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Abstract

Perovskite/Silicon tandem solar cells have earned substantial attention in the field of photovoltaics (PVs) due to their potential
high-efficiency energy conversion. The provided TCAD simulation in the current work aims at delivering a novel design for
a 4-T Perovskite/PERL p-type Si tandem solar cell. The main structure consists of [TO/CuSCN/Perovskite/PC60PM/AZO/
AgNW as the top cell and a conventional PERL p-Si as the bottom cell. Simulation results showed that the proposed top cell
structure achieves a significant performance after substituting Zn(O, 5,5 ;) for AZO and PC60PM electron transport layers
(ETLs), while replacing CuSCN with Cul as a suitable alternative for the hole transport layer (HTL). These modifications
achieved an efficiency of 19.81% for the top cell. The bottom cell also attained a noteworthy level of performance by using
bifacial dual-side-textured construction with efficiencies reaching 29.11% and 14.08% for bare and filtered cells, respectively.
With these combined modifications, the PCE (power conversion efficiency) reached 33.89%, showing significant improve-

ment compared to the base structure.
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1 Introduction

Environmental pollution resulting from fossil and nuclear
fuels results in catastrophic impacts on earth’s eco-system.
These effects may outstretch human psychological traumas
to endangering life on the planet as a whole [1-4]. To tackle
this crisis, humanity needed to embrace renewable, clean
energy sources to restore the environment. Wind power, bio-
mass and solar energy have been the most notable candidates
for this purpose over the last few decades [5—7]. Solar energy
is the foremost among these available renewable resources.
In this regard, single-junction PV cells have spread on a
large scale as the dominant technology for harvesting solar
energy and converting it into electricity. Nevertheless, these
cells face some challenges in their limited power conver-
sion efficiency (PCE) bounded by the Shockley-Quiesser
limit (33%) [8]. This led solar-cell technology to shift
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towards multi-junction designs to be able to realize higher
efficiencies.

The main basic factor known to limit the efficiency of
single-junction cells is either the insufficiency or the excess
of the photon energy compared to that of the bandgap of the
absorption layer (or the active layer). The former results in
a deficiency in photon absorption, while the latter leads to
thermalization losses, where excess energy is lost as excited
electrons relax from higher states of the conduction band to
lower ones. Thus, to resolve the problem, it has been sug-
gested to combine multiple absorbent materials with differ-
ent bandgaps in multi-junction devices, thus evolving the
“tandem solar-cell” structures [9, 10]. Tandems are the sim-
plest way to garner much of the spectrum of the sun. In these
cells, a front sub-cell with a high bandgap is used to absorb
photons with high energy, followed by a rear sub-cell with a
lower bandgap to absorb low energy photons.

Perovskite (PVK) materials are the best contenders for
the top sub-cells for tandem structure for their distinguished
optoelectronic properties. They have acquired the largest
share of the optoelectronic energy arena due to their high
efficiency alongside other multiple advantages such as high
absorption coefficient, low Urbach energy [11], long car-
rier diffusion length [12], decent mobility [13] and most of
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all, tunable bandgap (1.18-2.3 eV) [14, 15]. For the bottom
cell, the best material choice was found to be silicon due to
its dominance in the market in terms of low cost, high effi-
ciency [16, 17], appropriate low band gap (1.1 eV) [18] and
high open-circuit voltage (V) (up to 0.75 V) [19]. Notably,
perovskite solar cells can be configured as (p-i-n) or (n-i-p)
heterojunction structures or (p-n) homojunction structures
[20, 21].

Numerous research investigations have been focused on
improving both the design and performance of solar cells to
reduce production costs and typical losses mechanisms with
highest gainable efficiencies as the main scope to achieve.
In this vein, innovative PV cell designs have been devel-
oped and studied. Three major groups of silicon-based cell
structures are rated for the highest conversion efficiencies;
a) Silicon Heterojunction (SHJ), b) Passivated Emitter, rear
Locally diffused (PERL) and c) Interdigitated Back Contact
(IBC) solar devices. In 1990, a PERL cell demonstrated a
PCE of 23.1% [16, 22, 23]. The improved surface passiva-
tion is what distinguishes these cells from conventional ones
as it reduces the emitter saturation current density and thus
increases V., which is shown by thermally grown oxide in
the surrounding trichloroethane (TCA) [20]. In 1993, PERL
cells were improved when the passivation of the front and
rear contact areas was applied by the densely diffusion phos-
phorous and boron areas along with the passivation of TCA
oxide for the front and back surfaces of the cell. Many other
enhancements, including the reduction of contact areas, that
led to a cutback in recombination rate at the contact contrib-
uting to the possibility of increasing V... The textured upper
surface with inverted-pyramid structures covering with a
double anti-reflective coating (ARC) is the most important
characteristic of these cells to reduce the upper surface cell
reflection and recombination rate. Currently, PERL solar
cells produce efficiencies approaching 25% using micro-
techniques under the standard AM1.5 spectrum [24-26].
Despite these high efficiencies, there are opportunities for
further improvement by trapping light with double-sided
pyramidal textures which are found to be more capable of
trapping light than one-sided texture cells [27, 28]. Energy
yield (EY) modeling is also particularly important, since the
effect of albedo radiation harvested through bottom silicon
cells greatly affects the performance of bifacial tandem cells.

Two out of the three main configurations of perovskite/c-
silicon tandem solar-cells are of special interest: the two-
terminal (2-T, or monolithic) cells and the four-terminal
(4-T) cells. The two cell configurations differ in several
aspects in terms of manufacturing, and handling of short
circuit current (Jo) and V.. In 4-T tandem cells, the top
semi-transparent cell is mechanically assembled on top
of the bottom cell, unlike 2-T tandems where all the lay-
ers of the two PV cells are successively deposited on each
other. The two sub-cells in 4-T tandem architectures are also
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electrically isolated from one another, hence, no need for an
optimal thickness to accomplish current matching. Alterna-
tively, current matching must inevitably be applied for 2-T
tandem cells. The latter should also be more transparent as it
has a smaller number of transparent electrodes which helps
in reducing losses caused by parasitic absorption and reflec-
tion [29, 30]. Furthermore, enhanced light management is
more achievable with 4 T tandems than 2 T counterparts,
thanks to advanced techniques such as dual-side texturing,
which improve light absorption and efficiency. In addition,
the electrical separation of the cells in a 4 T tandem means
that degradation or failure of one cell does not necessarily
impact the performance of the other, resulting in more reli-
able solar cells.

In 2014, the first 4-T tandem cell with perovskite was
reported by Loper et al., with efficiency up to 13.4%, where
it consisted of two sub-cells: perovskite and c-silicon het-
erojunction cells with MoOx/ITO as a transparent electrode
[31]. Bailie et al. [32] have used a transparent electrode
made of silver nanowire (NW) to build semitransparent per-
ovskite solar cells (PSCS). Ramirez Quiroz followed Bailie's
steps in using a semi-transparent silver nanowire (AgNW)
rear-electrode on the top perovskite cell (PSCS) to make it
semi-transparent. To evade the degradation of the device
and prevent the diffusion of silver into the perovskite layer,
Ramirez inserted AZO nanoparticles between the PC60BM
and the silver nanowires. The CuSCN was also chosen by
Ramirez to serve as an HTL and ARC as it has a refractive
index that is close to that of perovskite materials in the NIR
region and thus reduces parasitic absorption [33]. Device
architecture for the top perovskite semi-transparent cell cho-
sen by Ramirez was ITO/CuSCN/CH;NH,PbI,/PC60BM/
ZnO:Al nps/AgNW. On the other side, an inverted pyramidal
texture is applied to a PERL p-type Si bottom cell to reduce
light reflection. As a result, the total efficiency for the 4-T
PSC/PERL p-type Si tandem cell is estimated at 26.7% when
the semitransparent PSC (17.1%) is mechanically stacked to
the PERL p-silicon solar cell (9.6%).

Our study addresses significant gaps in the literature
on tandem solar cell configurations by integrating both
process and device simulations, a comprehensive approach
rarely explored in existing research. Most studies focus
primarily on device simulations, neglecting the critical
role of process simulations in accurately constructing and
optimizing solar cell structures. Additionally, the impact
of ARC and dual-textured surfaces on device performance
has not been fully examined. In this simulation study, we
present a novel 4 T Perovskite/Perl p-Si tandem PV cell
featuring a bifacial double-sided pyramid texture model
covered by a dual-layer ARC on both sides of the Perl
p-Si bottom cell. Our study employs the Silvaco simula-
tion package (Athena and Atlas) to conduct both process
and device simulations, ensuring a detailed and accurate
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modeling approach. The top and bottom cells were cali-
brated with experimental data from previous studies to
validate the physical models and technological parameters
used in the simulations. To improve tandem performance,
a series of optimization steps have been performed. Firstly,
we investigated the impact of various Conduction Band
Offsets (CBOs) and Valence Band Offsets (VBOs) for dif-
ferent Electron Transport Layers (ETLs) and Hole Trans-
port Layers (HTLs) in the top perovskite solar cell, leading
to a significant improvement in efficiency from 17.4% to
19.81%. Next, for the bottom cell, we implemented some
strategies to enhance light trapping and reduce reflection:
anti-reflective coating and dual-side-textured surfaces.
These techniques resulted in substantial efficiency gains,
with the bottom cell's efficiency reaching 29.11% (bare
cell) and 14.08% (filtered cell), compared to initial effi-
ciencies of 23.5% and 10.08%, respectively. Modifications
to the cells under study included creating an effective light
trapping system, which further enhanced the overall per-
formance of the tandem solar cell.

2 Modeling, Simulation Methods and Cell
Structures

SILVACO-TCAD modeling and simulation software
packages play an important role in developing new solar
structures under different operating conditions and pre-
dicting their performance with ease and expeditiousness.
It is always preferable to design the device via a TCAD
simulation tool prior to manufacturing to anticipate
design issues or other avoidable problems that can help to
maximize performance parameters [34]. Silvaco TCAD
provides a comprehensive, flexible, and powerful simula-
tion environment. Its superior process simulation capa-
bilities, extensive material libraries, advanced physical
models, 2D simulation capability, and detailed analysis
of ARC:s collectively contribute to the superiority of our
approach compared to 1D simulators like SCAPS.

For calibration, we have used the physical structure
design of the ATHENA silicon solar cell module regard-
ing the standard integrated Si-wafer processing technology
while for the electrical and optical properties for top and
bottom cells and also to describe a two-dimensional struc-
ture for the top perovskite cell, ATLAS module is used. A
top cell is illuminated by AM1.5G, according to its energy
gap two ranges are absorbed ultraviolet and visible ranges.
Under the top cell, a bottom Si PERL cell is illuminated
by a filtered spectrum with a NIR range. Figure 1, shows a
device structure [33]. The key parameters of top and bot-
tom layers are summarized in Table 1 [35-42].

NIR V uv

$ 1 3

ZnO:Al nps

THE]

Rear Contact

Fig. 1 Schematic representation of 4-terminal layout showing illumi-
nation direction with the silicon PERL cell as bottom cell [33]

3 Results and Discussion

By applying appropriate geometrical and physical parameters
for simulator validation, the two standalone sub-cells are cali-
brated against experiments [33]. For the top cell simulation,
an 8 nm of CuSCN layer thickness is deposited on an active
perovskite 650 nm layer on a 50 nm and 30 nm for dual ETLs
(PC¢,BM-AZO) respectively using an ATLAS module. For the
bottom cell simulation, the same order of process steps, as done
by William et al. [43], is carried out. The structure simulation
is based on an Athena module as follows. A p-type 450 um
thick < 100> wafer structure is used to study the behavior of
optical absorption in which the substrate boron doping concen-
tration is 10'7/cm? with 10 ps lifetime. A rear local diffusion of
phosphorus is completed at 840 °C for 30 min. A 10 um base
width of inverted pyramids texture surface is realized by etch-
ing process. A dual layer of ARC is deposited on the top of it, to
reduce reflection with thickness of 25 nm each. A front surface
boron diffusion for 60 min at 925 °C has been followed. Before
top and bottom passivation and contact definition, a drive-in is
done for 60 min at 1050 °C [43].

Then, to obtain the J-V characteristic curves, AM1.5G spec-
trum is implemented to illuminate the structure. Figure 2a, b
and c displays the top and bottom bare and filtered cells com-
parison of J-V characteristic curves calibration among simula-
tion and measurements, while Fig. 2d exhibits the EQE curves
for experimental and simulated cells.
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Table 1 Main parameters of the CH;NH;Pbl; and c-Si PV cell materials

Parameters Top Cell Bottom Cell
Material CuSCN CH;NH;Pbl; PC¢BM Zn0O:Al P-Si
Thickness (pm) 0.008 0.650 0.05 0.03 450
Energy gap (eV) 3.6 [35] 1.7 2 [40] 3.3 [41] 1.12 [42]
Electron affinity (eV) 1.7 [35] 3.9 [36] 3.9 [40] 4.6 [41] 4.05 [42]
Relative permittivity 10 [35] 18 [37] 3.9 [40] 9 [41] 11.9 [42]
Electron mobility (cm? /Vs) 100 [35] 3[38] 0.2 [40] 100 [41] 1.5%x10°[42]
Hole mobility (cm? /Vs) 25 [35] 17 [38] 0.2 [40] 25 [41] 4.5%10% [42]
CB effective DOS (cm™) 2.2% 10" [35] 2.2% 10" [39] 2.5% 10?'[40] 2.2%10"8[41] 2.8%x 10" [42]
VB effective DOS (cm™3) 1.8x 10" [35] 1.8%x 10" [39] 2.5% 10?'[40] 1.8x10"[41] 1.04x 10" [42]
Donor concentration Ny, (cm_3) _ _ 10" 10" _
Acceptor concentration N (cm’3) 4x10'® _ _ _ 1077
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Fig.2 Comparison of J-V characteristic curves results due to the calibration of Perovskite/PERL tandem cell (a) top cell, b bare bottom cell and
(c) filtered bottom cell, d EQE curves of both experimental and simulated cells
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3.1 Simulation and Optimization of Bifacial
Textured 4-T Perovskite/Perl p-Si Tandem

3.1.1 Top Cell Optimization

The photovoltaic working mechanism depends on the design
and configuration of the PV cell. Structure optimization is
the main road for efficient separation and collection of the
photo-excited carriers. To improve the performance of a
photovoltaic device, some design-related parameters are
to be adjusted:(a) conduction and valence band offsets at
the interface (CBO and VBO), (b) Built-in electric field, (c¢)
Effective force field (work function difference, Ohmic and
Schottky contact) [44, 45]. The heterojunction interface is a
key determinant of voltage, current flow, and electric field
on both sides of the junction [44, 45].

a Band Alignment

The ease of flow of photogenerated carriers from the
absorber layer to the corresponding electrodes is crucial to
cell performance. Thus, selection of appropriate ETLs and
HTLs plays a decisive role in improving the performance of
the perovskite cell [46].

Notably, the CBO at the interface between the ETL
and the absorber and the VBO between the HTL and the
absorber show a significant role in cell efficiency. Both of
them depend on the electron affinity. So, electron affinity
of the ETL and HTL all play a role [45]. The CBO and the
VBO are defined as given in the following equations,

CBO = Xperovskite — XETL (1

VBO = (Eg + X)HTL = By + Vperouskite @
where, E, is the bandgap and  is electron affinity.

To demonstrate such effects, we simulated four devices
regarding the perovskite-based top cell. First, for the cali-
brated model with the direct structure (p-i-n) ITO/CuSCN/
CH;NH;Pbl,/PC60PM/AZO/AgNW, Copper (I) thiocyanate
(CuSCN) is used as an HTL and PC60BM/AZO as dual
ETLs. Figure 3a shows the band diagram for the device. As
can be depicted from the figure, there is a small spike at the
interface between its dual ETLs which makes some trouble
for the electrons to move from first ETL to the second one.
Figure 3b exhibits the band diagram for the second simu-
lated structure ITO/CuSCN/CH;NH;Pbl;/PC60PM/AgNW.
The spike-like band disappears, and now it is easy to move
the electrons without any obstacles. As a result, efficiency
increases from 17.4% to 17.52%. To have a wider view of
the optimum CBO for this device, different values of CBOs
for various ETLs are tested. Zn(Oy 3,5 7), Cg, TiO,, ZnO,
and CdSe replaced the PC4,BM sequentially, each at a time,

one after the other. The ETLs material properties used are
acquired from [45-48] and [49] and summed up in Table 2.
The material that achieves the maximum PCE among the
different ETLs analyzed is Zn(Oy 5,5 7). It was observed
that the highest efficiency occurs when the CBO is equal to
0.3 eV. This clearly improves the flow of electrons giving an
efficiency of 18.37% (Table 3).

Further, for appropriate HTL design, its valence band
maximum (VBM) should be higher than that of the per-
ovskite and to have high hole mobility to extract holes effi-
ciently from the perovskite material [50]. The difference in
energy level at HTL/perovskite interface is the VBO [44].
In the third simulated structure ITO/CuSCN/CH;NH;Pbl,/
Zn(0y 3,5, 7)/AgNW, Copper (I) thiocyanate(CuSCN) is
exploited as a hole transparent layer. It combines its intrin-
sic hole-transparency (p-type) characteristics with optical
transparency across the visible-to-near-infrared portion of
the illumination spectrum due to its large bandgap (~3.6 eV)
[51, 52]. However, the existence of compensating donor
states, performing as hole traps or scattering centers [53,
54], drastically disrupts the hole transportation mechanism
in p-type CuSCN. So, it is desirable to test other alternatives.

As observed in Fig. 3c, the holes accumulate and pro-
vide the opportunity for recombination to occur. Band-
bending poses rather impediment to the flow of holes and
their extraction, thus, prompting search for better materials
owing to the significance of HTL, as well as ETL, to cell
efficiency. Different HTLs are tested [55], Cul, Nio, MoO;,
Cu,0, and CZTS replaced the CuSCN sequentially, each at
a time, one after the other. The HTLs material properties
are summed up in Table 4. After testing different values of
VBOs for various HTLs, Copper iodide (Cul) is chosen as
a suitable HTL as it yields the highest cell efficiency with
VBO=-0.5 eV. It is among those HTLs of p-type copper-
based inorganic semiconductors that have high chemical
stability, hole mobility and conductivity [56-59] with high
abundance and low cost as its most important features. Fig-
ure 3d shows a band diagram for the fourth device ITO/Cul/
CH;NH;Pbl;/Zn(0y 3,S, 7)/AgNW. These improvements for
a device raise the efficiency up to 19.81% (Table 5). Fig-
ures 4a and b show the distinctive values of CBO and VBO
for various ETLs and HTLs respectively.

b Electric Field

Electric fields at any interface play a focal role in the
operation of PSCs [45, 50]. The electric field of the first
simulated cell is illustrated in Fig. 5a. A small peak of
negative field is observed at the perovskite/PCy,BM inter-
face directed from the PCyBM to the perovskite and a
much smaller one from the perovskite to the CuSCN.
A positive field rises significantly at the PC,(BM /AZO
interface from the PC;,BM to AZO, but a more prominent
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Fig.3 a Energy band diagram of CuSCN/Perovskite/PCs,BM/AZO/AgNW, b Energy band diagram of CuSCN/Perovskite/PCy,BM/AgNW, ¢
Energy band diagram of CuSCN/Perovskite/Zn(Oy 3,S, 7)/AgNW, d Energy band diagram of Cul/Perovskite/Zn(Oy 3,S, ;)/AgNW

Table 2 Material characteristics

for different ETLs

Table 3 Comparison of the
Electrical parameters for
various ETLs
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Parameters Zn(0y3.507) Cgo TiO2 PC(cBM  ZnO CdSe
Energy gap (eV) 2.83 1.7 32 2 33 2.16
Electron affinity (eV) 3.6 3.9 3.9 4.1 4.3
Relative permittivity 9 4.2 9 39 9 10.6
Electron mobility (cm?/Vs) 100 8x1072 20 0.2 100 100

Hole mobility (cm? /Vs) 25 35%x107% 10 0.2 50 50

CB effective DOS (cm™) 22x10" 8x10" 21x10"%  25%x10°"  4x10"®  22x10"
VB effective DOS (cm™) 1.8x10" 8x 10" 1.8x10"  25x10*  1x10" 1.8x10"
Parameters CdSe PC¢,BM Zn0O Ceo TiO, Zn(0y 3,5, 7)
J.. (mA/cm?) 21.38 21.34 21.34 21.47 21.37 21.37

Voo (V) 1.05 1.09 1.09 1.10 1.10 1.10

FF (%) 65.82 74.6 75.10 76.71 77.09 71.7

n (%) 14.85 17.4 17.49 18.12 18.16 18.37
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Table 4 Material characteristics

. Parameters Cul NiO MoO; CuSCN Cu,O CZTS
for different HTLs
Energy gap (eV) 3 3.8 3 3.6 2.27 1.2
Electron affinity (eV) 2.1 1.46 2.3 1.7 3.2 4.1
Relative permittivity 6.5 10.7 12.5 10 7.11 7
Electron mobility (cm? /Vs) 100 12 25 100 200 25
Hole mobility (cm? /Vs) 44 2.8 100 25 80 20
CB effective DOS (cm™) 2.8x10"  2.8x10" 22x10"® 22x10"° 22x10"® 2x10"
VB effective DOS (cm™) 1x10" 1x10" 1.8x10"° 1.8x10"® 1.9%x10° 1.8x10"
Table 5 Comparison of the Parameters CZTS Cu,00 CuSCN MoO; NiO Cul
Electrical parameters for
various HTLs I (mA/cm?) 18.28 20.49 21.37 21.34 21.37 21.39
Voo (V) 1.02 1.10 1.10 1.14 1.14 1.16
FF (%) 66.56 75.70 77.7 77.51 77.85 79.7
n (%) 12.46 17.14 18.37 18.92 19.10 19.81

Efficiency (%)

—— Perovskite/ETLs CBO

T T
-0.6 -0.4 -0.2 0.0 0.2 0.4
CBO (eV)

(a)

Efficiency (%)

—— HTLs/Perovskite VBO|

6 T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

VBO (eV)

(b)

Fig.4 a CBO curve for Perovskite/ETLs, bVBO curve for HTLs /Perovskite

negative field at the AZO /Electrode interface from elec-
trode to AZO. When the perovskite material absorbs light,
the generated electron—hole pairs are split by appropriate
electric fields [50]. At Perovskite/ PCy,BM interface, the
negative electric field pushes the electron to move toward
PC¢,BM. This flow of electrons, to some extent, is hin-
dered by the positive electric field at the PC,(BM/AZO
interface which consequently increases recombination rate
in this region for the electrons moving from the PC,,BM
to the AZO. One the other hand, the negative electric field
at the AZO/AgNW interface helps decrease the electron
recombination loss for those proceeding from the AZO
to the contact. In the same manner, the positive electric
field near ITO/CuSCN increases the recombination loss at

their common interface, while at the CuSCN/Perovskite
interface, the negative electric field boasts the transfer of
holes to the CuSCN. There is no positive electric field that
may impede the movement of the electrons at the ETLs
interface, the electric field between PC60BM and AgNW
is negative so the electron can move easily towards AGNW
(Fig. 5b) for a second simulated device. A -5x 10° V/cm
is a negative electric field strength at the Perovskite/ETL
interface when Zn(O 3,S, ;) is used in the third simulated
cell, so the electrons now can move easily, therefore, the
efficiency increased (Fig. 5¢). As a result of adding Cul in
the fourth device, the positive electric field strength at the
ITO/Cul decreases, partly easing the movement of holes
(Fig. 5d).
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Fig.5 Electric field for different structures, a ITO/CuSCN/Perovskite/PCs(BM/AZO/AgNW, b ITO/CuSCN/Perovskite/PCc,BM/AgNW, ¢ ITO/
CuSCN/Perovskite/Zn(0O 3S, 7)/AgNW and d ITO/Cul/Perovskite/Zn(O, ;S, 7)/AgNW

iii. Ohmic and Schottky contact

As shown in Fig. 3c, a Schottky barrier, rather than an
ohmic contact, is obtained between ITO/CuSCN due to
the disparity between their work functions. This eventually
results in band-bending in the p-type semiconductor rep-
resenting the creation of electric field through diffusion of
charge carriers toward the side of larger work function of the
semiconductor in comparison to that of the metal contact.
Proliferation of mobile charges in the metal contact prevent
bending of its band for their ability to easily react to the
created field [60]. As a result of adding Cul, the Schottky
barrier between ITO/Cul also decreases as shown in Fig. 3d.

Also, charge recombination profiles of PSCs yield a
deeper insight into their physics and operation mechanisms.
Figure 6 shows the recombination rates of the simulated
PV cells under discussion. In Fig. 6a, AZO has the highest
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recombination rate in the order of ~5x 10?° cm™ s~!. The
electron recombination rate from the PC¢,BM to the AZO
also increases because of the positive electric field at their
common interface (102° cm™3 s7!). Then, it goes back down
to 5x 10" at the AZO/AgNW interface as a result of the
negative field at this interface. After removing a AZO layer,
the recombination rate between ETL (PC60BM) and AgNW
decreases to~4x 10" cm™3 57! (Fig. 6b). 1% 103 ecm™3 57!
is a recombination rate inside the Zn(O, 5, S, ;) layer after
using it instead of PC60BM and ~ 1 x 10°> cm™ s~! at the
Zn(0y 3, So7)/AgNW interface (Fig. 6¢). The recombina-
tion rate at the HTL/Perovskite decreases from 10% cm™ s™!
to~6x 10" cm™ s7! when Cul is also used instead of
CuSCN (Fig. 6d). Figure 7a illustrates the EQE curves
for different structures, while Fig. 7b shows a comparison
between current densities in different structures for top
cell. The EQE of the different design cases are nearly the
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Table 6 Shows a comparison
between four devices for Top
Cell

AN ¢

Structure J,. (mA/ecm?) V. (V) FF (%) n (%)
ITO/CuSCN/Perovskite/PCy(BM/AZO/AgNW 21.34 1.092 74.6 17.4

ITO/CuSCN/Perovskite/PCy(BM/AgNW 21.34 1.092 75.18 17.52
ITO/CuSCN/Perovskite/Zn(Oy 3,5, )/ AgNW 21.37 1.106 7117 18.37
ITO/Cul/Perovskite/Zn(O 3,5 )/ AgNW 21.39 1.162 79.7 19.81

NIR S UV

103
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! m'\
[V g NSRS

- NN

|

Fig.8 The schematic diagram of a new 4-T tandem
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same, signifying a constant short circuit current as indicated
in Fig. 7b. Further, Table 6 shows the steps of upper cell
optimization.

3.1.2 Bottom Cell Optimization

Notably, 30% of the reflection occurs on the bare silicon
surface. The reflection loss on cell surface is a severe
problem. It is one of the causes that lead to the dete-
rioration of the PCE of the crystalline silicon solar cell
[61]. Two of the prime candidate approaches for a light
trapping structure are used for minimizing reflection: 1)
texture treatment and 2) adding ARC to the surface [62].
Another light trapping technique has been proposed, which
is a back-surface treatment for an anti-irregular reflection

Table 7 Simulated Output Parameters of Mono-facial dual-sided tex-
ture Perl Si bottom solar cell

Perl Si Cell Lifetime us  J (mA/cm?) V,(V) FF(%) 1 (%)
Bare 10 43.04 0.68 82.54  24.13
100 44.20 0.70 83.77 2591
1000 44.68 0.72 84.42  27.15
Filtered 10 18.53 0.679 8232 10.35
100 20.54 0.709 8395 12.22
1000 21.24 0.723 8479  13.02

[61]. Figure 8 shows the schematic diagram of a new 4-T
tandem investigated in this work. Although reflection of
incident light can be reduced by front-side surface texture
and ARC films, light can escape from the cell resulting in
optical losses [63, 64]. As exhibited in Fig. 9a, the raytrac-
ing for calibration device shows that there are some areas
in a Si bulk where light has not reached at all. This makes
electron—hole pair production in them non-existent, mean-
ing that the photo-generation rate is equal zero (Dark pur-
ple areas), which leads to reduced efficiency. A textured
front surface with a planar rear surface is a basic structure
for common high-efficiency silicon solar cells [65-67].
Recently theoretical simulations involving double-sided
texture have been proven to augment spectrum absorption
in Si cells [68, 69]. For the current device simulation, get-
ting better results for Perl p-Si bottom cell efficiency is
through enhancing carriers photo-generation by optimiz-
ing optical absorption, where 10 pm base size of inverted
pyramids of texture rear surface is realized by etching
process then adding dual ARC films. After double-sided
pyramidal texture, Silicon solar cell is capable of superior
light trapping than PV devices with texture on just the
front as shown in Fig. 9b. The raytracing shows that all
regions are now capable of producing photo-current after
many reflections for light on rear textured side surface, the
dark purple areas all disappeared. The J-V characteristics
for different lifetimes 10, 100 and 1000 us for the device
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Table 8 Comparison between calibrated, mono-facial dual-sided tex-
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Calibrated ~ Bare 41.53 0.68 8324 235 — Deﬁ"iim )
Filtered 17.9 0.677 83.23 10.08 {
Mono-facial ~ Bare 44.68 072 8442 2715 ([ Rearlocal Biriics )
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are obtained. Table 7 shows the various output electrical
parameters for bottom bare and filtered cells at these dif-
ferent lifetimes. As an be inferred, there is a noticeable
change in the electrical properties of a current device as
the lifetime increases. Efficiencies of 27.15% and 13.02%
are shown for 1000 ps lifetime for bare and filtered bottom
cells, respectively.

Recently, the PCE of Si cells has become limited [17, 70, 71].
The conversion efficiency of mono-facial PV devices is difficult
to enhance [72, 73]. To overcome this and for the production
of high-efficiency solar cells, several technologies have been
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Table 9 Highest reported efficiency regarding 4-T perovskite/si tandems cell with different types of Si bottom cells

Bottom_Si Cell Structure Semi-transparent perovskite Configuration T (mA/cm?) Voe V) FF (%)  Sub-cell n (%) Tandem n(%) Year
top cell
IBC MAPDI; Bare Si 41.3 0.651  75.1 20.2 25.2[33] 2018
Filter Si 17 0.633  75.2 8.1
Perovskite cell 21 1.098  74.1 17.1
Csg05(MAg 17FA| §3)0.05Pb Bare Si 40.7 0.728  80.3 23.8 26.3 [79] 2018
09Bo.1)3 Filter Si 17.7 0705 80 10
Perovskite cell 19.4 1.075  78.1 16.3
Csg.15(FA)gsPb(y 71Br 205 Bare Si 41.3 0.691  80.6 23.8 27.1[80] 2019
Filter Si 24.1 0.678 812 133
Perovskite cell 15.4 1.22 73.4 13.8
SHJ MAPbI, Bare Si 41.1 0.708  80.3 233 27 [81] 2019
Filter Si 15.6 0.698  80.1 8.7
Perovskite cell 19.8 1.156  79.9 18.3
1BC Rby 05Cs0.00sMA 1425FA712sP  Bare Si 42.5 0.717 81 24.7 27.8 [82] 2020
bL,Br Filter Si 19.6 0697 78 10.7
Perovskite cell 18 1.205 789 17.1
PERL Bare Si 40.1 0.699  80.1 224 26.2 [82]
Filter Si 18.6 0.675 80.4 10.1
Perovskite cell 17.5 1.205 763 16.1
POLO-IBC FACsPbl;_ Br, Bare Si 41.4 0.69 81.2 23.2 26.2 [83] 2020
Filter Si 15.6 0.66 30.2 8.2
Perovskite cell 19.7 1.16 78.7 18
Single side n-TOP Con Cs05FA(sMA,) ;sPbl, ssBrj 45 Bare Si 39.2 0.702  80.1 22 26.7 [84] 2020
Filter Si 16.6 0.675  79.6 8.9
Perovskite cell 20.5 1.11 78.6 17.9
SHJ CsFAPbI; Bare Si 40.1 0.708 825 23.4 28.3 [85] 2021
Filter Si 14.5 0.69 83 8.5
Perovskite cell 219 1.13 79.7 19.8
CsxFAI—be(lyBr:CII—y—z)B Bare S1 39.87 0.74 83.17 24.53 30.24 [86] 2022
Filter Si 19.56 0.72 82.89 11.67
Perovskite cell 18.82 1.24 79.58 18.57
Cs,(FA, 4, MA ),_PbL, ¢Br Bare Si 38.68 0.72 78.61 22.14 28.38 [87] 2023
Filter Si 12.29 0.69 82.5 7.07
Perovskite cell 23.11 1.14 80.52 21.31
SST poly-SiO, perovskite Bare Si 38.68 0.695  80.33 20.47 27.97 [88] 2023
Filter Si 16 0.666  77.6 8.27
Perovskite cell 22 1.139  78.6 19.7
DST poly-SiO, perovskite Bare Si 37.85 0.655  78.42 19.44 28.07 [88] 2023
Filter Si 16.8 0.637 78.2 8.37
Perovskite cell 22 1.139  78.6 19.7
C-Si perovskite Bare Si 34.81 0.68 83.60 19.83 35.43 [89] 2024
Filter Si 32.47 0.67 83.50 19.74
Perovskite cell 15.47 1.37 73.49 15.69
Bare Si 0.68 34.81 83.60 19.83 25.86 [89] 2024
Filter Si 17.77 0.73 83.72 16.29
Perovskite cell 15.86 0.8 74.69 9.57
PERL CH;NH;Pbl, Bare Si 44.68 072 8442 2715 32.83
Filter Si 2124 0723 8479  13.02 Without albedo
Perovskite cell 21.39 1.162  79.7 19.81
Bare Si 479 0.72 84.43 29.11 33.89
Filter Si 2297 0723 8479  14.08 With albedo
Our WORK
Perovskite cell 21.39 1.162  79.7 19.81
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developed that use different concepts and structures to make
the most out of the incident light power such as bifacial solar
cells. Capturing, absorbing and trapping light inside the solar
cell within its boundaries on the front and rear surfaces is the
primary goal of bifacial cells. Up to 30% higher yield can be
achieved with this type of cells compared to conventional ones
when installed outdoors. The effectiveness of both sides of bifa-
cial cells looks similar, with the front side serving as the collec-
tion emitter and the back side functioning as the back-surface-
field (BSF). Using bifacial has been shown for decades but has
only recently received widespread attention [74]. Bifacial solar
cells are aimed at harnessing light reflected from surrounding
environment, mainly ground surface (Albedo), as well as the
normal incident light requiring comprehensive illumination
modelling to successfully assess energy outturn [75].

The back contact is designed to have a finger-grid shape
allowing light through while the front is kept as those of the
conventional devices implemented using screen-printing.
Passivated emitter rear contacts (PERC/PERT/PERL) or
IBC contacting scheme upgraded technologies contrived this
type of devices prospecting around 60% of market domi-
nance by 2029 [76-78]. The simulation of the proposed
bifacial 4-T tandem is performed under AM1.5G with 90°
at the front surface and albedo (~30%) at 270° for the rear
side of the tandem. This leads to an improvement in the
electrical properties of the Perl Si cell. Figure 9c, shows a
bifacial dual-texture for the bare Si bottom cell for 1000 ps,
the photo-generation rate at the rear textured side surface
increases and other areas according to albedo.

The EQE now for bifacial dual-texture for bare Si bottom
cell is divided into two parts, a special part for a front textured
surface side and the other for a rear textured surface side (see
Fig. 10a). Table 8 shows a comparison between bare and fil-
tered Perl Si cells at different lifetimes. It is found that the
efficiency increases by 1.96% over the last optimization for
the bare cell and 1.06% for the filtered. Figure 10b shows all
currents for Mono and Bifacial Bare and Filtered Perl Si cells.

As aresult, the total PCE of the proposed bifacial textured
4-T Perovskite/Perl p-Si tandem solar cell reaches 33.89%,
when optimized semitransparent PSC (19.81%) is mechani-
cally stacked upon an optimized PERL p-silicon solar cell
(14.08%). The flowchart in Fig. 11 shows the steps of the
process and electrical simulations of the optimized device.
Table 9 shows a survey for 4-T perovskite/Si tandems from
2018 up to 2024.

4 Conclusions

In this study, we introduced a TCAD model structure of
a 4-terminal (4-T) Perovskite/PERL silicon (Si) tandem
solar cell. In order to ensure the accuracy of our simula-
tion model, the calibration of the two standalone sub-cells

@ Springer

was performed using experimental data. Our simula-
tions explored four different structures for the top per-
ovskite cell, yielding the following findings. The initial
structure comprises ITO/CuSCN/Perovskite/PC60PM/
AZO/AgNW. An efficiency of 17.4% has been achieved.
The issue related to this structure is that a small spike
in the energy band diagram at the interface between the
two ETLs impeded electron movement. To alleviate this
problem, the second structure (ITO/CuSCN/Perovs-
kite/PC60PM/AgNW) is proposed, in which AZO was
removed and PC60PM was used as the sole ETL. This
modification slightly improved efficiency to 17.52% by
addressing the energy band spike. The third structure
consists of the stacked layers ITO/CuSCN/Perovskite/
Zn(00.3,S0.7)/AgNW. Using Zn(00.3,S0.7) as the ETL
material improved efficiency to 18.37% by optimizing the
CBO. In addition to the engineering of the CBO, an addi-
tional adjustment for the VBO was carried out, leading to
the fourth structure (ITO/Cul/Perovskite/Zn(00.3,S0.7)/
AgNW). In this cell, CuSCN was replaced with Cul as
the HTL, resulting in an improved efficiency of 19.81%.
Moreover, for the PERL p-Si bottom cell, we achieved
a conversion efficiency of 27.15% for the bare Si cell at a
1000 ps lifetime and 13.02% for the filtered cell. Efficiency
improvements were achieved through surface texturing with
pyramids and the addition of an ARC. Further optimization
involved texturing the rear surface with inverted pyramids.
The approach of bifacial dual-side-textured configuration
was introduced to maximize the utilization of incident light
power, resulting in a bare cell efficiency of 29.11% and a
filtered cell efficiency 0f14.08%. Combining the optimized
top and bottom cells, the overall PCE of the 4-T Perovskite/
PERL p-Si tandem PV cell proposed in our research reached
33.89%. These simulation results are encouraging and hold
significant potential for future experimental exploration,
paving the way for more efficient tandem solar cells.
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