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ARTICLE INFO ABSTRACT

Keywords: The high efficiency and low cost of production of perovskite solar cells (PSCs) based on organic-
Perovskite solar cells inorganic halides have attracted the attention of researchers. However, due to the intricacy in the
Defect density synthesis of Spiro-OMeTAD and the high cost of gold (Au) utilized as the back contact (BC), have
;2\:1 contact affected its viability for commercialization. In this present study, a simulation was performed
SCAPS-1D with and without HTM utilizing different metal contacts (Ag, Cr, Cu, Au, Ni and Pt). SCAPS-1D, a

software program in one dimension, was used to conduct the simulation. A systematic analysis
was done to determine how the metal back contact’s work functions affected the PSC both with
and without HTM. The outcomes demonstrate that the PSCs’ photovoltaic performance is
significantly influenced by the metal contact’s work function (Wg). The best metal contact for
HTM and HTM-free devices was Pt, with a metal work function of 5.65 eV. The initial power
conversion efficiencies (PCEs) for the two configurations were 26.229% for HTM-free and
25.608% for HTM-based device. A number of parameters, including absorber thickness, interface
defect density, and electron transport material (ETM) thickness, were varied to obtain optimal
values of 0.8 pm for both HTM and HTM-free PSCs, 10% em 2 for both HTM and HTM-free PSCs,
and 0.01 pm for both HTM and HTM-free PSCs. These values were then used to simulate the final
HTM and HTM-free devices with a PCE of 27.423%, current density (Js.) of 27.546 mA/cmz, open
circuit voltage (Vo) of 1.239 V, and fill factor (FF) of 80.347% for HTM-free whereas PCE of
26.767% with Jg of 27.545 mA/cm?, V. of 1.250 V, and FF of 77.733% for HTM based. These
outcomes reflect outstanding enhancement of ~1.05 and ~1.07 times in PCE and Jg over
unoptimized cells with and without HTM.
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1. Introduction

At present, the demand of energy is satisfied by 80% of fossil fuel. However, it causes a serious depletion in crude reserves along
with undesirable environmental effects as such prompted significant interest for alternative energy sources [1-4].

Perovskite Solar Cells as an alternative energy source can mitigate the problem connected to the energy crisis and global envi-
ronment due to their unique properties that have attracted attention of researchers, among which include; high coefficient of ab-
sorption, outstanding career mobility, high diffusion length of electrons and holes, good career lifetime, low excitation binding energy,
and large value of dielectric constant [5-7]. Since after its invention by Kojima et al. [8], a lot of investments in research have been
done leading to a present certified record PCE exceeding 25% [5,9]. Despite all the achievements attained, there are still some factors
that have rendered it incapacitated for commercial viability.

Studying the impact of the operating mechanism of a perovskite solar cell is essential to achieving the best performance possible.
But there is still a lot of information about the interface band offset and the metal’s Wr in perovskite solar cells that needs to be re-
examined. In typical PSCs, a metal electrode is anticipated to have three main characteristics: (i) it shouldn’t create a Schottky
junction; (ii) it should have good conductivity; and (iii) it shouldn’t react with the contact materials. Although Au (5.10 eV) is typically
used as the back contact in PSC devices, other metals such as Ag (4.26 eV), C (5.00 eV), Cu (4.53 eV), W (4.32 eV), Al (4.28 eV), Ni
(5.04 eV), Mo (4.36 eV), Ni (5.04 eV), and Pt (5.65 eV) have also been used and produced varied performance results [7,10-17]. The
standard Au metal contact requires a high-technology manufacture and development procedure (like a high-vacuum evaporation
technique), and Au reacts with iodine-containing perovskite compounds to generate (Aulz) and Auls, which cause the gold electrode
to degrade more quickly. Additionally, when perovskites, such as MAPbI3, are decomposed by UV radiation, a quick reaction occurs
with gold to form MAyAuyle, a phase with tetragonal symmetry that can infiltrate through HTM and contribute to the deterioration of
the devices [18,19]. Most experimental researches done in PSCs are carried out without proper simulation to ascertain the optimized
layers’ properties before lab-scale development which can result to inferior device performance. Simulation and optimization are
required to create a PSCs that is both highly efficient and ecologically friendly. Simulation is an essential tool for gaining a thorough
understanding of the physical workings of solar cell devices, assessing the validity of given physical explanations, and determining the
impact of physical modifications on performance. It can minimize not only the risk, time and money but also analyzes the attribute and
role of layers to optimize the solar cell to best performance. Under optimized conditions, better metric parameters (Js., Vo, FF and PCE)
can be realized.

In this present paper, the effect of different metal contact with different work function was examined systematically through device
simulation with Ni, Cu, Cr, Ag and Pt as metal electrodes. The PSCs under study were simulated with and without the HTM layer to see
how metal’s Wy affects recombination at the interfaces of perovskite and BC or at the interface of the HTM layer with BC. We studied
how these interfacial events affect the cells’ Js., Vo, FF, and PCE.

Specifically, the experimental work demonstrated by Behrouznejad et al. [7] was considered for calibration in this work, where we
used TiO, nanoparticles to aid the electron extraction, the perovskite nanocrystals (CHsNH3PbIs) to produce e-h pairs when energetic
photons are absorbed, and spiro-OMeTAD to extract holes. The device structure used in the simulation is as shown in Fig. 1. The Wf of
the back contact is studied to determine their influence on the device performance. After assessing the most efficient device with its
work function, the influence of absorber thickness, interface defect density and ETM thickness is explored in order to get an optimized
value for the PCE. Based on the results presented we provided some useful guidance and recommendations in the design of lead-based
PSCs, either with or without hole transport material.

2. Device simulation

In this article, solar cell capacitance simulator (SCAPS-1D) software was deployed as the tool to simulate the proposed device. Some
simulation softwares for computational study apart from SCAPS-1D include; SILVACO ATLAS, COMSOL, AMPS-1D, SETFOS [13,

Metal back contact
With/without HTM

AM 1.5 G (1000 W/im?)

Fig. 1. The simulated device structure of the perovskite solar cell.
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20-22]. Amongst the listed, SCAPS-1D has some advantages that made it subject of choice over others which include; user friendliness,
simulation under the dark and under illumination conditions, and the fact that up to seven layer’s heterojunction can be designed and
simulated without routine measurements (C-V, C-f) [5]. The performance metrics of a solar cell such as PCE, FF, Jy, and V. as well as
the incident to photon conversion efficiency (IPCE), energy band gap can be predicted simply by solving the three basic equations of
semiconductor (equations (1)-(3)) [5,231;
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where N, (x) and N (x) denote the ionized donor doping concentration and the ionized acceptor doping concentration, respectively.
Trapped holes are p,(x), while the free electrons are n(x), and finally the free holes are p(x). The electron charge is q, permittivity is ¢,
the electron diffusion coefficient is D, the rate of generation is G, the electric force field is E, the electron charge is q, and the elec-
trostatic potential is y. Fig. 1 depicts the structure of the device, which consists of Ag, Cr, Cu, Au, Ni, and Pt as back contacts; spiro-
OMeTAD as HTL; FTO as left contact; TiO5 as ETL; and CH3NH3PbI3 as a light-absorbing material.

This structure of PSC was used to study the effect of metal back contact in HTM based PSC with the purpose of obtaining the
optimum metal contact for further optimization of layer’s parameters. Same was done in the device without HTM. Ag = 4.47, Cr =
4.50, Cu = 4.65, Au = 5.10, Ni = 5.15, and Pt = 5.65 eV are the values of the work function for the various metal contacts. The basic
structures’ input parameters are listed in Tables 1 and 2.

3. Results and discussion
3.1. Metal back contact optimization in HTM and HTM-free devices

In perovskite solar cells, the metal work function of right contact is a crucial and fundamental factor for built-in voltage (Vbi).
Different work functions of metal electrode are expected to give different performances. As such, it must be carefully chosen for
device’s optimum performance. In this sub-section, the simulation of HTM and HTM-free PSC was done with different metals (Ag, Cr,
Cu, Au, Ni and Pt) and their performances were recorded. Fig. 2a & b shows the current-voltage (J-V) behavior of the devices without
HTM and with HTM. For both devices, the performance was greatly affected by the type of metal contact used. The metal contact Wg
ranged between 4.47 and 5.65 eV. Generally, Pt with metal W of 5.65 eV gave the best performance for both HTM free and HTM-based
devices. In terms of the Jy. for HTM-based devices, the impact of BC is negligible for Au, Ni and Pt resulting to constant Jg. values.
Fig. 2c & d shows the IPCE against wavelength for the HTM and HTM-free PSCs with different metal contact. The absorption extends
throughout the entire visible spectrum and reaches a broad absorption maximum in the 350-820 nm range. The strong absorption at
the visible region shows a satisfactory condition of our simulated device under 1sun light and agrees with similar studies with MAPbI3
[24,25]. Tables 3 and 4 show the summary of the obtained results after the simulation. To ascertain the validity of our simulation, the
results obtained were compared with experimental works depicted in Table 5 [7]. Since the simulation doesn’t account for additional
series resistances from BC, FTO, or the reflection of each layer and interface, FF and PCE for the simulated results were higher than
experimental values [7]. Additionally, reasonable Jy. and V. that were in line with experimental findings were obtained, proving the
viability of this simulation and illustrating how well the parameter corresponds to that of real devices. Another possible reason for the
slight disparity in results is the method of preparation and deposition of the films [7,28,29]. According to some studies, CH3NH3Pbls is
being investigated as an n-type semiconductor [30], while others reported CHsNH3PbI;3 as a p-type semiconductor [31-35]. By Yin
et al. [36], It was shown that CH3NH3Pbl3 had shallow levels that determined the semiconductor type (p or n), as well as p-type

Table 1

PSC device simulation data [10,20-27].
Parameters FTO ETM (TiO,) Absorber HTM
Thickness (pm) 0.4 0.05 0.45 0.35
Eg (eV) 3.5 3.20 1.50 3.0
Ey (eV) 4.0 4.2 3.9 2.45
X 9 10 6.5 3.0
N¢ (em™%) 2.2 x 108 2.2 x 108 2.2 x 10'® 2.5 x 10'®
Ny (em™3) 2.2 x 108 2.2 x 10'® 2.2 x 10'® 1.8 x 10%°
o (em? vV 1s™h 20 20 2 2x107*
pp (em? V'sh 10 10 2 2x107*
Np (ecm™3) 1 x 10" 1 x 10" 0 0
Ny (em™3) 0 0 1x 10 1x10'®
N; (em™3) 1x 10" 1x 10" 2.5 x 1013 1x 10
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Table 2
Absorber and interface defect parameters [25,27].
Parameters TiO2/MAPbI; interface MAPDI3/Spiro-OMeTAD interface
Defect type Neutral Neutral
Capture cross section for electrons (cm?) 1x107% 1x1071°
Capture cross section for holes (ecm?) 1x10°%° 1x 107"
Energetic distribution Single Single
Energy level with respect to Ev 0.650 0.650
(eV) 0.1 0.1
Characteristic energy (eV) 1 x 10%° 1 x 10%°

Total density (cm™~>)
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Fig. 2. (a) J-V curve with different metal contact under illumination without HTM, (b) J-V curve with different metal contact under illumination
with HTM, (c) QE with respect to wavelength for HTM-free PSC and (d) QE with respect to wavelength for HTM-based PSC.

Table 3

J-V characteristic parameters with different metal contact for HTM-free PSC.
Metal PCE (%) FF (%) Jsc (mA/cm?) Voe (V)
Ag 3.108 33.201 24.513 0.382
Cr 3.586 35.098 24.799 0.412
Cu 6.338 44.501 25.347 0.562
Au 16.166 63.152 25.618 0.999
Ni 17.311 65.984 25.629 1.024
Pt 26.229 81.596 25.781 1.247
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Table 4

J-V characteristic parameters with different metal contact for HTM-based PSC.
Metal PCE (%) FF (%) Jse (mA/cm®) Voe (V)
Ag-HTM 8.527 42.694 25.774 0.775
Cr-HTM 8.630 42.193 25.774 0.794
Cu-HTM 12.054 49.626 25.781 0.942
Au-HTM 22.768 69.908 25.782 1.263
Ni-HTM 23.941 73.491 25.782 1.264
Pt-HTM 25.608 78.601 25.782 1.264

Table 5

J-V characteristic parameters of HTM-free and HTM-based PSC [7].
Sample Jse (mA/cm?) Voe (V) FF (%) PCE (%)
Au 4.85 0.809 65.38 2.46

Ag 4.93 0.087 39.34 0.17

Pt 7.17 0.686 62.60 3.08
Ni 8.52 0.411 49.92 1.75
Cu 10.42 0.301 33.69 1.06
Cr 0.89 0.753 21.83 0.14
Au-HTM 20.99 1.0091 77.60 16.44
Ag-HTM 20.60 1.023 78.32 16.51
Pt-HTM 20.58 1.006 71.07 14.72
Ni-HTM 18.21 0.834 51.61 7.83
Cu-HTM 20.32 0.942 47.89 9.17
Cr-HTM 0.47 0.04 18.41 0.04

vacancies connected to Pb and n-type vacancies connected to CH3NH3. We can hypothesize that high energy loss occurs during hole
transfer to various metal back contacts after metal deposition on CH3NH3PbIj3 film or spiro-OMeTAD film as a result of the energy offset
between CH3NH3PbI3’s valence band edge and the system’s Fermi level, which is thought to be one of the main causes of the significant
discrepancy between the experimental and simulated results. Miller et al. [37] have demonstrated that the preparation technique
affects the work function of the perovskite layer. Surface contamination and the method of measurement are additional factors [7].
This leads to the conclusion that the CH3NH3Pbl3 layer’s charge carrier density is low in their experimental work and that under the
impact of that underlayer’s carrier density, the work function changes depending on the preparation and deposition processes. This by
implication means that CH3NH3PbI; practically behaves like an intrinsic semiconductor.

The recombination rate at the interface of metal (Ag, Cr, Cu, Au, and Ni) and spiro-OMeTAD was higher than the recombination
rate at the interface of metal (Ag, Cr, Cu, Au, and Ni) and CH3NH3PbI3 which can be depicted in Fig. 3a and b. For Pt, the internal
resistance is substantially larger when HTM is inserted than when it is not. This has proven that the spiro-OMeTAD and Pt metal
electrodes have significant interfacial resistances, which leads to formation of non-ohmic contact. Using Mo metal contact on spiro-
OMeTAD with a work function of 4.6 eV has been demonstrated to cause the contact metal atoms to penetrate the spiro-OMeTAD
layer and produce non-ohmic contact with CH3NH3Pbl3, which increases series resistance and results in an S-shaped J-V curve
[38]. We can clearly detect the S-shape J-V curve in our data in Fig. 2b for Cu since it has the same work function of 4.6 eV and close
values of work function for Cr and Ag in the current study. This behavior can be attributed to the penetration of Cu, Cr and Ag atoms
through the HTM. It can now be concluded that the spiro-OMeTAD used in our simulation is not a good hole transport material when
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Fig. 3. The recombination rate of PSC with different metal back contact based on (a) HTM-free and (b) HTM-based device.
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Cu, Cr and Ag are used as metal contact.

It can further be confirmed from the IPCE against wavelength plot for the HTM based devices with Cu, Cr and Ag as metal contact
that their quantum efficiencies were below 100% with Cr having 76%, Cu having 92.04% and Ag having 98.07%. In the case of the
HTM-free devices, the quantum efficiencies were enhanced with spiro-OMeTAD elimination resulting to IPCE value of 97.08, 98.01
and 99% for Ag, Cr and Cu.

Having obtained the optimal back contact to be Pt with W of 5.65 eV, we focus on optimizing the thickness of the absorber, ETM
thickness, the interface defect between the absorber and the ETM for HTM-free and the interface defect between the absorber and ETM,
and between the absorber and HTM for HTM-based.

Fig. 4a & b shows the best HTM-free device and its corresponding energy profile. The energy profile demonstrates the effective role
of the Wg of the metal contact. The photogenerated electrons and holes that are generated in the conduction band with offset (0.26 eV)
and the valence band with offset (1.90 eV) are highly beneficial and are expected to allow or/block the careers respectively. TiO3 has a
conduction band energy of ~ —4.0 eV and a deep valence band energy of about —7.3 eV which makes it an ideal material for electron
selectivity in PSCs [7,32]. In this scenario, it is anticipated that the metal contact will capture photo-generated holes.

With the insertion of HTM (spiro-OMeTAD), the HOMO of the HTM collects the holes and a relatively high V, is maintained due to
the increase in the built in voltage caused by the insertion. Hence, deeper HOMO results in larger V. [39]. Thus, the HTM is essential in
maintaining a high V,; consequently, the FF increases significantly to complement the high V,. as shown in Table 3. In a practical
term, the HTM is capable of preventing short circuiting in PSC by forming a shell layer between the absorber nanocrystals and the
metal [40].

Fig. 4c shows the J-V curve for an HTM device with a different back contact while Fig. 4d shows the energy band gap profile of the
HTM-based device. The MAPbI3/Spiro-OMeTAD has a valence band offset (VBO) of 0.05 eV. A barrier in the passage of photo-
generated holes from MAPbI3 to HTM results from a larger value of VBO. Because the VBO in this work was so low, spiro-OMeTAD
was a good choice for the HTM with Pt metal contact. The VBO value needs to be low to allow holes from the MAPbI; to enter the
HTM, and it shouldn’t be high enough to generate an accumulation of holes at the absorber/HTM interface that may trigger
recombination [41]. As a result, it’s critical to take into account a material with a low negative or value VBO for improved band
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Fig. 4. (a) J-V curve for optimal metal contact without HTM in the light and the dark, (b) Energy profile diagram of the device with optimal metal
contact without HTM, (c) J-V curve in the light and the dark for optimal metal contact with HTM and (d) Device energy profile diagram with optimal
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alignment, which will ultimately lead to improved device performance. The metric parameters for the Pt-metal device with HTM gave
Voe = 1.264 V, Jg. = 25.782 mA/cm?, FF = 78.601%, and PCE = 25.608%.

3.2. Influence of absorber thickness in devices with and without HTM

The performance properties of PSCs are significantly influenced by the thickness of MAPbI3. The thickness needs to be chosen in
such a way that it will not be too thick no thin. The diffusion lengths and lifetime of photogenerated careers are affected by absorber
layer thickness [42]. A simulation was run with an absorber layer thickness range of 0.1-1.3 pm to better understand the impact of
perovskite thickness on the metrics of perovskite solar cells. For both HTM-free and HTM-based devices, Fig. 5a-d and 6a—d display the
J-V characteristic curve, IPCE vs. wavelength plots, and variation of the metric parameters with absorber layer thickness. The variation
of metric parameters with different thickness values are shown in Fig. 5c and d and 6¢ & d. As shown in Figs. 5a & 6a, increase in the
perovskite thickness from 0.1 to 0.8 pm results to rapid increase in PCE from 14.718 to 27.154% for HTM-free and from 14.630 to
26.436% for HTM-based. Beyond 0.8 pm, there was a decrease in PCE. The V,. and Jy increases rapidly with increase in absorber
thickness for both configurations. FF drastically decreases at the same time to counterbalance the high V,. and Js., bringing about
slightly higher PCE. The enhanced increase in PCE up to 0.8 pm is attributed to a high absorption coefficient of the devices observed in
this range of spectrum [25]. Therefore, the optimal thickness of the MAPbI3 in our research work was 0.8 pm and as such considered for
further simulation. The device performance for the HTM-free at that optimal value is as follows: PCE = 27.154%, FF = 79.910%, Js. =
27.546 mA/cmZ, and Vo = 1.234 V (Table 6) and for the device performance for the HTM-based is as follows: PCE = 26.436%. FF =
77.267%, Jsc = 27.546 mA/cm?, and Vo, = 1.242 V (Table 7).

From the results, it shows that the elimination of the HTM was slightly beneficial to the efficiency enhancement. To support this
statement, in practical terms, it was demonstrated that after depositing Au metal contact on MAPbI; film, the energy offset between
valence band edge of MAPbI3; and the Fermi level of the system was found to be 0.6 eV which leads to low energy loss during the
process of transferring hole to the metal right contact (Au) [7]. Thus, irrespective of the existence of HTM or not, the choice of the
absorber thickness is crucial in realizing high PCE.

The IPCE against wavelength curves for both devices with HTM and without HTM shows increase in quantum efficiencies with
increase in the absorber thickness. The QE increases from 80% at (0.1 pm) to 100% at (1.3 pm). The strong QE is due to increase in
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Fig. 5. (a) J-V curve with varying thickness of absorber in the light condition, (b) QE vs. wavelength, (c) PCE and FF vs. thickness of absorber and
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Table 6

J-V characteristic data without HTM with varying absorber thickness.
Thickness (um) PCE (%) FF (%) Jse (mAcm™2) Voe (V)
0.1 14.718 84.617 13.950 1.247
0.2 21.278 83.711 20.296 1.252
0.3 24.327 82.777 23.482 1.252
0.4 25.786 81.907 25.213 1.249
0.5 26.552 81.331 26.223 1.245
0.6 26.930 80.816 26.851 1.241
0.7 27.085 80.293 27.263 1.237
0.8 27.154 79.910 27.546 1.234
0.9 27.152 79.562 27.748 1.230
1.0 27.097 79.206 27.897 1.226
1.1 27.004 78.840 28.010 1.223
1.2 26.926 78.574 28.098 1.220
1.3 26.835 78.302 28.168 1.217

extinction coefficient as the thickness increases.

3.3. ETL/absorber interface defect for HTM-free

The ETL/absorber interface flaw adversely affects the PSC device’s performance. To examine the performance of PSC in a more
realistic way, ETL/absorber interface density (N) was introduced in our initial device ranging from 10° to 102 cm™2, attempt to
exceed above 10'2 cm 2 leads to convergence failure. Though the values chosen are somewhat too low in practical terms but it’s
necessary to elucidate its significance in theoretical basis. At the ETL/absorber interface, the N; affects the stability and performance
properties of PSCs. Fig. 7a—-d shows the J-V characteristics plot, IPCE-wavelength plot and variation in device parameters with diverse
defect densities of ETL/absorber interface, PCE and FF maintains a constant value at 10%° and 10% ¢cm 2 before they start decreasing.
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Table 7

J-V characteristic data with HTM with varying absorber thickness.
Thickness (um) PCE (%) FF (%) Jse (mA/cm?) Voe (V)
0.1 14.630 81.670 13.968 13.968
0.2 20.952 80.530 20.302 20.302
0.3 23.821 79.563 23.485 23.485
0.4 25.185 78.815 25.214 25.214
0.5 25.903 78.389 26.224 26.224
0.6 26.236 77.940 26.851 26.851
0.7 26.381 77.559 27.263 27.263
0.8 26.436 77.267 27.546 27.546
0.9 26.412 76.942 27.748 27.748
1.0 26.338 76.595 27.897 27.897
1.1 26.271 76.358 28.010 28.010
1.2 26.185 76.116 28.098 28.098
1.3 26.082 75.858 28.168 28.168

The V. also maintains a linear variation up to 10°® cm~2 before it starts decreasing. The drop in device characteristics may be
explained by the fact that electrons moving from the MAPbDI; layer to TiO, are more likely to be trapped or quenched as a result of

recombination as the N; at the ETL/absorber interface increases. Though there are three defect density (10%, 10%, and 1

0 em2)

with the same performance as shown in Table 8, so ETL/absorber defect density of a value equal to or less than 10°7 cm™2 gives

reasonable performance. But it is often impractical to realize a very low ETL/absorber defect, so we chose 10%7 ecm™

2 as optimized

value for further simulations. The performance of the device at 10% em~2 ETL/absorber defect density is as follows: Vo = 1.254 V, Jg
= 25.781 mA/cm?, FF = 82.277% and PCE = 26.596%.
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Fig. 7. (a) J-V curve with varying ETL/absorber interface defect density in the light condition, (b) QE vs. wavelength, (c) PCE and FF vs. ETL/
absorber interface defect density and (d) J,. and V. vs. ETL/absorber interface defect density for PSCs without HTM.
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Table 8

J-V characteristic data without HTM with varying ETL/absorber interface defect density.
N, (em™?) PCE (%) FF (%) Jse (mAcm ™) Voe (V)
10% 26.596 82.277 25.781 1.254
10% 26.596 82.277 25.781 1.254
10%7 26.596 82.276 25.781 1.254
10% 26.592 82.269 25.781 1.254
10%° 26.556 82.200 25.781 1.253
10'° 26.229 81.596 25.781 1.247
10! 24.868 81.503 25.781 1.203
1012 23.109 81.488 25.781 1.100

3.4. ETL/absorber interface defect and HTM/absorber interface defect for HTM-base

The ETL/absorber interface flaw significantly affects the PSC device performance. To examine the performance of PSC in a more
realistic way, ETL/absorber interface density was introduced in our initial device with variation values from 10% to 10'2 cm 2. At the
ETL/absorber interface, the N affects the stability and performance properties of PSCs with HTM since the structures are also made up
of discontinues materials. Fig. 8a-d shows the J-V characteristics plot, IPCE-wavelength plot with diverse ETL/absorber interface
defect densities, J-V characteristics plot of absorber/HTM interface defect densities and IPCE-wavelength plot with absorber/HTM
interface defect densities. PCE and FF maintains a constant value at 10% and 10°® cm™2 before they start decreasing. The Vo also
maintains a linear variation up to 10°® cm~2 before it starts decreasing. The drop in device characteristics may be explained by the fact
that electrons moving from the MAPbI;3 layer to the ETL are more likely to be caught or quenched as a result of recombination as the N¢
at the ETL/absorber interface increases. Despite the fact that three ETL/absorbers have the same performance as shown in Table 9,
therefore, a defect density for ETL/absorbers equal to or below 10°” cm™2 results in acceptable performance. However, it is frequently
impracticable to achieve a very small ETL or absorber defect, so we chose 10%” cm™2 as optimized value for further simulations. The
performance of the device at 10%7 cm ™2 ETL/absorbers defect density is as follows: Voo =1.277 V, Jgc = 25.782 mA/ cm?, FF = 78.943%
and PCE = 25.991%.

Additionally, the PSC performance and stability are impacted by the N; at the absorber/HTM contact. The device was simulated
with by changing the absorber/HTM N; from 10% to 10'2 cm™2. As shown in Fig. 8c and d, varying the defect density at the absorber/
HTL interface has no effect on the performance metrics of the device (see Table 10). The IPCE versus wavelength curve exhibits spectral
overlap when the absorber/HTL N is chosen between 10°° to 10'2 cm™2, which is explained by unchanging optical absorption effi-
ciency at the chosen values of the absorber/HTM defect density.

3.5. ETM thickness with and without HTM

In order to examine how performance is impacted by ETL thickness of PSCs with HTM and without HTM, the thickness of the ETL
was varied from 0.01 to 0.10 pm. Fig. 9a—d and 10a-d show the J-V curves, IPCE-wavelength, and photovoltaic parameters with respect
to the varied thickness on device without HTM and with HTM. With ETL thickness increased, the Jg. and V,. were unaffected. The PCE
and FF slightly decreases with increased thickness. The decrease in PCE and FF can be attributed to the series resistance offered by the
layer thickness. The QE versus wavelength curve exhibits spectrum overlap when the thickness is chosen between 0.01 and 0.10 pm,
which is explained by the unchanged optical absorption efficiency for the chosen thickness values. The optimal ETL thickness was 0.01
pm for both HTM-free and HTM-based devices. The parameters at the optimal values are as follows: (PCE = 26.396%, FF = 82.123%,
Jse = 25.781 mA/cm? and V. = 1.247 V) (Table 11) for device without HTM and (PCE = 25.764%, FF = 79.091%, Jy. = 25.782 mA/
em? and Voo = 1.263 V) (Table 12) for device with HTM.

3.6. Optimized device

After careful variation of the selected ranged parameters, we obtained 0.8 pm for MAPbI3 thickness for both devices without HTM
and with HTM, 10%7 cm 2 for TiO2/MAPDI; interface defect density for both devices without HTM and with HTM, 10 cm 2 MAPDI3/
HTM interface defect density for device with HTM, 0.01 pm for TiO, thickness for both devices without HTM and with HTM. The
optimized parameters were used to simulate the final device with and without HTM.

Fig. 11 depicts the J-V characteristics and IPCE-wavelength curve for the optimized device with and without HTM. The perfor-
mance of both devices gave optimal parameters as follows: Voo = 1.239V, J;. = 27.546 mA/cm?, FF = 80.347% and PCE = 27.423% for
device without HTM and V,. = 1.250 V, Js. = 27.545 rnA/cmz, FF = 77.733% and PCE = 26.767% for device with HTM.

The outcomes suggest an outstanding improvement of ~1.05 and ~1.07 times in PCE and Js. over the unoptimized cell without
HTM, and ~1.05 and ~1.07 times in PCE and J,. against the unoptimized cell with HTM. Both devices experienced the same
enhancement strength. Thus, irrespective of whether there is HTM or not, the enhancement power remains same.

Table 13 shows the comparison of results obtained in this study via simulation with other previously published works to validate
our findings and its applicability in research. The results obtained are encouraging and have highlighted the prospect of the proposed
structure and emphasize the importance of using HTM-free solar cells without deteriorating the efficiency.
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Fig. 8. (a) J-V curve with varying ETL/absorber interface defect density in the light condition, (b) QE vs. wavelength of ETL/absorber interface
defect density (c) J-V curve with varying absorber/HTM interface defect density in the light condition and (d) QE vs. wavelength of absorber/HTM
interface defect density for PSCs with HTM.

Table 9

J-V characteristic data with HTM with varying ETL/absorber interface defect density.
N; (cm™2) (ETM-Abs) PCE (%) FF (%) Jse (mA/cm?) Voe (V)
10%° 25.991 78.943 25.782 1.277
10% 25.991 78.943 25.782 1.277
10%7 25.991 78.943 25.782 1.277
10% 25.986 78.939 25.782 1.277
10%° 25.947 78.902 25.782 1.276
10'° 25.608 78.601 25.782 1.264
10'! 24.216 77.922 25.782 1.205
10'2 22.451 79.166 25.782 1.100

Table 10

J-V characteristic data with HTM with varying absorber/HTM interface defect density.
N; (cm™2) (Abs-HTM) PCE (%) FF (%) Jse (mA/cm?) Voe (V)
10% 25.608 78.601 25.782 1.264
10% 25.608 78.601 25.782 1.264
10%7 25.608 78.601 25.782 1.264
10% 25.608 78.601 25.782 1.264
10%° 25.608 78.601 25.782 1.264
10'° 25.608 78.601 25.782 1.264
10! 25.608 78.601 25.782 1.264
1012 25.608 78.601 25.782 1.264
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Fig. 9. (a) J-V curve with varying ETL thickness in the light condition, (b) QE vs. wavelength, (c) PCE and FF vs. ETL thickness and (d) Js. and V.
vs. ETL thickness for PSCs without HTM.

4. Conclusion

In this present work, the impact of metal contact on HTM and HTM-free PSC was first studied to obtain the optimal work function.
With the control of thickness of absorber layer (0.1-1.3 pm), interface defect density from 10% - 102 cm_z, and ETM thickness from
0.01 to 0.10 pm for both HTM and HTM-free perovskite solar cells, their effects were investigated through optimization to obtain the
final optimized devices using SCAPS-1D simulation tool. The optimized device without HTM revealed the efficiency of power con-
version of 27.423%, with 80.347% of fill factor, current density of 27.546 mA/cm?, voltage of 1.239 V and maximum quantum ef-
ficiency of 100% in the visible range whereas the device with HTM demonstrated a power conversion efficiency of 26.767%, fill factor
of 77.733%, current density of 27.545 mA/cm?, voltage of 1.250 V and also a maximum incident to photon conversion efficiency of
100% in the visible region. These results show an improvement of ~1.05 and ~1.07 times in PCE and J,. over the unoptimized cells
with and without HTM. The results obtained are impressive and have demonstrated the prospect of alternative metal back contact
other than Au and have indicated the possibility of efficiency enhancement on simplified structures.
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Fig. 10. (a) J-V curve with varying ETL thickness in the light condition, (b) QE vs. wavelength, (c) PCE and FF vs. ETL thickness and (d) J. and Vo
vs. ETL thickness for PSCs with HTM.

Table 11

J-V characteristic data without HTM with varying ETL thickness.
Thickness (pm) PCE (%) FF (%) Jse (mA/cm?) Voo (V)
0.01 26.396 82.123 25.781 1.247
0.02 26.276 81.744 25.781 1.247
0.03 26.243 81.641 25.781 1.247
0.04 26.233 81.608 25.781 1.247
0.05 26.229 81.596 25.781 1.247
0.06 26.228 81.591 25.781 1.247
0.07 26.227 81.589 25.781 1.247
0.08 26.227 81.588 25.781 1.247
0.09 26.227 81.588 25.781 1.247
0.10 26.227 81.588 25.781 1.247

Table 12

J-V characteristic data with HTM with varying ETL thickness.
Thickness (um) PCE (%) FF (%) Jsc (mA/cm?) Voe (V)
0.01 25.764 79.091 25.782 1.263
0.02 25.648 78.729 25.782 1.264
0.03 25.62 78.639 25.782 1.264
0.04 25.611 78.611 25.782 1.264
0.05 25.608 78.601 25.782 1.264
0.06 25.607 78.597 25.782 1.264
0.07 25.606 78.596 25.782 1.264
0.08 25.606 78.596 25.782 1.264
0.09 25.606 78.595 25.782 1.264
0.10 25.606 78.595 25.782 1.264
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Fig. 11. (a) Optimized J-V curves for HTM and HTM-free PSC and (b) IPCE with respect to wavelength for HTM and HTM-free PSC.

Table 13

J-V characteristic data of experimental and simulated results.
Device PCE (%) FF (%) Jse (mA/cmz) Voe (V) Remark
Simulation with HTM 26.767 77.733 27.545 1.250 This work
Simulation without HTM 27.423 80.347 27.546 1.239 This work
Experimental with HTM 16.510 78.32 20.600 1.023 [71
Simulation without HTM 25.750 89.500 23.250 1.240 [25]
Simulation with HTM 23.040 81.680 24.980 1.120 [43]
Simulation with HTM 26.667 83.005 23.232 1.383 [44]
Simulation without HTM 15.020 82.830 24.740 0.730 [45]
Experimental without HTM 15.040 61.570 23.090 1.058 [46]
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