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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/cm? 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/cm? 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/cm?, open-
circuit wvoltage of 12 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
appealing for further investigation and practical implementation. Furthermore, the adaptability of
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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 (~10° cm™), a low exciton
binding energy (~20 meV), and a relatively large charge carrier free path length (~1 pum), 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, CH3NH3PDbI3), is also promising,
allowing for high efficiency and improved stability [8, 9, 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/CHsNHsPbls/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®° 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.
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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 AMO and AM1.5 illumination.
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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/cm?), the spectrum
of which is presented in Fig. 2.
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Fig. 2. Solar irradiation spectrum for AMO 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/cm? and 0.19 V, respectively, yielding a fill
factor value of ff=19%. The IV curve of the experimental sample under different operating conditions is
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depicted in Fig. 3. The device's power conversion efficiency was determined as the ratio of the maximum
power (P, ) under no load to the power of the incident light P, .
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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 MA
Unm (voltage at maximum power) 0.42 B
Isc (short-circuit current) 1.23 MA

Uoc (open-circuit voltage) 0.19 B

ff (fill factor) 18.51 %

n (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 @ represents the electrostatic potential, q is the electron charge, ¢, and

gy indicate the relative dielectric permittivity and electric constant, respectively, p and n represent the
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concentrations of holes and electrons, N, and N, are the concentrations of donor and acceptor
impurities, and n” and n_ are the concentrations of traps for holes and electrons, respectively. In

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

The equations describing the movement of anions (a~ ) and cations (¢*), taking into account the
drift-diffusion equations (5-6) [20]
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Taking into account the concentrations of anions (a~ ) and cations (¢*) in the Poisson's equation,
we obtain:
d? q b -
dx—z(I)(x)=;(p(x)—n(x)+ND+NA+nt +n; +(c -a )) (7
0

The neutral state for perovskite is satisfied by the equation:
1. _ 1. .
Tjja (x)dx=Tjjc (x)dx = N;, (8)

where | is the thickness of the perovskite layer, and N; 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:

nJ, =0, 9)
nJ, =0, (10)
oa
J, = aE+qgD, —, 11
a = dH, aba = (11)
oc
J. =qu.CcE+qD, = 12)

Where the current densities of anions J, and cations J, and their respective diffusion coefficients

D, and D, 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
[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 (R;).
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Balanced selection and optimization of layers in perovskite solar cells are important for achieving optimal
performance, which includes considering recombination resistance and series resistance to maximize
device efficiency [19].

Anode ITO
HTL Pedot PSS

Perovskite

ETL BCP

Cathode Au

Fig. 4. Layer-by-layer structure of the optimized perovskite cell Au/BCP/Spiro-MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO

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- Perovskite PEDOT:PSS
MeOTAD CH3NH3PbI3

Layer thickness, nm 50 300 300 50
Relative permittivity &y¢ 31 3 35 3
Band gap, Eq, eV 3,5 2,95 1,6 2,2
Electron affinity, xo, eV 41 6,74 5 5
Effective density of stages, 1%1020 8.67*10% 5%10% 1%1020
valence band, Ny, 1/cm
Effective density of states, %120 114 %125 %1120
conduction band, N, 1/cm? 110 8,67*10 5*10 110
El ili

ectron mobility, jt, 1%102 2*10* 48 1%102
cm?/Vxs
Hole mobility, g, cm?/Vxs 5*1072 2*10* 4.8 5*107
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/cm? 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.

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
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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/cm?, 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.
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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/CH3NH3PbhI3/PEDOT:PSS/ITO
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ONTUMIZALISA CTPYKTYPU COHAYHOI KOMIPKH HA OCHOBI
IEPOBCKITY

H. Ky3uk, C. Kyuiii

Hayionanvuuii ynisepcumem “Jlvgiscoka nonimexuixa”, eyn. C. Banoepu, 12, Jlvgie, 719013, Vrpaina

ExcrieprMeHTaIbBHO BUTOTOBIICHO IIEPOBCKITHY coHS4Hy KoMipky (PSC) 3i crpykryporo Au/Spiro-
MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO. EMmipudHO ~ OTPUMaHO  OCHOBHI (doToenexTpuyHi
XapaKTePUCTHKH CTPYKTYpH, a caMe BOJbT-aMmIlepHi Xapakrepuctuku (BAX), BumipsHi y miama3oHi
Hanpyru Bix -1B mo 1B. Ilix yac BumipioBanb Oyiy po3paxoBaHi BiJIOBiJHI 3HAUSHHS T'YCTHHH CTPYMY
kopoTtkoro 3amukanHs (Jsc) 1,23 mMA/cm? ta Hampyru xosoctoro xoxy (Uoc) 0,19 B BiamosimHo.
AmHaniTHaHO chopMOBaHa MOJIENb, IO BIATIOBITAaE BUTOTOBICHOMY 3pa3Ky. [yl MOJeIOBaHHS ITapaMeTpiB
reTepOCTPYKTYPH MHEPOBCKITOBOrO COHSYHOTO €JIEMEHTa BHKOPHUCTOBYBajiocs cepenosuiie Comsol
Multiphysics, moOynoBaHe Ha METO/I CKIHUCHHHUX €IeMEHTIB. TeOpeTHYHO OOYHCIIEHO 3HAUYEHHS TyCTHHH
CTpyMy KOpOTKOro 3amukanHs 3,29 MA/cM? Ta Hampyru xosnoctoro xoay 0,2 B. BukopucroByroun
cucteMHe  3abesmeueHHss Comsol  BH3HaUYeHO  MaKCHMalbHY  IOTYXKHICTh  CTPYKTYpH  JUIA
EKCIIepUMEHTAIBHOTO 3pa3Ka Ta TeopeTHyHoi Mojeni wmiei x crpykrypu 0,11 Bt Ta 0,43 Bt BiamosiaHo.
CriiBCcTaBIeHO pe3yibTaTH €KCHEPHMEHTY Ta aHANITHIHOI Mojemi. Pe3ympTaTH MoOmemoBaHHS NPOMIUIH
eKCIIepUMEeHTANIbHY BepHudikariro. OnTuMi3oBaHa aHAMITHYHA MOJENb CTPYKTypH Oynla moOymoBaHa
LUIIXOM JOJaBaHHs enekTpoHHOo TpaHcnoprtHoro miapy (ETL). [lns nmokpamieHHs eeKTHBHOCTI KOMipKH
BUKOpHUCTaHO opraHiunuii Marepian BCP (Bathocuproine), y sixocti nogatkoBoro mapy ETL. Teopernuno
obuncieno BAX, 1m0 yMOXIMBHIO NOJAJbII PO3PaxXyHKH 3HAUCHHS LIUIBHOCTI CTPyMY KOPOTKOTO
3amukanssa 10,17 MA/cM?, Hanpyrn xomoctoro xony 1,2 B Ta MakcHManbHOTO 3HAUCHHS IHOTYXXHOCTI
ctpyktypu Au/BCP/Spiro-MeOTAD/CH3NH3PbI3/PEDOT:PSS/ITO, mo cranosuts 3,21 B. IlpoBeneHo
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MOPIBHSHHS BOJIBT-aMIIEPHUX XapAKTEPUCTHK KOMiPOK HEPOBCKITY B TEMHOBOMY Ta CBITJIIOMY PeXUMaX UL
MIEPBUHHOI Ta ONTUMI30BaHOI CTPYKTYp. 3apa3oM 3po0JICHO MOPIiBHSIHHS OCHOBHHX MapaMeTpiB, OTPHMaHUX
i 9ac MOJEINIIOBAHHS EKCIIEPUMEHTAIBHOTO 3pa3ka Ta MOJAbIIoi ONTHMi30BaHOI MoJemi. 30kpema, 0yino
OILIIHEHO OJIWH i3 KJIFOUOBUX IapaMeTPiB TeTepOCTPYKTYpP COHSYHUX €JIEMEHTIB, KoeQillieHTa 3alOBHEHHS,
sIku# 30inpImuBes 3 16,52% 1o 25,00% BixnosigHo. CBITJIOMYTINBI MapaMeTpU MEPOBCKITHOTKOMIPKH OyITH
TIOMITHO TIOKpAIIeHi.

KawuoBi cnoBa: cemepocmpykmupa, cousuna 6Gamapes, neposCcKimu, OpeauiyHi homoeneKmpuyHi
npucmpoi
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