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An experimental perovskite solar cell (PSC) with the structure Au/Spiro-MeOTAD/ 
CH3NH3PbI3/PEDOT:PSS/ITO was fabricated. The measurements of main photovoltaic 
characteristics were provided. The current-voltage dependences (I-V curves) were measured 
conducted in the voltage range from -1V to 1V. During the measurements, the corresponding values 
were calculated of the short-circuit current density(Jsc) and open-circuit voltage(Uoc) were obtained 
as 1.23 mA/cm² and 0.19 V, respectively. Subsequently, an analytical model corresponding to this 
structure was formulated. For modeling the parameters of the perovskite solar cell, the Comsol 
Multiphysics environment was used, this environment is based on the finite element method. The 
relevant computations were provided to obtain the corresponding values of the short-circuit current 
density and open-circuit voltage as 3.29 mA/cm² and 0.2 V, respectively, with the maximum 
theoretically calculated power of this structure being 0.11 W. The experimental outcomes were 
juxtaposed with the predictions of the analytical computations, and the modeling results were 
empirically validated. An analytically accomplished model of the same structure was built by 
adding an electron transport layer (ETL). An organic material BCP (Bathocuproine) was used as an 
supplementary ETL layer. During the optimization of the PSC, the main datums were 
mathematically counted. Such values as the short-circuit current density of 10.17 mA/cm², open-
circuit voltage of 1.2 V, and the maximum power value of Au/BCP/Spiro-MeOTAD/CH3NH3PbI3/ 
PEDOT:PSS/ITO structure, which is 3.21 W were rated. A comparison of the volt-ampere 
characteristics of perovskite cells in dark and light modes was conducted for primary and optimized 
structures. The main parameters, obtained during the modeling of the experimental sample and 
subsequent model optimization, were compared. Specifically one of the key parameters of solar cell 
heterostructures the fill factor was evaluated and found to have increased from 16.52% to 25.00%, 
respectively. The light-sensitive behavior of the perovskite cell were visibly enhanced. 
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1. Introduction  

The utilization of organic photovoltaic technologies stands as a pivotal pursuit in advancing green 
energy [1]. Within this context, organic photovoltaic devices, characterized by high efficiency, cost-
effectiveness, and scalability, garner substantial attention [2]. In the quest for superior and more 
economical alternative energy sources, perovskite solar cells (PSCs) occupy a prominent position [3]. 
Notably, the relatively elevated efficiency of PSCs, when compared to organic solar cells, renders them 
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appealing for further investigation and practical implementation. Furthermore, the adaptability of 
perovskite solar cells to flexible substrates, coupled with their low-cost production technology, underscores 
their potential [4–5] 

Characteristic parameters of photoactive perovskites, which make them promising materials for solar 
energy, include properties such as a high coefficient of optical absorption (~105 cm−1), a low exciton 
binding energy (~20 meV), and a relatively large charge carrier free path length (~1 μm), as well as the 
ability to operate solar cells based on this material at low temperatures [3; 6; 7].  

Over the past decade, there has been a true breakthrough in the technology of manufacturing organic 
solar cells based on perovskites, characterized by an increase in the fill factor from 3.8 % efficiency of 
energy conversion to the certified record efficiency of perovskite solar cells, which is 25.5 % [3]. Good 
results have been achieved due to the introduction of new technologies for chemical processing and 
effective modified approaches to the deposition of functional films and heterostructures based on them. 
Based on these methods, uniform and highly crystalline perovskite films have been developed and 
fabricated, which increase the efficiency of organic photovoltaic devices. In this context, the introduction 
of materials with a broad spectrum of photosensitivity and perfect structure into the technology of 
manufacturing PSCs, such as methylammonium lead triiodide (MAPbI3, CH3NH3PbI3), is also promising, 
allowing for high efficiency and improved stability [8–10]. Despite rapid progress, the efficiency of 
perovskite solar cells is still far from their theoretical limits. The key factor for further increasing the 
efficiency of perovskite solar cells is the optimization of the architecture of high-quality PSCs to reduce 
non-radiative recombination in perovskite active layers and minimize interface defects in structural layers 
[8; 9; 11; 12]. 

The operation of solar cells based on heterostructures can proceed without the involvement of 
electron transport layers (ETL) and hole transport layers (HTL) in the photovoltaic conversion process, as 
demonstrated in early investigations of solar cells [4; 11]. The inclusion of hole transport layers (HTL) and 
electron transport layers (ETL) in efficient perovskite solar cells (PSCs) plays a critical role in electron 
collection and their subsequent transport from the absorber layer to the corresponding electrodes [4; 12]. 
Imbalance in the operation of transport layers results in differences in drift currents of charge carriers to the 
respective electrodes and significantly affects the device performance. Additionally, the absence or 
presence of inefficient transport layers increases the device's resistance, thereby contributing to a decrease 
in the fill factor of the solar cell.  Consequently, judiciously selecting and optimizing the layers within 
perovskite solar cells assumes paramount importance in achieving maximal device efficiency [11].  

Hence, ongoing endeavors focus on formulating analytical models to fabricate organic solar cells 
featuring a multilayer architecture, including perovskite solar cells [13]. Theoretical modeling of 
sophisticated solar cell designs facilitates more effective material selection and application.  

In this investigation, we perform experimental assessments and develop a mathematical model to 
analyze the optical properties of the Au/Spiro-MeOTAD/CH₃NH₃PbI₃/PEDOT: PSS/ITO architecture. 
Our objective is to enhance the light-sensitive behavior of the perovskite cell. The analytical model is 
subsequently validated to refine the design of photogenerating devices. Specifically, we optimize the 
structure of the perovskite-based solar cell by incorporating an electron transport layer (ETL) [11].  

2. Materials and experimental procedures 

The experimental structure of the photosensitive element was formed on the surface of a glass plate 
with a deposited layer of ITO [Indium Tin Oxide]. The optically transparent conductive layer of ITO was 
pretreated with ozone plasma before applying the PEDOT:PSS film. This technological operation improves 
the adhesion of the hole-injection layer of PEDOT:PSS and enables enhancement of the conductivity and 
work function of the PEDOT:PSS film [14–15]. 

The PEDOT:PSS film was formed from an aqueous solution using the spin-coating method, 
followed by thermal annealing in an inert atmosphere in a nitrogen glove box [Laboratory Glove Box 
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L2007A1-UK] at 50°C for 15 minutes. The thickness of the PEDOT:PSS film was controlled by 
measurement using a profilometer and 3D optical profiler, with a working thickness of 50 nm. 

After applying the perovskite pigment film [Perovskite Precursor Ink for Air Processing], a thermal 
treatment process was conducted for 60 minutes at 100°C with humidity control. 

The next technological operation was the application of a Spiro-OMeTAD film [Spiro-OMeTAD] 
(dj=300 nm) using the spin-coating method. To improve the optical properties of Spiro-OMeTAD [16], the 
sample was left in the air for 12 hours. An electrically conductive gold film with a thickness of 80 nm was 
deposited on the surface of the formed heterostructure using thermal evaporation at a residual pressure of 
10-5 Torr. The zone diagram of the experimental photosensitive structure and a photograph of the 
fabricated device are presented in Fig. 1. 

The experimentally fabricated sample of the perovskite cell was tested using a parametric 
semiconductor analyzer [4145A SEMICONDUCTOR PARAMETER ANALYZER HEWLETT 
PACKARD] in dark mode and under illumination with a solar light simulator.   

a            b 

Fig. 1. The energy band structure  (a) and the photograph of the experimental sample  
of a perovskite solar cell Au/Spiro-MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO structure  

Solar irradiation spectrum for AM0 and AM1.5 illumination 

The experimentally fabricated sample of the perovskite cell was tested using a parametric 
semiconductor analyzer [4145A SEMICONDUCTOR PARAMETER ANALYZER HEWLETT 
PACKARD] in dark mode and under illumination with a solar light simulator (100 mW/cm²), the spectrum 
of which is presented in Fig. 2. 

Fig. 2. Solar irradiation spectrum for AM0 and AM1.5 illumination 

The measurements of the current-voltage characteristics (I-V curves) were conducted in the voltage 
range from 1V to 1V. During the measurements, the corresponding values of the short-circuit current 
density and open-circuit voltage were obtained as 1.23 mA/cm² and 0.19 V, respectively, yielding a fill 
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factor value of ff=19%. The IV curve of the experimental sample under different operating conditions is 
depicted in Fig. 3. The device's power conversion efficiency was determined as the ratio of the maximum 
power ( mP ) under no load to the power of the incident light 0P . 

0P
Pm

e =η  (1) 

Fig. 3. Dark and light mode current-voltage characteristics of the experimentally  
developed perovskite cell sample with the structure  

Au/Spiro-MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO 

Table 1 presents the experimental parameters of the perovskite solar cells (PSCs) 

Table 1 

Experimental parameters of the structure  
Au/Spiro-MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO 

Im (current at maximum power) 10.3 мА 
Um (voltage at maximum power) 0.42 В 

Isc (short-circuit current) 1.23 мА 
Uoc (open-circuit voltage) 0.19 В 

ff (fill factor) 18.51 % 
 (power conversion efficiency) 4.32 % 

3. Modeling and optimization

For modeling the parameters of the perovskite solar cell, the Comsol Multiphysics environment was 
utilized, based on the finite element method. In the course of the calculations, the Poisson's equation (2) 
was employed to describe the physical process, linking the electrostatic potential with the total charge 
density, along with the continuity equations for holes and electrons (3) and (4). Additionally, statistical 
effects of Shockley-Read-Hall recombination were considered. 
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In equation (1), the symbol Φ  represents the electrostatic potential, q  is the electron charge, rε  and 

0ε  indicate the relative dielectric permittivity and electric constant, respectively, p  and n  represent the 

concentrations of holes and electrons, DN  and AN  are the concentrations of donor and acceptor 

impurities, and +
tn  and −

tn  are the concentrations of traps for holes and electrons, respectively. In 

equations (2) and (3), nJ  and pJ  denote the densities of electric current for electrons and holes. 

The equations describing the movement of anions ( −a ) and cations ( +c ), taking into account the 
drift-diffusion equations (5-6) [20] 
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Taking into account the concentrations of anions ( −a ) and cations ( +c ) in the Poisson's equation, 
we obtain: 
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The neutral state for perovskite is satisfied by the equation: 

iNdxxc
l
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,  (8) 

where l  is the thickness of the perovskite layer, and iN  is the ion density. 
At the interfaces of the perovskite with the electron and hole transport layers, charge carriers have 

the property of tunneling into the ETL and HTL layers. To account for this tunneling effect, an 
approximation was applied. 

The boundary condition of the modeling problem for ion transport was the absence of ion flux in the 
ETL and HTL layers, which is satisfied by the equations: 

0. =aJn ,  (9) 

0. =cJn ,  (10) 

x
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x
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∂
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Where the current densities of anions aJ  and cations cJ , and their respective diffusion coefficients 

aD  and cD  are taken into account. For the initial analytical model, the structure shown in Figure 4 was 
applied. The parameters of the Spiro-MeOTAD and PEDOT:PSS materials were modeled using [11] and  
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[12], respectively, and are provided in Table 2. All 
other material parameters were taken from the Comsol 
library. Based on this model, an analytical model with an 
additional ETL layer was proposed and modeled (Figure 
4). The presence of an ETL layer in effective PSCs is 
important for electron collection and transport from the 
absorber to the respective electrodes. However, the use of 
an ETL layer in PSCs increases the electron-hole 
recombination resistance due to a slight increase in series 
resistance ( sR ). Balanced selection and optimization of 
layers in perovskite solar cells are important for achieving 
optimal performance, which includes considering recom-
bination resistance and series resistance to maximize 
device efficiency [19]. 

An organic material BCP (Bathocuproine) was 
used as an additional ETL layer, which is often employed 

in the production of organic PSCs and other electronic devices. BCP possesses high electron conductivity 
and is well-suited for forming thin films on the surfaces of other materials [18; 21]. The use of BCP can 
improve the efficiency and stability of PSCs and other electronic devices [19]. Table 2 lists the main 
parameters applied in the modeling process. 

Table 2 

Main parameters applied in the modeling process 

Parameters and dimensions BCP 
Spiro-

MeOTAD 
Perovskite 

CH3NH3PbI3 PEDOT:PSS 

Layer thickness, nm 50 300 300 50 
Relative permittivity 31 3 35 3 
Band gap, Eg0, еV 3,5 2,95 1,6 2,2 
Electron affinity, , еV 4,1 6,74 5 5 
Effective density of states, 
valence band, Nv, 1/cm3 

1*1020 8,67*1014 5*1025 1*1020 

Effective density of states, 
conduction band, Nc, 1/cm3 

1*1020 8,67*1014 5*1025 1*1020 

Electron mobility, , cm2/V×s 1*10-2 2*10-4 4.8 1*10-2 
Hole mobility, , cm2/V×s 5*10-2 2*10-4 4.8 5*10-2 
Electron lifetime, ns 5 5 5 5 

4. Main modeling results and conclusions

In the Comsol Multiphysics software, the current-voltage characteristics of the Au/Spiro-
MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO structure were mathematically modeled in both dark and light 
modes, as depicted in Figure 5. During the calculations, the corresponding values of the short-circuit 
current density and open-circuit voltage were obtained as 3.29 mA/cm² and 0.2 V, respectively, with the 
maximum theoretically calculated power of this structure being 0.11 W. Using formula (1), the fill factor 
value was calculated to be 16.52 %. Modeled and experimental data exhibit some discrepancies, which can 
be attributed to errors in measuring layer thicknesses, morphological parameters of the layers, and surface 
defects. 

Fig. 4. Layer-by-layer structure of the optimized 
perovskite cell Au/BCP/Spiro-

MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO 
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The current density – voltage curve for the Au/BCP/Spiro-MeOTAD/CH3NH3PbI3/PEDOT: 
PSS/ITO structure and optimized J-V curve with an additional electron transport layer, is shown in Figure 
5. During the optimization of the perovskite cell, the main parameters were mathematically calculated,
such as the short-circuit current density of 10.17 mA/cm², open-circuit voltage of 1.2 V, and the maximum
power value of this structure, which is 3.21 W. Based on all the parameters mentioned above, the fill factor
(1)was calculated to be 25.00 %.

As observed, the optimization of the photosensitive device through the addition of an electron 
transport layer led to a significant improvement in the efficiency of the solar cell. 

Fig. 5. Current-voltage characteristics of the modeled experimental  
sample with the structure Au/Spiro-MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO  

and the optimized structure Au/BCP/Spiro-MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO 
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ОПТИМІЗАЦІЯ СТРУКТУРИ СОНЯЧНОЇ КОМІРКИ  

НА ОСНОВІ ПЕРОВСКІТУ 
Н. Кузик, С. Куцій 

Національний університет «Львівська політехніка», вул. С. Бандери, 12, Львів, 79013, Україна 

Експериментально виготовлено перовскітну сонячну комірку (PSC) зі структурою Au/Spiro-
MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO. Емпірично отримано основні фотоелектричні характе-
ристики структури, а саме вольт-амперні характеристики (ВАХ), виміряні у діапазоні напруги від -
1В до 1В. Під час вимірювань були розраховані відповідні значення густини струму короткого 
замикання (Jsc) 1,23 мА/см² та напруги холостого ходу (Uoc) 0,19 В відповідно. Аналітично 
сформована модель, що відповідає виготовленому зразку. Для моделювання параметрів гетеро-
структури перовскітового сонячного елемента використовувалося середовище Comsol Multiphysics, 
побудоване на методі скінченних елементів. Теоретично обчислено значення густини струму 
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короткого замикання 3,29 мА/см² та напруги холостого ходу 0,2 В. Використовуючи системне 
забезпечення Comsol визначено максимальну потужність структури для експериментального зразка 
та теоретичної моделі цієї ж структури 0,11 Вт та 0,43 Вт відповідно. Співставлено результати 
експерименту та аналітичної моделі. Результати моделювання пройшли експериментальну вери-
фікацію. Оптимізована аналітична модель структури була побудована шляхом додавання електронно 
транспортного шару (ETL). Для покращення ефективності комірки використано органічний матеріал 
BCP (Bathocuproine), у якості додаткового шару ETL. Теоретично обчислено ВАХ, що уможливило 
подальші розрахунки значення щільності струму короткого замикання 10,17 мА/см², напруги холос-
того ходу 1,2 В та максимального значення потужності структури Au/BCP/Spiro-MeOTAD/ 
CH3NH3PbI3/PEDOT:PSS/ITO, що становить 3,21 В. Проведено порівняння вольт-амперних 
характеристик комірок перовскіту в темновому та світлому режимах для первинної та оптимізованої 
структур. Заразом зроблено порівняння основних параметрів, отриманих під час моделювання 
експериментального зразка та подальшої оптимізованої моделі. Зокрема було оцінено один із 
ключових параметрів гетероструктур сонячних елементів, коефіцієнта заповнення, який збільшився 
з 16,52 % по 25,00 % відповідно. Світлочутливі параметри перовскітної комірки були помітно 
покращені. 

Ключові слова: гетероструктира, сонячна батарея, перовскіти, органічні фотоелектричні пристрої. 




