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Nowadays, tandem structures have become a valuable competitor to conventional silicon solar cells, especially for 
perovskite over silicon, as metal halides surpassed Si with tunable bandgaps, high absorption coefficient, low deposi-
tion, and preparation costs. This led to a remarkable enhancement in the overall efficiency of the whole cell and its 
characteristics. Consequently, this expands the usage of photovoltaic technology in various fields of applications not 
only under conventional light source spectrum in outdoor areas, i.e., AM1.5G, but also under artificial light sources 
found indoors with broadband intensity values, such as Internet of things (IoTs) applications to name a few. We intro-
duce a numerical model to analyze perovskite/Si tandem cells (PSSTCs) using both crystalline silicon (c-Si) and hy-
drogenated amorphous silicon (a-Si: H) experimentally validated as base cells. All proposed layers have been studied 
with J-V characteristics and energy band diagrams under AM1.5G by using SCAPS-1D software version 3.7.7. 
Thereupon, the proposed architectures were tested under various artificial lighting spectra. The proposed structures of 
Li4Ti5O12/CsPbCl3/MAPbBr3/CH3NH3PbI3/Si recorded a maximum power conversion efficiency (PCE) of 25.25% for 
c-Si and 17.02% for a-Si: H, with nearly 7% enhancement concerning the Si bare cell in both cases. 
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Several light-harvesting systems have evolved during the 
last few decades[1], with various power-scale applica-
tions[2] in mind. In theory, a light-harvesting system may 
be shown using three primary components: the light 
spectrum to be captured, the light harvester, and the elec-
trical load to be powered. Most of the time, outdoor solar 
panels and modules fabricated from Si or any other ele-
mental or compound semiconductor[3] are used to harvest 
the AM1.5G solar spectrum. Si-based modules are ex-
tensively used in such applications owing to the avail-
ability of the material, the competitive market price, and 
its bang-gap energy matching with the solar spectrum[4]. 
However, the input light spectrum influenced the design 
parameters of the light harvester[5]. In space applications, 
for instance, light harvesters are tailored for the AM0 
spectrum[6]. Alternately, indoor light harvesters[1,5] are 
developed for artificial illumination spectra, such as 
light-emitting diode (LED)[7], halogen lamps[8], xenon 
lamps[9], and laser[10]. Such diversity enables researchers 

to design light harvesters to enhance photon utiliza-
tion[11]. 

Perovskites have recorded a growing trend in effec-
tively harvesting photons as an absorbing layer[11-13], 
which places them at the forefront of a broad spectrum of 
semiconductors capable of being incorporated as an ac-
tive layer in light harvesters. In one-fourth of the re-
search published[14], perovskite solar cell has been stud-
ied and introduced. This puts it close to the theoretical 
limit of Si-based solar cells, around 31%. Perovskite- 
based solar cells have the additional property of being 
able to tune their energy bandgap[15], which enables them 
to collect a broad range of different light spectra. This is 
an extra benefit of these cells. Because of this, perovskite 
has shown significant promise in bifacial cells, 
semi-transparent light harvesters, and indoor light har-
vesting[1,5]. Previous efforts[16] to create a semi-tra- 
nspa-rent bifacial cell using perovskite solar cells exhib-
ited an intriguing trade-off between the cells' transparency
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and efficiency. 
Along the same perspective, towards maximizing the 

efficiency of power conversion, the architecture of 
multi-junction solar cells, also known as tandem cells, 
demonstrated an efficiency above 40%[17]. The tandem 
cells are meant to integrate successive cascaded absorb-
ing layers, optically structured to gather as many incom-
ing photons as feasible[18]. In tandem cells, the layer ar-
rangement is a crucial design element, often referred to 
as bandgap engineering[19]. 

The most promising tandem cell configuration is sili-
con-perovskite heterojunction[20]. Perovskites, which 
have a bandgap of more than 1.6 eV, are used as a front 
layer to absorb low-wavelength photons. This is accom-
panied by a perfect visible absorber, Si, with a bandgap 
of 1.12 eV. So, different reports[18-20] have shown differ-
ent topologies for perovskite/silicon tandem cells 
(PSSTCs). Numerical simulations are often used to de-
termine how perovskite/Si multi-junction should be 
made[21]. One of the most important things to consider 
when designing is controlling the light within the tandem 
cell by arranging the heterostructures[22]. On the other 
hand, optoelectronic numerical models have shown high 
predictions that are better than 40% efficient[23]. Experi-
ments have shown that the overall efficiency of power 
conversion is above 30%[24]. 

Our work in this study is to investigate the proposed 
tandem structure PSSTC numerically under various 
lighting spectra for indoor and outdoor applications by 
using both crystalline silicon (c-Si) and hydrogenated 
amorphous silicon (a-Si: H) as base cells interchangeably 
with the same pervo structure deposited. In both topolo-
gies, the Si solar cell under AM1.5G is the bare operat-
ing condition for trading between both arrangements. 
The J-V characteristic curves and the energy-band dia-

grams have been conducted in the optoelectronic nu-
merical model for each cell. Moreover, the interpreta-
tional analysis is combined with experimental validation 
points from the literature. 

As stated in earlier, the present work uses PSSTCs 
exposed optically to various artificial illumination spec-
tra. As our bare cell, we considered both p-i-n (a-Si: H) 
and p++-n-n++ (c-Si) junctions (see schematic in Fig.1(a) 
and (b)), with design parameters tabulated in Tabs.1 and 
2. Our simulated model is based on the experimental 
Si-based cell described in Refs.[25—27] respectively. 
Both Si-based cells, on the other hand, will be topped 
with the same perovskite, ABX3 structural-based materi-
als. Each layer has been merged separately so that its 
optoelectronic effects may be analyzed (see the sche-
matic in Fig.1(c)—(f)). The selected perovskites are 
lithium titanate (Li4Ti5O12), barium titanate (BaTiO3), 
cesium lead chloride (CsPbCl3), me-thylammonium lead 
tribromide (MAPbBr3), and methylammonium lead hal-
ide (CH3NH3PbI3)[28-30]. The configuration of the layers 
is controlled following the optical energy bandgap, start-
ing with 1.6 eV for CH3NH3PbI3 just over the Si cell and 
ending by the top layer facing light spectrum 3.4 eV and 
3.55 eV for both BaTiO3 and Li4Ti5O12 interchangeably. 
Another critical parameter in the design of the tandem 
cells is the current matching. Generally, tandem cell cur-
rent is limited by the cell that produces lower current. 
The cell that could, in principle, produce higher current, 
is limited to this low current, and operates at a voltage 
above its maximum power point. This means the voltage 
of the tandem cell increases slightly but this in no way 
compensates the large efficiency loss arising from the 
lower tandem cell current. We addressed this point later 
as a part of the results interpretation.  

 
Fig.1 Schematics for (a) bare a-Si: H based cell, (b) BaTiO3/CsPbCl3/MAPbBr3/CH3NH3PbI3/a-Si: H cell, (c) 
Li4Ti5O12/CsPbCl3/MAPbBr3/CH3NH3PbI3/a-Si: H cell, (d) bare c-Si-based cell, (e) BaTiO3/CsPbCl3/MAPbBr3/ 
CH3NH3PbI3/c-Si cell, and (f) Li4Ti5O12/CsPbCl3/MAPbBr3/CH3NH3PbI3/c-Si cell 
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Tab.1 Input material parameters for the a-Si: H bare 
cell (The cell was selected to represent the experi-
mental work described in Refs.[25—27]) 

 p a-Si: H i a-Si: H n a-Si: H 

Thickness 
(μm) 

0.009 0.5 0.02 

Concentration 
(cm-3) 

NA=1.00× 
1012 

ND=1.00× 
1010 

ND=1.00× 
1011 

Tab.2 Input material parameters for the c-Si bare cell 
(The cell was selected to represent the experimental 
work reported in Ref.[27]) 

 n++ c-Si n c-Si p++ c-Si 

Thickness (μm) 0.05 220 0.1 

Concentration 
(cm-3) 

ND=8.75× 
 1017 

ND=2.00× 
1014 

NA=1.70× 
1016 

 
Specifically, all suggested configurations for optical 

injection were modeled using the typical sun spectrum of 
AM1.5G (Fig.2). To imitate natural illumination, cells 
were exposed to various artificial lighting spectra, such 
as xenon lamp, LEDs, metal halide, and high-power laser 
sources with changeable resonance over 400 nm to 
1 000 nm. Fig.2 shows a plot of every spectral power 
density and a sample from a high-power laser (166 W/m2 
peaks) at 600 nm. All the suggested architectural designs 
were numerically simulated using SCAPS under the 
chosen light spectra.  

In the first place, validating both models were done by 
using experimentally fabricated bare cells[25-27], through 
modeling each via the SCAPS simulation tool. As a re-
sult, the bare cells were topped layer by layer, and each 
was tested and studied under AM1.5G separately. This 
was followed afterward by variating optoelectronic per-
formance under several optical injection resources stud-
ied. Simulating the J-V characteristic of both a-Si: H and 
c-Si bare cells under AM1.5G was our initial step in 
validating our proposed models through their optoelec-
tronic structures (see Fig.3, plot (a) and (b)). The a-Si: H 
simulated data from our model to the experimental data 
recorded a 6% deviation, in Ref.[26], for the short-circuit 
current density reaching 17.163 mA/cm2 numerically and 
18.3 mA/cm2 experimentally. However, it was almost the 
same in the c-Si model as the simulated data recorded 
showed the same measured output value in Ref.[27] for 
the short-circuit current density reaching 38.6 mA/cm2. 
For both cells validation, the simulated data recorded a 
slight deviation around 1.32% and 2.39% in the meas-
ured values of the open-circuit voltages in a-Si: H and 
c-Si respectively, reaching 831 mV numerically and 
820 mV experimentally for a-Si: H as in Refs.[23] and 
[24], and reaching 612 mV numerically and 627 mV 
experimentally as in Ref.[25] for c-Si.  

The given a-Si: H-bare cell determined an overall 

power conversion efficiency of 10.51% in our simulated 
model and 10.3% in the experimental results, with 2% 
difference between both readings, and 18.9% experi-
mentally and 18.6% numerically, with 1.5% deflection 
from the laboratory data. It is important to note that both 
Si bare cells have been selected as reference cells since 
they are previously manufactured, as stated in the litera-
ture and can be coated with perovskite films[25-27].    

 

 
Fig.2 Power spectral density for all light sources 
(LED, metal-halide, and xenon are plotted with respect 
to the primary vertical axis to the left, while AM1.5G 
and high-power laser sources are plotted with respect 
to the secondary vertical axis to the right) 

To capture the most photons from the incident source, 
tandem cells are often built together in a multi-junction 
structure. The bandgap is narrowed from the top electrode, 
the side of the higher band, to the substrate junction, 
which is often the primary design element in tandem cells. 
Under the AM1.5G c-Si bare cell recorded higher effi-
ciency than the a-Si: H[27,28], as mentioned in the previous 
section. This could be explained based on the crystalline 
structures for both bare cells, as the c-Si lattice composi-
tion surpasses the a-Si: H due to its homogenous arrange-
ment, which facilitates the formation and transportation of 
electron-hole pairs generated by photons absorption, and 
this reflects directly on the optoelectrical conversion effi-
ciency. In the same path, structural defects in the a-Si: H 
due to the hydrogenation process result in recombination 
centers, causing carrier lifetime to be shortened, and 
transporting the charge carriers from one side to another 
will be transported a significant challenge, which, in con-
clusion, results in lower power conversion efficiency 
(PCE) in the case of a-Si: H.  

On the other hand, the inhomogeneity of the a-Si: H 
structure gives it a significant advantage over c-Si as the 
absorption coefficient of a-Si: H is higher with an order 
of magnitude than c-Si in photon absorption with energy 
more than 1.8 eV. Accordingly, the absorbed light will 
face more internal scattering in the non-crystalline struc-
ture than the crystalline ones, leading to efficient absorp-
tion of light by the a-Si: H and less material usage under 
the same incident light in comparison with c-Si, therefore 
a-Si solar cell will respond efficiently over the c-Si solar 
cell under indoor applications. By adding our proposed 
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pervo materials, Fig.1(c) and (e), the overall recorded PCE 
in both cases was 12.93% with a 2.42% increase from its 
bare cell. Also, for the arrangements in Fig.1(d) and (f), 
the overall PCE recorded was 23.6% with 4.94% increase 
over the bare cell efficiency. Topping both bare cells with 
comprehensive bandgap pervo material enhances the pho-

ton capturing from the solar spectrum by broadening the 
wavelength/frequency range. The open circuit voltage 
(Voc) recorded a remarkable overall increase of 15.5% with 
both c-Si arrangements (Fig.3 plot (d) and (f)) with respect 
to c-Si bare cell (Fig.3 plot (b)) with a neglected increase 
in the whole cell short circuit current (Jsc). 

 
Tab.3 Input material parameters for the top perovskite layers used in the tandem cell (Li4Ti5O12, BaTiO3, CsPbCl3, 
MAPbBr3 and CH3NH3PbI3 data are captured from Refs.[28—30]) 

Material/Parameter Li4Ti5O12 BaTiO3 CsPbCl3 MAPbBr3 CH3NH3PbI3 

Bandgap (eV) 3.55 3.4 2.99 2.3 1.6 

Electron affinity (eV) 3.6 3.76 3.77 3.85 3.9 

Dielectric permittivity 14.1 19 2.513 20.5 6.5 

CB effective density of states 

(cm-3) 
2.84×1019 2.84×1019 1.00×1021 2.2×1018 2.20×1018 

VB effective density of states 

(cm-3) 
1.84×1019 1.84×1019 2.00×1020 1.80×1019 1.80×1019 

Electron mobility (cm²/Vs) 1.00×102 1.30×10-1 1.30×102 8.60 2.00 

Hole mobility (cm²/Vs) 1.00×102 8.00×10-2 1.90×102 9.00 2.00 

Acceptor concentration (cm-3) 1.00×1019 1.00×1022 1.00×1022 1.00×1022 1.00×1022 

 

 
Fig.3 J-V characteristics for the proposed solar cell 
architectures under AM1.5G: (a) Bare a-Si: H based 
cell, (b) BaTiO3/CsPbCl3/MAPbBr3/CH3NH3PbI3/a-Si: H 
tandem cell; (c) Li4Ti5O12/CsPbCl3/MAPbBr3/CH3NH3PbI3/ 
a-Si: H tandem cell; (d) Bare c-Si-based cell; (e) Ba-
TiO3/CsPbCl3/MAPbBr3/CH3NH3PbI3/c-Si tandem cell; 
(f) Li4Ti5O12/CsPbCl3/MAPbBr3/CH3NH3PbI3/c-Si cell 

On the contrary, for the a-Si: H arrangements, the no-
ticeable overall change was in the short circuit current 
(Jsc) Fig.3 plot (c) and (e) versus Fig.3 plot (a), showing 
a 7.7% enhancement for the whole cell. Both cell ar-
rangements have a negligible overall decrease in the 
open circuit voltage (Voc). The enhancement of Voc and 
Jsc in both c-Si and a-Si: H, respectively, directly reflects 
on the whole structure fill factor (FF) with a rise of 
5.13% and 10.2% compared to both bare cells.  

By testing both bare cells under the artificial light 
sources introduced in Fig.2, it was noticed that the a-Si: 
H bare cell has higher efficiency under LED and halide  
 

 
optical source (Fig.4 plot (a), Fig.5 plot (a)), recording  
PCE of 14.34% and 11.31% respectively in comparison 
with the bare cell under normal lighting conditions (Fig.3 
plot (a)) with a rise of 4% and 1% under each source. 
And nearly the same PCE under xenon light source 
(Fig.6 plot (a)). On the other hand, c-Si bare cells under 
the same artificial sources recorded PCEs of 16.6%, 
17.92%, and 19.93% under LED (Fig.4 plot (b)), halide 
(Fig.5 plot (b)), and xenon (Fig.6 plot (b)) respectively 
with 2% reduction in the output efficiency under LED 
and nearly 0.75% under halide optical injection cases, 
and a rise of 1.5% under xenon all in comparison with 
c-Si bare cell PCE output under the standard sunlight 
source. Moreover, this goes back for several reasons 
combined, firstly is the bandgap of both bare cells 
1.55 eV to 2.1 eV or 1.03 eV to 1.89 eV in the case of 
a-Si: H and 1.12 eV in case of c-Si, secondly the optical 
source spectrum shift and lastly the structure of both 
materials. Backing to the J-V curves in Fig.3, both Ba-
TiO3 and Li4Ti5O12 configurations layered on the c-Si 
(Fig.1(d) and (f)) and a-Si: H (Fig.1(c) and (e)) recorded 
the same PCE of 23.6% and 12.9% respectively under 
standard conditions of the one sun AM1.5G, with 2.2% 
improvement in the case of a-Si: H and 5% in the case of 
c-Si, which is an expected enhancement under one sun 
for the c-Si side for its bandgap and homogenous crystal-
line structure. 

Regarding the suggested PSSTCs, all the other 
perovskite top junctions have a reasonably large bandgap 
with respect to Si. Therefore, perovskites with these 
bandgap ranges can capture photons with higher frequen-
cies, particularly those in the spectrum's blue, violet, and 
ultraviolet regions. This explains the same performance 
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found in Figs.4, 5 and 6 since the ultra-violet part of the 
AM1.5G is not dominant, as shown in Fig.2. Therefore, 
infusing these topologies with an ultra-violet-biased light 
spectrum should benefit the captured current. In addition, 
both tandem structures were tested under monochromatic 
laser source with variable wavelengths in Figs.7 and 8, 
respectively. It is important to highlight that the higher 
power laser sources utilized here are adjusted in terms of 
intensity to avoid any material damage. Moreover, the 
deep ultra-violet laser below 350 nm is not utilized here 
to protect the cells from any high energy photons. In 
Fig.8, a-Si tandem structure was tested up to 600 nm 
laser to eliminate any structural failure. 
 

 
Fig.4 J-V characteristics for the proposed solar cell 
architectures under LED (Following the same se-
quence in Fig.3) 

 
Fig.5 J-V characteristics for the proposed solar cell 
architectures under metal halide (Following the same 
sequence in Fig.3) 

The ultraviolet portion of the electromagnetic spec-
trum predominates in artificial lightings, such as in the 
case of the metal halide, LED, and xenon light sources 
whose spectra are depicted in Fig.2. As a result, we 
evaluated how effectively these three different light 
sources performed with each of the four proposed de-
signs, as seen in Fig.1(c)—(f). In general, the 
open-circuit voltage did not display any noticeable 
changes in the AM1.5G condition. Simultaneously, the 
short-circuit current varies within the same order of 

magnitude, with improved performance under LED in-
jection for a-Si: H base cell and xenon injection for c-Si. 
Under the three artificial light sources, the performance 
of the BaTiO3 structure might be marginally improved 
by switching to the lithium titanate structure. This is be-
cause lithium titanate has a bandgap of 3.55 eV.  

 

Fig.6 J-V characteristics for the proposed solar cell 
architectures under xenon (Following the same se-
quence in Fig.3)  

In contrast, BaTiO3 only has a bandgap of 3.4 eV. for 
the c-Si deposited by lithium titanate configuration 
(Fig.1(f)), the maximum PCE recorded under the xenon 
optical source was 25.25% which overcame the corre-
sponding PCE under AM1.5G by nearly 3%. However, 
the same configuration (Fig.1(e)) under the LED optical 
source deposited on the a-Si: H has recorded 17.02% 
maximum PCE with 5% more than the PCE recorded for 
the same case under AM1.5G. Furthermore, both the 
25.25% and 17.02% can be compared with both Si base 
cells under the xenon and LED injections, respectively, 
for each case which was recorded at 19.3% for c-Si and 
14.34% in a-Si: H, resulting in more than 6% and 3% 
enhancement. 

Testing both structure configurations in Fig.1(c)—(f) 
under various high-power laser sources wavelengths, the 
output efficiencies raised dramatically, reaching 50.5% 
in both c-Si-based cells and 31.1% in both a-Si: H-based 
cells configurations. The a-Si: H models gave no output 
under long wavelengths due to a relatively high bandgap 
over the whole structure, which completely blocks these 
wavelengths. 

It is worth to highlight that however the proposed 
structures enhanced the overall tandem efficiency of the 
cell, but the maximum recoded efficiencies are still be-
low the thermotical limit of Si-0 based cells. The below 
limit efficiencies reported here is a factor of the bare cell 
efficiencies itself. We chose to build our tandem struc-
ture on Si-based cell which have already been fabricated 
in the literature to enable experimental validation for our 
proposed model. Alternatively, such experimentality 
fabricated cells showed relatively low efficiencies 
(around 17.02%) with respect to the theoretical limit. 
That’s justify the 25.25% maximum efficiency reported. 
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However, by alternating the bare cell with another higher 
efficiency, the overall tandem cell efficiency can exceed 
the 30% limit of Si. We consider this as a part of the fu-
ture work. 
 

 
Fig.7 J-V characteristics for the proposed solar cell 
architectures BaTiO3 or Li4Ti5O12/CsPbCl3/MAPbBr3/ 
CH3NH3PbI3/c-Si tandem cell under laser: (a) 400 nm; 
(b) 600 nm; (c) 800 nm; (d) 1 000 nm 

 

Fig.8 J-V characteristics for the proposed solar cell 
architectures BaTiO3 or Li4Ti5O12/CsPbCl3/MAPbBr3/ 
CH3NH3PbI3/a-Si tandem cell under laser: (a) 400 nm; 
(b) 600 nm 

In conclusion, Si-based cells have exhibited a steady, 
reasonably high PCE. Nevertheless, multi-junction cells 
provide the prospect of changing the PCE theoretical 
limit. This is relevant to the situation. In such tandem 
designs, materials with broader bandgaps are used as a 
front junction to broaden the cells' absorption spectrum. 
In addition, the formation of an extended transport layer 
for either electrons or holes is facilitated by adding these 
layers. In our construction, CH3NH3PbI3 plays an essen-
tial role in increasing the open-circuit voltage of the tan-
dem configuration deposited on both c-Si and a-Si: H to 
a value of 0.74 V and 0.85 V. This is the maximum value 
that can be achieved with such a topology under these 
light sources. In addition, CsPbCl3/MAPbBr3 perovskites 
were used to boost the current density that was collected 
and get it closer to the bounds of 40 mA/cm2 in the c-Si 
and 25 mA/cm2 in the a-Si: H structures, respectively. 

Herein, the nearly matching of the current between the 
sub-cells ensures the appropriate current matching of the 
tandem structure. Finally, the LED spectrum showed the 
greatest computability with the a-Si: H tandem structure, 
achieving an overall PCE of 17.02% in comparison with 
all other optical sources used, and on the other hand, the 
xenon spectrum demonstrated the highest computability 
with the c-Si tandem structure, achieving an overall PCE 
of 25.25% among all other light sources. 
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