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Abstract 

Lead-based perovskite solar cells (PSCs) have drawn much research attention over the years 
due to their impressive light-to-power conversion efficiency (PCE), low temperature with easy 
manufacturing, tolerance to defects, high absorption coefficient and low cost. In this paper, the 
effect of absorber thickness, absorber band gap, absorber doping concentration, and electron 
transport material (ETM) thickness of PSC with two inorganic hole transport materials (HTM) 
was investigated using one-dimensional solar capacitance simulation (SCAPS-1D) software. 
Results obtained indicates that solar cell containing CuI as HTM performed better than that 
with NiO. A power conversion efficiency of 16.65%, fill factor (FF) of 82.43%, current density 
(Jsc) of 24.83 mA/cm2 and voltage (Voc) of 0.83 V were obtained for CuI with an enhancement 
of 1.15 times in PCE, 1.10 in Jsc and 1.17 in FF over the initial device and PCE of 15.74%, FF 
of 74.69 %, Jsc of 27.22 mA/cm2 and Voc of 0.77 V for NiO with an enhancement of 1.20 times 
in PCE, 1.25 times in Jsc and 1.15 in FF when compared with the initial device. The result 
therefore, shows that CuI as HTM performed better than NiO and implies that critical selection 
of the absorber parameters is a very key factor to enhance solar cell devices. 

Keywords: Perovskite solar cell; HTM; Optimization; SCAPS. 

 

I. INTRODUCTION 

ybrid organic-inorganic perovskite solar cells (PSCs) 
have generated a great deal of interest in recent years as 

a means of creating clean, renewable energy, and a series of 
amazing developments have been documented [1-6]. These 

perovskite materials possess a number of outstanding 
qualities, including a tunable band gap, a high light extinction 
coefficient, a long carrier diffusion length and high carrier 
mobility, a high carrier mobility and defect tolerance, as well 
as ease of manufacturing using a low temperature process [7-
8]. Additionally, when compared to current prospective 
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photovoltaic (PV) technologies, perovskite solar modules 
offer a rapid energy payback time with a gain that exceeds that 
of the best organic material-based devices [9]. Currently, 
PSCs have large power conversion efficiency (PCE) greater 
than 25% [10-12]. 

However, ZnO-based PSC has gained a lot of attention 
recently because of its abundance in nature, ease of 
manufacturing, low cost, and high electron mobility compared 
to other devices [13, 14]. Effective PSCs with good PCE use 
doped spiro-OMeTAD HTMs [15]. Additionally, extra 
dopants must be added to spiro-OMeTAD to improve its hole-
transporting property due to its very limited hole mobility; its 
synthesis procedure is very tedious as such its replacement 
with inorganic HTM is desirable, this is because, inorganic 
HTM have greater mobility, cheap production costs, and 
outstanding stability [16]. For optimization, it's essential to 
have a good understanding of how each layer in PSCs 
architecture affects the devices' performance.  

In this work, a computer simulation program has been used 
to compare the consequences of substituting organic 
component (spiro-OMeTAD) with two alternative inorganic 
minerals, NiO and CuI. The valence bands of the HTL and the 
perovskite layer are aligned differently as a result of the 
various band gap energies (𝐸 ) and electron affinities of these 
semiconductor materials. The inorganic compounds, NiO and 
CuI used in this work are seen to be good candidates for use 
as electron-blocking layer and holes transport substances [17].  

II. SIMULATION 

With the help of the one-dimensional code SCAPS-1D, 
numerical simulations of perovskite solar cells utilizing the 
planar structure were carried out. The Poisson and continuity 
equations for holes and electrons under steady-state conditions 
are the three fundamental semiconductor equations that this 
simulation tool numerically solves [11]. 

The hetero junction solar cells are simulated in this study 
using three input layers: low p-type doped perovskite 
(CH3NH3PbI3) is used as the active layer, and n-type 
transparent conducting oxide, ZnO is employed as the ETL 
and P-type NiO and CuI are used independently to compare 
their performance as HTL. Therefore, the effect of absorber 
bandgap, doping concentration, defect density, and absorber 
thickness on the performance of the solar cell were analyzed. 

Electron and hole thermal velocities are 1 × 10  𝑐𝑚/s. To 
estimate the current-voltage (J-V) characteristics, all 
simulations are performed under light of 1000 𝑊/𝑚 , 
temperature of 300 𝐾, and an air mass of 1.5 air mass. Tables 
I and II provide an overview of the device and material 
parameters values used in SCAPS-1D simulation and taken 
from theories and literatures. 

 
 
 
 

 
Table I Simulation parameters of PSCs devices [18-24] 

 
 
Table II Absorber and interface defect parameters [18-24] 
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III. RESULTS AND DISCUSSION 

A. Energy level diagram of the PSC 

Fig. 1(b), which depict the valance and conduction band 
offset at the ZnO/CH3NH3PbI3 interface with values 
of 0.13 𝑒𝑉 and 1.82 𝑒𝑉, respectively, reveal the structure of 
the band diagram. In order to prevent recombination with 
electrons in the perovskite, these values favor the flows of 

holes to the metal-back contact, as opposed to 
CH3NH3PbI3/CuI, which favors the electron to the front 
electrode at 1.80 𝑒𝑉 and 0.16𝑒𝑉, respectively. When using 
Nickel Oxide as HTM, the band offset is seen in Fig. 1a with 
values for the interfaces ZnO/CH3NH3PbI3 of 0.26 𝑒𝑉 
and 1.80 𝑒𝑉 and CH3NH3PbI3/NiO of 2.45 𝑒𝑉 and 0.20 𝑒𝑉, 
respectively. 

 
 

 
Fig. 1 (a) Energy band diagram of ZnO/CH3NH3PbI3/CuI and (b) Energy band diagram of ZnO/CH3NH3PbI3/NiO 

B. Performance study of the initial simulation 

The current density–voltage curve under illumination has 
been plotted with these initial parameters as shown in Fig. 2a. 

When NiO is used as the HTM, the short-circuit current 
density (Jsc) is 21.76 𝑚𝐴/𝑐𝑚 , the open-circuit voltage (Voc) 
is 0.9290 𝑉, the fill factor (FF) is 64.77%, and the power 

conversion efficiency (PCE) is 13.09 %. However, when CuI 
is used as the HTM, the short-circuit current density (Jsc) is 
22.06 𝑚𝐴/𝑐𝑚 , open-circuit voltage (Voc) of 0.9272 𝑉, Fill 
Factor (FF) of 70.53%, and PCE of 14.43%.The simulated 
device's performance agrees with lead-based PSCs' 
experimental findings [25]. 

 
 

 
Fig. 2 (a) J-V curves of PSC with initial parameter, (b) quantum efficiency (QE) of the device with initial device. 

This uniformity demonstrates that the input settings are 
appropriate and almost accurate to the device. The plot Fig. 2b 
has an incident photon-to-current efficiency (IPCE) that is 
within the range of 300 and 900 𝑛𝑚 with a maximum of 90% 

at 550 𝑛𝑚. In CH3NH3PbI3, the optical absorption border is 
red shifted to 800 nm, which translates to a band gap of 
1.55 𝑒𝑉 [26]. 
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C. Effect of Absorber Thickness 

One of the key factors affecting the overall performance of 
the solar cell is the thickness of the absorber layer. 

Simulations have been run for both CuI and NiO HTM-
based device in the thickness range of 0.1 to 0.6 𝜇𝑚 to 
confirm the ideal absorber thickness. The other variables 
remained constant. The simulated results for NiO and CuI 
demonstrate that when the absorber layer thickness increases, 
the Jsc and Voc also rise because more photons will be absorbed 
by a thicker layer, which will result in the formation of more 
electron-hole pairs. But as the charges travel a greater distance 
for diffusion, the likelihood of recombination likewise rises 
with a larger absorber layer. The PCE increases as thickness 
also increase up to 0.45 𝜇𝑚 for NiO and 0.40 𝜇𝑚 for CuI and 

then decreases due to less photons generated from the 
absorber. There was a decay in fill factor (FF) for both HTMs 
due to effect of electric field in the absorber [27]. Hence the 
optimized thickness of the absorber layer is 0.40 𝜇𝑚 for CuI 
based and 0.45 𝜇𝑚 for NiO based device.  At this thickness 
the maximum PCE of NiO is 13.09% and 𝐽 = 21.75 𝑚𝐴/
𝑐𝑚 , 𝑉 = 0.92 𝑉, 𝐹𝐹 = 64.77% and PCE of CuI based 
HTM device is 14.43% and 𝐽𝑠𝑐 = 22.06 𝑚𝐴/𝑐𝑚 , Voc=0.92 
V, FF=22.07%. The correlation of all the devices with various 
parameters are as shown in Fig. 4 (a-h). Table III shows the 
metric parameters dependency of the device with the absorber 
thickness. 
The J-V and quantum efficiency curves are shown in Fig. 
3(a) and (b). 

 

 
Fig. 3(a) J-V curves of PSC with varied absorber thickness for NiO and (b) J-V curves of PSC with varied absorber thickness 

for CuI-based HTM device 

 

Table III Dependence of solar cell performance on the thickness of Absorber 
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Fig. 4(a-d) variation in solar cell parameters with increase in absorber layer thickness of NiO and (e-h) for CuI 

 

D. Influence of Bandgap on absorber layer 

Band gap is the distance between the valence band of 
electrons and the conduction band. Essentially it represents the 

minimum amount of energy needed to free an electron from 
its bond, and this energy differs from among semiconductor 
materials. Fig. 5a-d shows the J-V and Q-E plots for the NiO 
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and CuI based PSC with respect to varied bandgap. From 
Table IV as the bandgap values increases, the value of the Voc 
also increases but Jsc decrease while FF increases. The PCE 
values increase with increase in bandgap until it reaches its 
optimum values and then start decreasing because Jsc is a 
function of recombination, current and as value of 
recombination current increase, the value of Jsc tends to 
decrease thereby reducing the performance of the device. As 
the value of the bandgap increases, the exciton binding energy 
decreases, so the electron and holes can spill to generate photo 

current with little sunlight. At an optimum value of absorber, 
the value of bandgap increases to 1.40 𝑒𝑉 when using NiO as 
HTM with PCE of 14.18%, Voc of 0.78 𝑉, Jsc value of 
26.59 𝑚𝐴/𝑐𝑚   and FF of 68.09%, and at 1.5 𝑒𝑉 for CuI as 
HTM, the PCE value was 14.54%, Jsc is 23.63 𝑚𝐴/𝑐𝑚  , Voc 
is 0.88 𝑉 and FF is also found to be 69.95%. The device 
metric parameters with a correlation of the bandgap are shown 
in Fig. 6 (a-h). 

 

Fig. 5 (a) J-V curves of PSC with varied band gap of absorber for NiO, (b) Quantum efficiency vs. wavelength of PSC with 
varied band gap of absorber for NiO, (c) J-V curves of PSC with varied band gap of absorber for CuI and (d) Quantum 

efficiency vs. wavelength of PSC with varied band gap of absorber for CuI 

Table IV Dependence of solar cell performance on the band gap of Absorber 
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Fig. 6 (a-d): Variation in solar cell parameters with increasing bandgap of absorber for NiO and (e-h) for CuI
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E. Influence of doping concentration on absorber layer 

The electrical behavior of the layers in a solar cell is 
determined by the doping of a photoactive material, which has 
an impact on the device's performance. It contributes 
significantly to the enhancement of semiconductor device 
properties, including photovoltaic [28]. An appropriate dopant 
can be added to the absorber layer to enhance PSC 
performance. Impurities in the absorber layer need to be 
improve slightly due to lead perovskite's instability in air and 
moisture. By selecting NA values for both HTM that fall 
between the ranges of 1010 and 1018 cm-3 the impact of doping 
concentration on the performance of perovskite solar cells is 
taken into consideration. While other variables were held 
constant, the dopant concentrations of perovskite were 
changed from 1010 - 1018 cm-3 in order to observe their impact 
on solar cell performances. 

With the doping concentration of perovskite increasing from 
1010 - 1018 cm-3  in external quantum efficiency (QE) greatly 
improves (see Fig. 7), which suggests that the generation rate 
of the photogenerated carriers increases under the same 
incident photon number. 

Therefore, improving the photo-absorption efficiency and 
the Jsc requires an appropriate doping concentration of the 

perovskite absorption layer. There was no any significant 
effect on the solar cell performance parameter at dopant 
concentration 1010 - 1013 cm13 for both HTM because of the 
generation of recombination that cancel the new charges but 
however, the Voc drops quickly when the NA exceeds 1015 cm-

3. From the standpoint of the built-in electric field, which is 
strengthened with the increase in doping concentration, the 
variation in the performance of the cell with the doping 
concentration may be explained. The improvement of the 
electric field encourages the separation of carriers, which 
leads to an improvement in the functionality of the cell. 
However, further boosting the doping level will result in a 
larger Auger recombination rate, which is not good for raising 
Voc. To achieve the highest performance with NiO, a 
concentration of 1015 cm-3 is ideal, whereas CuI necessitates a 
concentration of 1016 cm-3. In Fig. 8, these values are depicted 
as correlation of the thickness with metric parameters. These 
parameters were attained at the ideal values: CuI had a Voc 
of 0.87 𝑉, Jsc of 23.08 𝑚𝐴/𝑐𝑚  , FF of 82.54%, and PCE 
of 16.59 % while NiO had a Voc of 0.91 𝑉, Jsc of 22.08 𝑚𝐴/

𝑐𝑚  , FF of 71.66%, and PCE of 14.38%. Table V shows the 
various photovoltaic performance with varied doping 
concentration. 

 
Fig. 7(a) - (b): J-V curves of PSC and QE with different values of doping concentration (NA) on absorber layer for NiO and 

(c)-(d) for CuI 
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Fig. 8 Variations in performance parameters of PSC with doping concentration of absorber layer with NiO and CuI as HTM 
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Table V Dependence of solar cell performance on the defect density of Absorber 

 

 

F. Influence of thickness of ZnO 

The effect of the Zinc oxide on the performance parameters 
of the cell was varied from 0.01 𝜇𝑚 to 0.07𝜇𝑚. Fig.9 (a-d) 
shows the J-V curves and QE curves of the simulation with 
different thickness based on NiO and CuI. Fig.10 (a-d) shows 
the correlation between the performance parameters and the 
ZnO thickness. Table VI also shows that when the thickness 
of the ZnO increases, the value of Jsc, FF and PCE of the 
devices decreases while Voc decreases but remain unchanged 
from 0.9290 V at the thickness of 0.04 μm for NiO and 0.9272 

V at the thickness of 0.03 μm for CuI as HTM. This indicates 
that when the material is thicker, it provides a longer diffusion 
path for electron to reach the electrode which limit the charge 
collection efficiency and transmitting of incident photon 
decreases with increasing thickness. Optimum value of the 
cell was obtained when the thickness was 0.01𝜇𝑚 for both 
devices with NiO and CuI with Voc of  0.94 𝑉, Jsc 
of  21.83 𝑚𝐴/𝑐𝑚 , FF of 64.82% and PCE of 13.23% for 
NiO as buffer and Voc of 0.93 𝑉, Jsc of 22.13 𝑚𝐴/𝑐𝑚 , FF 
of 70.61% and PCE of 14.59% for CuI as buffer. 

 

Fig. 9 (a-d) J–V curves and QE of PSC with different values of thickness of buffer of NiO and CuI
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Fig. 10 (a-d) Variation in Performance of PSC with thickness of ETM (ZnO) of NiO 

 

 

Fig. 11 (a-d) Variation in Performance of PSC with thickness of ETM (ZnO) of CuI 
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Table VI Dependence of solar cell performance on the thickness of HTM 

G. Performance of PSC with Optimized parameters 

Because The thickness of the absorber, bandgap of the 
absorber, doping concentration of absorber and defect density 
of the absorber were optimized for both HTM and the values 
are as shown in Table VII. The final optimized PSC gave a 
PCE of 15.74%, Jsc of 27.22 𝑚𝐴/𝑐𝑚  , Voc of 0.77 𝑉 and FF 

of 74.69% for NiO and PCE of 16.65%, Jsc of 24.33 𝑚𝐴/
𝑐𝑚  , Voc of 0.83 𝑉 and FF of 82.43 % for CuI. When the 
optimized result is compared with the reference initial device, 
there is an overall improvement in the cell over the device that 
was not optimized. Fig. 12 shows the J-V and QE curves of 
the optimized devices and Tables VIII and IX compared other 
results with our simulated results. 

 

 

Fig. 12 (a) J–V curves of PSC with Optimized parameters, (b) QE of the optimize parameters with respect to wavelength 

 

Table VII Optimized Parameters of the device 

 

Table VIII Photovoltaic parameters of HTM (NiO) 
perovskite solar cells reported in the experimental work in the 
literature and simulated results using SCAPS [29]. 
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Table IX Photovoltaic parameters of HTM (CuI) perovskite 
solar cells reported in the experimental work in the literature 
and simulated results using SCAPS [30]. 

 

IV. CONCLUSION 

In this work, the lead-based perovskite solar cells with two 
different organic HTM i.e. NiO and CuI were analyzed with 
one-dimensional device simulation. The effect of absorber 
parameters on the device were analyzed with result indicating 
an optimum thickness of 0.45 μm for NiO and 0.40 μm for 
CuI, doping concentration values of 1×1015 cm-3 and for NiO 
and 1×1016 cm-3 for CuI, 1.4 μm for NiO and 1.5 μm for CuI 
optimum value of bandgap of the absorber and 1×1013 cm-3 for 
both NiO and CuI are required for preparing efficient solar 
cells. From the two HTMs employed, the result shows that CuI 
as a HTM can achieve relatively higher efficiency which is 
due to its high mobility, good chemical stability and better 
chemical iteration with perovskite absorber. This indicates the 
PCE of the device can further be increase when appropriate 
parameters are carefully analyzed from the absorber which 
plays an important role in the PCE enhancement of the 
devices. Encouraging result with PCE of 16.65 %, FF of 
82.54%, Jsc of 24.33 mA/cm2 and Voc of 0.83 V were obtained 
for CuI as HTM and PCE of 15.74%, FF of 74.69%, Jsc of 
27.22 mA/cm2 and Voc of 0.77 𝑉 were obtained for NiO as 
HTM which shows an enhancement of ~1.15 times in PCE, 
~1.10 in Jsc and ~ 1.17 in FF in CuI as HTM and ~1.20 times 
in PCE, ~1.25 in Jsc and ~1.15 in FF for NiO HTM. 
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