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Abstract  
 

The power conversion efficiency (PCE) for perovskite silicon tandem solar cells is significantly higher than all other 

solar cell technologies. Silicon and perovskite materials are used in several applications of photovoltaics and 

optoelectronics. But, this research study primarily focuses on the simulation of perovskite silicon tandem solar cells to 

investigate the photovoltaic characteristics by utilizing a solar cell capacitance simulator (SCAPS-1D). The optimized 

monolithic Pero-Si tandem solar cell performance has been analyzed by varying the thickness, carrier concentration, and 

active layer defects. Also, interface defects were added to the structure to simulate real-life performance. Results signify 

that after optimizing the parameters like the thickness of top and bottom cell layers, carrier concentration and defect 

densities, superior outcomes of efficiency of 32.97 %, the open-circuit voltage of 0.6747 (V), short circuit current density 

of 58.27 (mA/cm
2
) with a fill factor of 83.86 % was achieved. Also, the effect of temperature variation on the device 

performance was investigated. By carefully optimizing the parameters, a greater efficiency of solar cells based on 

perovskite silicon tandems can be realized. 
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1 INTRODUCTION 
Day by day, world energy demand is 

increasing with the depletion of its non-renewable 

energy resources. The implications of climate change 

have sparked greater interest in sustainable renewable. 

Solar energy is one of the best alternatives available as 

it is abundant and clean. At present, solar cells 

involving crystalline silicon (c-Si) are the dominant 

technology on the commercial PV market, comprising 

66% of total demand in 2020 [1]. Hence, from the 

various potential lower cell technologies for perovskite-

based tandem cells, silicone attracts a great deal of 

attention by far. In the dominant mono-crystalline solar 

cell technology used in silicon single-junction solar 

cells is based on a technology known as passivated 

emitter rear contact (PERC), generating PCEs well 

beyond 20 % and Voc exceeding 700 mV. LONGi et 

al., holds the world record of giant cells (M2 type, 15.7 

/ 15.7 cm
2
) with 24.06% [2]. As per records, the first 

perovskite/silicon two-terminal tandem has also been 

designed on a homojunction silicon solar cell treated 

with classical processes of high-temperature diffusion 

rather than a PERC cell [3]. hetero-junctionion cell with 

a verified efficiency of 26.6 % and a Voc of 740 mV 

hold today’s single-junction Silicon cell record [4]. The 

cell was manufactured with interdigitated back contacts, 

however, not fitted to 2T requirements. The device with 

either side contacted holds the record for a TOP Con 

technology of 25.7 % [5]. 

 

 Perovskite materials have been noticeable for 

a long time, but in 2009, the first design of a solar cell 

was presented by A. Kojima et al. They have used 

nanocrystals of organometallic halide perovskites 

CH3NH3PbI3 and CH3NH3PbBr3 associated with the 

mesoporous TiO2 films as electron transport material. 

They showed that these materials yields strong optical 

absorption and attained efficiencies of up to 3.8% and 

3.13% [6]. Following two years, in 2011, J.-H. Im et al., 

designed a perovskite cell of size 2-3 nm nanocrystal. It 
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involves spin coating of organic-inorganic halide and 

metal halide solution that leads to quantum dots on the 

TiO2 surface. They have used the spectrum of AM 1.5G 

sun intensity, and at wavelength of 530 nm, they 

attained 78.6% external quantum efficiency (EQE). And 

the maximum power conversion efficiency was reported 

6.54% by using this kind of solar cells [7]. Liu and 

Sanith et al., developed planar perovskithetero-

junctionion solar cells with a reduced TiO2 layer instead 

of a TiO2 scaffold. This design is the same as thin-film 

solar cells, with the efficiency of the power conversion 

exceeded 15.4%. They fabricated a simple planar 

heterojunction solar cells by vapour deposition method 

and concluded that it is not compulsory to use nano-

structuring for achieving better performance and high 

efficiency, while a simple planar hetero-junction can do 

the job [8]. During the year 2013, energy conversion 

efficiencies arrived at a dumbfounding 16.2% [9]. 

Around the same time, a tuning of TiO2 layer treatment 

yields a PCE of 19.3% [10]. Afterwards, Korean 

researchers Y.WS, N. JH et al., achieved the most 

significant certified power conversion efficiency record 

of 20.1% [11]. 

 

SCAPS-1D is utilized intensively for 

investigating thin film and planar solar cells throughout 

the years to examine the outcome of device design, 

materials parameters on their photovoltaic performance. 

“Kai Tan et al., design perovskite solid-state solar cells 

with scaps device simulator. They reported that the 

function of the preferred HTM candidate on the output 

of solar cells illuminated with a group of thiophene 

polymer hole-transporting (PTAA) and conductors 

based on copper (CuI) reached power conversion 

efficiency (PCE) relatively higher because of their wide 

bandgap, large conductivity values, and good chemical 

interaction with perovskite absorber layer” [12]. Lin et 

al., structured the HTM free perovskite solar cell by 

SCAPS device simulator and achieved PCE over 15% 

under fair conditions [13]. Narender et al., had 

simulated electrically organic solar cells at different 

charge carrier Mobility. They conducted a maximum 

efficiency of the organic solar cell at maximum short 

circuit current at the electron and hole mobility of 

0.510                [14]. The rise of perovskite 

solar cells has pulled in a great deal of consideration 

because of their high effectiveness and performance. 

 

All three monolithic tandem techniques 

(perovskite/CIGS, perovskite/silicon, 

perovskite/perovskite tandems) were first recorded in 

2015 and experienced a remarkable development over 

this 4-year period. At the start, the recorded PCEs 

ranges from 11% for perovskite / CIGS to 14% for 

perovskite/silicon; all first tandem PCEs recorded were 

far below the best single junctions, considered as the 

standard for any tandem technology. The certified PCE 

for active area devices of 1 cm
2
 has recently improved 

to 22.3%, 29.2%, 23.3% and for all-perovskite, 

perovskite/silicon and perovskite / CIGS tandems, 

respectively. Many 2T tandems have been designed by 

using silicon as a lower cell with a steady improvement 

in PCEs over time. Despite the similar high-efficiency 

potential of all three tandem technologies, progress for 

all-perovskite tandem and perovskite / CIGS cells was 

delayed, but only recently impressive results have been 

reported [15]. 

 

Sahli et al., with silicon base hetero-junction 

and nanocrystalline recombination junction, 

demonstrated a PCE of 25.5 % [16]. Bush et al., 

presented the PCE of 25.0% for perovskite silicon 

tandem solar cells after minimizing the parasitic 

absorption and reflection losses with optical 

optimization [17]. In the perovskite precursor, by 

adding MACl and MAH2PO2 [18], Chen considerably 

improved the conversion performance of perovskite 

silicon tandem cells. The efficiency of perovskite / 

silicon-heterojunction tandem solar cells was improved 

from 23.4 % to 25.5 % by Jost et al., by utilizing a 

textured foil for light manipulation. [19]. Mazzarella et 

al., showed that a valid stable figure of 25.2 % for 

power conversion efficiency could be obtained by 

making use of silicon oxide nanocrystalline based 

optical interlayer in perovskite/silicon tandem solar cell 

[20]. Nogay et al., demonstrated that using high-

temperature resistant p-type crystalline silicon lower 

cells in 2T perovskite silicon tandem solar cells, they 

exhibit a stable state and attained 25.1% PCE [21]. 

Kohnen et al., inferred that highly effective monolithic 

tandem solar cells could be realized by combining rear 

silicon hetero-junction lower cells with p-i-n perovskite 

top cells that give a certified PCE of 25% and 26% after 

reducing current mismatch but with slightly less fill 

factor [22]. Oxford PV demonstrated the highest PCE 

of 28% [23]. 

 

In this research article, a monolithic Pero-Si 

tandem solar cell was optimized, and its performance 

had been studied by varying some prime parameters. 

We also analyzed and compared the performance of the 

device with some experimental results. The whole 

research study was carried out with the scaps device 

simulator software, which is developed at the 

University of Gent [24]. 

 

2 Device Modeling and Simulation 

2.1 Methodology and Modeling 

The software used for device modelling is 

SCAPS-1D (ver.3.3.07) [25]. Various panels of the 

software are used to set or adjust the parameters from 

which results are inferred. For a two-band gap system, 

higher bandgap material needs are at the upper cell and 

lower bandgap material at the lower cell for optimum 

operation. Perovskite bandgap energy between 1.4 to 

1.9 eV (larger than silicon) is relevant to the upper 

active layer of an efficient 2-band gap structure [26]. 

And it is based on coupled continuity differential 
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equations and Poisson's differential equation for 

electrons and holes of semiconductors as follows [27]. 

The fundamental theory of this program is to solve 

Poison's and Continuity differential equations that can 

be done efficiently by Newton-Raphson and Gummel 

type iteration method. 
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Where,  

              permittivity 

   electron charge 

   Rate of Generation 

D = diffusion coefficient 

 = Electrostatic potential  

E = Electric field 

 

p(x) = free holes 

n(x) = free electrons 

    )= trapped holes 

     ) = trapped electrons  

    = Donor Ionized doping concentration 

    Acceptor Ionized doping concentration 

   thickness 

 

To create a perovskite silicon tandem solar 

cell, perovskite CH3NH3PbI has been used as a top/front 

cell absorber, which exhibits a direct type band gap 

value of 1.55eV and high power conversion efficiency. 

For bottom cell c-Si is used, the overall n-i-p structure 

composes of FTO/TiO2/Perovskite/c-Si (n)/c-Si (p)/c-Si 

(p+) as shown in Fig 1 and 2. Fluorine doped tin oxide 

(FTO), due to its good conductivity and high 

transparency, is used for window layers with a 

thickness of 100 nm. In the first junction of 

FTO/TiO2/Perovskite, n-type TiO2 is used for the 

electron transport layer. Second junction consists of 

emitter c-Si (n)/c-Si (p)/c-Si (p+). This n-p-p++ 

structure will cover a broad bandwidth spectrum of 1.12 

eV due to infrared photons transmission from 

perovskite cell. The c-Si (p) active layer has a large 

absorption coefficient due to its thickness. By 

combining both of these junctions, a tandem structure is 

formed. The first single silicon cell is simulated for 

maximum optimum efficiency, then perovskite cell was 

added into the single silicon cell where cells are 

configured in series producing a monolithic tandem 

structure. To get the optimum performance of tandem 

solar cells, different physical parameters of top and 

bottom cells have been taken into consideration. For top 

cell, perovskite bandgap of 1.55eV and perovskite 

thickness of 300 nm is optimum for high power 

conversion efficiency. Also, for bottom cell thickness of 

p-Si absorber layer is 100 um with a bandgap of 1.124. 

By tuning the thickness, donor/acceptor concentration 

and bandgap, the power conversion efficiency can be 

varied. In the top cell, perovskite acts as a light 

harvester placed between n-type TiO2 and N-type c-Si. 

Here n-type c-Si also acts as a hole transporting layer 

due to its high doping density. 

 

 
Fig-1: Structure of Perovskite/silicon tandem solar 

cell (not scaled) 
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Fig-2: Schematic view of Perovskite/silicon tandem solar 

cell in SCAPS 

 

2.2 Device Simulation Parameters 

All material parameters for simulation were 

carefully taken from reported experimental data and 

other works in different pieces of literature [28-31]. The 

individual materials parameters for perovskite, c-Si, 

TiO2 and FTO have to be entered in terms of bandgap 

(Eg), electron affinity (x), dielectric permittivity (ϵ), 

electron mobility (un), hole mobility (up), donor 

concentration (NA), acceptor concentration (ND). All 

of the used parameters are given in Table.1 and Table.2. 

All other values were taken as a standard from the 

software. Other parameters of materials like electron 

and hole thermal velocity are set as 10
7
cm/s and 

10
7
cm/s, respectively. Two interface defect layers are 

introduced named IL1 TiO2/ (CH3NH3PbI) and IL2 

(CH3NH3PbI)/n-Si(n) for recombination. The defect 

nature is set as single, and defect density is set as per 

Table-1. 

 

The absorption coefficient data for different 

layers have been taken from different kinds of literature 

to simplify the device model [32-34]. The standard 

AM1.5G spectrum and operation temperature 300K is 

utilized in this model. The pre-set value is used for the 

working point and numeric configuration. The voltage 

used for scanning is 0 V to 1.2 V. The illumination 

mode had been set to the light. And from the action 

panel, only IV and QE (PCE) are marked. However, 

shunt and series resistance values had not taken into 

consideration. All the simulations are operated under 

these conditions. 

 

Table-1: Material Parameters set in the simulation 

Parameters FTO      (          ) c-Si (n) c-Si (p) c-Si (p++) 

Thickness 100 nm 50 nm 300 nm 50nm 100um 30nm 

Acceptor Concentration      ) 0 0 0 0 5 x 10
16 

9.5 x 10
18

 

Donor Concentration      )                8 x 10
16

 0 0 

Bandgap (eV) 3.5 3.2 1.55 1.124 1.124 1.124 

Relative Dielectric Permittivity 9 10 6.25 11.9 11.9 11.9 

Electron Mobility (cm
2
/Vs) 20 20 2 1250 1010 1212 

Hole Mobility (cm
2
/Vs) 10 10 2 443 443 421 

Electron Affinity (eV) 4 4.0 3.9 3.9 4.05 3.9 

Defect Density      )                                     

CB effective density of States 

(cm
-3

) 

2.2 x 

10
19

 

2.2 x 

10
19

 

2.2 x 10
19

 2.8 x 10
19

 2.8 x 10
19

 2.84 x 

10
19

 

VB effective density of States 

(cm
-3

) 

1.8 x 

10
19

 

1.8 x 

10
19

 

1.8 x 10
19

 1.04 x 

10
19

 

1.04 x 

10
19

 

1.04 x 

10
19

 

 

Table-2: Simulation parameters for Defects and Contacts 

Interface Defect Density 

IL1 (TiO2/ CH3NH3PbI) Defect Density  

IL2 (CH3NH3PbI /c-Si (n)) Defect Density 

         

         

Back Metal Contact Properties 

The electron work function of Au 

Surface recombination velocity of the electron 

Surface recombination velocity of hole 

 -5.1 eV 

         

         

Front Metal Contact Properties  

The electron work function of TCO  

Surface recombination velocity of the electron 

Surface recombination velocity of hole 

 -4.4eV 

         

         

 

2.3 Device Model Verification 

SCAPS-1D software is an effective modelling 

tool in designing and analyzing various high-

performance solar cells, including perovskite, CIGS, 

CdTe, CZTS, and others [40-45]. SCAPS-1D 

simulation software verification is confirmed by 

reported literature [12, 35-39], which compared device 

performance from real-world experimental 

characterization with theoretical results obtained from 

the software. Moreover, the simulated values of device 
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performance parameters are highly close to the 

experimental results published in the replicated 

literature. Therefore, as a consequence, it can certify the 

practicality and availability of device configurations 

and material values to a specific scope. 

 

3 RESULTS AND DISCUSSIONS 
3.1 Single Junction Si Solar cell 

The single-junction solar cell structure in 

which c-Si (p+) is used as BSF, c-Si (p) as 

base/absorber layer and c-Si (n) as the emitter is shown 

in Fig.3. Al and Au are used as front and back metal 

contact, respectively. The defect density of all active 

layers taken as 10E-12. Optimized performance of the 

single-junction solar cell was collected at c-Si (p) 

thickness of 220 um, and acceptor and donor 

concentrations of c-Si (p+), c-Si (p) and c-Si (n) are 9.5 

x 10
19

, 5 x 10
16

 and 6 x 10
18

 respectively. The 

simulation results of this single-junction solar cell 

comprises of Voc = 0.6163 (V), Jsc =52.01 mA/cm
2
, 

FF% = 82.97% and PCE of 26.60 %. In this cell, short-

wavelength solar radiation is consumed due to the 

narrow bandgap of silicon. 

 

 
Fig-3: Single junction solar cell structure 

 

3.2 Monolithic 2T Perovskite silicon tandem solar 

cell 

To trap long solar radiation wavelengths, a 

perovskite cell is introduced on top of a single-junction 

silicon solar cell to create a tandem structure, as shown 

in Fig-4. After using the optimized parameters as 

described in Table-3, the extracted parameters were 

Voc = 0.6747(V), Jsc = 58.27 mA/cm
2
, FF % = 83.86 

% and power conversion efficiency (PCE) of 32.97 %. 

These values are subject to current matching conditions 

and optimized parameters of absorber cell thicknesses, 

bandgap and donor and acceptor concentration of 

perovskite and c-Si (p), respectively. The output results 

of both cells single-junction silicon and perovskite 

silicon tandem are shown in Table.3 and Fig. 4, which 

indicates that the rise in Voc and Jsc is due to the 

applied tandem structure, which ultimately leads 

efficiency to higher values. This data clearly shows the 

characteristics of perovskite as an efficient absorber 

layer to raise the performance and efficiency of silicon-

based single-junction solar cells up to their theoretical 

limit. 

 

Table-3: Summary of performance results of Si and Si-perovskite tandem solar cell 

Type Voc (V) Jsc (mA/cm
2
) FF (%) PCE (%) 

Silicon single junction solar cell 0.6163 52.01 82.97 26.60 

Perovskite silicon tandem solar cell 0.6747 58.27 83.86 32.97 
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Fig-4: J-V curves of and Perovskite-Silicon tandem solar cell 

 

3.3 Comparison with Literature 

The numerical analysis performed on Si-

perovskite tandem solar cells by optimizing parameters 

is also compared with some experimental results 

indicated in the Table-4. Simulated device performance 

parameters are found to be close to experimental results 

published in the scientific literature. Results signify that 

the proper choice of parameters (i.e. the thickness of 

both cells, defects and carrier concentration) give rise to 

the power conversion efficiency of the device. This 

study also provides theoretical guidance towards the 

efficient realization of perovskite solar cells by 

optimizing their parameters. 

 

Table-4: Summary of the present reported status for 2-terminal perovskite-based tandem solar cells: 

perovskite/silicon and comparison with simulation results 

Published (Y/M) PCE (%) MPP (%) Reference 

2018/06 25.5 25.2 [16] 

2018/08 25.0 --- [17] 

2019/01 25.4 --- [18] 

2018/10 25.5 --- [19] 

2019/02 25.2 25.2 [20] 

2019/03 25.1 25.1 [21] 

2019/05 25.0 25.0 [22] 

2018/12 28.0 --- [23]
 

Simulation Results (At, Si Thickness 1um)  

Perovskite Layer Thickness PCE [%] FF [%] 

100 nm 23.51 84.55 

200 nm 24.95 84.47 

300 nm 26.1 84.41 

400 nm 27.04 84.35 

Simulation Results (At, Pero Thickness 300 nm)  

Si Layer Thickness PCE [%] FF [%] 

1 um 26.1 84.55 

5 um 30.51 84.47 

10 um 32 84.41 

50 um 33.2 84.35 

100 um 32.97 84.55 

 

3.4 Effect of Perovskite thickness variation 

The thickness of the absorber or active layer is 

one of the critical parameters and has a considerable 

effect on the characteristics of a solar cell. The 

thickness was varied from 50 nm to 700 nm while 

keeping all other parameters constant and c-Si (p) 

thickness at 1um to determine the influence of 

perovskite thickness on a perovskite-Si tandem solar 

cell. Fig 5 & 6 shows the simulated results for Voc, FF 
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%, PCE % and Jsc with respect to the variable thickness 

of perovskite.  

 

With the increase of perovskite layer 

thickness, the electron-hole pair will generate in high 

quantity due to longer wavelength and low energy of 

light, which ultimately enhances the current density and 

efficiency. And when the thickness of the perovskite 

layer decreases, the recombination rate increases and 

the space charge layer comes near to the back contact, 

and only a few electrons will take part in the generation 

process and hence current density and efficiency 

decrease. The simulation results signify that the excess 

carrier concentration increases by increasing thickness 

due to the absorption of light, which eventually 

increases Jsc values. As perovskite material has very 

high extinction and high conductivity and it can attain 

very high values of current density (Jsc) and efficiency 

(PCE) as its thickness increases. In FF vs thickness 

graph, the fill factor constantly drops from 84.55% to 

84.17% by changing thickness from 50 nm to 700 nm. 

Fill Factor is measured as the capability of a device to 

transfer maximum obtainable power to the generated 

electrical load.  

 

As the thickness of the active layer increases, 

internal power depletion build-up which contributes to a 

decrease in fill factor. In Voc vs thickness graph, Voc 

increases with the increasing thickness due to low 

electron-hole recombination and high generation rate. 

Voc = nkt/q ln (IL/I0 +1) ………………… (4) 

 

Here n is a factor, kt/q is referred to as thermal 

voltage, IL is current produced by incident radiation, 

and I0 is dark saturation current. 

 

In PCE vs thickness graph, device efficiency 

(PCE) reaches the maximum point (29.28%) at 800 nm 

and then maintains a constant course with the further 

increase in thickness. The optimal absorber thickness 

range lies between 400-700 nm to achieve the high 

PCE. As the absorber thickness exceeds the value of 

1000 nm, efficiency (PCE) stays constant due to more 

excess carriers and recombination rate. 

 

 
Fig-5: Open circuit voltage (Voc) and short circuit current density (Jsc) vs perovskite absorber layer thickness 

 

 
Fig-6: PCE (%) and FF (%) vs perovskite absorber layer thickness 
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3.5 Effect of Silicon c-Si (p) thickness variation 

The absorber layer thickness of c-Si (p) varied 

from 800 nm to 500 um, keeping all other parameters 

constant and with perovskite layer thickness at 300 nm. 

As shown in Fig-8, the increase in efficiency with 

thickness increase is due to a more significant number 

of photon absorption, which generates more electron-

hole pairs. As the absorber thickness exceeds the value 

of 50 um, efficiency (PCE) start to decrease due to 

more excess carriers and recombination rate. So is the 

case for Jsc, with the highest value of 58.26 mA/cm
2
 at 

100 um and then eventually starts decreasing, as shown 

in Fig-7. In Voc vs thickness graph, the increase in 

thickness causes a drop in open-circuit voltage as 

increased recombination in the thicker absorber causes 

a decrease in Voc. Fig-8 represents a graph of fill factor 

% as a function of absorber layer thickness and fill 

factor decreases with the thicker absorber. Fill factor is 

strongly influenced by an electric field, which decreases 

with the increase of forward bias, which ultimately 

leads to a reduction in charge carriers collection. 

 

 
Fig-7: Short circuit current density (Jsc) and Open circuit voltage (V) vs silicon absorber layer thickness 

 

 
Fig-8: Efficiency (%) and Fill Factor (FF) vs silicon absorber layer thickness 

 

3.6 Effect of Defect Density (Nt) of Perovskite 

Absorber layer 

Absorber layer defect density is a significant 

factor in optimizing the performance of the device. The 

performance and outcome of tandem solar cells are 

highly affected by the structure and quality of the active 

perovskite layer. If the quality of the film is not good, 

then defect density and rate of recombination of charge 

carriers increases which eventually degrade the 

performance and outcome of the device. Quality 

reduction of doping levels and doping process of the 

absorber layer is the leading cause of defects and device 

performance degradation. In this simulation, absorber 

layer defect densities are varied from 10
13

 cm
-3

 to 10
18

 

cm
-3

 to study their influence on device performance. 

The optimized thickness of the perovskite and silicon 

absorber layer was 300 nm and 100 um, respectively, 
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while the remaining parameters are kept at the default 

value. 

 

Fig 9 & 10 shows the deviation in outcome 

parameters of perovskite silicon tandem solar cell with 

different values of defect density (Nt).  

 

It can be analyzed that the absorber layer with 

low defect density is favourable for device 

performance. Because in that case, Voc and Jsc 

increases which lead to high PCE and FF. While on the 

other hand, a poor quality absorber layer with high 

defect densities cause more recombination centres and 

traps, which ultimately degrade the performance of the 

device. Also, more recombination rate leads to diffusion 

length reduction of charge carriers which decreases the 

lifetime of charge carriers. 

 

 
Fig-9: Efficiency and Fill Factor as a function of perovskite layer defect density (cm

-3
) 

 

 
Fig-10: Short circuit current density (Jsc) and Open circuit voltage (Voc) as a function of perovskite layer defect 

density (cm
-3)

 

 

3.7 Effect of Defect Density (Nt) of Silicon Absorber 

layer 

Fig 11 & 12 represents the PV characteristics 

of the silicon absorber layer when the defect density of 

the Si absorber layer varied from 10
13

 cm
-3

 to 10
18

 cm
-3

 

while keeping all other parameters constant. The 

optimized thickness values of the perovskite and silicon 

absorber layer are taken 300 nm and 100 um, 

respectively. The bulk defects concentration determines 

the minority carrier lifetime in the absorber layer, while 

interface defects determine the recombination speed at 

the interface. All interface defects were taken constant 

to study the behaviour of absorber layer bulk defects. 

With the increase in defect density, the drop in 

efficiency can be seen as shown in Fig-12, which 

mainly due to due increased rate of recombination, 

which leads to higher scattering and reduced diffusion 

length, so the device performance decreases. 
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Fig-11: Short circuit current (Jsc) and Open circuit voltage (Voc) as a function of silicon defect density (cm

-3
) 

 

 
Fig-12: Efficiency and Fill Factor (%) as a function of silicon layer defect density (cm

-3
) 

 

3.8 Effect of temperature on Optimized Perovskite 

Silicon tandem solar cell 

Temperature is one of the essential factors that 

influence device efficiency. The temperature-dependent 

parameters in scaps are the density of states of 

conduction and valence bands, the thermal velocity and 

the diffusion coefficient [25]. After optimizing the 

perovskite silicon tandem solar cell the effect of 

temperature was investigated by varying the 

temperature from 280 K to 330 K keeping all other 

parameters constant. By increasing the temperature, the 

bandgap of semiconductors decreases, so lower energy 

is required to break the bond, which then decreases 

open-circuit voltage. Fig-13 shows the effect of 

temperature increase on device efficiency. 

 

From Fig-14, the simulation results show a 

slight increase in short circuit current density. This 

refers to a decrease in energy band gap Eg of absorber 

layers and also due to variation of electron-hole pair 

mobilities, which related to material conductivity and 

current densities described in equation no. (5) and (6) 

[32]. 

σ = q ((μn (T) + μp (T)) ni (T) …………………….. (5) 

 

J = σϵ ………………………………………..……. (6) 

 

Where σ is material conductivity, ni is intrinsic 

concentration, q is the elementary charge, T is 

temperature, J is current density, μn and μp are electron 

and hole mobilities, and ϵ is electric field intensity. 

 

As shown in Fig-14, the open-circuit voltage 

decreases linearly with the increase of temperature. The 

increase in temperature increases the intrinsic carrier 

concentration of the absorber layer, which increase the 

reverse saturation current density and causes the 

decrease in open-circuit voltage as per equation no. (7) 

[32]. 

Voc = (AKT/q) ln (JSC/J0 + 1) ……………………… (7) 

 

Where A is the ideality factor, J0 is reverse 

saturation current density, and k is Boltzmann constant.  

 

The fill factor decreases with the increase of 

temperature as it depends on open-circuit voltage rather 
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than short circuit current density, as described in 

equation no. (8) [46]. 

FF = ((vOC - ln (vOC+0.72)) / (vOC+1) …………….. (8) 

 

Where, voc=Voc/Vth and known as normalized Voc, 

Vth= KT/q is the thermal voltage. 

 

Temperature variation from 280 K to 330 K 

for perovskite silicon tandem solar cell represents the 

decrease in efficiency from 15.88% to 12.66 % due to 

the decline in open-circuit voltage, which is more 

significant than Jsc. The results indicate that short 

circuit current density, as well as fill factor, were less 

prone to temperature effects as compared to open-

circuit voltage and efficiency. 

 
Fig-13: Efficiency and Fill factor of Pero-Si tandem solar cell as a function of Temperature (K) 

 

 
Fig-14: Short circuit current density (Jsc) and open-circuit voltage (Voc) of Pero-Si tandem solar cell as a function 

of Temperature (K) 

 

3.9 Impact of Absorber layer carrier concentration 

on Optimized perovskite silicon tandem solar cell 

The dopant concentration of both absorber 

layers was changed from 10
12

 to 10
19

 cm
-3

 to check its 

influence on tandem solar cell parameters. In this 

simulation, all other parameters were kept constant 

except absorber layer concentration which was fixed at 

10
16

 for c-Si (p) to check the perovskite absorber layer 

concentration effect and vice versa. From Fig 15 & 16, 

it is clear the c-Si (p) absorber layer was most 

influenced by changing the carrier concentration. As 

seen in Fig. 16, with the increase of dopant 

concentration, the efficiency of the silicon absorber 

layer starts increasing, but perovskite absorber layer 

efficiency remain almost the same but after increased 

dopant concentration of 10
17

 efficiency of both cells 

starts decreasing, which is due to more recombination, 

high scattering and decreased depletion width towards 

absorber layer and causes a reduction in short circuit 

current density as shown in Fig-15.  

 

The open-circuit voltage first Increases with 

the rise in the concentration of the carrier and then 

decreases for the perovskite absorber layer after 10
16

. 

So, at a concentration of 10
16,

 both cells show an 

optimum value of Voc and PCE because, at this carrier 

concentration, charge carriers are collected and 

transported more efficiently at the same irradiance. Fill 
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factor change doesn't deviate enough for the perovskite 

layer, but for silicon, it increases and then shows a 

minimal difference. 

 

 
Fig-15: Efficiency and Fill factor as a function of Carrier concentration (cm

-3
) for Si and perovskite absorber 

layers 

 

 
Fig-16: Short circuit current (Jsc) and Open circuit voltage (Voc) as a function of Carrier concentration (cm

-3
) for 

Si and perovskite absorber layers 

 

4 CONCLUSION 
Numerical simulation of perovskite silicon-

based tandem solar cell was performed by top and 

bottom cell optimization using SCAPS-1D, which 

indicates that a highly efficient tandem structure can be 

achieved by incorporation of Si and Perovskite 

absorbers. The solar cell based on perovskite silicon 

tandem reported efficiency of 32.97 %, the open-circuit 

voltage of 0.6747 V, short circuit current density of 

58.27 (mA/cm
2
) with a fill factor of 83.86 %. Absorber 

layer thickness optimization shows that 100 um and 300 

nm thicknesses for silicon and perovskite, respectively, 

are optimum values for good photovoltaic 

characteristics. Dopant concentrations of both top and 

bottom cell should be taken carefully for the 

enhancement of device performance. Moreover, the 

effect of defect densities on respective absorber layers 

has been studied, and observed absorbers layers with 

low defects densities are favourable for device 

performance. Furthermore, the higher temperature also 

degrades device performance. This work also gives 

theoretical guidance towards the efficient realization of 

perovskite silicon-based tandem solar cells by 

optimization of their parameters. 
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