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The simulation of short-circuit current, open-circuit voltage, absorption coefficient, fill factor and efficiency of solar 
cell with p-i-n structure based on organo-trihalide perovskite semiconductors CH3NH3PbI3 was carried out.  
Simulated data obtained for the short-circuit current density ~15 31 mA/cm2, the open-circuit voltage ~0.99 1.03 V, 
the absorption coefficient ~10 cm , the fill factor ~82.1% 84.8%, and the efficiency ~14.85 27.2% are  
in good agreement with the results of previous numerical and experimental data for perovskites solar cells  
with similar composition and size. Closer to the edge of intrinsic absorption, both the short-circuit current and open-
circuit voltage depend linearly on the wavelength of the incident irradiation. The calculations show the potential 
possibility of using perovskites in the design of tandem solar cells. The novelty of this work is the demonstration  
of the possibility of using thin layers of perovskite to convers solar energy. This material with direct bandgap energy 
provides good absorption of photons with energy>1.56 eV. In combination with the crystalline silicon, perovskite can 
broaden the absorption spectrum of irradiation, thereby increasing the power conversion efficiency of the tandem  
solar cells. 
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1 Introduction 
Currently, solar cells (SC) based on organo-

trihalide perovskite semiconductors (CH3NH3PbI3, 
CH3NH3PbI3−xClx, and similar materials/ 
compositions) are attracting much attention due to 
their promising potential for applications. This is due 
to their unique properties: high absorption coefficient, 
adjustable energy band gap, long carrier diffusion 
lengths, good carrier transport properties, easy 
manufacturing, and low production costs1-5. 
Perovskites are successfully used in SCs based on 
planar p-i-n heterojunctions6-11. Optoelectronic 
applications of perovskites include high-efficiency 
tandem SCs12-14, lasers15,16, light-emitting diodes17,18, 
optical sensors and photodetectors7,19-21. These 
materials can be used both as light collecting medium 
and as charge carrier transporter. Recently, record 
values of energy conversion efficiency (PCE) of 
33.7% were observed for perovskite/Si tandem SCs22, 
for perovskite SC fabricated at low temperatures the 
efficiency is about 31.2%13, 29.15%23. PCE of over 
25% is already common and is reported many 
times24,25. For perovskite/silicon tandem featuring 

black-Si with a tunnel oxide-passivated contact 
subcell, an efficiency of 28.2% has been observed26. 
Along with experimental studies, a lot of theoretical 
calculations and simulations are also carried out27-29. 
For conventional planar perovskite SC, coupled opto-
electrical simulation was used30. Analytical and 
numerical simulations of perovskite SC were carried 
out to determine the requirements for the absorbing 
and contact layers to ensure efficient capture5,31. 
Using YT-KMPF as HTM achieved high PCE of 
21.40% with 𝑉  of 1.08 V, 𝐽  of 25.76 mA cm−2, and 
FF of 77% and in the case of carbazole-based HTM 
received 𝐽 23.6A/cm2, 𝑉 1.03 V, FF=73%, 
PCE=17.5%.32,33 For perovskite SCs with various 
designs and made with different technologies, very 
high FF values are reported: nanostructured SCs on 
textured silicon substrate 82.42%28, for a p-i-n planar 
device 83%34, using polymer-coated solvent annealing 
85%35, with nitrogen-doped TiO2 electron transport 
layers 85.3%36, with NiOx hole transport layer more 
than 86%37, using YT-KMPF as hole transport layer 
77 %,32 using carbazole-based hole transport layer 
73%.33 For short circuit current and open circuit 
voltage are received following values: 21.9 mA/cm2 
and 0.86 V38; 22.3 mA/cm2 and 0.99 V39; 21 A/cm2 

—————— 
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and 1.08 V10; 17.51 mA/cm2 and 0.96 V;28,40 22.83 
mA/cm2 and 1.112 V29; 21.7-22.97 mA/cm2 and 
0.994-1.05241 etc.” 

The CH3NH3PbCl3 perovskite has been 
investigated as a transparent conductor using the 
experimental method and density functional theory. 
The optical properties such as dielectric functions, 
refractive index and absorption coefficients of bulk 
CH3NH3PbCl3 perovskite have been calculated5. 

The short-circuit current density and the PCE were 
21.9 mA/cm2 and 11.99%, respectively, for the 
sample with 210-nm-thick perovskite active layer38. 
Organic thin-film perovskite SCs are hundreds of nm 
thick and mainly consist of p–i–n junction42. 

The optical properties of the crystalline silicon–
black silicon–perovskite tandem structure have been 
intensively studied theoretically and experimentally 
by our group in recent years43-45. Black silicon, when 
used in conjunction with crystalline silicon, makes it 
possible to increase the absorption of light at visible 
and near-IR wavelengths. The transport properties of 
charge carriers in perovskite absorbing materials are 
generally critical to the operation of photovoltaic 
devices using these materials. Theoretical studies of 
the electrical and optoelectronic properties of 
CH3NH3PbI3 continue to be intensively discussed.  
In this paper, theoretical simulation in the drift 
approximation of the current transfer process in the  
p-i-n structure on the base of CH3NH3PbI3 was carried 
out to optimize the electrical and geometric 
parameters for using in solar energy conversion. We 
investigate the performance of the p-i-n part of a solar 
cell with p-NiO/i-PVK/n-TiO2/p-bSi/p-cSi/n-cSi 
complex structure to improve light absorption and 
hence its photovoltaic performance (here PVK is 
perovskite, bSi - black silicon, cSi - crystalline 
silicon). 
 

2 Theory 
Let’s study the p i ν n  structure under 

irradiation, where the base i ν  region is a direct band 
gap semiconductor CH3NH3PbI3 with almost intrinsic 
conductivity. Base region is a thin-film absorbing 
semiconductor layer sandwiched between two charge-
selective p+ and n+ lateral contacts. Fig. 1 shows the 
structure under study and its energy band gap 
behavior. 

In most SCs, the series resistance is small (< 0.1 Ω) 
and the shunt resistance is large ( 10 Ω). They have 
relatively too small affect the I-V characteristics 
compared to other terms. Neglecting these small 

terms, the diode equation of a SC, under illumination, 
is simplified as below46: 

 

𝐽 𝜆 𝐽 𝐽 𝜆 , 𝐽 𝐽 𝑒𝑥𝑝 1 .  

                                                                               ...(1) 
 

Here 𝐽,𝐽 , 𝐽  and 𝐽  are the diode total, photo-
generated, dark and saturation current density, 
accordingly, 𝑉 is the voltage, 𝑚 is the diode ideality 
factor. At the Shockley–Read–Hall recombination 
𝑚 2. At zero voltage, short-circuit current 
𝐽  flows. Open-circuit voltage 𝑉  can be calculatedin 
case the current equals to zero: 

 

𝑉 𝑙𝑛 1 .                                     ...(2) 
 

Under the influence of irradiation from the intrinsic 
absorption region, bipolar generation of photo carriers 
takes place in semiconductors. The non quilibrium 
concentration of electrons 𝑛  and holes 𝑝 will be 
 

𝑛 Δ𝑛 𝑛 Δ𝑛, 𝑝 Δ𝑝 𝑛 Δ𝑝. ... (3) 
 

For bipolar generation Δ𝑛 Δ𝑝. In Eqs. (2) and (3) 
𝑒 is the elementary charge, Δ𝑛(Δ𝑝  and 𝑛 (𝑝  are 
concentrations of non quilibrium excess photo carriers 
and thermal equilibrium electrons (holes), 
accordingly. Further we assume that Δ𝑛 ≫ 𝑛 ,Δ𝑝 ≫
𝑛 , and consequently 𝑛 Δ𝑛,𝑝 Δ𝑝. 

 
 
Fig. 1 — Schematic of the p-i-n structure under irradiation and its
energetic band diagram. Here 𝑑 is the thickness of 𝑖-base region, 
𝐺 and 𝑅 (green and red arrows) are the generation and
recombination rates of electron-hole pairs, 𝜑  is the contact 
potential, 𝐸 , 𝐸  are energies of conduction and valence bands,
𝐸  is the Fermi equilibrium energy, correspondingly. 
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Next, we consider one-dimensional problem in the 
direction of current flow. Generated photo carries will 
create current with density 𝐽 , which will be sum of 
the electron (𝐽  and hole (𝑗  current densities: 

 

𝐽 𝐽 𝑗 𝑒𝑛𝜇 𝐸 𝑒𝐷 𝑒𝑝𝜇 𝐸 𝑒𝐷 .

                                                                            ...(4) 
 

Here 𝜇 𝜇  and 𝐷 𝐷  are mobility and 
diffusion constants of electrons (holes). For further 
calculations we also use continuity equations: 
 

𝑅 𝐺 𝑥 , 𝑅 𝐺 𝑥 .   ...(5) 
 

Here 𝐺 and 𝑅  are the generation and 
recombination rates of electron-hole pairs in the 𝜈 –
type base region, correspondingly: 

 

𝑅
∆

,  𝑅
∆

, 𝐺 𝑥

𝜂 𝜆 𝛼 𝜆 𝐹 𝑒𝑥𝑝 𝛼𝑥 ,                                         ...(6) 
 

where 𝜏  and 𝜏  are the lifetimes of electrons and 
holes, correspondingly, 𝜂 𝜆  is the internal quantum 
efficiency, 𝛼 𝜆  is the absorption coefficient, 𝐹  is the 
incident irradiation fluxand 𝜆 is the irradiation 
wavelength. 
 

2.1 Drift Approximation Solution 
When using the considered structure in SCs, the 

thickness of the CH3NH3PbI3 layer should usually be 
on the order of hundreds of nm [𝑑 ∝ 0.4 0.6
10  cm]. With such dimensions, the diffusion of the 
main charge carriers in the base 𝑖-region can be 
neglected because the irradiation penetration 
depth 1 𝛼⁄  is higher than base thickness 𝑑 1 𝛼⁄ ∝
10 cm,𝛼𝑑 1  (about absorption coefficient 𝛼 see 
below, expression (20) and Fig. 2). For the drift 
approximation, it is also important that the length of 
the base region and the diffusion lengths of charge 
carriers in halide perovskites are of the same order of 
magnitude (0.4-2) μm31,47,.Then it can be assumed 
that changes in the concentration of photocarriers 
along the depth of the 𝑖-th layer will be very weak and 
independent from the coordinate. With such an 
approximation, the diffusion currents will simply be 
neglected. 
Hence from Eq.(4) follows: 
 

𝐽 𝑒𝑛𝜇 𝐸 𝑒𝑝𝜇 𝐸 𝑒Δ𝑛𝜇 𝐸 𝑒Δ𝑝𝜇 𝐸
𝑒Δ𝑛𝜇 𝐸 𝑏 1 ,                                         ...(7) 

where 𝑏 ≡ 𝜇 𝜇⁄ . From Eqs.(5) we have: 
 

𝜇 Δ𝑛 𝐺, 𝜇 Δ𝑛 𝐺, ...(8) 
 

Sum of Eqs. (8) give 
 

𝜇 𝜇 Δ𝑛 Δ𝑛 2𝐺, 
 

from where we get 
 

Δ𝑛 2𝐺 .                         ...(9) 
 

The internal built-in electric field in the base region 
𝐸 arises due to the contact potential difference 𝜑  
(see, Fig. 1). This field mainly falls on the high-
resistance 𝑖 -layer. Then, as a boundary condition for 
solving Eq. (9), one can use 𝐸 0 at 𝑥 0 and 𝐸
𝐸 at 𝑥 𝑑. Then solution of Eq. (9) gives 

 

𝐸 Δ𝑛 1 𝑒𝑥𝑝 𝛼𝑥  ... (10a) 
 

On the other side from Eq. (6) we have 
 

𝐸 .                                      ...(10b) 

 
After equalizing the right parts of Eqs. (10a) and 

(10b), we obtain expression for photocurrent: 
 

𝐽 Δ𝑛 1 𝑒𝑥𝑝 𝛼𝑥 .

                                                                                  ...(11) 

 
 
Fig. 2 — Spectral dependency of absorption coefficient. Red
cycles data is adapted from68, the green squares noted the data
calculated from the Eq. (20). 
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The photocurrent strongly depends on the 
concentration of photo carriers (i.e., the incident 
radiation flux 𝐹 ) and the absorption coefficient. At the 
𝑉 0 we have  𝑗 𝜆 𝑗 𝜆 . The smaller the value 
of  𝑏, the higher the 𝑗 . Total current density will be: 

 

𝐽 𝐽 𝑒𝑥𝑝 1 Δ𝑛

1 𝑒𝑥𝑝 𝛼𝑥 .                             (12) 
 

For dark saturation current we have: 
 

𝐽 𝑒 𝑘𝑇 .        ...(13) 

 
Here 𝑛  and 𝑝  are concentrations of minority 

carriers, 𝐿  and 𝐿  are diffusion lengths of electrons 
and holes.  
A-priory fill factor is determined as 
 

𝐹𝐹                                         ...(14) 

 

For determination of maximum power current 𝐽  
and maximum power voltage 𝑉  the following is 
done. Power produced by the cell 𝑃 is the product 
of the voltage and the current, i.e. 

 

𝑃 𝐼𝑉 𝐴𝐽𝑉, .                                                   ..(15) 
 

Where 𝐴 is the surface area of SC. Maximum 

power voltage 𝑉  occurs when 0, and is equal 

to 
 

𝑉 𝑉 𝑙𝑛 1 .                          ...(16) 
 

This is an implicit equation and has no simple 
solution. As it is shown in Ref. [48] the initial guess 
𝑉 0.9𝑉  gives the exact solution in two 
iterations. 

 

Maximum power current will be equal to 
 

𝐽 𝐽 𝑒𝑥𝑝 1 Δ𝑛

1 𝑒𝑥𝑝 𝛼𝑥 .                          ...(17) 
 
Then 
 

𝐹𝐹 0.9 𝑒𝑥𝑝 1 1 .

                                                                          ...(18) 

The power conversion efficiency (PCE) will be 
calculate by the following expression 

 

𝜂  ,                                                    ...(19) 

 

where 𝑃  is the input power density.  
 
3 Numerical Simulation 

Numerical modeling of solar cells with p-i-n 
structure was performed on CH3NH3PbI3 using 
“Microsoft Excel spreadsheet software”. There are 
different values for carrier mobility, lifetimes and 
diffusion constants in the literature for thin films. 
Some of them are presented in Table 1 (by prefix e 
and h are noted electron and hole). 

Measurements for direct bandgap energy of 
CH3NH3PbI3 give 𝐸 1.56 eV44,45. According to the 
band structure theory for a direct bandgap 
semiconductors, absorption in the region close to the 

beginning of absorption ∝ 𝐸 𝐸
⁄

, where 𝐸  
is the photon energy40. Then using measurement data 
from Ref. [67] (Fig. 3(a)) and from Ref. [68] (Fig. 3) 
we can find following approximate expression for 
absorption coefficient spectral dependency 𝛼 𝜆 : 

Table 1 — Mobility, lifetimes and diffusion constants of 
CH3NH3PbI3. 

𝜇 cm Vs⁄  e(5-10)30; e(24 6.8 49; h(1-5)30 
(0.3-6.7)50; (10-34)51; (0.4-71)52; (66 8)47 

𝜏 (μs) 14.747;653; (21-54)54; 1555; 1.656; 0.005357; 
(82 ± 5)50;(95 ± 8)50; 3258 

𝐷 cm s⁄  e(1.64)47; e(0.01-4)53,59; h(0.029)50; h(0.76)38 
(1.64 0.15)47;(1.7 0.1)57; (0.01-0.2)60;  
(0.02-0.16)15,61,62; (0.05-1.77)63-66 

 

 
 
Fig. 3 — Current-voltage characteristics for p-i-n perovskite SC. 
Curves correspond following cases: 1 - 𝜆 0.7μm (ℎ𝜈
1.77eV); 2 -𝜆 0.75μm (ℎ𝜈 1.65eV); 3 - 𝜆 0.77μm 
(ℎ𝜈 1.61eV), 4 - 𝜆 0.79μm (ℎ𝜈 1.57eV). 
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𝛼 ℎ𝜈 3.65 10 ℎ𝜈 𝐸
⁄

or 𝛼 𝜆 3.65

10
.

𝐸
⁄

                                       ...(20) 
 

Here 𝛼 ℎ𝜈 , ℎ𝜈 and 𝜆 given in cm , eV and μm, 
correspondingly. Fig. 2 shows measurement data from 
Ref. [68] for the dependence 𝛼 ℎ𝜈  and the curve 
plotted according to Eq. (20). The coincidence is very 
good near the perovskite absorption edge of 1.5-2 eV. 

The energy flux of sunlight reaching the surface  
of the earth is 1.388×103W/m2. For CH3NH3 

PbI3 𝐸 1.56 eV and photon flux is equal to 
 

𝐹 . 

.  
5.5533 10 cm s . 

 

Taking into account some losses of solar energy 
before entering the base region of the structure, 𝐹
10 cm s  is used in further calculations. On the 
base of data from Table 1 for further simulation we 
use following parameters for 𝑖-type CH3NH3PbI3  
𝐸 1.56 eV, electron affinity 3.9 eV,𝑑 4 10  
cm: 𝜇 5 cm Vs⁄  and 𝜇 1 cm Vs⁄  (𝑏 5), 
𝜂 𝜆 1, 𝐹 10 cm s , Δ𝑛 10 cm ,𝐷
1.64 cm s⁄ , 𝐷 0,029 cm s⁄ , 𝜏 1.25
10 s, 𝜏 1.25 10 𝑠, 𝑚 2, 𝑛 𝑝
10 cm , 𝑃 1 kW m 100 mW cm⁄⁄ .  

Note that perovskites are known to have low trap 
densities69. In the process of modeling the parameters of 
p-i-n SCs, the influence of lattice defects, interfaces  
and related effects (changes in lifetime, mobility, etc.) is 
not taken into account. It is clear that in real  
elements they will influence the generation and 
recombination of current carriers. The idealized model 
takes into account only generation-recombination 
processes, in which only the material’s own atoms 
participate. 

Fig. 3 shows I-V characteristics for four cases of 
wavelength. Fig. 4 shows spectral dependency of 
𝐽  and 𝑉 . In the Table 2 the data of 𝑉 , 𝑉 , 𝐽 , 
𝐽  and FF (calculated according Eq. (18)) are 
presented for the four cases of wavelength. 

4 Results and Conclusion 
The short circuit current strongly depends on the 

carrier mobility ratio (𝑏 𝜇 𝜇⁄ ), but not on the 
mobility of electrons or holes themselves. The smaller 
the value of 𝑏, the greater the 𝐽 . This can be 
explained as follows: the smaller 𝑏, the closer the 
values of the electron and hole mobilities. This means 
that charge carriers will not linger and collect in the 
base region, and the rate of carrier recombination will 
decrease. As a result, electrical losses will decrease 
and the 𝐽  will increase. 

Closer to the edge of intrinsic absorption, 𝐽  and 
𝑉  depend linearly on the wavelength of the incident 
radiation. Calculations show the potential use of 
perovskites in the design of tandem SCs. This 
material provides good absorption of solar photons 
with energy >1.56 eV. In combination with crystalline 
Si, perovskite can broaden the absorption spectrusm 
of radiation, thereby increasing the PCE of solar cells. 
It is clear that both 𝐽  and 𝑉  are limited by the 
saturation current of the diode structure. They depend 
on the parameters of the source material. By adjusting 
them, it will be possible to choose the optimal 
parameters of the SC. 

Data on 𝐽  and 𝑉  obtained by us 
(~15 31 mA/cm2, ~0.99 1.03 V), are in good 
agreement with the results of previous numerical and 
experimental data for CH3NH3PbI3 with similar 
dimensions. The values for FF and the PCE obtained 

 
 
Fig. 4 — Spectral dependency of short-circuit current and open-
circuit voltage. 

Table 2 — Main parameters CH3NH3PbI3 based solar cell. 

𝜆(μm  0.70 0.75 0.77 0.79 
𝑉  V  1.03 1.02 1.01 0.99 
𝑉  V  0.92 0.91 0.906 0.89 

𝐽  mA cm⁄  31.17 24.95 21.70 18.3 
𝐽  mA cm⁄  29.40 23.32 19.84 16.71 

𝐹𝐹 %  84.8 84.1 82.3 82.1 
𝜂(%) 27.20 21.30 17.98 14.85 
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by us are quite good and corresponds with data of 
literature. Data for 𝐽 , 𝑉 , 𝑉 , 𝐽 , FF and 𝜂 for 
four incident irradiation wavelengths are presented in 
Table 2. 
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