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This paper reports the simulation and optimization of the perovskite-
based photovoltaic solar cell. The basic perovskite solar cell simulated in
this work is a planar n—i—p structure. It consists of three different layers:
a perovskite absorbing layer, which is sandwiched between the electron-
transport layer (ETL) and the hole-transport layer (HTL). The present pa-
per shows numerical simulations of a planar heterojunction solar cell hav-
ing the following structure: FTO/ETL/perovskite/HTL/Au (FTO—
fluorine-doped tin oxide). Formamidinium lead triiodide (FAPbI;) is used
as perovskite absorber material; intrinsic tin oxide (i-SnO,) and tungsten
disulphide (WS,) are used as electron-transport layer, and cuprous oxide
(Cu,0) and Spiro-OMeTAD are used as hole-transport layer. The effects of
the ETL and HTL types and the thickness of each layer are given by
means of simulation using SCAPS-1D software. The obtained results show
that a cell with WS, (50 nm), FAPbI; (750 nm) and Cu,O (10 nm) gives
better efficiency of 26.07%.

Y mamiit craTTi MOBiZIOMJISIETHCS HPO MOJEJIOBAHHS M OIITHMMisalliro ¢oroe-
JIEKTPUYHOI'0 COHSYHOTO eJIeMeHTa Ha OCHOBi MmepoBchbKiTy. OCHOBHUM IIe-
POBCHLKITHHM COHAYHUM eJIEMEHTOM, 3MOJeJbOBAHUM Yy IIifi pobori, € mjaac-
Ka n—i—p-cTpyKTypa. BiH ckJlamaeThcd 3 TPbOX DPi3HMX IapiB: IMEPOBCHKIT-
HOTO BOUPHOIO IIapy, SAKUN 3aTUCHYTUN MiK eJIeKTPOHHO-TPAHCIOPTHUM
mapom (ETL) i mipkoBum tpaucnopraum mapom (HTL). HaBemeHno uncenbue
MOJEJTIOBAHHSA IJIACKOTO T'eTEePOIePEeXiJHOTO COHAYHOTO eJeMeHTa 3 HaCTYII-
Hoio cTpyKTypoio: FTO/ETL/nepoechkit/HTL/Au (FTO — oxkcux Cranymy,
aerosanuit @ropom). Tpuitogucruii ILarom6ym—dopmamiaun (FAPbI;) Bu-
KOPHCTOBYETHCA K MaTepidAy-BOMpau MepOBCHKiTY; BiacHuii oxkcupy Cramy-
my (i-SnQ,) i gucyabpdin Boasdpamy (WS,) BUKOPHUCTOBYIOTHCA B SKOCTL
eJIEKTPOHHO-TPAHCHOPTHOTO I1apy, a okcunpg Kympymy (Cu,0) i Spiro-
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OMeTAD BUKOPUCTOBYIOTHCSI B SAKOCTi AipKOBOTO TPAHCIIOPTHOTO IIIapy.
Edexrtnn ETL- i HTL-TuniB i TOBIIMHA KOXKHOTO IIApy 3aJal0ThCA 3a AOIIO-
MOTOI0 MOJeJIIOBAHHA i3 BUKODPHUCTAHHAM IIPOTPAMHOTO 3abe3leueHHA
SCAPS-1D. Opep:xaHi pe3yabpTaTu IMOKasylOTh, 10 KoMipka 3 WS, (50 HM),
FAPDI; (750 uMm) i Cu,O (10 EM) gae ainmy edexTusBHicTs y 26,07% .

Key words: perovskite solar cells, SCAPS-1D simulation, electron-
transport layer, cuprous oxide, tungsten disulphide, defects.
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1. INTRODUCTION

Perovskite based solar cells have great photovoltaic performance
with power conversion in a wide region of optical absorption [1].
However, the simplicity and ease of device fabrication from solution
with the realization of efficiencies > 21% made serious claims for
commercialization as future photovoltaic technology [2].

The perovskite solar cells consists of titanium oxides as an electron
transporting layer, perovskite crystal as a photoactive layer and 2,2’,
7,7 -tetrakis-(N, N-di-4-methoxyphenylamino)-9, 9’'-spirobifluorene
(Spiro-OMeTAD) as a hole transporting layer (HTL) [3, 4]. The chemi-
cal structures of perovskite materials are MAPbX; and FAPbX; varied
with mole ratio of halogen anions (X =iodine:I, bromine:Br, chlo-
rine:Cl). Hybrid organometal trihalide perovskites (MAPbX;, X =Cl,
Br or I) have recently emerged as a promising candidate for photovolta-
ic application. This is due to the excellent photoelectric properties and
facile solution processing such as a direct band gap of 1.55 eV, absorp-
tion coefficient of above 10* cm™, a weak binding energy of about 0.03
eV, and an impressively low difference between open-circuit voltage
(Voc) and its band gap potential.

The performance of the perovskite solar cells depends on the ab-
sorber layer, the electron-transport layer (ETL), the hole-transport
layer (HTL) and electrodes. Various structures and architectures are
studied. Improving the performance of perovskite solar cells re-
quires the development of new materials, optimization of cell struc-
ture and associated manufacturing technology. Organic and inor-
ganic materials are used as interfacial layers. The use of inorganic
materials as hole-transport layer (HTL) such as Cu,O, Cul, V,0;,
MoO;, CdS, and NIO, and electron-transport layer (ETL) such as
TiO,, Sn0,, WS, [5], ZnSe, CuSCN [6], CuSeCN and ZnO, improves
the stability of the cells. Doping the HTL improves the electrical
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properties of the layer and then enhances the efficiency; also, the
use of a protective layer between HTL and the anode of the cell en-
hances the yield. The use of carbon contacts improves the stability
of the cell. Organic materials are also used as interfacial layers, Pe-
dot:Pss, Spiro-OMeTAD and P;HT are used as HTL, ICBA, PC,BM,
PC,,BM and C;, are used as ETL. The power conversion efficiency of
perovskite solar cells with PC,,BM/C,, dual ETLs and Pe-
dot:Pss/PTB7 dual HTLs were improved [7].

Perovskite materials are sensitive to atmospheric conditions and
especially to humidity. To improve performance of photovoltaic
cells and protect cells from degradation, an encapsulation is re-
quired. The encapsulation is used to protect the cells against the
penetration of O, and H,O into the cells and to improve their effi-
ciency and stability [8, 9]. To protect cells against moisture, inor-
ganic layers are used as HTL or ETL.

The toxicity of lead used in the absorber layer is another disad-
vantage of these devices. To improve environmental impact, lead-
free perovskite materials such as FASnI;, FAGel;, FACsl; and
Cs,TiX, are used as absorber layers [10].

The slight addition of silicon phtalyocianine into the perovskite
layer caused suppression of defect and pinhole in the surface layer,
which had the best performance. The phtalyocyanine complexes play
an important role for improving the crystal growth, carrier genera-
tion and diffusion without carrier recombination and trapping near
the defect and pinhole in the perovskite layer [11].

Tungsten disulphide (WS,) is used as an electron transport layer
material. WS, shows good optoelectronic properties as follows: the
band gap in the range of 1.33—-2.22 eV, electronic properties can be
tuned by doping other atoms or by applying an external force to
change its structure, it shows excellent electron-transport capabili-
ties because of high electron mobility [6].

Cuprous oxide (Cu,0) is characterized as a non-toxic material that is
easily available, inexpensive and has a high absorption coefficient in
the visible range. Cu,0 have a wide band gap ranging from 2.1 to 2.61
eV [10]. It is type p and is used as hole-transport layer.

The performance of the solar cell decreases with increase of metal
work function, the majority carrier barrier height increases, thus,
efficiency decreases [10].

Device simulation is a strong tool to understand device physics
and optimum design for efficiency improvement. In particular, So-
lar Cell Capacitance Simulator 1-dimensional (SCAPS-1D) is a simu-
lation program that calculates energy bands, concentrations and
currents, J—V characteristics and spectral response among other de-
vice parameters by solving the three basic semiconductor equations
(the continuity equations for hole and electrons and Poisson’s equa-
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tion) under the constraint of boundary conditions. The program has
been widely applied to inorganic semiconductor solar cell modelling,
such as silicon, CIGS and CdTe solar cells.

In this work, a theoretical study was carried out using SCAPS-1D
in order to find optimized value that improve future efficiencies of
perovskite solar cells. SCAPS-1D simulation is used to explain the
effect of the variation of the thickness of the absorber layer, hole-
transport layer and electron-transport layer in the photovoltaic pa-
rameters of the cells. The influence of the defects of the absorber
layer used in the structure is presented. The effect of the series re-
sistance is also simulated.

This study optimized perovskite solar cells with an n—i—p config-
uration using SCAPS-1D. Several materials are investigated as HTL
or ETL. The absorber layer used is FAPbI,, because studies shows
that FAPDbI,; exhibits better efficiency compared to other perovskite
materials. FTO/WS,/FAPbI;/Cu,0/Au (FTO—fluorine-doped tin ox-
ide) have been optimized by numerical computation using SCAPS-
1D simulation software.

The thickness of each layer is varied and their impact on differ-
ent performance parameters was deeply explored.

2. ELECTRICAL SIMULATION OF THE PEROVSKITE CELL
2.1. Structure of the Perovskite Cells

The structure of the simulated perovskite solar cells is presented in
Fig. 1. The absorber layer FAPbI; is sandwiched between the hole-
transport layer (Spiro-OMeTAD or Cu,0) and the electron-transport
layer (i-SnO, or WS,). The objective of this work is to compare the per-
formance of the cells as function of thicknesses of layers and the type
of HTL and ETL. SCAPS-1D software is used for the simulation.

2.3. Parameters Used in the Simulation
Table illustrates the parameters of each layer used in the simula-
tion. FTO is used as transparent electrode, formamidinium lead io-

dide (FAPDI,) is the active absorber layer, and Spiro-OMeTAD and
Cu,0 are HTLs. Finally, i-SnO, and WS, are used as ETLs.

3. RESULTS AND DISCUSSIONS
3.1. Effect of the Absorber Layer Thickness

When the thickness of the absorber layer (FAPbI;) increases, the
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Au (anode)

i-Sn0,/WS,
FTO (cathode)

Fig. 1. Structure of the perovskite solar cell simulated under SCAPS-1D.

TABLE. Material parameters for different layers used in simulation

2
— [) — - ©
Design 8 ﬁ E ol = _cl\]
parameters 23 < Q < % 2]
= g | & | 4 |°7
[N
n
B, oV 3.2 151 2.9 2.2 3.6 1.87
Electron affinity, eV 4.4 4 2.2 3.3 4.5 4.3
Dielectric constant 9.2 6.6 3 9 9 11.9
E&%"i;ﬁ’?dm“on 1.1.10°1.2.10% 2.2.10% 1.8-10" 2.2 10'® 1.10'
?18,83 of valence band, ;4 14199 9.101% 2.2.10%® 2.4.10"° 1.8 10'°2.4.10'°

Thermal velocity of

1.1.107 107 107 107 10" 1.1-107
electron V,,,, cm/s
Thermal velocity of hole 1.1.10° 107 107 107 107 1.1-107
Vi cm1/s
Unlforr_n3 donor density 1.2.10'%1.3.1016 0 0 1.1.10%
N,, cm
Uniform acceptor densi- 0 1.310° 1.3.10" 5.10'® 0 0
ty N, cm™® : :
Mobility of electrons u,, 4
em?/VS 21 2.7 10 200 260
Mobility of holes y,, 4
em?/VS 11 1.8 10 25 51

efficiency increases, and from 750 nm of FAPbI,, the PCE tends to
stabilize, and PCE is of the order of 24.18%. Fill factor (FF) de-
creases as the thickness of FAPbDI; increases as shown in Fig. 2, a.
The short-circuit current density Jg; increases as the thickness of
the absorber layer increases. The open-circuit voltage V. decreases
when the thickness of FAPDbI; increases as shown in Fig. 2.
Figure 2, c illustrates the J(V) characteristics as function of the
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Fig. 2. Simulation of FAPbI; based perovskite cell as function of the
thickness of the absorber layer with SnO, (70 nm), Spero-OMeTAD (200
nm). (a) Efficiency and fill factor; (b) Vo and Jgg, (¢) J(V) characteristics
as function of the FAPbI, thicknesses.

FAPbDI, thicknesses.

3.2. Effect of the Hole Transport Layer Thickness

3.2.1. Effect of the Thickness of Spiro-OMeTAD

Spiro-OMeTAD proved its effectiveness as a hole-transport layer, as
its band gap highly matches that of the perovskite materials [13],
the perfect conductivity of doped Spiro-OMeTAD [14], and its high
melting point, making it preferable choice for many researchers.

Results obtained by simulation show that, when the thickness of
the Spiro-OMeTAD used as hole-transport layer increases from 10
nm to 70 nm, the power conversion efficiency and the fill factor
decrease as shown in Fig. 3, a. The variation of the thickness of
Spiro-OMeTAD does not influence the short-circuit current and the
open-circuit voltage, Jg.=26.52 mA/cm?® and V,.=1.8 V, as shown

in Fig. 3, b.
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3.2.2. Effect of Cu,0 as Hole-Transport Layer

Cu,0O is used as HTL because of its excellent properties as follow:
high optical transparency in visible light spectrum, fast hole-
transportation capability as it has hole mobility, prepared using
simple solution process with relatively good chemical stability.

A perovskite cell with Cu,0O used as HTL is simulated under
SCAPS-1D. The thickness of Cu,O was varied from 10 nm to 70 nm,
the thicknesses of the other layers are fixed, FAPbI; (750 nm) and
i-Sn0O, (10 nm). The obtained results show that all the parameters of
the cell are constant: Jg =26.55 mA/cm?, Voc=1.8 V, FF=82.79%
and PCE =26.07%. The thickness of the Cu,O does not affect the
performance of the cell.

Cell efficiency with Cu,O is better compared to cells with Spiro-
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Fig. 3. Electrical parameters of the cell as function of the thickness of Spi-
ro-OMeTAD. a) Fill factor and efficiency; b) open-circuit voltage and cur-
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OMeTAD, as illustrated in Fig. 4: PCEy,0, =26.07% and PCEg.
omerap) = 24.72% . The results show that efficiency does not affected
by the thicknesses of the HTL, but the HTL type, as shown in Fig.
4, affects it.

3.3. Effect of the Electron-Transport Layers
3.3.1. Effect of the Thickness of i-SnO,

The i-SnO, ETL has good properties such as excellent charge mobility,
a low temperature preparation method, good transparency in the visi-
ble range, and a favourable energy level position that increases the ef-
ficiency of the perovskite solar cells. However, depositing SnO, film by
spin-coating creates many pinholes and cracks in the film. The pin-
holes and cracks in the SnO, can results in direct contacts and carrier
extraction losses between the perovskite absorber layer and electrode;
leading to higher recombination losses and leakage current at the per-
ovskite/hole-transport layer interface [14].

A small variation of PCE is observed when the thickness of i-
SnO, increases from 10 nm to 70 nm. The fill factor increases as
the thickness of i-SnQ, increases, as shown in Fig. 5, a. The short-
circuit current density remains constant as the thickness of the
electron-transport layer (i-SnO,) varies: Jg.=26.52 mA/cm?. The
open-circuit voltage decreases as the thickness of i-SnO, increases,
as shown in Fig. 5, b.

3.3.2. Effect of the Thickness of WS,

Figure 6 shows efficiency of i-SnO,-based solar cell compared to
WS,-based solar cell as function of thicknesses of the ETL. It is
clear that structure based WS, exhibits better electrical parameters
compared to that based i-Sn0O,. WS, exhibits high carrier mobility,
good conductivity in the order of 10® Q™ .cm™ and n-type semicon-
ducting characteristics. WS, can be deposited through a solution
process or by sputtering at low temperature [5].

The use of WS, as an electron-transport layer gives better per-
formance compared to the use of i-SnO,, as shown in Fig. 6. The
yield obtained with 50 nm of WS, is 24.82% , while with i-SnO, the
yield is 24.72%. Note that the HTL used in this case is Spiro-
OMeTAD (10 nm) and FAPDbI; (750 nm) as absorber layer.

3.4. Optimized Cell

From previous results, cells with Cu,0 used as HTL have better per-
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Fig. 5. Effect of the thickness of i-SnO, used as ETL on the performances
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Fig. 6. Efficiency as function of the electron-transport layer obtained by
simulation under SCAPS-1D.

formance than cells with Spiro-OMeTAD, and cells with WS, have
better performance than cells with i-SnO,. From these results,
FTO/WS,/FAPbI;/Cu,0/Au structure is simulated under SCAPS-
1D. The best performance is obtained for cell with the following
thicknesses of the layers: WS, (50 nm), FAPbI; (750 nm) and CuO,
(10 nm). The obtained parameters are as follow: V,.=1.18V,
Jsc = 26.57 mA/cm?, FF =82.66% and PCE =26.07%.

Figure 7 illustrates J(V) characteristics of the optimized cell in
the dark and under illumination.

3.5. Effect of the Defect of the Perovskite Layer on the Optimized
Cell

Defect properties in absorber layer of solar cell play a critical role to
determine the electron hole diffusion length and open circuit voltage.
Deep level defects usually act as Shockley—Read—Hall non-radiative
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Fig. 7. J(V) characteristics of the optimized cell in the dark and under il-
lumination obtained by simulation under SCAPS software.

recombination centres. It is proved that these types of defects are re-
sponsible for short minority carrier lifetime, which results into lower
Voc in solar cells. More recently, the concept of amphoteric native de-
fects has been used to control defect incorporation in compound semi-
conductors like CH;NH,;PbX; in perovskite devices [15].

Simulation results show that cell performance decreases as the
density of defects in FAPDbI; increases, as shown in Fig. 8, a, b. The
best efficiency is given for a defect concentration 1-10'°/cm?®. PCE is
up to 36% because Jg; and V are increased. PCE decreases, if the
defect density in FAPDbI; increased.

3.6. Effect of the Series Resistance

The variation of series resistance does not influence the variation of
the short-circuit current density and the open-circuit voltage,
Jgc=26.54 mA/cm? and V,;=1.8 V, as shown by the curves of the
J(V) characteristics according to the series resistance in Fig. 9, a.
PCE and FF decrease as the series resistance increases as shown in
Fig. 9, b. The best performance is given for a low resistance. For
R....=0 Ohms/cm? PCE=24.72%, and FF="78.51%.

4. CONCLUSION

The use of cheap organometal halide perovskite materials, perov-
skite solar cells are a promising photovoltaic technology. Interfacial
engineering strategy between the perovskite absorber and the
charge transport layer play a vital role in highly efficient perov-
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skite solar cells. This study, allowed us to understand the role of
certain parameters and different materials constituting the photo-
voltaic cell and their effects on efficiency. We have observed that
the optimum thickness is located in the vicinity of 750 nm, which
makes the thickness of the perovskite layer an interesting parame-
ter to optimize while keeping the same configuration. The defects of
the absorber layer, the series and shunt resistance are also influence
the performance of the perovskite photovoltaic cells.

This study shows also that the use of inorganic materials as hole-
transport layer such as Cu,O gives better yields compared to cells
with Spiro-OMeTAD. Likewise, the use of WS, as an electron
transport layer gives a better yield compared to i-SnO,. The results
obtained show that a cell with WS, (50 nm), FAPbI; (750 nm) and
Cu,0 (10 nm) gives an efficiency of 26.07%. Therefore, a highly
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stable, non-toxic and environmentally friendly n-type semiconductor
makes WS, a potential candidate as the ETL in FAPbI; perovskite
solar cells. So, an in-depth study of FTO/WS,/FAPbI,/Cu,0/Au
structure is necessary to optimize the performance of this type of
cell.
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