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In the quest for a highly efficient and low-cost material for fourth-generation photovoltaic devices, or-
ganic-inorganic hybrid perovskite solar cells are gaining popularity as a new absorber. Currently, two
types of solid-state perovskite device architecture are being researched. These are mesoporous and planar
heterojunctions. Both structures are made up of five layers: transparent conductive oxide, electron
transport material, perovskite active layer, hole transporting material, and back contact. In this work, the
key characteristics of perovskite solar cells with zinc oxide (ZnO) and titanium dioxide (TiO2) as electron
transport material are simulated using the one-dimensional Solar Cell Capacitance Simulator (SCAPS-
1D). TiO: is the most commonly used material in perovskite solar cells, but its deposition requires high
temperature, which limits the commercial processing of flexible devices. ZnO is widely used in the semi-
conductor industry and is considered an alternative to TiO2 due to its excellent electron transport. Simula-
tion studies focus on the thickness, carrier diffusion length, and band gap energy of the absorber layer,
which affect the photovoltaic properties of solar cell devices. The effect of working temperature is also ex-
amined. According to the findings, the use of ZnO as an electron transport material improves the cell effi-
ciency compared to TiOs. Because of the lower edge of the conduction band, which facilitates the transport
of photogenerated electrons in a perovskite solar cell, the best efficiency got from a structure using ZnO
layer is 25.40 % at ambient temperature. The simulation results show that an absorber thickness of

500 nm is appropriate for achieving high efficiency.
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1. INTRODUCTION

The energy received from the Sun is the most abun-
dant type of energy sources among renewable energy
resources. Every two minutes, the Earth receives ener-
gy from the Sun, equivalent to the total annual energy
consumption of mankind. One day of solar radiation
can provide us 10,000 times more energy than the en-
tire planet needs. This enormous potential can be ex-
ploited by solar cells that convert solar energy into
electrical power based on the photovoltaic effect [1].

Four generations of photovoltaic technologies have
emerged and been studied in search for efficient, af-
fordable, and robust solar cell devices [2]. Fourth-
generation solar cells, also known as organic-inorganic,
are new materials for photovoltaic applications such as
hybrid perovskite solar cells (PSCs) with a certified
power conversion efficiency (PCE) of 25.5 %, that is
comparable to the efficiency of c¢-Si and surpasses that
of CdTe and CIGS [3]. They were designed to overcome
the drawbacks of the previous three generations, in-
cluding high production cost, lower abundance of some
components, toxicity of others, and low PCE.

Hybrid organic-inorganic PSCs continue to attract
the attention of the scientific community because of
their unique optoelectrical properties. The key charac-
teristics of PSCs are high absorption coefficient of
about 10° cm~—1, tunable direct band gap from 1.2 to
2.67 eV, long carrier lifetime, high charge mobility,
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long electron-hole diffusion lengths > 175 pm, low non-
radiative Auger recombination, simple fabrication pro-
cess and low cost compared to archrival — silicon solar
cells [4]. Perovskite material can be used not only as an
absorber in solar cells, but also in photodetectors, light-
emitting diodes, and batteries.

Kojima et al. [5] reported the first PCE of less than
3 % of perovskite based CHsNH3PbBrs in 2006. Three
years later, PCE reached 3.8 % after replacing bromine
with iodine. Recent progress in PSCs has resulted in a
significant rise in the PCE, achieving a certified record
value of 25.5 % in 2020 [3]. However, the long-term
stability of these types of solar cells hinders their com-
mercialization. Theoretically, the maximum PCE of
PSCs can be almost 31 %, which close to the Shockley-
Queisser limit (33 %) [2].

Numerical simulation is a powerful tool that makes
it possible to understand solar cells better, identify the
main parameters that affect their performance, and
design new experimental production structures. Re-
cently, Adhikari et al. [6] reported a comparative study
of halide perovskite using TiO2 and ZnO as an electron
transport material (ETM) by investigating the effects of
absorber thickness, doping concentration, and ETM
thickness. Raoui et al. [7] evaluated the key PSC pa-
rameters for various hole and electron transport mate-
rials and analyzed the influence of the thickness of both
materials and work function on the performance of the
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PSC. Several researchers utilized the one-dimensional
Solar Cell Capacitance Simulator (SCAPS-1D) to simu-
late the short circuit current density (Js), fill factor
(FF), PCE (7)), and open-circuit voltage (Vo) of PSCs.
Hence, numerical simulation of MAPbIs as a photoac-
tive layer was carried out using SCAPS-1D. The effect
of thickness, carrier diffusion length and band gap of
the active layer on cell output was investigated. The
impact of operating temperatures on Vi, PCE, Js and
FF was also studied.

2. NUMERICAL SIMULATION

To investigate the performance of PSCs, many sim-
ulation programs are used, such as SILVACO ATLAS,
wxAMPS, finite element method, SCAPS, and so on.
The choice of SCAPS among these software packages in
this work is motivated by the fact that the simulation
results are consistent with experience [2].

SCAPS-1D software (version 3.3.0.7, University of
Gent, Belgium) is used as a platform for simulation of
MAPDI3 based PSCs [2]. The simulation software fo-
cuses on solving the fundamental equations in one-
dimensional space that govern charge transport in
semiconductors, described below [8].

The Poisson equation, which represents the rela-
tionship between electrostatic potential and charge
density in one-dimensional form, is given by:

dE__dy
dx dx? 1)

- %[p(x) 1)+ Nj(@) - N @)+ p,(x) ~n,(@) ]

Here, E is the electric field, ¢ is the dielectric con-
stant of the semiconductor material equal to & = g¢,,
where €. and g, denote the relative permittivity and
vacuum permittivity, respectively, q is the electron
charge, Ny (N7) is the density of ionized acceptors (do-
nors), ¥ is the electrostatic potential, p (n) is the hole
(electron) concentration, n: (pr) is the trapped electron
(hole) concentration, and x is the position coordinate.

The continuity equations for electrons (2) and holes
(3) are written as:
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where Gy and G» are the hole and electron generation
rates, Dp and D, are the hole and electron diffusion
coefficients given by the Einstein relation [D; = (kT/q) t].

The drift and diffusion equations for electrons and
holes, which describe the carrier transport, are ex-
pressed in terms of the quasi-Fermi level as

dE
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J (x) = E+gD = In 4
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dp dE
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where Er shows the quasi-Fermi levels, the subscripts
p and n represent holes and electrons, respectively, i
and u» are the hole and electron mobilities.

3. PARAMETERS OF A SIMULATED DEVICE
STRUCTURE

Currently, two kinds of solid-state PSC device ar-
chitecture have been investigated. They are mesopo-
rous and planar heterojunctions. Both structures main-
ly consist of five layers, i.e., transparent conductive
oxide (TCO), ETM, perovskite active layer, hole
transport material (HTM), and back contact.

Methylammonium lead triiodide (CH3NHsPbIs or
MAPbDIs) is a cost-effective and widely used material as
an absorber layer in PSCs [9]. The two structures stud-
ied in this work are solid-state planar normal hetero-
junction architecture glass/FTO/ETM/MAPDbIs/Spiro-
OMeTAD/Au (Fig. 1). The device consists of an intrinsic
MAPDbIs sandwiched between n-type TiO2/Zn0O as ETM
and p-type Spiro-OMeTAD used as HTM and protects
MAPbDI3 from the external environment.

Among various ETM layers, TiO:z is the most com-
monly used, but its deposition requires high tempera-
ture, limiting the commercial processing of flexible
PSCs [3]. ZnO is considered an alternative ETM to
replace TiOz due to its excellent electron transport and
is widely used in the semiconductor industry. The met-
al counter electrode on the PSC front and back contacts
is made of SnOz:F (FTO) and Au, respectively.

The corresponding energy level diagram for each
layer of the proposed PSC is shown in Fig. 1. The phys-
ical parameters and values used in the PSC simulation
are summarized in Table 1, collected from previously

reported works [1, 8, 10-13].
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Fig. 1 — Schematic structure of the PSC device and its band
alignments of constituting layers which demonstrate the main
carrier transport processes

Other input parameters not included in Table 1 are:
thermal velocities of holes and electrons considered are
1-107 ecm-s ! [12], the energy distribution is Gaussian
with a characteristic energy of 0.1 eV [13]. The electron
and hole capture cross-section is 1-10-15 cm?2, the densi-
ty of states of the valence and conduction bands is
1.8 10 cm -3 and 2.2-10'8 cm—3, respectively [2, 10].
The work function of the back contact is 5.1 eV [12].
The values of series and parallel resistances are
5.6 Qcm? and 4202 Q cm?, respectively [8]. The stand-
ard AM 1.5G spectrum with an incident power density
of 100 mW/cm? is used for all simulations.
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Table 1 — List of parameters used in the simulation [1, 8, 10-13]
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Term Parameters FTO TiO:z Zn0O MAPDI; HTM
Thickness d (nm) 500 50 50 Variable 400
Bandgap E; (eV) 3.5 3.2 3.3 Variable 3
Electron affinity 7 (eV) 4 4 4 3.9 2.45
Relative permittivity & 9 9 9 6.5 3
Mobility of electrons/holes il 1 (cm?/s) 20/10 20/10 100/25 50/50 210-4210-¢
Donor density Ng (cm —3) 2-1019 1016 1018 0 0
Acceptor density Ny (cm—3) 0 0 0 1013 3-1018
Density of defects N; (cm —3) 1015 5-1015 1015 Variable 1015
Absorption coefficient a(m-1) From [8] | From [11] | From [8] From [8] From [8]

4. RESULTS AND DISCUSSION
4.1 Active Layer Thickness Optimization

In thin-film solar cells, the absorber layer plays a
crucial role in determining the device performance, as
it absorbs incident photons and generates charge carri-
ers. The thickness of the active layer is one of the criti-
cal parameters that contribute to optimizing solar cell
performance. It should be chosen very carefully to ab-
sorb the highest number of photons and not too large to
minimize reverse saturation current.

In order to improve the performance of PSCs, the
impact of the variation in the absorber thickness be-
tween 100 and 2000 nm was investigated by keeping
all other device settings constant for different ETMs.
Fig. 2 shows the effect of thickness variation on the
performance of ETM/MAPDbI3 heterojunction solar cell,
such as Vi, FF, Js, and 7. It can be noticed that Voc
and FF decrease with increasing MAPbI3 thickness for
both structures with different ETM layers, while oJs
raises rapidly first and then remains constant (Fig. 2c).
However, the efficiency first increases to a maximum of
20.87 % and 21.42 % for 500 nm thickness, respective-
ly, for cells with ETM layers of TiO2 and ZnO.
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Fig. 2 — Absorber layer thickness impact on cell performance

The high PCE is due to proper band alignment be-
tween the conduction band of ETM and the conduction
band of the absorber MAPbIs, as presented in Fig. 1.
Furthermore, ZnO has a higher electron mobility
(100 cm?/Vs) than TiO2 (20 cm?2/Vs). As the absorber
thickness increases, more photons are absorbed, then
the generation of electron-hole pairs will also increase,
owing to the higher absorption coefficient of MAPbIs.

However, with a thicker absorber layer, the recombina-
tion of charge carriers within the material will in-
crease, resulting in a decrease in efficiency. Thus,
MAPDbI3 thickness of 500 nm would be the optimal
value for high efficiency [14].

4.2 Influence of the Carrier Diffusion Length of
the Active Layer

The properties of solar cells are significantly affect-
ed by the absorber material's quality, i.e., the carrier
diffusion length, which depends on the defect density
[2, 15]. For both structures, the simulated values of the
diffusion lengths of electrons (L») and holes (L) are the
same, since the mobility, capture cross-section, and
thermal velocity of electrons and holes in the absorber
are set to be the same. The effect of the carrier diffu-
sion length of the MAPDbIs layer, in which the carrier
diffusion length corresponds to the absorber quality,
was examined.

In the numerical simulation, the carrier diffusion
length varied from 0.025 to 8 um by changing the total
defect density in MAPbIs from 1-10'8 to 1-10'3 cm -3,
respectively, as shown in Table 2. Fig. 3 illustrates the
impact of the carrier diffusion length on the PSC pho-
tovoltaic parameter. As can be seen, all cell perfor-
mance criteria are decreased when the diffusion length
is less than 2 pm. In other words, the cell performance
criteria deteriorate when the total defect density in the
absorber layer increases.

The strong impact of the carrier diffusion length is
observed on FF, which is an essential component affect-
ing the cell efficiency. The fill factor is as low as ~ 28 %
at a diffusion length of 0.025 um and saturates to 60 %
for a diffusion length higher than 2 um. Furthermore,
the efficiency is severely reduced when the carrier
diffusion length is less than the optimal absorber
thickness of 0.5 um. It is because of the high recombi-
nation rate in the active layer [16].

Table 2 — Variation of carrier diffusion length for the corre-
sponding total defect density

1014
2.5

1015
0.8

1016
0.25

1017
0.08

1018
0.025

N;(cm~-3) | 1013
Ln/Lpy (um) 8

4.3 Effect of the Absorber Layer Band Gap

Optical absorption can be engineered by tuning the
band gap energy of perovskite materials to get a device
with very high performance [17]. Nonetheless, in a PSC
device, band gap energy of the active layer is an
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Fig. 3 — Variation of device performance with increasing
carrier diffusion length
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Fig. 4 — Influence of absorber band gap on device performance

important factor in optical absorption. The perfect
alignment of ETM band gaps, the absorber layer, and
HTM facilitates the diffusion of electrons and holes
from the photoexcited MAPbI3 layer towards the con-
tacts and external circuit.

Previous experiments, simulations, and theoretical
calculations have shown that the MAPbIs band gap
could be tunable in the range between 1.2 and 2.67 eV
[4, 18]. Here the thickness and carrier diffusion length
of MAPbI3 were set to be 500 nm and 8 pm, respective-
ly, while other parameters were kept constant, and the
band gap was changed from 1.45 to 1.65 eV. The simu-
lated variation in device performances as a function of
the absorber layer band gap is shown in Fig. 4.

It is found from Fig. 4c that Jsc remains almost con-
stant with increasing band gap of the active layer, due
to the increase in the optical absorption of a photon
with a higher energy value exceeding the band gap of
MAPDIs. Vo increases as the band gap energy increas-
es. This happens because, after the generation of elec-
tron-hole pairs, there is a separation of excitons which
reduces radiative recombination and improves the Vo
[19]. An increase in the fill factor due to the band gap
increase is explained by the correspondence between
HTM and the absorber layer. Overall, by examining the
simulation results, we can deduce that as the band gap
increases, the efficiency of both ETMs increases from
20.87 to 24.78 % for TiOz and from 21.42 to 25.40 % for
ZnO.

JJ. NANO- ELECTRON. PHYS. 14, 01033 (2022)

4.4 Effect of Working Temperature

So far, room temperature has been used in all the
above simulation investigations. However, solar panels
operate at temperatures above 300 K because they are
installed outdoors. Consequently, working temperature
is a key factor in the device performance. Increased
temperatures have been reported to lead to increased
stress and strain in structures with growing interfacial
defects, disorder, and poor interconnectivity between
layers [13].

By maintaining the overall parameters constant,
the effect of working temperature ranging from 300 to
440 K on the photovoltaic parameters of both struc-
tures is studied. Fig. 5 shows the influence of working
temperature on the key parameters of PSCs. As ex-
pected, we notice that Js increases with temperature,
owing to the energy band gap reduction and creation of
a greater number of electron-hole pairs [2]. A decrease
in Vo as a function of operating temperature can be
explained by the creation of more interfacial defects,
which is accompanied by an increase in series re-
sistance and reduction in the exciton diffusion length
[13]. Besides, temperature rise also affects the hole and
electron mobilities and carrier concentration, leading to
a decrease in the PCE of PSCs [2, 13]. Hence, according
to Fig. 5, we have achieved the best photovoltaic per-
formances at 300 K.
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Fig. 5 — PCE, Vi, FF and J; as a function of working temper-
ature

5. CONCLUSIONS

The SCAPS-1D package was used to examine the
structure of a PSC device made of Glass/FTO/ETM/
MAPbDIs/Spiro-OMeTAD/Au. The effect of the MAPbI;
layer thickness, carrier diffusion length, and band gap
energy, as well as working temperature, was studied.
The simulation results illustrate that: 1. the optimal
thickness of the absorber layer is 500 nm, 2. the carrier
diffusion length of the absorber layer should be higher
than 2 um to achieve high cell performance, 3. the en-
gineering of the energy band gap is required to get high
PCE of 25.40 %, and 4. the ZnO layer is a promising
alternative ETM to TiOs. The findings of this work are
significant because they provide a deeper understand-
ing of the operation mechanism and increase in the
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efficiency of hybrid organic-inorganic perovskite-based
fourth-generation solar cells.

J. NANO- ELECTRON. PHYS. 14, 01033 (2022)
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IMopieuauusa srmBy ZnO ta TiO2 Ha XapaKTEepPUCTHUKY MEPOBCKITHUX COHAYHUX €JIEMEHTIB
3a momomoro nporpamuoro nakery SCAPS-1D
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¥ momnrykax BHCOKOeE€KTHBHOIO Ta HEIOPOroro Marepiasy st (hOTOEIEKTPIUYHUX IIPHUCTPOIB YeTBEPTOro
TOKOJIIHHS OPTaHIYHO-HEOPraHIvyHl TiOpHAHI IEPOBCKITHI COHSYHI eJIEMEHTH HaOyBaIOTH IIOIYJISIPHOCTL SIK
HOBU# IOIJIMHAY. 3apa3 JOCJIIKYIOTHCS JBa TUIM apXiTeKTypHU TBEPJOTIIPHUX IIEPOBCKITHUX IIPHUCTPOIB.
Ile mesomopweri 1 1iocki rerepomepexoau. OOUOBI CTPYKTYPH CKJIAMAIOTHCA 3 II'SSTHA LIAPIB: IIPO30POr0 IPO-
BIZJHOTO OKCHJIY, MaTepiay JJis [IePeHOCY eJIEKTPOHIB, aKTHBHOIO IIapy IEPOBCKITY, MaTepially JJisi mepe-
HOCY JIPOK, 1 3BOPOTHOIO KOHTAKTy. ¥ Po0OTI 3a JIOIOMOIOK OJHOBUMIPHOIO CUMYJISITOPA €MHOCTI COHSIHUX
enemeHTiB (SCAPS-1D) MomemionThes KIIIOYOBI XapaKTEePUCTUKHN IIEPOBCKITHUX COHSYHHMX €JIEMEHTIB 3 OK-
cugoMm 1wmHKY (ZnO) ta mioxcunom turtany (TiO:2) sk martepianom st mepesocy esnextposiB. TiO:z € Hail-
OL/IBII YAaCTO BUKOPHCTOBYBAHMM MATEPiaJioM B IIEPOBCKITHUX COHSIYHUX €JIEMEHTAaX, aje JJjs HOoro oca-
JI3KEeHHS [IOTPiI0HA BHCOKA TEMIIEpATypa, sika 00Meskye IPOMUCIIOBY 00poOKy mpucTpoii. ZnO mHUpOKO BUKO-
PHCTOBYETHCSA B HAIMBIIPOBIITHUKOBIA IIPOMMUCJIOBOCTI 1 BBasKaeThes ayibrepHaTuBoo TiO: 3aBOsKM BiIMIH-
HOMY II€PEHOCY eJIeKTPOHIB. Jloc/ipreHHA 3a JOIOMOro0 MOIEJII0OBAHHS 30CePe/yKeH] Ha TOBIIMHI, JTOBKUHI
nudy3ii HOCIIB Ta eHeprii 3a60pOHEHOI 30HM IIapy HOIJIMHAYA, SKI BIUIMBAIOTH HA (DOTOEJIEKTPUYHI BIACTH-
BOCTI IIPHUCTPOIB HA COHAYHUX eJIeMeHTax. TaKok JOCIKYETHCS BILJIUB po0O0OUO0l TeMIepaTypu. 3riTHo 3 pe-
3ysbraramu, BUKopucTauusa ZnO sk Marepiajy JJis IepeHoCy eJeKTPOHIB MOoKpalilye eQeKTUBHICTh COHSIY-
HUX ejeMeHTIB mopiBHAHO 3 TiO:. 3aBasKy HUKHIN MeKl 30HM IIPOBIHOCTI, AKA IIOJIETIIyE mepeHoc doTo-
TeHEePOBAHUX EJIEKTPOHIB y ITEPOBCKITHOMY COHSYHOMY eJIeMeHTI, Haukpalna edeKTHBHICTh, OTPUMAaHa Bi
CTPYKTypH 3 BuKopucTauuam mapy ZnO, cranoeuts 25,40 % mnpu Temieparypi HABKOJIHUIITHBOTO CEPeIOBU-
ma. PesysnbraTé Momes0BaHHS MOKA3yOTh, 10 TOBIIMHA moriauHava 500 HM MIXOAWTH IS TOCATHEHHS
BHCOKOI e)eKTUBHOCTI IIPUCTPOIB.

Kmiouosi cnosa: Ileposekir, Corsauni enementu, Edexrusaicts, SCAPS-1D.
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