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Perovskite solar cells have garnered significant attention from solar cell researchers due to their potential for achieving high efficiency,
primarily attributed to their exceptional Electron Transport layer (ETL). One of the key elements of perovskite solar cells for
transporting electrons to generate current is the ETL material. Moreover, there is a promising avenue for enhancing stability and
reducing fabrication costs by substituting the transport layer. In this study, TiO2 and SnO2 were used as ETL materials in the architecture
of perovskite solar cells for a comparative analysis between two devices featuring distinct structures: TiO2/CH3NH3Pblz/Spiro-
OMeTAD and SnO2/CH3NH3Pbls/Spiro-OMeTAD. To evaluate the performance of each electron transport layer (ETL), the SCAPS
1D tool was employed. The investigation involved varying the thickness of the electron transport layers, interface defect density and
working temperature, allowing for a comprehensive assessment of key parameters such as voltage at open circuit (Voc), short circuit
current density (Jsc), fill factor (FF), and overall efficiency (PCE%). Remarkably, when employing SnO: as the ETL, the achieved
efficiency stands at 10.10 %. In contrast, utilizing TiO2 as the ETL yields a slightly higher efficiency of 12.84%. These findings
underline the nuanced influence of transport layer materials on the overall performance of perovskite solar cells.
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INTRODUCTION

Global worries about the depletion of fossil fuels have led to an increasing demand for renewable energy sources
considering recent technological advancements. Permanent resources may be provided by renewable energy; all that is
needed for researchers to take use of these natural resources is to broaden their study scope. Solar energy is among the most
promising renewable energy sources [1]. As a result, creating a new solar cell technology with higher power conversion
efficiency (PCE) and lower processing costs will take a great deal of work. These days, organic and inorganic halide
perovskite solar cells are simple to fabricate in a variety of locations, meet the aforementioned properties, and offer intrinsic
benefits such as a high absorption coefficient, long carrier-diffusion length, and high carrier mobility [2]. They are thus very
desirable for the next solar cell technologies. However, Kojima et al. from Tsutomu Miyasaka's Tokyo-based company built
the first perovskite solar cell with a PCE of 2.2% in 2006 [3] and after a few years, they enhanced it to 3.8% [4]. Therefore,
in less than one decade, perovskite-based solar cells jumped to a PCE of 25.2% in 2019 [S5]. Enhancement of the device
structure and perovskite material is the key to improving the performance of perovskite-based solar cells. The use of
perovskite solar cells using methylammonium lead tri-iodide-based perovskite material is the subject of many investigations
(MAPDI;). This later is composed of ABX; structure, where A represents methylammonium (MA, CH3NH3), B is lead (Pb)
and X represents a halide material anion, iodide (I). Despite the high performance provided by lead halide perovskite
material, the factor of instability and toxicity may hamper its commercial production [6-8]. The better way to improve these
factors, More recently, several mixed halide perovskite materials have been widely implemented as absorber layers in PSCs
to further enhance the efficiency and stability [9], Ito et al. examined PSC with mixed Sn—Ge perovskite absorber layer
(FA075MA.25Sn0.95Geo.0sl3) and reported PCE of 4.48% with improved stability in air due to the added Ge [10]. Afterwards,
Ng et al. fabricated another mixed Sn—Ge perovskite cell and achieved PCE of 7.9%, short-circuit current density (Jsc) of
25.5 mA/cm?, open-circuit voltage (Vo) of 0.45 V and fill factor (FF) of 0.69 [11]. This far lower PCE of Sn—Ge-based PSCs
in comparison with that of Pb-based PSCs is mainly attributed to their low open-circuit voltage which is due to the
undesirable oxidation of Sn and consequently increased defect density [12]. In 2020, Minamoto et al. theoretically analysed
mixed Sn—Ge perovskite solar cell with an inverted p-i-n planar structure and revealed that V. is strongly affected by built-
in potential (Vi) across the perovskite absorber layer, where Vy;is dominantly determined by the conduction_band
minimum (CBM) of the electron_transport layer (ETL) and/or work function of back contact [9]. They showed that by
optimizing the conduction_band offset of perovskite and ETL as well as choosing suitable back contact, an improved V. of
0.93 V (PCE of 19.4%) can be achieved [9, 13]. According to the properties of Pb-, Sn-, Ge- and SnGe- based perovskites,
we think that an appropriate combination of these layers as absorber layers in PSCs may lead to better performance in a
wider range of solar spectrum. In this line of thought, Farhadi et al. [13] very recently have simulated and investigated a
perovskite solar cell with a double absorber layer (MASnls/MAPbI3) and achieved a high PCE of 30.88%.
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In this study, using SCAPS-1D simulation tool [14], we propose and simulate a novel PSC structure with double
ETLs layers consisting of TiO, and SnO», TiO»/SnO,, and TiO,/SnO»/MAPDI; to take advantage of different ETLs
important properties. Furthermore, we compare the output performance of the proposed cell with single and double ETL
layers PSCs to show the efficiency improvement in double ETL layers PSC. Moreover, we concentrate on the effect of
carrier transport materials, thickness of ETLs layers, interface defect density and working temperature on the efficiency
of the proposed single and double ETL layers PSC. The improved performance of the proposed double ETL layers PSC
can pave the path for further studies to fabricate experimentally and make benefit out of using double ETL layers layer in
perovskite solar cells. Figure 1 and 2 display the perovskite solar cell layers using SCAPS-1D and SCAPS-1D define
panel with each layers name.
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Figure 1. Perovskite solar cell layer with SCAPS-1D
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Figure 2. SCAPS-1D define panel with layers name

2. SCAPS-1D SIMULATION

A one-dimensional solar cell simulation tool will be used to replicate PSC and has been used to research several
solar cell types, including CZTS, CIGS, and others [15, 16]. In contrast to other software, SCAPS features a very user-
friendly operation window and a variety of grading, fault and recombination model options [17]. It acts like a real-life
counterpart once all parameters have been defined [18]. Up to seven (7) semiconductor layers can be used to identify the
primary characteristics of SCAPS, including the materials and defective attributes. By resolving the semiconductor
fundamental equations, this software can simulate and help with the analysis of the J-V characteristics curve, the ac
characteristics (C-V and C-f), the device's spectral response (QE), the open circuit voltage, the fill factor (FF), the short-
circuit current (Jsc), and the power conversion efficiency (PCE) (Voc),the energy bands of the materials used in solar
cells, and the concentration of various materials [19]. Figure 3 below shows the working procedure of a SCAPS-1D.
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Figure 3. SCAPS working procedure
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Numerical simulation was carried out using a software called The University of Gent created the Solar Cell
Capacitance Simulator (SCAPS) [14] it was used to determine the influence of electron transport and perovskite active
layers on solar cells parameters (Jsc, Voc, FF, and efficiency), various simulations were conducted to investigate the
effects of ETLs with thicknesses ranging from 30 to 100 nm, the interface defect density (ETL/Perovskite absorber)
varying from 10'* to 10", and the effect of temperature varying from 300 to 350K. The data used in the simulation and
material parameters in SCAPS were implemented from theories and works of literature [20-25].

2.1. Numerical Simulation
The SCAPS-1D programme (solar cell capacitance simulator one dimension) was used to simulate solar cells by
numerically resolving the one-dimensional Poisson and continuity equations that control semiconductor material under
steady-state conditions [14]. The relationship between a p-n junction's electric field (E) and space charge density (p) is
shown by the Poisson equation, which is represented by:

=X 2o L pontNf () - NG £ N, () ()
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Where N+, N, and Nt are the densities of ionized donors and acceptors, respectively, and where is the electrostatic
potential, q is the elementary charge, s is the medium's static relative permittivity [26]. The following equations represent
the electron and hole continuity in steady state:
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where Rn, Rp are the net rates of electron and hole recombination, G is the rate at which electron-hole pairs are created,
and jn, jp are the current densities of electrons and holes. These equations provide the electron and hole current densities:
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where q is the fundamental charge, n, p are the electron and hole mobilities, and Dn, Dp are the electron and hole diffusion
coefficients. The SCAPS-1D program can simulate solar cells with up to seven layers and extract the fundamental
properties of the cells, including their band diagram, generation and recombination rates, external quantum efficiency,
cell current densities, J-V characteristic include power conversion efficiency, fill factor, open-circuit voltage, and short-
circuit current.

To have a successful replication of the simulation carried out by [27], The simulation's parameters are taken from
literature, experimental research, and theoretical study. The details for each layer are summarized in Table 1 [28-33].

Table 1. perovskite solar cell input parameters [27].

ITO TiO2 Sn0O: MAPDI; .
Parameters 30, 31] 129, 32] 33] (CH;NH:3Pbl3) [34] Spiro-OmeTAD [29]

Thickness (nm) 300 30 30 100 100
Band gap (eV) 3.6 3.26 3.5 1.51 2.9
Electron affinity (eV) 4.2 4.2 4.0 4.0 2.2
Dielectric permittivity 10 10 9.0 6.6 3
CB effective density of states (cm™) 2.10'8 2.2.10"8 2.2.10"7 1.2.10" 2.2.10"8
VB effective density of states (cm™) 1.8.10"° 1.8.10"8 2.2.10" 2.9.10'8 1.8.10"8
Thermal velocity of electrons (cm/s) 107 107 107 107 107
Thermal velocity of holes (cm/s) 107 107 107 107 107
Electron mobility (cm?/Vs) 50 20 20 2.7 10+
Hole mobility (cm?Vs) 75 10 10 1.8 10
Shallow donor density ND (cm™) 10" 107 10" 0 0
Shallow acceptor density NA (cm™) 0 0 0 1.3.10% 1018
Defect density Nt (cm™) 105 101 1018 4.1013 101

3. RESULT AND DISCUSSION OF THE SIMULATION
3.1. Effect of the ETL (Ti0O2) Thickness
Figure 4a show the J-V performance of the device with varying TiO, thickness from 30 to 100 nm under
illumination and in the dark. Figure 4b displays the QE for different TiO, thicknesses versus wavelength. Our study's
findings demonstrate that when TiO; thickness increases, all photovoltaic parameters rise as well. This is explained by
the TiO; layer's fractional absorption of incoming light and its greater transmittance, which prevents solar irradiance from
reaching the perovskite skeleton [35]. Ranging the thickness from 30 to 100 nm causes the QE versus wavelength curve
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to have a spectrum overlap, which is explained by a constant optical absorption efficiency within the chosen thickness
values. The ideal thickness of TiO; is 100 nm, demonstrating a PCE of 12.89%, FF of 84.29%, Js. of 12.13 mA/ cm?, and
Voc 0f 1.26 V.
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Figure 4. a - J-V curve with varied ETM thickness under illumination; b - J-J plot with varied ETM thickness in the dark; ¢ - QE
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3.2. Effect of the ETL (SnO2) Thickness
Figure 5a show the J-V performance of the device with varying SnO, thickness from 30 to 100 nm under
illumination and in the dark. Figure 5b shows the QE against wavelength for varying SnO, thicknesses. The findings of
our study demonstrate that as SnO, thickness increases, all photovoltaic parameters drop. This is explained by the SnO,
layer's fractional absorption of incoming light and its reduced transmittance, which inhibits solar irradiance on the
perovskite skeleton [35]. Ranging the thickness from 30 to 100 nm leads to a spectrum overlap in the QE versus
wavelength graph. This is explained by the optical absorption efficiency being constant throughout the chosen thickness

ranges. The optimum SnO, thickness is 30 nm, demonstrating a PCE of 10.10%, FF of 69.40%, Js. of 12.07 mA/ cm?,
and V,. 0of 1.20 V.
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3.3 Effect of the ETL (TiO2/Sn0O:) Thickness

First, we may clarify the stability in FF; FF indicates the caliber of the solar cell and is connected to the
characteristics of the active layer. Because V.. and E, have a relationship, the perovskite layer band gap remains
unchanged, which accounts for V. stability. The increase in light absorption in the TiO,/SnO; layer with increasing layer
thickness is the second factor contributing to the decline in Js.. More proof can be drawn from examining the quantum
efficiency curve, which indicates that this has an impact on the number of photons transmitted to the active layer (in this
case, Perovskite), which then leads to a reduction in the photo-generated carriers in these layers. The quantum efficiency
at short wavelengths increases with increasing TiO»/SnO; thickness (300-380 nm). The short wavelengths are known to
be absorbed close to the solar cell's surface and away from the effective region. As a result, fewer carriers are produced
to produce the desired effects, which reduces the short-circuit current. where the relationship between the quantum
efficiency and the short circuit current density is direct. Solar cell's power conversion efficiency (PCE) also drops as the Jsc falls [36].
The optimum TiO2/SnO2 thickness is 30 nm, demonstrating a PCE of 12.68%, FF of 83.48%, Jsc of 12.09 mA/cm?, and Voc of 1.25 V.
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concerning wavelength. d PCE and FF concerning thickness and e Jsc and Voc concerning varied ETM thickness

3.4 Effect of Interface defect density TiO2/MAPbI;3

Due to the discontinuity in structure of solar cells, there is a high likelihood of introducing localised defect states
between two-layer interfaces. Minority carrier recombination velocities are the best way to quantify the impact of defect
interface density [37]. To investigate how the interface flaw affects the TiO./MAPbI; interface of PSCs, the N; was varied
from 10'* to 10" cm 2 while keeping other parameters unchanged. Figure 7a shows the J-V curve with varied interface
defects, while Figure 7b shows the PCE and FF concerning the interface defect, and Figure 7c¢ depicts the Jic and Vo in
relation to the defect density at the contact. Based on the findings, the photovoltaic parameters (PCE, FF, Js, and Vo)
decreased with increasing the defect density from 10' to 10! cm™2. Consequently, while creating PSCs with a high PCE,
the interface modification and film morphology to control N# must be carefully managed. The optimum TiO»/MAPbI;3
interface defect density is 10'* cm?, demonstrating a PCE of 10.19 %, FF of 82.19 %, J of 12.10 mA/ cm?, and V.
of 1.02 V.
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3.5. Effect of Interface defect density on SnO2/MAPbDI3
It is common for localized defect states to be introduced between two-layer interfaces because of the structural
discontinuity in solar cells. Minority carrier recombination velocities provide the most accurate way to articulate the
impact of defect interface density [37]. To investigate the impact the interface flaw has on the SnO,/MAPDI; interface of
PSCs, the N, was varied from 10'* to 10'° cm 2 while keeping other parameters unchanged.
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Figure 8a shows the J-J curve with varied interface defects, while Figure 8b shows the PCE and FF concerning
the interface defect, and Figure 8c depicts the Jic and V. concerning the interface defect density. From the results
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obtained, the photovoltaic parameters (PCE, FF, and V,.) decreased with increasing the defect density from 10 to
10" cm™? while Ji. remained unaltered. Consequently, while creating PSCs with a high PCE, the interface modification
and film morphology to control N# must be carefully managed. The optimum SnO,/MAPbI; interface defect density is
10'* cm™? demonstrating a PCE of 10.10 %, FF of 69.40 %, Js. of 12.07 mA/cm?, and V,c of 1.20 V.

3.6 Effect of Temperature on ETL (TiO3)

An essential aspect in determining a solar cell device's output is its temperature. We used simulation to expose our
gadget to temperatures between 300 and 350 K to examine its impact on its performance. When light is absorbed, PSC's
temperature may rise and commonly rises beyond 300 K. [38]. Figure 9. a—c displays the temperature-dependent current
density, PCE and FF, Jsc and Voc.

In the current study, PCE, Jsc, Voc, and FF all drop as temperature rises. This might be the result of the electron
reaching an unstable state at a higher temperature after absorbing enough photons, which increases the rate of
recombination and lowers the PCE, Jsc, Voc, and FF [39]. The optimum TiO; temperature is 300 K, demonstrating a PCE
0f 10.10 %, FF of 69.40 %, J,. of 12.07 mA/ cm?, and V. of 1.20 V.
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Figure 9. a J-V curve as a function of temperature. b Correlation of PCE and FF with temperature. ¢ Correlation of Jsc and Vo
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3.7 Effect of Temperature on ETL (SnO3)

For solar cell devices output, temperature is a crucial determining element. Utilizing simulation, we subjected the
device to temperatures between 300 and 350 K to examine its impact on the performance of our technology. When light
is absorbed, PSC's temperature may rise and commonly rises beyond 300 K [38]. Figure 10. a—c shows the current
density, PCE and FF, and Jsc and Voc in relation to temperature. The current study shows that a rise in temperature causes
a fall in PCE, Jsc, Voc, and FF. This might be as a result of the electron reaching an unstable state and absorbing enough
photons at a higher temperature, which increases the rate of recombination and lowers the PCE., Jsc, and Voc [39]. The
optimum SnO; temperature is 300 K, demonstrating a PCE of 8.52 %, FF of 67.22 %, Js of 12.07 mA/ cm?, and V.
of 1.04 V.
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Figure 10. a - J~V curve as a function of temperature; b - Correlation of PCE and FF with temperature;. ¢ - Correlation of Jsc and
Voo with temperature.

4. SUMMARY OF THE SIMULATION RESULTS

In this work, the perovskite solar cell structure TiO,/CH3NH3Pbls/Spiro-OMeTAD and SnO,/CH3;NH;3Pbls/Spiro-
OMeTAD is numerically modeled by carefully varying the effect of ETLs thickness, interface defect density and working
temperature on charge carriers of the electron transport and perovskite active layers on the solar cells, we can conclude
from the results obtained above that the thickness and temperature did not significantly enhance the device power
conversion efficiency. But instead, the interface defect density had a significant enhancement on the device power
conversion efficiency for both TiO,/ MAPbI; and SnO»/MAPbI; which was found out to be at 10**cm™ with optimum
values of PCE of 10.19 %, FF of 82.19 %, Js. of 12.10 mA/ ¢m?, and V. of 1.02 V and PCE of 10.10 %, FF of 69.40 %,
Jsc 0of 12.07 mA/ cm?, and Vo of 1.20 V respectively. It could be concluded that the electron transport and perovskite
active materials can transmit and absorb the light intensity of the photons and exhibit that by optimizing the interface
defect density parameter, the device power conversion efficiency could be increased to a higher efficiency.
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JOCJIIKEHHA BILIMBY EJEKTPOHHUX TPAHCIIOPTHHX IIAPIB, JE®EKTY IIJIbHOCTI IHTEP®ENCY
TA POBOYOI TEMIIEPATYPH HA MEPOBCKITHI COHAYHI BATAPEI 3 TOIIOMOT' OO ITPOTPAMHOI'O
3ABE3IIEYEHHS SCAPS 1-D
Aby6akap C. FOcyd®P, A.M. Pamanan®, A.A. AGy6akap?, LK. Moxammen?

“ Kagheopa ¢izuxu, edepanvruii mexnonoziunuil ynisepcumem, P.M.B. 65, Minua, Hicepis
b Kagpeopa pizuxu ma acmpomnomii, Oxnendcvruti mexnonoziunuil ynigepcumem, Hoea 3enanodis
¢ Kagpeopa ¢hizuxu, Ynieepcumem A6yoxci, P.M.B. 117, A6ydoica, Hicepis
IepoBCKiTHI COHsTYHI MTaHeNi IPUBEPHYIIN 3HAYHY YBary HOCIIJHUKIB COHSYHUX NaHeel dyepe3 iX MoTeHIial Ajis JOCSITHEHHS BUCOKOT
e(eKTHBHOCTI, B MEpIIy Yepry, NOB’A3aHKX 3 iX BUHATKOBUM TpaHcrnopTHHM mapoM enektpoHiB (ETL). Matepian ETL e oxniero 3
BXJTUBUX KOMIIOHEHTIB MEPOBCKITHUX COHSYHHX IaHENe B MPOBEICHHI CIEKTPOHIB Ul CTBOPEHHS CTpyMy. bimbmie Toro, icHye
MIEPCHEKTUBHUM MPOCTIEKT IS MMiJBHIICHHS CTa0UTbHOCTI Ta 3HIKCHHS BUTPAT Ha iX BUTOTOBJIECHHS IUIIXOM 3aMiHH TPAHCIOPTHOTO
mapy. Y mpoMy KoHKpeTHoMYy nociiypkeHHi TiO2 ta SnO: BukopucroByBamuch sik Marepianu ETL B apxiTekTypi mepoBCKiTHOT
COHSYHOI MaHeNi U1 HOPIBHIIBHOTO aHaJli3y MK HPUCTPOSMH, 10 MIicTsATh piHi cTpykTypH: TiO2/CH3NH3Pbls/Spiro-OMeTAD Ta
SnO2/CH3NH;3Pbl3/Spiro-OMeTAD. [lns oOwiHKM NPOXYKTHBHOCTI KOXKHOTO TpaHcmopTHoro mapy enekrponiB (ETL) Oys
Bukopuctanuii incrpyment 1D SCAPS. [locnipkeHHs nependadano 3MiHy TOBIIMHM TPAHCHOPTHUX IIApIiB €NEKTPOHIB, IIUIBHOCTI
nedexTiB iHTepdeiicy Ta pobou0i TeMIepaTypu, 10 103BOJIsIE BUUSPITHO OL[IHUTH MOIIYK KIIOYOBUX MMapaMeTPiB TAKUX K Hapyra Ha
Binkpuromy naHuio3i (VOC), miinpHicTh cTpyMmy kopotkoro 3amukanHs (JSC), koediuient 3amoBnenns (FF) Tta 3aranpHa
edexrusnicts (PCE%). IIpumitHo, mo, Bukopucrosytoun SnO:2 sk ETL, nocarnyra edexrusnicts cranoButh 10,10 %. Ha Binminy
Bif poro, Bukopuctanus TiOz y sxocti ETL nae memo 6inbiry edexrusricts 12,84%. 1li 3HaXiAKH MiIKPECTIOIOTH HIOAHCH BILTUBY
MaTepialliB TPaHCIIOPTHOTO [Iapy Ha 3arajbHy MPOIYKTUBHICTD COHSYHHX MTEPOBCKITHUX OaTapei.

Kuouoi caioBa: neposckim, counsiuna nawenwv, SCAP-1D



