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ARTICLE INFO ABSTRACT

Keywords: Carbon electrode-based perovskite solar cells (c-PSCs) without a hole transport layer (HTL) have
Perovskite solar cells obtained a significant interest owing to their cost-effective, stable, and simplified structure.
SCAPS-1D

However, their application is limited by low efficiency and the prevalence of high-temperature
processed electron transport layer (ETL), e.g. TiO,, which also has poor optoelectronic proper-
ties, including low conductivity and mobility. In this study, a series of organic materials, namely
PCBM ((Park et al., 2023; Park et al.,, 2023) [6,6]-phenyl-C61-butyric acid methyl ester,
C72H1402), Algs (Al(CoHgNO)3), BCP (2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline,
Ca6H20N3), Ceo, ICBA (indene-C60 bisadduct, C;gH;6) and PEIE (poly (ethylenimine) ethoxylated,
(C37H2406N2),) have been numerically analyzed in SCAPS-1D solar simulator to explore alter-
native potential ETL materials for HTL-free c-PSCs. The presented device has FTO/ETL/
CH3NH3PbIs/carbon structure, and its performance is optimized based on significant design pa-
rameters. The highest achieved PCEs for PCBM, Alqs, BCP, Cgo, ICBA, and PEIE-based devices are
22.85%, 19.08%, 20.99%, 25.51%, 23.91%, and 22.53%, respectively. These PCEs are obtained
for optimum absorber thickness for each case, with an acceptor concentration of 1.0 x 10*” cm ™3
and defect density of 2.5 x 10'2 em ™. The Cgo-based cell has been found to outperform with
device parameters as Vo of 1.29 V, J,. of 23.76 mA/cm?, and FF of 82.67%. As the design lacks
stability when only organic materials are employed, each of the presented devices have been
analyzed by applying Bils, LiF, and ZnO as protective layers with the performances not
compromised. We believe that our obtained results will be of great interest in developing stable
and efficient HTL-free c-PSCs.
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1. Introduction

Photovoltaic (PV) cells have earned worldwide significance as a sustainable and potential technology to realize energy needs
because of their continuously improving performance, environmental friendliness, massive production, and low manufacturing cost
compared with fossil fuels. Conventional silicon-based solar cells have reached maturity featured with merits and demerits in that they
have higher efficiencies and longer lives but their massive production is not supportive due to complex and expensive fabrication
techniques [1]. Organic-inorganic hybrid perovskites have been replacing them because of their tremendous progress during the last
decade [2,3]. Perovskites were first used in PV cells in 2009 [4,5] and demonstrated an efficiency of 3.8%. Recently, Perovskite Solar
Cells (PSCs) have successfully reached a cell efficiency of 26.08% (certified 25.73%) [6], which is very close to that of the
crystalline-silicon cells conversion efficiency of 26.7% [7]. They have been able to procure a tremendous and escalating interest
because of their counting factors towards success, such as low processing cost, wideband absorption with absorption coefficient as high
as >10~* cm ™, tunable electro-optical bandgap [8], superconductivity, long transport length of charge carriers, good charge mobility
(~10 em? V1s7), quick separation of charges and a low exciton binding energy (<100 meV) [9].

To explore and to realize improved device performance, a number of configurations, including mesoporous [10], planar
hetero-junction, hole transport layer (HTL)-free [11], and the electron transport layer (ETL)-free structures [12] have so far been
presented. In a mesoporous perovskite structure, a mesoporous metal oxide is coated with sensitizer, whereas in a planar configuration,
the fabrication is simpler because of being free from high-temperature sintering. A sound solar cell engineering combines materials
favorable optical absorption characteristics and exceptional charge-transport properties [13]. In a most conventional scheme, a PSC is
composed of transparent conducting oxide/ETL/Perovskite/HTL/back metal layer where back contact is made of noble metals making
the overall device design complicated and expensive. Also, spiro-OMeTAD [14], which is the most widely used HTL in highly efficient
PSCs, but, it is costly and has instability issues, it raises the overall device cost which impedes its commercialization. In addition, HTL is
one of the significant reasons for device degradation; hence, consistent efforts have shifted toward HTL-free devices [11,15]. In this
regard, carbon electrode-based perovskite solar cells (c-PSCs) without HTL [16] have been considered an alternative with acceptable
performance, excellent stability, simple fabrication, and reduced cost.

Carbon is a promising alternative in HTL-free structures as back metal contact due to its good electrical conductivity and chemical
stability [17]. Despite its low-cost and excellent stability, the efficiency in these structures is lower than that of PSCs with HTL and
having metals as back contacts. However, these cells had not very impressive starting efficiencies, i.e. 6.6% [16], later on composi-
tional engineering and use of novel fabrication techniques improved efficiencies over 18% [18]. In addition, device efficiencies of
20.43% and over 25% have also been realized by employing simulation studies [19,20]. With the maximum theoretical
Shockley-Queisser (S-Q) limit standing above 30% for single junction solar cells [21], avenues are still wide open for research in this
domain to explore better, more efficient, and cost-effective configurations [22].

The performance of HTL-free devices is even more dependent on ETL materials because they offer charge extraction while
simultaneously blocking holes [23]. A good ETL material has a transparent spectrum in the UV-Vis region, and its lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) levels are higher than that of the absorber layer. The
conventionally used ETL, i.e. TiOy poses challenges, such as the need for high annealing temperature making it incompatible with
flexible substrates. In addition, the hysteresis challenge arises when used in the planar configuration. Therefore, to come up with
alternative potential ETLs, a set of different ETL materials, either inorganic or organic, with their associated benefits, have been used
for device design. As nearly half of the solar energy lies in the near-infrared (NIR) region, the research focuses on NIR PV materials.
Organic semiconductors are the ideal candidates for this role as their absorption is tunable based on their molecular engineering. They
have lower cost, simple synthetic protocols, environmental friendliness, tunable optoelectronic properties, and mechanical flexibility
and are available in abundance, getting popular as ETLs in currently designed cells [24]. Therefore, it has become crucial to expand
research related to organic materials to assess design concepts that can build on their associated advantages.

In this work, we have employed the One-Dimensional Solar Cell Capacitance Simulator (SCAPS-1D) laid out by the University of
Gent [25] to analyze the effect of varying device parameters on the performance of presented devices. The design under study is
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Fig. 1. (a) The HTL-free Perovskite solar cell device with organic ETL materials and (b) the associated energy level diagram.
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carbon-based HTL-free PSC with different organic ETL materials, including PCBM, Alqs, BCP, Cgo, ICBA, and PEIE [26]. The motivation
behind proceeding this study is to conduct a comparative analysis in order to investigate the best alternative potential ETLs for a
perovskite solar cell. The designs are evaluated in terms of their J-V characteristics, FFs, PCEs, and QEs. The designs have been
optimized for their performances using thicknesses of various layers, donor density (Np), acceptor density (Na), defect density (Np),
carrier mobility (p), carrier diffusion lengths (Ly, Lp), and carrier lifetime (ty, Tp). The highest achieved PCEs for PCBM, Alqs, BCP, Cgo,
ICBA, and PEIE-based devices are 22.85%, 19.08%, 20.99%, 25.51%, 23.91%, and 22.53%, respectively, when each of them had an
optimum value of layer thickness with defect density equal to 2.5 x 10'3 cm ™ and N, was equal to 107 cm ™. The Cgo-based cell has
been found to outperform with V. of 1.29 V, J,. of 23.76 mA/cmz, and FF of 82.67%. Further, as the devices with organic materials are
prone to stability issue, which has been tackled using protective layers of Bil3 [27], ZnO [28], and LiF [29,30], without affecting the
device efficiencies.

2. Simulation and device modelling

A uniformly doped metal-halide perovskite (CHsNH3Pbls) based device in HTL-free configuration has been employed for this study.
The device is an HTL-free hetero-junction cell with a layer configuration of Carbon/absorber layer (CH3NH3Pbl3)/Interface Defect
Layer (IDL)/(ETL (only organic))/FTO (Fluorine-doped Tin Oxide) as depicted in Fig. 1 (a). The transparent conducting oxide, i.e.,
FTO, is employed as the front contact, and carbon with a work function close to gold is used here as the back contact. At the same time,
a thin IDL is present for seeing the impact of interfacial charge recombination. The top contact must ideally be highly transparent
having minimal electrical losses. In this study, we have optimized the cell performance by employing six different organic ETL ma-
terials. The energy level diagram for the materials under investigation is included in Fig. 1 (b). The device design parameters are taken
from the literature and are listed in Table 1, while the defect parameters of layers are kept the same as those in Refs. [31,32]. Thermal
velocities of both electron and hole are set to 1 x 107 cm/s. The defect energy level (Eg) center is of neutral defect type; the Energy
distribution is Gaussian with 0.1 eV characteristic energy. The Capture cross section for both the electron and hole is 2 x 1071% cm?.
The work functions for left and right contacts are 4.4 eV (FTO) and 5.0 eV (Carbon), respectively. The device is studied under AM 1.5
illumination at an operating temperature of 298.16 K. The potentials, current densities, fill factor, and power conversion efficiency
under different parameter optimization are studied.

2.1. Selection of ETL materials

In the design of PSCs, ETL selection is critical for successful device operation, as it facilitates electron transfer and blocks holes;
thus, its electron mobility should be high. The Conduction Band Offset (CBO) of ETL and absorber layer plays a significant role in
performance determination. In general, its negative values mean smaller interfacial recombination activation energy, resulting in
lower V,. and PCE values. However, its positive value leads to a larger activation energy of interface recombination, higher V,. and
PCEs [44]. Here, we have compared the performance of the HTL-free device by employing six different organic materials, including
PCBM (C72H1402 [6,6],-phenyl-C61-butyric acid methyl ester), Alqs (Al(CoHgNO)3), BCP (2,9-Dimethyl-4,7-diphenyl-1,10-phe-
nanthroline, CoHogN2), Cgo, ICBA (indene-C60 bisadduct, C;gH;¢6) and PEIE (poly-ethylenimine ethoxylated, (C37H2406N2);,) as the
ETL whose chemical formations are shown in Fig. 2. The CBO values of the corresponding materials are included in Table 2 with
initially obtained performances without optimization.

Table 1
Device simulation parameters of each layer for the proposed device.

FTO IDL Perovskite PCBM Algs BCP Ceo ICBA PEIE

Layer Thickness (nm) 300 5 800 (Variable) 20 20 20 20 20 20

Eg: Bandgap (eV) 3.5 1.610 1.610 2.0 2.8 2.78 1.9 2.0 2.91

x: Electron Affinity (eV) 4 3.86 3.86 3.9 4.17 4.17 4.0 3.6 3.92

. Relative Permittivity 9 6.5 6.5 3.9 3.4 2.7 10 3.825 3.065

N,: Effective density of states for 2.2 x 1.0 x 1.0 x 10Y7 2.5 x 1.44 x 6 x 8 x 5x 10 2.8 x

Conduction band (cm™2) 10'8 10" 10! 10%° 10% 10" 10%°
N,: Effective density of states for 1.8 x 1.0 x 1.0 x 10" 2.5 x 1.44 x 6 x 8 x 5x10"®  1.04 x
Valence band (cm™2) 10%° 107 102! 10%° 102 10%° 10
It Mobility of electron (cm?/Vs) 20 2.0 2.0 0.2 1.9 x 1.1 x 8 x 6.9 x 1x1073
107° 1073 1072 1073
}p: Mobility of fole (cm?/Vs) 10 2.0 2.0 0.2 2x1077  5x 3.5 x 6.9 x 1x107°
10°° 10°° 1073
Na: Acceptor concentration (cm~3) 0 1x10%  1x10" 0 - - - -
(Variable)

Np:Donor concentration (cm™%) 2 x 0 0 1x10%  1x10% 1x 1x 1x102 1 x10¥
1019 1021 1021

N¢: Defect Density (cm™3) 1x 1x10% 25x10" 1x10"%  1.3x 2 x 2,610 1.3 x 2.5 x
10 (Variable) 107 10'8 10%° 107

Reference [33] [33-35] [31] [36] [37,38] [39] [40] [41] [42,43]
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Table 2

Fig. 2. Chemical structures of PCBM, Alqs, BCP, Cgo, ICBA, and PEIE, used as ETL materials.

The performance parameters of solar cells after initial optimization with device parameters listed in Table 1 and conduction band offsets (CBOs) for
different ETL materials where the electron affinity ()) for the absorber layer is taken to be 3.86 eV.

Electron transport layer Voe (V) Jse (mA/cm?) FF (%) PCE (%) Electron affinity of ETL CBO =(y _pvsk — y_ETL) (eV)
PCBM 0.897828 26.01866 73.0499 17.0647 3.9 —0.04
Algs 1.118256 23.92755 68.9558 18.4506 4.17 -0.31
BCP 1.01986 23.77683 63.7424 15.4569 4.17 -0.31
Ceo 1.024168 26.03656 71.142 18.9706 4.00 -0.14
ICBA 1.12334 23.81859 81.2271 21.7335 3.6 0.26
PEIE 1.1238 23.99618 76.6305 21.84255 3.92 —0.06
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Fig. 3. The device performance variation for absorber thickness (400-2000 nm), (a) Vo (V), (b) Jsc (mA.cm™2), (c) FF (%), and (d) PCE (%).
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3. Results and discussion

By making the previously presented work in Ref. [31] a baseline where all ETLs were inorganic, here the design performance is
evaluated with organic ETL materials. For the presented design, the FTO layer has a thickness of 300 nm, each ETL material is set to
have a thickness of 20 nm, the active layer has variable thickness for optimum performance, and the IDL is 5 nm thick. A thicker ETL
leads to a higher series resistance limiting the photo generation, which in turn causes a decrease in Js. and hence in overall cell ef-
ficiency. This study encompasses many significant performance-affecting analyses, including charge mobility and carrier diffusion
length of CH3NH3PbI3, doping concentration, defect density, operating temperature, and back metal contact work function. In solar
cells, after the light-harvesting and electron-hole pair generation processes, electrons often want to return to their stable state in the
valence band. This phenomenon generally lead to dissipation resulting from the recombination process. Recombination processes can
be classified into numerous groups [45]. Recombination processes generally take place via radiative, Auger, and Shockley-Read-Hall
(SRH) mechanisms. Radiative recombination occurs when an electron from the conduction band combines with a hole from the
valence band, resulting in the emission of a photon within the bandgap region. Auger recombination happens when the released energy
or photon is transported to another free charge carrier (electron or hole) through a precise approach.

3.1. Effect of absorber layer thickness

The MAPbDI; device is first optimized for absorber thickness, a significant performance descriptor in a PSC [46], as each perfor-
mance parameter is sensitive to it. When light is illuminated, electron-hole pair generation occurs inside the absorber layer, eventually
giving rise to voltage generation after their collection at the cathode and anode. The device under study is analyzed under the change of
absorber thickness between 400 nm and 2000 nm to see its impact. The resulting variation in photovoltaic parameters is plotted in
Fig. 3(a—d), where it can be seen that there is an optimum thickness for each of the devices. A thicker absorber, though, leads to
increased performance but only before a particular value i.e. is the optimum thickness value for a given structure as recombination
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Fig. 4. The change in performance parameters of PSC with N, from 10! to 10*! cm ™2 for different ETL materials (a) Vo (V), (b) Jsc (mA.cm~2), (c)
FF (%), and (d) PCE (%).
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starts to increase beyond that. The value of optimum absorber thickness for PCBM is 1000 nm; for Alqs it is 2000 nm; for BCP it is 1200
nm; for Cep it is 1100 nm; for ICBA and PEIE it is 2000 nm with the highest of efficiencies being 17.06%, 18.45%, 15.45%, 18.97%,
15.40%, 21.702%, and 20.665% respectively. Js. increases with absorber thickness initially, but the increase proportion reduces after
saturation. In addition, some of the materials have shown relatively inefficient charge separation and poorer transport of charges,
resulting in a low photocurrent generation. V. increases in many cases due to increased absorption, which causes a large number of
photo-generated carriers and increases the built-in electric field; however, the decrease in V. is observed in BCP and Cg materials
with increasing thickness due to the increased recombination rate. FF decreases after a certain value for most cases, which is attributed
to an increased value of series resistance. In addition, a thick absorber may pose fabrication challenges and raise electrical losses.

3.2. Effect of acceptor concentration (N)

The device performance greatly depends on the acceptor density (Na) of the holes in the active layer, as the performance of a
semiconductor device improves with doping through increased electric field strength. In this work, the value of N for MAPbI; layer is
varied from 10! to 10%! cm™3. As N, increases, the width of the depletion layer decreases, which increases the neutral region size, and
hence the bulk recombination occurs. It can be seen from Fig. 4 (a) that V. increases due to the charge separation towards corre-
sponding electrodes [20]. This increase in voltage is also attributed to a decreased holes fermi level. Fig. 4 (b) shows that J starts
decreasing beyond 10'° cm 2 after remaining constant due to Auger recombination which becomes more significant at higher Nu. The
PCE is high at larger N, values where its highest values are realized for Ny = 10*! cm 3 as 24.49%, 24.50%, 26.43%, and 30.15% for
PCBM, Alqs, BCP, Cg, cases respectively. However, the optimum values for ICBA and PEIE are observed to be Ny = 10" em™3. The
overall highest performance is realized with Cgp because it improves cell performance with exceptional electron mobility and
electron-accepting properties.

15 27
L 4 . g >
13+ Br "
12 ~ 24 | = . ’ 4 3  —_ | A
S Enl
~ L1 <
> Ent
1.0 2
ot
21+ . °
09 |
20 B ~ ~
osl = PCBM — Alg3 — BCP == PCBM -+ Alq3 —- BCP
— C60 + ICBA - PEIE (,l) 19+ - C60 - |CBA -=- PEIE (b)
0.7 1 1 1 1 1 1 1 1 18 1 1 1 1 1 1 1 1
10 10" 10" 107 10" 10" 10* 10" 10% 104 10 10 107 10" 10" 10* 10 102
Donor Concentration (cm™) Donor Concentration (cm™)
85 26
=== PCBM -+~ Alq3 ~- BCP v - PCBM -+ Alq3 -+ BCP W
80— C60  — ICBA —== PEIE_-7 24f = C60 -+ ICBA -= PEIE -
L 4
7 nl
70
20 |
[ st
= 60 - 8
= £l
55
14
50 -
12
45
sk 10 | (d)
' 1 1 1 L ' 1 1 L L L L L L L
04 10 10 107 10®  10°  10°  10* 10 10 10" 10 107 10" 10”10 10" 107
Donor Concentration (cm™) Donor Concentration (cm™)

Fig. 5. Variation of device performance parameters (a) Vo (V), (b) Jsc (mA/cmz), (c) FF (%) and (d) PCE (%) with the change of donor concen-
tration (Np) for each ETL from 10 to 10%' cm 2.
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3.3. Effect of ETL donor concentration (Np)

For best output parameters, the donor concentration (Np) of each ETLs also needs optimization. It has its significance in the
performance evaluation of the device. Np has been varied from 10'* to 102! em 2 for each ETL case. It can be seen from Fig. 5(a—d) that
in most of the cases, the performance is higher when Np, has larger values. The peak values of PCEs achieved for Np = 10%! ecm™ are
17.02%, 24.50%, 15.49%, 21.70%, and 20.66% for PCBM, Alqs, BCP, ICBA, and PEIE, respectively. However, the highest value of PCE
of 18.97% was achieved for 107 em™2 for the Cgg case. Similarly, the highest values for FF are obtained when Np is 10%! cm ™2 as
72.94%, 80.32%, 63.90%, 74.45%, 81.09%, and 76.63% for PCBM, Alqs, BCP, Cgo, ICBA, and PEIE, respectively. The improved charge
transport and decreased recombination at high values of ETM’s N lead to enhanced device performance. However, an increase in Np

beyond a specific value may reduce the device efficiency because of an increase in carrier trapping.

3.4. Effect of defect-density (Ny) of CH3NH3PbIs layer

The absorber layer defect density (Ny) also influences the device performance, and after a certain value, the performance pa-
rameters start to decrease due to the origination of non-radiative recombination. The defects in the absorber layer are inevitable; some
common forms are Frenkel defects, Schottky, interstitial and lattice vacancy. These defects may result from self-doping, which in-
troduces deep or shallow band gap energy levels [47]. Eventually, charge carriers are suspected to trap and assist non-radiative
electron-hole recombination [48]. For each of the proposed material’s based cell, the behavior is shown in Fig. 6(a-d) by varying it
in arange of 2.5 x 10! to 2.5 x 107 cm 3, with the rest of the other parameters kept intact. The increase in N; reduces diffusion length
compared to the absorber thickness, thus reducing the Jg. values due to recombination loss. It can be observed from Fig. 6 that the
performance of the cell is higher for smaller N, values. The highest value of efficiency is obtained for 2.5 x 10*! ecm~> which remains
relatively constant up to 2.5 x 10'3 cm ™3 for all ETL materials because the diffusion length is greater here as compared to that of
absorber, and does not let N¢ to affect Jg, the recombination being low. Similarly, V,, Jsc and FF values remain constant in this region,
therefore the optimum value for N; is set to be 2.5 x 103 em 2 where the peak efficiencies obtained are 17.90%, 18.87%, 16.33%,
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Fig. 6. The effect of change of defect density (N,) of absorber on (a) Vo (V), (b) Js¢ (mA/cmz), (c) FF (%) and (d) PCE (%) by varying it from 2.5 x

10! to 2.5 x 107 em 3,
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19.78%, 22.85% and 22.99% for PCBM, Alqs, BCP, Cgo, ICBA and PEIE, respectively. The highest current of 26.12 mA cm~2is achieved
for C¢p and PCBM, whereas the peak voltage of 1.11 V is obtained for PEIE, and the highest FF value is realized for ICBA which is
86.01%.

3.5. Effect of defect-density of interface of perovskite/ETL

In order to passivate recombination defects and ion migration or increase ETL and HTL carrier mobility, interfacial engineering is
employed. The interface defects cause high resistance; they generate interface trap levels, increasing recombination and decreasing
performance. The device performance is highly influenced by interface defect density when it exceeds a certain level, as shown in Fig. 7
(a—d) when the defect density of IDL is varied from 10'2 to 10?! cm™3. The results indicate that the highest admissible value not
affecting the output values is up t010'® cm ™3, where higher values indicate a higher rate of recombination of the charge carrier at the
interface. Therefore, 1 x 10'® cm™ has been selected for further analyses of each device. The PCE values achieved in this case for
PCBM, Alqs, BCP, Cgo, ICBA, and PEIE are 16.98%, 18.45%, 14.40%, 18.97%, 21.70%, and 21.84%, respectively.

3.6. Effect of absorber carrier mobility (1)

The ion migration and charge carrier mobility (p) are also vital in determining the performance of the device. ‘w’ determines the
ease of movement of electrons and holes among layers and towards the corresponding electrodes. An optimum value of p controls the
recombination rate and improves carrier concentration. The current density is proportional to p; thus, its higher values lead to larger
Jsc values. The rise in Jg. and FF with p is due to the decrease in device series resistance. To study the impact of charge transport p is
varied both for holes and electrons from 0.01 to 100 cm?.V~L.s~L. It is shown in Fig. 8(a—d) that the device performance tends to
improve only in 0.01-0.1 cm2.V~1.s™!, where the carrier transportation is improved, and recombination is suppressed. However,
beyond 10° cm2.V~1.s7}, the J,. and PCE are not much affected as carrier diffusion increases. The highest values of PCE obtained are
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16.79%, 21.63%, 15.34%, 19.38%, 23.18%, and 23.37% for PCBM, Alqs, BCP, Cgo, ICBA, and PEIE, respectively.

3.7. Effect of carrier diffusion length and lifetime of carriers

Another design parameter for a solar cell device is the diffusion length which is the average length that a carrier travels from the
point of generation until its recombination. Diffusion length shortens when a material is highly doped because of higher recombination
rates. On the other hand, higher diffusion lengths for a given material indicate that the material has longer lifetimes. Both diffusion
length and minority carrier lifetime depend highly on the magnitude and type of recombination in a semiconductor. The diffusion
length relates to a parameter known as the diffusion coefficient with a square root relation directly related to carrier mobility [49]
(Equation (1)). The increase in diffusion length increases Js. due to reduced recombination [50]. Thus, larger mobility values lead to
larger diffusion lengths and support higher efficiency values.

Lp = /D, M

The semiconductor wafer fabrication method and the processing majorly affect the diffusion length. In addition, defect density and
diffusion length too are interlinked. The effect of variation of diffusion length on performance parameters is studied in the range of
0.3-1 pm, where the device parameters are listed in Table 3 and shown in Fig. 9(a-d).

3.8. Effect of series and shunt resistance

For a better-performing solar cell design, the series resistance (Rs) should be low, and shunt resistance (Rg,) should be high. R
directly impacts FF and Jg., whereas Ry, affects the photo-voltage and photo-generated current. These resistances of the device also
limit the performance in the form of several losses, such as leakage current and trapping of charge carriers at interfaces [51]. The
typical J-V behavior of a cell is described using Shockley Equations (2) and (3), respectively [52].
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Table 3

The performance parameters of the device with different ETLs under variation of Carrier diffusion length (pm) from 0.3 to 1 and corresponding carrier lifetime (ns) from 17 to 190 ns. The quantities V,,

Jse, FF, and PCE are measured in V, mAcm ™2, %, and %, respectively.

ETL Material =~ Paramateer  Diffusion Lenght (pm) ETL Material ~ Paramateer  Diffusion Lenght (pm)
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Carrier Lifetime (ns) Carrier Lifetime (ns)
17 31 48 70 96 120 160 190 17 31 48 70 96 120 160 190
PCBM Voc 0.867 0.879 0.886 0.891 0.893 0.895 0.896 0.897 Ceo Voc 1.05 1.04 1.03 1.03 1.02 1.02 1.02 1.02
Jse 2485 2539 25,65 25.80 25.88 2594 2598  26.01 Jse 25.27 25,65 25.83 2594 26.01 26.04 26.07 26.09
FF 56.67 6224 6595 6852 70.25 71.39 7225 7294 FF 58.62 6251 65.23 67.18 6859 69.53 70.26  70.80
PCE 12.21 1390 1499 1574 1625 1658 16.83 17.02 PCE 1557 16.67 17.43 1796 1835 1860 1880 18.95
Alqgs Voe 1.125 1.12 1.13 1.12 1.12 1.12 1.12 1.11 ICBA Voe 1.13 1.12 1.13 1.13 1.13 1.12 1.12 1.12
Jse 23.30 2356 2370 2379 23.85 23.88 2391 2393 Jse 23.26 2350 23.63 23.70 23.75 2378 2380 23.82
FF 63.07 6474 6580 66.80 67.50 68.10 6859  68.96 FF 70.23 7385 7544 77.24 78.64 79.63 80.63 81.34
PCE 16.54 1720 17.62 1791 18.12 18.26 1837 18.45 PCE 18.62 1959 20.26  20.75 21.11 21.37 21.60 21.77
BCP Voe 1.04 1.03 1.02 1.02 1.02 1.02 1.02 1.01 PEIE Voc 1.139 1.12 1.13 1.13 1.13 1.12 1.12 1.12
Jse 22.78 2324 2346 2359 23.67 2372 2376 2378 Jse 23.45  23.69 23.82 23.90 23.94 2397 2401 24.01
FF 50.74 5478 57.68 59.80 61.36 6242 63.27  63.90 FF 70.12 7372 7530 7711 7838 79.49 80.48 81.20
PCE 12.11 13.18 13.92 14.46 14.85 15.12 15.33 15.49 PCE 18.74 19.72 20.39 20.89 21.25 21.51 21.74 21.91

‘v 32 2D0] 'S

160622 (+20Z) O Uof1j2H
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(%) of Ly, Ly from 0.3 pm to 1 pm with 1, and 1, from 17 to 190 ns.

nkT Jon Ve
Ve | — JIn|=2 (1 - 2
( q ) n{fo ( Jth.\-h)] @

4(V—IRs)

_V-JUR,

Jie = = Do [ — 1] 7 3)
Pmax
FF = 4
Voedse 4
Jsc an FF
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Pi,

Jpn is photocurrent density, Jo is reverse bias saturation current density, n represents the diode ideality factor, k is the Boltzmann
constant, and T is the operating temperature.

In an ideal scenario, R; is zero, while Ry, is infinite. Here, we have varied R from 0, i.e., ideal to 100 Q cm’z, and observed from
Fig. 10 (a) that V, remains constant, which is in alignment with Equation (2). However, it is seen from Fig. 10 (b) that the value of Jg.
decreases as the value of Ry increases, which again is in agreement with Shockley’s equation. Similarly, the values of FF given in
Equation (4) decrease with an increase in R (Fig. 10 (c)) as the maximum obtained power in the absence and presence of Ry are
different [53]. In the same way, PCE given by Equation (5) also decreases with an increase in Rg values with the highest PCE for zero
series resistance (Fig. 10 (d)). On the other hand, it can be seen from Fig. 11(a-d) that the device performance is not much affected by
variation in Ry, from 10°Qem2t0 108 Q em 2.

3.9. Effect of variation of operating temperature
Any perovskite composition is susceptible to temperature as they contain organic cations, and temperature analysis on the aging

11
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Fig. 10. Effect of variation of series resistance from 0 to 100 Q.cm~2on (a) Voc (V), (b) Js (mAcm™2), (c) FF (%), and (d) PCE (%).

effect for outdoor operations is crucial. The device’s behavior is analyzed under the operating temperature variation from 25 to 60 °C.
It is evident from Fig. 12(a-d) that the values of V., FF, and PCE decrease due to increased series resistance and interfacial defects
formation, which lead to reduced diffusion length.

3.10. Effect of back metal contact work function

In a conventional design of a PSC, there is a noble metal back contact [54]. The study is carried out in the light of the variation of
work function (®) of the back metal to see the ohmic effect at metal contact in the range 4.50-6.0 eV, which correspond to the @ values
for Au, Ag, Fe, Cu, and Pt [55]. The performance parameters are shown in Fig. 13(a—d), and it is seen that J is relatively constant; V.
and PCE keep increasing with @ values until it reaches 5.50 eV, and that of FF has only a slower increase. At the metal-semiconductor
interface, band bending takes place, reducing the barrier size of the majority carriers. At the lower values of ®@, a Schottky junction is
formed; thus, a high-valued ® is needed for ohmic contact, and it can be seen from Fig. 13(a—d) that the application of carbon back
contact with an @ value of 5.0 eV leads to significantly high performance. The carbon contact is encouraged due to its cost-effectiveness
in comparison to metals.

3.11. Quantum efficiency
Fig. 14 shows the quantum efficiency (QE) over a wavelength range of 300-900 nm for proposed HTL-free structure for each ETL

material. The results show that the light absorption of all the materials is almost alike throughout the visible region. The efficient light
absorption leads to an improved QE response, resulting in higher J,. values.

12
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3.12. Device stability improvement

One of the major design concerns for a PSC is its instability. Significant work has so far been done to improve the device’s stability
against exposure to moisture, oxygen, heat, and UV radiation, which hinders the commercialization of these devices [56]. Interface
engineering has been a continuously driven area of research [57,58] for controlling interface losses and electron/hole recombination
in addition to being in favor of moisture control [59], thereby increasing the stability and performance of the devices. In this
connection, ETLs, in combination with an interlayer of materials, have been studied where the inserted layer reduces electrical losses
by avoiding undesirable shunt paths while promoting electron transfer while not affecting absorber performance. The additional
purpose of the layer is to protect the device against degradation as the organic material stability is lower. Bismuth triiodide (Bil3) is a
non-toxic, earth-abundant, high-performance absorber that is a good candidate for photovoltaic absorption in MAPbI3-based solar cells
[27]. It has shown potential for charge transport properties, defect tolerance, and recombination lifetime, having a bandgap of ~1.8
eV. As another alternative, ZnO has attracted attention as interlayer material with high electron mobility, environmental stability, and
optical transparency [60]. Kwon et al. have presented an efficient and planar perovskite MAPbI3 solar cell with PCE of 16.39% by
introducing PCBM/ZnO NPs interlayers [28] with a HTL device, which we have achieved to be 16.86% in HTL free device. LiF has been
used as a buffer layer and has been found to increase the PCE of the presented device [30] from 16.01% to 18.18% by improving its
electrical performance. Here, we have introduced layers of Bils, ZnO and LiF on ETL materials as shown in Fig. 15 (a), whose material
properties are taken from Refs. [36,61,62]. All of them are found to have optimum performance for 10 nm thickness. The cell effi-
ciencies are only very nominally compromised for some cases and have improved in many other cases with their values given in Fig. 15
(b-g). The improvement is an indication of better exciton dissociation and suited electron transfer because of energy level alignment
between perovskite and ETL with interlayer. The basic purpose of these layers is to enhance stability against environment and heat
[63]. A comparison of the proposed simulated device performance is given in Table 4 for the organic ETL materials we particularly
have employed in this work.
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4. Conclusion

An HTL-free CH3NH3PbI3 PSC is investigated using organic ETL materials such as PCBM, Alqs, BCP, Cg0, ICBA, and PEIE. The device
assumes FTO/ETL/IDL/CH3NH3PbI3/C structure, which was numerically optimized using SCAPS-1D software. The effect of various
factors such as absorber layer thickness, acceptor density, the defect density of absorber as well as IDL, carrier mobility, diffusion
length, lifetime of charge carriers, donor concentration of ETL, series and shunt resistances, work function of back metal contact and
operating temperature was examined in detail. The optimum thickness for each device is different such as 1000 nm for Alqs, 1200 nm
for BCP, 1100 nm for Cgg, 1000 nm for PCBM, and 2000 for ICBA and PEIE-based devices, respectively. The value of N¢ is optimized to
be 2.5 x 10'% em™ as its excessive value can cause higher recombination of charge carriers, thus reducing the performance. Ny is
chosen to be 10'7 em ™ for each case, with the defect level of IDL to be 10'® ecm 3. The back metal contact is made of carbon due to its
being cost-friendly. It has been established that carbon-based HTL-free PSC is viable for realizing high performance, easy to manu-
facture, and a low-cost solar cell. The highest achieved PCE for PCBM, Alqs, BCP, Cgo, ICBA, and PEID-based devices are 22.85%,
19.08%, 20.99%, 25.51%, 23.91%, and 22.53%, respectively. The Cgp-based cell has been found to outperform with V. of 1.29 V, Jg.
of 23.76 mA/cmz, and FF of 82.67%. Since ETLs being organic lack stability, an interlayer of Bils, LiF, and ZnO is employed to ensure
the device stability, thereby not compromising the device performance. We believe that the results predicted by our simulation study
can be obtained experimentally if the losses experienced during fabrication processes are mitigated.

Data availability statement

Data will be available upon reasonable request.
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Fig. 15. JV characteristics of the devices after introducing interlayers (Bils, ZnO, and LiF) between the perovskite and ETL layer. (a) the change in

structure, the (b) PCBM-, (c) Alqs- (d) BCP- (e) Ceo- (f) ICBA- and (g) PEIE-based devices. Each figure inset shows the PCE values in different
configurations.

Table 4

The comparison of the device performance with already presented devices.
ETL material PCE Ref.
PCBM/F8BT 19.28% [64]
PCBM/Triton X-100 15.68% [65]
TiO,-c/Alqs 12.48% [66]
PCBM:BCP 13.11% [67]
Cso 19.10% [68]
Ceo 17.15% [69]
ICBA-tran3 18.5% [70]
ICBA:PCBM 18.14% [71]
ZnO:PEIE 8.03% [72]
Ceo 25.51% The presented work.
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