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Original Research Abstract:
A tandem solar cell consisting of three cells is designed and simulated by the Solar Cell Capacitor

l;; 3?111\1,2(;02 4 Simulator (SCAPS) program. The bandgap of the top cell absorber (CsyAgBig75Sbg 25Brg) is 1.8
Revised: eV, the middle cell absorber (CH3NH;3Pbl3) has a bandgap of 1.55 eV), and a single-crystal silicon
6 August 2024 cell (with 1.12 eV bandgap) is selected as the bottom cell. Each of these cells were simulated and
Accepted: optimized separately. To improve current density in the middle cell, CuSCN is chosen as the hole-
20 August 2024 transport layer (HTL). Power conversion efficiencies (PCE) of individual Cs, AgBig 75Sbg 25Br6,
Published online: MAPDI;, and Si cells are 14.32%, 25.09%, and 25.22%, respectively. which are quite close
3 September 2024 to the results published in the literature. Consequently, the tandem structure of these cells is

simulated and the optimal thicknesses for the absorber layers (as required by the current-matching
© The Author(s) 2024 condition) in a two-terminal (2T) monolithic structure is calculated. The optimized thicknesses

of CspAgBig.75Sbg 25Brg and MAPDI3 absorber layers in the tandem configuration are 300 and
550 nm, respectively. The transmitted spectra of the top and middle cells are obtained using the
Matlab software. Subsequently, the SCAPS numerical simulation for the 2T tandem structure gave
an enhanced power conversion efficiency (PCE) of 38.9%.

Keywords: Photovoltaic solar cells; Tandem structure; Perovskite solar cells; PCE enhancement.

1. Introduction cell (which has a wider bandgap) absorbs higher-energy
photons, and the photons with lower energies pass through
it to be absorbed by the next cell, and so on. In this way, an
enhanced absorption of sunlight is attainable.

Tandem solar cells of organic-inorganic halide perovskite
semiconductors on silicon (Si) have the advantages of low
fabrication costs and high efficiencies (due to the bandgap
tunability of the perovskite materials, ranging from 1.3 eV
to 2.1 eV) [2]. These cells can be designed as a mono-
lithic structure which is a two-terminal (2T) structure, or
as a mechanical stack which with four terminals (i.e. 4T
structure). The 2T architecture is less expensive to build;
it only needs one transparent-conductive electrode inside
the device, which results in saving materials and reducing
the optical losses of the interface layer between subcells (as
compared to the 4T cells); and also, the wiring of the cell
would be easier. Furthermore, it requires a lower processing
temperature.

In recent years, a lot of research has been done on increas-

Perovskite absorber layers have shown good optoelectronics
properties, such as adjustable bandgaps, high absorption co-
efficients, relatively long carrier lifetimes, rather high elec-
tron and hole mobilities, and fairly small exciton binding
energies [1]. These characteristics are suitable for single-
junction solar cells, as well as for tandem structures.

Using a tandem solar device structure is an effective ap-
proach to bypass the Shockley-Queisser limit of 31% effi-
ciency in single-junction solar cells [1, 2]. The two most
significant mechanisms of power loss in single-junction
cells are: 1) photons with energies lower than the bandgap
are not absorbed; and 2) photons with energies higher than
the bandgap lose part of their energies as heat (i.e. thermal
losses). Typically, these two mechanisms account for the
loss of almost half of the ideal solar cell efficiency. Conse-
quently, tandem cells can be designed to partly compensate
for these shortcomings [3]. In a tandem solar cell, the top
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ing the stability and conversion efficiency of perovskite
solar cells. The PCE of single-junction perovskite solar
cells is improved to around 25% and its fabrication cost
is decreased significantly; especially with the production
of carbon-based perovskite solar cells [4]. Recently, high
efficiency and improved stability of solar cells based on
MAPbDI; were demonstrated [5].

The first two-terminal perovskite-silicon tandem cell was
fabricated by producing an n+-doped tunnel junction be-
tween the thin-film perovskite and single-crystal Si cells.
This structure resulted in a 13.7% efficiency [6]. In another
work, a SnO, film was used as an electron-transport layer
(ETL) for the perovskite cell; it was deposited by the atomic-
layer deposition (ALD) technique at a temperature below
120 °C. With this structure, 18.1% efficiency was obtained
[7]. Werner et al. fabricated a monolithic perovskite-Si het-
erojunction tandem cell using an indium-zinc oxide (IZO)
layer as an intermediate recombination layer; and after opti-
mization of the hole-transport layer (HTL) thickness, they
reached 19.2% efficiency [8]. Shen et al. designed a 2T tan-
dem device with a TiO; layer (as the electron transport and
recombination layer), deposited by ALD technique. They
reached PCEs of 22.9% (for the homojunction) and 24.1%
(for the heterojunction) cells [9].

Another 2T tandem solar cell with a PCE of 23.6% was
reported by Bush et al. [10]. They used a bilayer of SnO;
(4 nm) and zinc-tin oxide (2 nm) deposited by a ALD tech-
nique (at low-temperature). These layers prevented the per-
ovskite layer from being damaged during the ITO sputtering
process, and also enhanced the thermal and environmen-
tal stability of the tandem cell. The thickness of the front
ITO layer was reduced, in order to decrease its parasitic
absorption and reflection. They chose a perovskite layer
with a bandgap of 1.68 eV as the front cell, and used PTAA
as the HTL (instead of NiOx); consequently, the PCE of
the cell was increased to 25% [11]. Sahli et al. used a
nanocrystalline silicon recombination junction in a textured
perovskite-on-Si tandem cell and obtained a PCE of 25.2%
[12, 13]. Xu et al. used CI, Br, and I alloys to attain a per-
ovskite bandgap of 1.67 eV. Cl included in the perovskite
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layer increased carrier lifetime and mobility, and a 2T tan-
dem cell was obtained with 27% efficiency [14]. Sarker
et al. achieved an efficiency of 28.71% by using MAGels
absorber on Si (with optimization of the absorber’s thick-
ness, work function, and bulk and interface defects) [2].
Islam et al. obtained an efficiency of 28.53%, with the lead-
free compound of CsSng sGe 513, and with the structure of
MAPbI; on Si (with CuyO as a HTL and TiO; as the ETL);
and an improved efficiency of 32.29% was accomplished
[1]. Cherif and Sammouda presented a structure consisting
of three cells (two perovskite cells with bandgaps of 1.8 eV
and 1.45 eV respectively, on a single-crystal silicon cell)
and achieved an efficiency of 34.27% [15].

2. Simulations and procedures

In this work, a three-cell perovskite-on-Si structure based
on the monolithic 2T structure is designed and simulated.
Numerical simulation was done using the Solar Cell Ca-
pacitor Simulator (SCAPS) 1D software under standard
conditions of AM 1.5 solar spectrum and at a temperature
of 300 K. In the SCAPS simulations, the materials input
parameters were based on the experimental and theoretical
data reported in the literature [1, 16], as listed in Tables 1
and 2. Specific parameters of individual cells are given in
Table 3.

By entering the thickness and absorption coefficient of each
of the cell layers in the MatLab software, the transmitted
light spectra of the top and middle cells (i.e. the filtered
spectra to be radiated to the next cell) were obtained.

3. Results and discussions

First, we simulated the MAPbI3 cell based on the parame-
ters given in Tables 1, 2 and 3. Then, by changing the HTL
layer from Cu;O to CuSCN (because it is more conductive
and more transparent than Cu,0) in the MAPbI; cell, the
current density was improved and the cell efficiency was
increased significantly. The J/V diagram of the MAPbI;
cells with the two HTLs of Cu2p and CuSCN are compared
in Fig. 1. The results (given in Table IV) compare the values

Table 1. Parameters used in the SCAPS simulations; the data were taken from the published articles.

Parameter NiO CspAgBip75 | PCBM | SnO; | CuO | CuSCN | MAPbI; | TiO, Si
Bandgap (eV) 3.6 1.8 2 3.5 2.17 3.7 1.55 3.26 1.12
Relative permittivity 11.7 6.5 39 9 7.11 10 10 10 11.9
Electron affinity (eV) 1.8 3.58 4 4 32 1.7 3.93 4.2 4.05
Electron mobility 1x1073 2 0.02 100 200 100 1 100 | 1400
(cm?/V.s)
Hole mobility 1x10~3 2 0.02 25 80 25 1 25 450
(cm?/V.s)
Conduction Band
Density of States 2500 22 117 22 20.2 220 27.5 2 289
Ne(em™3)x 107
Valence Band
Density of States 2500 2180 42 180 110 18 39 6 104
N, (cm—3)x 1017
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Table 2. Defect characteristics in the solar cell layers. The data were taken from the published articles.

Defect Total Defect energy Defect Capture cross Capture cross

location density level above E,, type section of section of holes
(crn*3 ) V) electrons (cmfz) (cmfz)
MAPbI3,bulk 1x10P 0.6 Neutral 1x10° 1 1x10°14
Cs,AgBi( 75Sbg »5Brg, bulk 2.5%1013 0.6 Neutral 2x10~ 1 2x107 14
CuSCN/MAPbI; interface 1x10° 0.6 Acceptor 1x10°18 1x10°0
Cu, O/MAPDI; interface 1x10™ 0.6 Neutral 1x1071° 1x10~1
MAPbI3/TiO, interface 1x101 0.6 Neutral 1x10~1° 1x10~19
NiO/Cs,AgBig 75Sbg 25Brg interface 1x10™0 0.6 Neutral 1x10717 1x10°17
CsyAgBig.755bg 25Brg/PCBM interface | 1x 1010 0.6 Neutral 1x10~17 1x10°17

Table 3. Specific parameters of each of the individual cells in the structure.

Top cell Middle cell Bottom cell
Parameter NiO CSzAgBiojs Sb0_25Br(, PCBM T102 CuZO CuSCN MAPbI3 T102 Sn02 Si(]H,) Si([,) Sl(,H,)
Thickness (1m) 0.04 0.3 0.04 0.006 0.15 0.15 0.3 0.14 0.05 10 100 0.5
Ny (cm™3) 0 1x1013 1x10™ [ 1x10™7 - - 1x107 [ 1x10™ | 1x10™ - - 1x10%°
N, (cm~3) 5%10"7 1x10"7 - - 1x10™ | 1x10™ 1x10° - - 22x10%0 [ 2.2x10'® -

obtained from the simulations with the results reported in
the literature. The structure of the three cells in the designed
tandem structure are shown in Fig. 2. The NiO (in the top
cell) and CuSCN (in the middle cell) act as the HTLs; and
PCBM and TiO; (in the top cell) and TiO; plus SnO» (in
the middle cell) act as the ETLs, respectively. Each of the
MAPDI3, CsyAgBig75Sbg 25Br16, and single-crystal Si cells
were simulated separately; their J/V characteristics under
AM 1.5 condition, are shown in Fig. 3.

The efficiency of the Csy;AgBig 75Sbg.25Bre cell (with 300
nm absorber thickness) was 14.32%; for the MAPbI;3 cell
(with 300 nm absorber thickness) the efficiency was 25.09%,
and for the Si cell (with 100 um thick p-substrate) it was
25.22%, respectively. These assured that the results were
close to those reported in the literature, as compared in Ta-
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Figure 1. Comparison of J-V diagram of MAPDI3 cell
(with Cu;0 as HTL) and the optimized MAPbI3 cell (with
CuSCN as HTL).

ble 4. in the designed tandem structure, the absorber layer
of the top Csy AgBig 75Sbg 25Br1¢ cell had a bandgap of 1.8
eV, the bandgap of the MAPbI;3 in the middle cell was 1.55
eV, and the bottom cell of C-Si had a bandgap of 1.12 eV.
Photons with energies smaller than the absorbing bandgap
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Figure 2. Schematic diagram of structures of the top, middle,
and bottom cells (from left to right) in the designed tandem
structure. Layer thicknesses are not to scale.
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Figure 3. The independent J/V characteristics of the three
individual cells in the tandem structure.
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Table 4. Defect characteristics in the solar cell layers. The data were taken from the published articles.

Absorber material VOC (V) | Js¢ (mA/cm?) | FF (%) | PCE (%) Reference
Csy AgBi(.75Sbg »5Brg 1.114 15.80 84.70 15.37 Kumar et al., 2021 [17]
CSzAgBiO"]S Sbo_25 BI‘6 1.14 14.95 83.96 14.32 This work
MAPbBI3-(Cu,0) 1.113 23.35 76.98 20.01 Islam et al., [1]
MAPbBI3-(Cu,0) 1 24.63 79.29 19.53 This work
MAPbBI3-(CuSCN) 1.19 25.61 87.81 26.74 Raoui et al., [18]
MAPDbBI3-(CuSCN) 1.14 27.26 80.11 25.09 This work
C-Si 0.76 40.04 85.47 25.96 Yoshikawa et al., 2017 [19]
C-Si 0.74 39.79 85.26 25.22 This work

energy pass through the top cell; part of that spectrum is
absorbed by the middle cell; and finally, the transmitted pho-
tons will be partly absorbed by the bottom cell. Therefore,
these cells can be considered as three diodes connected in
series. The upper CspAgBig 75Sbg 25Br1g cell was exposed
to the AM 1.5 standard spectrum, and the spectrum passing
through the upper cell (which was considered as the light
source for the lower cell) was calculated using the follow-
ing equation (This method is widely used in simulation of
tandem cells using SCAPS software).

4
S(A) =So(A).exp(Y., = Cmar; (A )dimar;) (1)
i=1

=
where Sy is the AM 1.5 spectrum, and S is the output (i.e.
filtered) spectrum of the top cell, which is obtained by us-
ing the absorption coefficients (Qqsi)and film thicknesses
(dynari)of the top cell layers. In the SCAPS software, this fil-

| !

—— AM1.5G 1sun

power (w/m2)
b}

NiO
Cs,AgBig 75Sbg 55Brg

TiO,

tered spectrum is defined as the light source radiated to the
middle cell. The spectrum of the light reaching the bottom
Si cell was similarly calculated (using the above equation).
Fig. 4 shows the structure of the designed tandem solar cell
and the light spectrum of AM1.5 and the spectra filtered
by the CsyAgBig 75Sbg 25Brg and MAPDI; cells. The con-
dition of current-matching between the three cells in the
tandem structure was obtained by optimization of the three
individual cells. That is, the thicknesses of the absorber
layers were adjusted so that an equal current was produced
in all three cells. Finding the optimal value for the absorber
layer thickness of the middle cell was important; because it
affects the lower cell’s current directly; i.e. increasing the
thickness of the absorber layer in the middle cell reduces the
amount of light reaching the lower cell (and hence, results in
a lower current produced by the lower cell). Alternatively,
a reduction in the thickness of the absorber layer of the
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Figure 4. The structure of the designed tandem structure and the light spectra of AM1.5 and the ones filtered by the middle

and bottom cells.

2345-3796[https://dx.doi.org/10.57647/j.mjee.2024.180349]


https://dx.doi.org/10.57647/j.mjee.2024.180349

Akbari et al.

MIJEE18 -182449 5/7

Table 5. Specifications of the three single cells in the designed structure and the final tandem cell.

Cell Voe (V) | Tye (mA/cm?) | FF PCE
Cs»AgBi(.755bg 25Brg 1.14 14.95 83.96 | 14.32
MAPbI; 0.99 14.93 78.92 | 19.06

¢-Si 0.71 14.97 84.87 | 21.51

Tandem 2.84 14.95 0.91 38.9

middle cell will result in a lower current in the middle cell.
Therefore, the three cells were optimized for a current of
close to 14.9 mA. With this current, the optimum thickness
values for Csp, AgBig 75Sbg 25Brg and MAPbDI; layers were
found to be 300 nm and 550 nm respectively.
Consequently, the current density (Jsc) of the tandem cell
was 14.95 mA and its Voc was equal to the sum of the open
circuit voltages of the three individual cells i.e. 2.84 V. The
current-voltage characteristics of the three single cells and
the tandem cell is shown in Fig. 5, and the values of Jsc, Voc,
FF, and PCE are given in Table 5. As the above Table shows,
a power conversion efficiency of 38.9% is obtained for the
designed tandem structure, which indicates a cosiderable
improvement.

4. Conclusion

A two-terminal three-junction perovskite/perovskite/Si
tandem solar cell is designed and optimized for enhance-
ment of the power conversion efficiency, using the SCAPS
software. The filtered spectrum through the upper cell was
obtained and used for the illumination of the middle cell,
and similarly, the transmitted spectrum from the middle
cell was used for the illumination of the bottom cell. The
current-matching conditions between the three cells were
realized by changing the absorber-layer thicknesses of the
two perovskite cells. The final PCE value obtained was
38.9%, which shows a significant improvement.

Despite of attractive advantages (such as low cost and high
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Figure 5. The J/V characteristics of the three single cells
and the tandem cell.

efficiencies) the cells based on the perovskite materials
have some drawbacks as well. These include toxicities
of the materials, device hysteresis, and durability of the
perovskite materials (when directly exposed to humidity
in the environment). These are the main challenges that
should be addressed before mass production stage of the
perovskite cells.

To remove toxicity, there has been some research done
on substitution of Cu instead of Pb in perovskite layers
[20]. The other major problem is the long-term stability
of the perovskite cells. This is due to the sensitivity of the
hybrid organic/inorganic perovskite cells to moisture in
the environment, which by proper packaging configuration
of the device, this can be considerably reduced. There
are other factors affecting the performance of these cells,
such as the device operating temperature and large-area
uniformity of the thin film layers [21, 22], which are
common parameters among other thin-film cells as well.
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