travel longer distances if the (emitter) base width is
small. Which will lead to bigger chance of recombination and thus a drop in the collected current.

Overall, it can be concluded that if the Pitch value is small, changing the emitter/base ratio has no
significant impact on the conversion efficiency of the 3TT device. This feature of the ratio can be very
beneficial in reducing manufacturing costs of the IBC cell, since the ratio can be adjusted to the most
cost-effective ratio without noticeable reduction in the efficiency of the solar cell. On the other hand, If
the pitch value is large, which reduces the costs and complexity of fabrication significantly, the
emitter/base ratio can be very effective in improving the efficiency of the cell. That is why it is
recommended to optimize the emitter/ratio in combination with optimizing the pitch to balance
between cost and efficiency.

4.4 Best Scenario’s optimization

In the previous sections of this chapter, different optimization approaches of the 3TT model have been
applied successfully. However, this section will focus on how to bring the best outcomes of these
optimization techniques combined. And offer several scenarios where the 3TT model can achieve the
highest efficiency but with more design’s parameter choices.
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There are many scenarios that can be created for high efficiency model, but the choices were narrowed
down to four scenarios that seem to be most interesting. These scenarios were based on best
combination between Perovskite thickness, pitch value and emitter/base ratio. This is helpful from
industrial point of view since we could optimize the thickness and emitter/base ratio to produce models
with different pitch values but almost with similar efficiencies and performance. The selected
Perovskite layer thickness in all these scenarios is chosen to be 0.8 pm since it has the potential for best
efficiency according to the optimization which was done in section 4.2. Furthermore, the selected pitch
values are 200, 300, 400, 500 um with emitter/base ratio 2:1, 2:1, 4:1, 3:1 respectively. The geometry
parameters and simulation results of these scenarios are summarized in the following table:

Table 5 Summary of best scenarios parameters and their opto-electrical simulation’s outcomes

Scenario1 | Scenario2 | Scenario3 | Scenario4
Geometry Unit Value Value Value Value
Pitch [um] 200 300 400 500
Emitter width [pum] 135 195 310 370
Base width [um] 65 95 80 120
Gap [pum] 10 10 10 10
Perovskite layer thickness | [um] 0.8 0.8 0.7 0.8
c-Si layer thickness [um] 260 260 260 260
Emitter/Base ratio 2:1 2:1 4:1 3:1
3TT outcome
Jph 1BC [mA/cm?] | 16.97 16.95 16.95 16.95
Jph psc [mA/cm?] | 23.65 23.65 23.65 23.65
Voc mc [mV] 0.660 0.659 0.658 0.662
Voc psc [mV] 1.184 1.185 1.183 1.183
Jsc mc [mA/cm?] | 16.70 16.64 16.67 16.65
Jsc psc [mA/cm?] | 23.64 23.64 23.64 23.64
Vinpp 1BC [mV] 0.568 0.568 0.576 0.576
Vmpp Psc [mV] 1.02 1.00 1.00 1.00
Jmpp 1BC [mA/cm?] | 15.87 15.91 15.75 15.76
Jmpp Psc [mA/cm?] | 22.28 22.62 22.60 22.54
FF 15c [-] 0.827 0.814 0.823 0.822
FF psc [-] 0.811 0.808 0.808 0.807
IBC Prpp [mW/cm?] | 9.01 9.03 9.07 9.08
PSC Prpp [mW/cm?] | 22.73 22.62 22.60 22.54
3TT Pupp [mW/cm?] | 31.74 31.65 31.67 31.63
H_3TT [%] 31.74 % 31.65% 31.67 % 31.62 %

Based on the results, we were able to create 3TT models with different pitch values and emitter/base
ratios but almost with similar efficiencies and performance. The results show that a relatively bigger
pitch values such as 500 pm still can be used and achieve high performance similar to that when using
a pitch value of 200 pum. This was possible by adjusting the emitter/base ratio. Such approach is helpful
from industrial point of view since we could create alternative models with almost the same
performance but yet could differ in fabricating costs. Which model is cheaper or easer to obtain can be
decided by the industry itself based on the techniques they use. But we offered different design’s
parameters with the best outcomes.

50



4.5 Full Performance map of optimized 3TT device

Now after optimizing the proposed 3TT model and selecting the best scenarios, the next step is to
create a surface power-Voltage (P-V) map of the optimized model. Which is necessary to track the
performance of the 3TT device at any operational voltage of each sub-cell. However, most research
which was done on 3TT devices has used a more simplified method to detect the performance using
limiting modes that help identifying the contribution of each sub-cell at limiting conditions. The first
limiting mode is the IBC mode, where no current is collected by p2-contact, and current collected
between n-&p-contacts only. While the other mode is the FB (front back) mode where no current is
collected from the back p-contact and current collected between n-&p2-contacts only, which allows the
cell to work as a selective back junction device [46]. This enables to view the performance in simple J-V
curves (line not surface). But it should be noticed that this does not show the performance at any
operation condition.

Thus, to be able to describe the 3TT device in all operation conditions, a surface plot of the P-V curve is
needed. This can be realized by showing the behavior of total 3TT power vs the two sub-cells voltages
in one plot. Such a plot is realized in S.device by sweeping the front top contact and back emitter
contact at different voltages ranges to extract the values of power production of the PSC top cell and the
IBC bottom cell at different operating voltages. The sweeping is done incrementally with the equal
voltage steps until the Voc of correspondent sub-circuit is reached. Then the power is calculated at each
point of voltage for both sub-cells. Subsequently, the generated data points are arranged in a m x n
matrix, where n is the number of data points generated by the IBC cell, and m is the number of data
points generated by the perovskite cell. The ij™ element of that matrix represents the summation of the
i power and the j™ power corresponds to the V; in the IBC cell and V; in the perovskite cell respectively.
Then, this matrix used is to produce a contour plot which covers the power of the 3TT device at any
given operating voltage for either sub-cell. The contour plot is displayed in Figure 4o0.
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Figure 40 The 3TT P-V surface map, the contour lines represent the 3TT device’s power density as a function of IBC & PSC
operating voltages under STC illumination.
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4.6 Reducing the surface recombination

In the previous simulations, the 3TT model has counted for surface recombination between all layer’s
interfaces. But since the surface recombination can be affected by several factors such as the material
choice, doping concentration, bandgap energy, and fabrication condition. This can lead to a changeable
effect of the surface recombination on the performance of the tandem device which can be altered and
controlled by the lab or industry. Therefore, it worth to investigate the performance of our 3TT model
for the ideal case when the surface recombination losses are negligible and therefore can be excluded.
To so, one of the best scenarios (in this case the scenario of 200 um pitch and 2:1 emitter/base ratio) is
adjusted for the new conditions of ideal surface recombination and re-simulated. the results are shown
in the following table/figure.

Table 6 The best scenarios opto-electrical simulation’s outcomes when surface recombination is neglected

3TT outcome Unit Value
Jpn 1BC [mA/cm?] 16.97
Jph psc [mA/cm?] 23.65
Voc IBC [mV] 0.665
Voc psc [mV] 1.182
Jsc 1mc [mA/cm?] 16.73
Jsc psc [mA/cm?] 23.64
Vimpp 18C [mV] 0.583
Vmpp PSC [mV] 1.05
Jmpp IBC [mA/cmz] 1588
Jimpp Psc [mA/cm?] 22.93
FF 1pc [-] 0.832
FF PSC [-] 0.861
IBC Prypp [mW/cm?] 9.26
PSC Prpp [mW/cm?] 24.07
3TT Prpp [mW/cm?] 33.33
n 3TT [%] 3333 %

It can be noticed that after suppressing the surface recombination, the generated current in both sub-
cells has improved. But the improvement is more significant in the perovskite top cell where the filling
factor changed from 0.811 to 0.861 almost 6% improvement. Based on the simulation outcomes of the
3TT model and the analysis used to assist them, it is believed that the largest source of surface
recombination losses is coming from the interfaces between the perovskite layer and ETL & HTL layers.
Thus, if these can be improved in the future research, this could very likely enable producing a 3TT
device which is capable of a PCE higher than 33%.

Similar to what was done in section 4.6, a contour plot for the full operation of the 3TT model under
these new conditions was created. The plot can be seen in Figure 41.
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Figure 41 The 3TT P-V surface map when the surface recombination is neglected, the contour lines represent the 3TT
device’s power density as a function of IBC & PSC operating voltages under STC illumination

4.7 Conclusion

The aim of this chapter is to re-design parameters of Perovskite top cell (layer’s thickness) and the
architecture of c-Si IBC bottom cell (pitch and emitter/base ratio) to optimize the proposed 3TT model
to achieve higher efficiency than that of the basic model.

The first step of optimization was to add an ITO layer to the model to enhance the conductivity of the
HTL. This has resulted in a noticeable improvement in FF of the PSC top cell. In addition, the total
efficiency of the 3TT model has improved by more than 1%.

The second optimization step was to investigate the influence of the perovskite layer thickness on the
total efficiency of the 3TT device. The simulations have revealed that the PCE peaks when the thickness
is between 0.8 to 0.9 um with PCE greater than 31%.

The third optimization step was to investigate the effect of the pitch on the performance of the IBC
bottom cell as well as on the PSC top cell. It has been found that the pitch value has a greater influence
on the performance of the PSC cell than on the IBC. Moreover, the PCE peaks when the pitch value is
smaller. But this is limited by the possible fabrication techniques and costs.

After that the emitter/base ratio in the IBC cell was investigated. It is found that the ratio has no big
influence on the performance if the pitch value is small, while it has greater influence if the pitch value
is large. In addition, the peak performance ratio for small pitch values is found to be between 1.5:1 and
4:1 while it is between 1:1 to 2:1 when pitch value is large. These results can be beneficial for fabrication
firms since they alter the features of the deigned IBC to balance between efficiency and cost.
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Additionally, and based on the previous optimization results, four scenarios have been suggested to
offer 3TT models that have the highest possible efficiency with different design parameters. The four
scenarios were based on different values of pitch and emitter/base ratios and the best perovskite
thickness. The models have successfully achieved high PCE (> 31.5 %) with almost matching
performance.

Moreover, a contour P-V plot of the best scenario 3TT model was created. The plot represents a map of
the power density in 3TT device as a function of the sub-cells’ voltages. The map is essential to
understand the operating of the 3TT device.

Finally, the influence of the surface recombination between the 3TT device layers was examined. The
3TT model was refined to neglect the effect of this type of recombination losses. The results revealed
that most of these loses come from interfaces between the perovskite layer and ETL & HTL layers. If
these losses are suppressed, the proposed 3TT tandem device will achieve PCE higher than 33%. In
addition, another P-V contour plots of the best scenario device was created when surface recombination
is ignored.
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5 Conclusion and Recommendations

The main work of this thesis was focused to answer the two research questions:

1. Can a 3TT PSC/c-Si IBC tandem device exceed the SJ limit and compete with 2TT & 4TT
devices?
2. Can we improve the design of the tandem cell to increase efficiency of the device?

The answers to these questions were tackled through the different sections of the thesis. This chapter
will summarize the main objectives, approaches, results and analysis that fulfill the objectives of this
project. Further, conclusions will be drawn on each chapter. Moreover, several suggestions will be
recommended to enhance the outcome of 3TT device and to give hints on key themes for future
projects and students.

5.1 Conclusion

In chapter 2, the first objective of this project was achieved, which is designing a high efficiency 2-D
3TT PSC/c-Si IBC device’s model. This was accomplished by proposing a device structure which
complies with 3TT device’s working principle where the functionality, material choice, and initial
geometry parameters of each layer in the structure were based on experimental and literature
references. Furthermore, the simulation and software setups as well as the methodology and process
flow were explained. Moreover, optical simulation approach was discussed in more details regarding
the use of GenPro4 software as well as the method to produce optical generation depth profiles. As well,
electrical simulation approach was discussed for 3TT device’s circuitry which more complicated than
that of two terminal or four terminal devices. Where 3TT device has independent operational cells but
one terminal is shared between them at the same time. We described how to simulate such device in
dark and illuminated condition and explained how to obtain J-V curve for each sub-cell.

We also showed the simulated band diagrams of the proposed 3TT device in both dark and illuminated
conditions, which showed what was expected theoretically from this structure and confirmed that the
device indeed functions as a three-terminal device. Furthermore, the initial simulations were used to
show how to obtain J-V curves of each sub-cell and how these curves are related to the terminal which
is been swept in voltage.

Meanwhile, the aim of chapter3 was to validate the created 3TT device model and compare its
performance with other tandem configuration’s performance. Which has been done by confirming the
accuracy of optical simulation and the reliability of the applied 2-D optical generation rate profiles in
SDE tool. Furthermore, the electrical stimulation in both the IBC bottom cell and the PSC top cells were
validated by their correspondent reference SJ cells. This was based on literature data as well as on
building separate models for SJ cell to imitate identical structure and parameters for the compared
cells.

Furthermore, a comparison in performance between the basic 3TT model and an equivalent 4TT model
was conducted. This required building a 4TT PSC/c-Si IBC model which shares identical structure and
properties with that of 3TT model except for the two extra layers in between the sub-cells. The
comparison revealed that both models show similar capacities to achieve high efficiency (30.38%,
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29.69% for 3TT, 4TT models respectively). It can be concluded that the sub-cells of both models have
efficient independent operation. However, the 3TT device is more efficient in reducing parasitic losses
but the 4TT device can compensate for the parasitic losses by including extra pattern of texture at the
top surface of the IBC cell and/or extra ARC. But this extra texture is still difficult to realize in 3TT
devices since a flat top surface at the bottom cell is necessary to uncomplicate the fabrication process.

Finally, chapter 4 aim is to redesign parameters of Perovskite top cell (layer’s thickness) and the
architecture of c-Si IBC bottom cell (pitch and emitter/base ratio) to optimize the proposed 3TT model
to achieve higher efficiency than that of the basic model. This has been accomplished by different
means of optimization.

Firstly, an ITO layer was added to the model to enhance the conductivity of the HTL. This has resulted
in a noticeable improvement in the total efficiency of the 3TT model which has improved by more than
1%.

Secondly, we investigated the influence of the perovskite layer thickness on the total efficiency of the
3TT device. The simulations have revealed that the PCE peaks when the thickness of is between 0.8 to
0.9 um PCE greater than 31%.

Thirdly, the effect of the changing the IBC cell pitch performance of the sub-cells as well as on the 3TT
device was investigated. It has been found that the pitch value has a greater influence on the
performance of the PSC cell than on the IBC bottom cell. Moreover, the PCE peaks when the pitch value
is smaller. But this is limited by the possible fabrication techniques and costs.

And the final step of optimization was to examine the effect of changing the emitter/base ratio in the
IBC cell. It is found that the ratio has no big influence on the performance if the pitch value is small,
while it has greater influence if the pitch value is large. In addition, the peak performance ratio for
small pitch values is found to be between 1.5:1 and 4:1 while it is between 1:1 to 2:1 when pitch value is
large. These results can be beneficial for fabrication industry since they alter the features of the
designed IBC to balance between efficiency and cost.

Additionally, four scenarios have been suggested to offer 3TT models that have the highest possible
efficiency with different design parameters. The models have successfully achieved high PCE (> 31.5 %)
with almost matching performance. Moreover, a contour P-V plot of the best scenario 3TT model was
created. The plot represents a map of the power density in 3TT device as a function of the sub-cells’
voltages.

Finally, the influence of the surface recombination between the 3TT device layers was examined. The
3TT model was refined to neglect the effect of this type of recombination losses. The results revealed
that most of these loses come from interfaces between the perovskite layer and ET L& HTL layers. If
these losses are suppressed, the device will achieve PCE higher than 33%.

To wrap it up, the first research question in this project was successfully answered by been able to
create a 3TT PSC/c-Si IBC model which achieved an efficiency that exceeded the SQ-limit (>30%) and
were capable of competing other tandem configuration such as 4TT devices as it was discussed in
section 3.3. The second research question was also answered, since we were able to manipulate the
design parameters of both top and bottom cells to increase the efficiency of our 3TT model which was
demonstrated in Chapter 4.
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5.2 Recommendations

Although this project has fruitful results, but many topics still need to be investigated and improved

regarding this type of 3TT devices. The following list summarizes the recommendations that we advise

as a continuation of this project or for new projects in future research.

Since the 3TT model in this project used only a simple one layer of ARC (SiO2), it is recommended
to use a more advanced stack of ARC coatings on the front top surface which will reduce the total
reflection of the model and consequently improve the efficiency.

Further, it is recommended to investigate the effect of adding an ultra-thin (<2 nm) layer of SiOx
between the sub-cells followed by a heavily doped n-type polysilicon layer which will allow
electrons created in PSC to pass to the bottom cell by tunneling effect (extra passivating layers
between sub-cells). And these layers could also improve the blockage of holes from intercrossing.

Figure 42 shows a schematic of the 3TT structure after an ultra-thin layer of SiO. is added between

sub-cells.
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Figure 42 Schematic diagram of 3TT device’s structure that includes extra layer of SiO, between sub-cells

Also, different types of perovskite materials can be examined that could lead to better outcome.
Since some perovskite variation could offer more suitable band gap energy or larger diffusion
length which makes them more useful in certain optimization domains.

Moreover, different types of HTL materials can be tested for better performance outcome or less
costs. In this regard, we recommend examining PEDOT: PSS, PEDOT/graphene, PTAA, or NiOx.
Likewise, alternative TCO materials can be investigated such FTO, ITiO.

Finally, adding texture to the front of top cell or front of bottom cell will reduce reflection
and increase absorption significantly. But this will require careful adjusting of layer’s
thickness and will be challenged by increased fabrication complexity and costs. However, it
is worth investigation through 2-D modelling since that will deliver an indication whether
it is encouraging to continue on this path.
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