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ABSTRACT

Due to unique properties of perovskite materials, the solar cells technologies based on those materials rapidly
advance to the maximum theoretical conversion efficiency of about 32 %. This study reports the simulation results
of CH3NH3Pblz.xCly based perovskite solar cells using SCAPS-1D software. ZnO is used as common electron
transfer medium (ETM), whereas Cu,O, Cul and CuO materials are separately used for hole transfer medium
(HTM) each time. The cell basic parameters (Voc, Jsc, FF and efficiency) are simulated at various conditions. CuO
is found to be the best HTM material, whereas the maximum efficiency of 26.8 % is obtained at 0.55 pum thickness
of CH3NH3Pbl3«Clx material with a donor atom density of about 1017 cm3.
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CH3NH3PDbls.<Cly Bazli Perovskite Giines Hiicrelerinin Sayisal
Analizi ve Optimizasyonu

OzeT

Perovskite malzemelerinin benzersiz 6zelliklerinden dolayi, s6z konusu malzemelerden iiretilen gilines pili
teknolojilerinin verimliligi, maksimum teorik noktasi olan %32’ye dogru hizla ilerlerlemektedir. Bu ¢aligmada,
SCAPS-1D yazilimini kullanilarak CH3NH3Pbl3.«Cly bazli perovskite giines pilli tasarlanip, parametreleri simiile
edildi. ZnO, ortak elektron transfer katmani (ETM) olarak kullanilirken, hol transfer katmani (HTM) i¢in Cu:0O,
Cul ve CuO malzemeleri her seferinde ayri ayr1 kullanildi. Hiicre temel parametreleri (Voc, Jsc, FF ve verimlilik)
farkli kosullarda simiile edildi. CuO en iyi HTM malzemesi olarak gézlemlenirken, yaklagik 107 cm verici atom
yogunlugunda ve 0.55 pm kalinligindaki CH3sNH3PblsxClx materyalinde maksimum %26.8 verimlilik elde edildi.
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. INTRODUCTION

Perovskite solar cells have shown rapid progress in last decade due to their unique properties. They are
considered to overcome the current PV conversion limit as perovskite solar cells exhibit high absorption
coefficient, long carrier diffusion length and lifetime and high carrier mobility [1][2][3]. As well as
having suitable band gap for exploiting much of solar energy, perovskite solar cells have cost effective
and easy fabrication techniques and are compatible with flexible substrates. The efficiency for those PV
technology has increased from 3% in 2009[4] to 25 % in 2020[5].

Hitherto variety of perovskite materials, cell structures, hole transfer mediums (HTM), electron transfer
mediums (ETM) and electrodes have been used to optimize the cell efficiency. Initially liquid electrolyte
was used as HTM which inhibited the performance of the cell in minutes due to ionic nature of the
Perovskite materials[4]. However after development of solid state functional HTM materials, the
efficiency and stability of those solar cells have improved tremendously[6]. CHsNH3Pblz.xClx perovskite
material is one most studied absorbers due its excellent optical band gap and absorption cross section
[3]. Currently the main challenges for those technology are that long term stability, charge
recombination losses that take place at the perovskite material and interfaces between perovstikte/HTM
and perovskite/ETM[7]. To obtain deep knowledge of those losses more experimental and theoretical
research need to be carried out.

In this study, we modelled a perovskite solar cell device with a construction of ETM/ CH3NH3Pbl;.«Cly
/HTM using Solar Cell Capacitance Simulator (SCAPS) software. As ETM material ZnO at different
thicknesses was used while as HTM Cu,O, Cul and CuO materials at different thicknesses, donor
concentration levels and temperatures were tried one by one. The reason we preferred Cu.O, Cul and
CuO materials as HTM layer is that these materials are cost effective and have high stability against
ambient conditions[8]. It is found that the best efficiency was obtained when using CuO as HTM
material.

[l. DEVICE SIMULATION

SCAPS software simulates thin film solar cells in one dimension using drift-diffusion equations for
holes and electrons and Poisson's equations[9]. The software also includes the thermionic emissions
from device surfaces.

The architecture and the energy band diagram of the proposed planar structure perovskite solar cell are
shown in Figure la&b, respectively. Fluorine doped tin oxide coated glass (FTO) and gold (Au) are
used as front and back contacts, respectively. ZnO and CHsNH3sPbls.«Clx are used as ETM and absorber,
respectively, while for HTM Cu,0, Cul and CuO materials are alternated. Each design construction is
carefully selected and the parameters for each layer are obtained from literature and tabulated in Table
1. The extra parameters of back and front contacts are given in Table 2. Unless otherwise is stated the
parameters are used as in the Table 1&2. All results are obtained under AM1.5G 100 mW/cm?
illumination conditions.
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Figure 1. The geometry structure (a) and the schematic band diagram (b) of the simulated solar cell. For each
device design only one HTM material is used.

Table 1. Input physical parameters of the materials used to build the perovskite cell.
[10][21][22][13][24][15][16][17]

Parameters FTO ZnO  CH3NH3sPbl3xCly Cul CuO Cu0

Thickness (nm) 200 80 600 100 150 150

Bandgap energy, Eq (eV) 3.5 3.3 1.55 2.98 1.3 2.17

Electron affinity, (eV) 4 3.9 3.9 2.1 4.07 3.2

Relative dielectric

permittivity. & 9 9 6.5 6.5 18.1 7.11

CB effective density of - 3508 s 2.2x10% 28x101°  22x10%  2.2x10%

states, (1/cm®)

VB effective density of 4 g, 1510 159 u 1.8x10% 10 1.8x10%  1.8x10%

states (1/cm®) ' ' ' '

Electron thermal velocity 107 107 107 107 107 107

(cm/s)

Hole thermal velocity 107 107 107 107 107 107

(cm/s)

Mobility of 4

electron(cm?/Vs) 20 50 2 1.69x10 0.1 80
Mobility of hole(cm?/Vs) 10 5 2 1.69x10* 0.1 80

(Don)or density (1/cm®), 1018 5x 10V 1013 0 0 0
Np

Acceptor density (1/cm®), 0 0 0 10 10 10

(Na)

(Def)eCt density (1/cm°) 1015 101 2 5x1013 1015 10% 10%
N+ '

Table 2. The basic material parameters of the back and front contacts.

Electrical properties@ 300 K Back contact (Au) Front contact (FTO)
Thermionic emission/surface recombination velocity 5 .
10 10
of electron(cm/s)
Thermionic emission/surface recombination velocity . 5
10 10
of hole(cm/s)
Work function(eV) 5.1 4.4
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1. RESULTS AND DISCUSSIONS

Since the absorber parameters and its physical size and geometry are significant factors for device
efficiency, we initially investigate the impact of perovskite absorber thickness on the device electrical
parameters. All other layer parameters are set to be same, HTM was chosen CuO and CH3sNH3Pbl;.<Clx
thickness are varied from 0.1 pm to 1 pm and the device performance was recorded. The same process
was repeated using Cul and Cu;O as HTM material. The cell efficiency variations as a function of
absorber thickness for three different HTM materials are shown in Figure 2.

For all HTM materials, the thickness increases from 0.1 um to about 0.55 um, the efficiency increases
after that point it decreases with increasing the thicknesses. CuO exhibits best results compared with the
other two HTM materials. All other cell parameters obtained for three HTM materials are compiled in
Table 3.
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Figure 2. The relationship between the cell efficiency and the absorber thickness.

Table 3. The variation of cell parameters (Voc, Jsc, FF) with the five different absorber thickness at 103
absorber Np value.

HTM material Absorber

Thickness (um) Voc (V) Jsc (MA/cm?) FF (%)

0.1 1.18 13.03 83.84

0.325 1.13 22.43 83.71

Cul 0.55 1.1 24.76 82.67
0.775 1.09 25.54 81.24

1 1.07 25.84 79.51

0.1 1.45 22.63 70.35

0.325 1.176 27.1 82.56

CuO 0.55 1.123 28.29 83.38
0.775 1.1 28.69 82.22

1 1.08 28.84 80.57

0.1 1.34 14.24 74.91

0.325 1.15 22.55 83.24

Cu0 0.55 1.11 24.78 83.43

0.775 1.1 25.54 82.1

1 1.08 25.85 80.44
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The cell short-circuit current density (Jsc) increases with the increasing the absorber thickness for all
HTM materials. However, at thicker absorber values the open circuit voltage (Vo) decreases for each
HTM material. Hence fill factor (FF) and efficiency show maximum values at about 0.6 pum. the best
performing HTM material is CuO wherein all cell parameters are recorded to be higher than that of two
other materials.

Since diffusion length of CH3sNHsPbls.<Clx perovskite films is about 450 nm [18], until that point the
device efficiency increases and after that point the efficiency decreases with absorber thickness due to
increase of the charge carrier recombination loss. As the absorber thickness increases, more electron
hole pairs contribute to the photocurrent[18] and hence Js. increases with increasing the absorber
thickness. Vo strongly depend on the charge recombination related losses and hence as the absorber
thickness increases V. falls[19]. FF is related to the power loss on the device interior load and hence as
the absorber thickness increases, the FF value declines. Overall the results agree with the previous
reports carried out for different materials [10][20].

To observe the effect of the donor atom density (Np) in the perovskite absorber on the cell parameters,
we spanned Np values from 10° cm to 10'” cm at 0.6 um absorber thickness, as shown in Figure 3
and Table 4.
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Figure 3. The variation of efficiency with the donor atom density of perovskite layer for three HTM materials.

Table 4. The cell parameters at different absorber doping levels for Cul, CuO and Cu,O HTM materials.

HTM material  Absorber Np (cm™) Voc (V) Jsc (mA/cm?) FF (%)
1x10° 11 25 82.4
2.5x10% 1.16 235 83.3
Cul 5x10'6 1.18 23 84.57
7.5x10%6 1.19 22.76 85.27
1x10Y7 1.19 22.61 85.75
1x10° 1.117 28.42 83.23
2.5x10% 1.27 27.11 74.24
CuO 5x10'6 1.38 26.62 72.28
7.5x10'6 1.47 26.38 68.71
1x10Y 1.54 26.23 66.05
1x10° 111 25.02 83.2
2.5x10% 1.27 23.54 76.63
CuO 5x10'6 142 23.02 70.15
7.5x10'6 1.57 22.76 64.67
1x10Y 1.71 22.6 59.98
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Overall both efficiency and other cell parameters initially increase with doping density until about
6x10% cm=then their rising rate slow considerably. The maximum cell efficiency (26.8 %) is recorded
at 10" cm= doping level for CuO HTM material. The reason why increase in perovskite Np value raises
the cell efficiency is that in the indicated Np region, each additional donor atom will increase the number
of the free electrons and consequently the photocurrent will increase [21].

The ETM material parameters are crucial for the device efficiency. To observe what extent it is important
for the cell, we simulated the device at different ZnO thickness for three different HTM materials. All
obtained solar cell parameters are summarised in Table 5 and the efficiency variations with shell
thickness for three different HTM materials are compared in Figure 4. As seen from the Table 5, as ZnO
thickness increases Voc and FF values do not change in the case of three HTM layers, while Jg slightly
decreases with increasing ZnO thicknesses for three HTM materials. The increase in ZnO thickness to
some extent raises the cell efficiency as seen in Figure 4. As in previous cases, CuO HTM material again
showed maximum Jsc(28.4 mA/cm?), FF (83.23%), and ) (26.4%) values compared with Cul and Cu,0O
materials. Since the ETM layer is in the front contact of the device, a portion of the incident light
attenuates in this layer and hence at the thicker ETM levels the efficiency decreases gradually.

Table 5. The relationship between ZnO thickness and cell parameters (Voc, Jsc, FF).

HTM materials  ZnO Thickness (um) Voc (V) Jsc (mA/cm?) FF (%)
0.01 111 25.05 82.39
0.26 1.1 25.25 82.39
Cul 0.51 1.1 24.97 82.39
0.76 1.1 24.91 82.39
1 1.1 24.85 82.39
0.01 111 28.42 83.22
0.26 111 28.44 83.23
CuO 0.51 1.11 28.38 83.23
0.76 1.11 28.33 83.23
1 1.11 28.26 83.23
0.01 111 25.02 83.18
0.26 1.11 25.01 83.19
CuO 0.51 1.11 24.98 83.19
0.76 1.11 24.92 83.19
1 1.11 24.86 83.19
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Figure 4. The variation of cell efficiency as a function of ZnO layer thickness.
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To understand the effect of ZnO layer further on the solar cell parameters, we obtained cell parameter
at different donor atom concentrations (Np) of ZnO layer, as seen in Table 6 and Figure 5. As Np values
for ZnO material span from 10 ¢cm= to 10?2 cm™ V, and Jsc remain almost constant for all HTM
materials. FF and 1 values for all HTM materials increased while moving from 10 cm to 102 cm®
then remained constant.

An appropriate donor concentration value helps to increase the cell efficiency. However at very high
donor atom concentration levels the ZnO material becomes degenerated and fermi energy level lies
within the conduction band [20]. Therefore, the device parameters are saturated which is the case we
see here.

Table 6. Voc, Jsc, and FF values obtained for three different hole transfer materials at different ZnO Np
concentrations. (ZnO thickness is set be 0.080 pum)

HTM materials ZnO Np (cm™) Voc (V) Jsc (MA/cm?) FF (%)
5x10'® 1.09 25.01 81.75
1.25x10% 1.1 24.92 82.46
Cul 2.5x10% 11 24.92 82.46
3.75x10% 11 24.92 82.46
5x10% 1.1 24.92 82.46
5x10'® 1.11 28.42 82.56
1.25x10% 1.11 28.34 83.4
CuO 2.5x10% 111 28.34 83.4
3.75x10% 111 28.34 83.4
5x10% 1.11 28.34 83.4
5x1013 1.1 25.02 82.53
1.25x10% 1.11 24.93 83.26
Cu0 2.5x10% 111 24.93 83.26
3.75x10% 1.11 24.93 83.26
5x10?2 1.11 24.93 83.26
—&—Cu,0
26.7 —e—CuUI
1 —4— CuO
26.4 A A A A
S 58z
= 231 . . . .
——eo o o
225 vy

T T T T T T T T T T
5x10"° 5.5x10" 6x10”° 6.5x10"°  1.75x10”  35x10%  5.25x10%

Np (cm_3)

Figure 5. The relationship between ZnO layer donor atom concentration and device efficiency.
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HTM material and its size and geometry play important role in the efficiency of solar cell devices. Hence
to understand what degree it affect the cell parameters, we calculated Vo, Jsc , FF and 1 values at different
HTM thicknesses, spanning from 0.1 um to 1 pm, for three HTM layers. The results are shown in Table
7 and Figure 6. Overall, Vo does not change with thickness for all materials. While Jsc for Cul does not
change with changing the thickness, it slightly increases with increasing the HTM layer thickness for
CuO and Cu0 materials. In the cases of Cul and CuO layers, FF value decreases with increasing layer
thickness, whereas it remains constant in the case of Cu,O HTM material.

As seen in the figure the efficiency initially increases from 22.5% to 23. 2% then stay flat for the rest of
thicknesses for CuO material, whereas it remains constant for all thicknesses for Cu,O material.
However, the efficiency considerably decreases with increasing the Cul HTM layer thickness. The main
reason for the best cell performance occur at thin HTM levels is that the time for holes to reach the
counter electrode decreases[20]. More research is needed to explain the effect of HTL thickness on the
cell parameters in details.

Table 7. Voc, Jsc, and FF values obtained at 10 different thicknesses of each hole transfer materials (Na for
HTM materials are set to be 10'® cm-3).

HTM material HTM Thickness (um) Voc (V) Jsc (mA/cm?) FF (%)
0.100 1.11 25 74.13
0.200 1.11 25 73.45
Cul 0.300 1.11 25 72.77
0.400 1.11 24.99 72.09
0.500 1.11 24.99 71.42
0.600 1.11 24.99 70.74
0.700 1.11 24.99 70.07
0.800 1.11 24.99 69.4
0.900 1.11 24.99 68.74
1.000 1.11 24.99 68.07
0.100 1.05 25.276 84.64
0.200 1.058 25.809 83.96
CuO 0.300 1.056 26.129 83.59
0.400 1.059 26.28 83.42
0.500 1.059 26.344 83.34
0.600 1.06 26.37 83.31
0.700 1.06 26.381 83.29
0.800 1.06 26.385 83.29
0.900 1.06 26.384 83.28
1 1.06 26.388 83.28
0.100 1.109 25.177 83.19
0.200 1.109 25.0224 83.19
Cu.0 0.300 1.109 25.025 83.19
0.400 1.109 25.028 83.19
0.500 1.109 25.03 83.19
0.600 1.109 25.032 83.19
0.700 1.109 25.034 83.19
0.800 1.109 25.035 83,19
0.900 1.109 25.036 83.19
1 1.109 25.037 83.19
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Figure 6. The variation of cell efficiency as a function of HTM layer thickness for three materials.

Since ambient temperature is another key parameter regarding device efficiency, we simulated the cell
parameters at different working temperatures and the results are summarized in Table 8 and Figure 7.
As temperature increases Vo values for all materials decrease whereas, Jsc values for Cu,O and Cul
nearly remain constant and for CuO it slightly increases. Although FF values for CuO and Cu,O HTM
layers decrease considerably with increasing the temperature, it increases steadily in the case of Cul
layer. Finally, the device efficiencies significantly decrease with rising the temperature for all materials.

Ideally as the temperature increases the bandgap of the absorber decreases which result in more electron-
hole pair generation [22]. However, the diffusion length and charge carrier mobility in perovskite films
decrease with increasing the temperature[20]. The latter effect suppresses the former effect and hence
the overall efficiency decreases with increasing the temperature.

Table 8. Voc, Jsc, and FF values obtained for three different hole transfer materials at 5 different temperature
values. (Na for Cu,O CuO, and Cul is set to 108 cm™, layer thickness for Cul, CuO and Cu,O materials are kept
to be 0.1 um, 0.15 um and 0.15 pm, respectively.)

HTM material  Temperature (K) Voc (V) Jsc (mA/cm?) FF (%)
273 1.15 25 72.51
295 1.12 25 73.87
Cul 312 1.1 24.99 74.82
339 11 24.99 75.33
360 1.1 24.99 75.31
273 1.1 25.33 84.98
295 1.06 2551 84.5
CuO 312 1.02 25.71 83.59
339 0.989 25.927 82.56
360 0.95 26.123 81.49
273 1.196 25.021 83.94
295 1.121 25.02 83.4
Cu0 312 1.08 25.019 82.45
339 1.04 25.018 81.34
360 1.001 25.017 80.14
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Figure 7. The variation the device efficiency as a function of operational temperature for three HTM materials.

Since CuO is found to be the most efficient HTM material, we added J-V characteristics of the proposed
perovskite solar cells using CuO as the HTM material, as shown in Figure 8. The cell parameters are
chosen to be as in the Table 1 and 2. As seen from the figure that Js. value is about 25.5 mA/cm?, while
Voc value is about 1.07 V. The obtained cell parameter values are consistent with the results reported in
the literature for CH3NH3sPDbls.xClx based perovskite solar cells using different HTM material [23].
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Figure 8. J-V characteristics of the proposed perovskite solar cell using CuO as the HTM material.

V. CONCLUSION

CH3NH3Pbl;«Clx based perovskite solar cell is designed and simulated using SCAPS-1D software. All
results are compared for three different HTM materials (CuO, Cul, Cu,0) and CuO is found to be the
best candidate. The maximum efficiency of of 26.8 % is recorded at the absorber thickness of around
0.55 um and at the absorber donor atom density of about 10*” cm™. The cell parameters are found to be
significantly affected by thickness and donor atom density of the ETM layer. HTM layer thickness and
cell operating temperature also affect the cell parameters. The obtained results are consistent with the
results reported in the literature. This work will contribute to the progress of the perovskite solar cells;
in particularly will have important implications in the optimizations of absorber thickness and doping
concentration and charge transport layers and operating temperatures.
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