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A B S T R A C T   

In this work, copper nickel tin sulfide (Cu2NiSnS4) as an encouraging alternative absorber for 
thin-film photovoltaic devices is explored. Here, the Cu2NiSnS4 (CNTS) absorber-based hetero
junction solar cell is designed through a two-stage theoretical approach using Solar Cell Capac
itance Simulator in one-dimension (SCAPS-1D). Initially four different hole transport materials 
(MoO3, SnS, NiOx, and PEDOT.PSS) are incorporated at the back interface in experimentally 
configured Au/Cu2NiSnS4/ZnS/ZnO/ITO cell to boost the device outputs. The MoO3 semi
conductor is anticipated as a hole transport layer (HTL) in the heterojunction Ni/MoO3/ 
Cu2NiSnS4/ZnS/ZnO/ITO solar configuration. It is revealed that an appropriate band alignment 
can be formed at MoO3/Cu2NiSnS4 interface with less interfacial defects among other HTLs with 
CNTS absorber, thus improving the solar cell outputs. Efficiency is increased from 2.71% to 
8.79% for the proposed CNTS-based solar cell. Further optimization is accomplished concerning 
thickness, defect states, and doping density of the various materials utilized in the heterojunction 
structure. Defect characteristics at the MoO3/Cu2NiSnS4 and Cu2NiSnS4/ZnS interfaces are also 
evaluated and optimized to boost the conversion efficiency significantly. Moreover, the effects of 
operating temperature and rear electrode work function on the outputs of the designed solar 
device are studied. The aforesaid two-stage optimization yields efficiency of 12.46% with VOC of 
1.23 V, JSC of 12.66 mA/cm2, and FF of 79.78%. Therefore, these findings will facilitate the 
scientific communities to further progress an economical and extremely efficient CNTS-based 
solar device with a promising MoO3 HTL.   

1. Introduction 

The utmost plentiful and cleanest renewable energy source among others is solar energy. Photovoltaic technologies are being used 
as one of the main approaches to harness the solar energy at large scales [1–4]. Silicon has been used to develop the mainstream of 
nowadays solar devices because it offers moderate prices and decent power conversion efficiency (PCE) [5–7]. However, high 
fabrication expense with high-temperature processing of the silicon (Si) wafers limits the mass production of the Si-based photovoltaic 
(PV) cells. Thin-film solar cells (TFSCs) utilizing semiconductor material-based very thin layers have much attracted in the scientific 
community for applications of the PV technology [8–12]. There are numerous benefits of the thin-film heterojunction PV devices such 
as excellent flexibility, lightweight, remarkable electrical and optical features, ease of scaling than the process flow needed by the 
silicon-based PV structures, low production costs, and high PCE [8,9,13–15]. 
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In recent years, the quaternary chalcogenide semiconductor Cu2NiSnS4 (CNTS) thin-films [16–19] have been widely investigated 
for the solar energy transformation as potential alternatives to the silicon [20], cadmium telluride (CdTe) [21] and Cu(In,Ga)Se2 
(CIGS) [22,23] thin-films containing rare-earth and toxic materials. Several privileges including suitable energy gap ranged from 1.45 
to 1.74 eV, significant absorption coefficient (>104 cm− 1), inexpensive and enormous earth-abundant elements, low toxicity, and 
reasonably extensive steadiness make the p-type CNTS semiconductor material effective as a promising absorber in the TFSC [24–30]. 
Several techniques such as spray sandwich method [31], electrodeposition post-sulfurization [26,32], direct solution coating 
post-sulfurization [28], and facile synthesis method [33] have been used to fabricate the CNTS films for the solar cell applications. Very 
recently, a spin-coating method has been employed to prepare the CNTS thin-film without sulfurization [34]. In the earlier works, a 
number of experimental studies have been discussed to realize the highly efficient and low-cost heterojunction CNTS-based TFSCs [27, 
35–37]. An experimental conversion efficiency of 0.09% with short-circuit current density (JSC) of 0.52 mA/cm2, open-circuit voltage 
(VOC) of 0.42 V, and fill-factor (FF) of 43% is obtained for the CNTS-based TFSC with a configuration of glass/
Mo/CNTS/CdS/Al–ZnO/Al [35]. In the previous practical approach, the researchers have reported the PCE of 2.71% with JSC = 6.82 
mA/cm2, VOC = 0.75 V, and FF = 53.10% for the TFSC with the architecture of Au/CNTS/ZnS/ZnO/ITO [27]. The conversion effi
ciency of 0.64 % including JSC = 3.1 mA/cm2, VOC = 0.62 V, and FF = 33.5% is also obtained for the CNTS device [36]. It has been 
presented that a PV efficiency of 11.34 % with other device parameters such as JSC = 18.96 mA/cm2, VOC = 0.56 V, and FF = 53% can 
be attained for the fabricated CNTS-based device [37]. Nevertheless, the practically obtained PCE of the CNTS absorber-based thin-film 
solar cell cannot race with the existing TFSC modules. It can be realized that the PCE evaluated experimentally is still insufficient 
according to the predictable efficiency approximately 33% for the CNTS absorber having band gap from 1.4 to 1.7 eV by the 
Shockley–Queisser limit [38]. In this sense, the heterojunction CNTS TFSC has modified theoretically to enlarge the PV performances 
[39,40]. 

In the former study, the enhanced efficiency of the modified CNTS-based TFSC structure of Cu2O/CNTS/ZnS/ZnO/ITO has been 
reported to be 4.60% with a JSC = 6.44 mA/cm2, VOC = 1.03 V, and FF = 69.27 %, where the Cu2O is exploited as a hole transport layer 
(HTL) at the back of the CNTS absorber [39]. In addition, a theoretical PCE of 17.06% is found for the PV device of CNTS/ZnS/Zn(O, 
S)/FTO introducing the ZnS/Zn(O,S) stacked electron transport layers [40]. According to the theoretical efficiency limit, the effi
ciencies reported earlier are not good enough. The major issues for the poor conversion efficiency are carrier recombination, energy 
band discontinuity, and deficient interface quality owing to existence of defects in the thin-film heterojunction PV devices [41–43]. 
Therefore, further modifications into the CNTS thin-film PV devices with optimization of material parameters are necessary to boost 
the overall solar cell output parameters. 

To enhance the device outputs, in the former reports, several electron reflectors or HTLs at the rear side in the heterojunction PV 
cell have been introduced [44–50]. It has been suggested that an appropriate potential height by adding an HTL amid an absorber and a 
back electrode may minimize the surface recombination loss at the back surface [39,41,44,51]. It is also expected that a low valence 
band offset (VBO) at the HTL/absorber interface will be effective to ease flow of carriers (holes) from the absorber to the rear electrode 
through HTL. Furthermore, the overall device cost can be lessened by decreasing the absorber area with adding an HTL at the rear side 
[43,49,50,52]. 

To achieve a highly efficient PV cell with superior device parameters, in this research, four various HTLs such as the MoO3 [53], SnS 
[54,55], NiOx [56,57], and PEDOT.PSS [58] have been introduced into a standard CNTS solar cell structure of Au/CNTS/ZnS/Z
nO/ITO [27]. Herein, the p+ MoO3 semiconductor as a suitable HTL is added to the reference CNTS heterojunction TFSC. The MoO3 
has interested as a promising material for the PV device applications. This is because there are excellent optoelectronic aspects 
including appropriate energy band gap (Eg) with sufficient work function, high mobility, elongated diffusion distance, low harm
fulness, high stability, plentiful constituents in the globe, and less expensive [53]. The MoO3 can be utilized as a most encouraging HTL 
among the suggested other HTLs due to large positive conduction band offset (CBO) and smaller valence band offset (VBO) values 
determined with the CNTS absorber [39,53], thereby ensuring efficient carrier moving to the rear side electrode from the CNTS 
absorber with suitable band alignment at the back interface. Moreover, a smaller lattices mismatch amid the MoO3 HTL and CNTS 
absorber than the other HTLs with the CNTS layer will provide less interfacial defects and recombination at the back interface [31,59], 
thus enhancing the overall PV performances. 

In this study, a novel heterojunction Ni/MoO3/Cu2NiSnS4/ZnS/ZnO/ITO PV configuration is proposed, where the MoO3 material is 
introduced as an HTL. Initially, the conventional CNTS-based thin-film PV device structure of Au/CNTS/ZnS/ZnO/ITO reported 
practically is simulated to check the reliability of this numerical investigation on the proposed CNTS TFSC with HTL. This numerical 
works have been performed by operating the widely used SCAPS-1D simulation tool. We have evaluated an optimal efficiency by 
optimizing several material properties such as thickness, doping density, and defect densities in the bulk material as well as at in
terfaces. In addition, the impacts of functioning temperature and rear electrode work function on the device outputs have been 
investigated. 

2. Methodology and materials 

2.1. Numerical modeling 

Numerical modeling through software program becomes useful for good perspective to understand physical mechanisms of a 
complex solar cell structure. Herein, the SCAPS-1D software package [60,61] is utilized as a simulation tool to evaluate the 
CNTS-based TFSCs. The operation of the SCAPS-1D simulator includes explaining the elementary semiconductor equations (1)–(3): 
Poisson equation, electron and hole continuity equations at each position of the device maintaining the boundary conditions, and the 
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equations are as follows, 
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where ε is permittivity, ψ is electrostatic potential, and p (or n) is density of hole (or electron). ND and NA are donor and acceptor ion 
concentrations, respectively, where ρdef is the charge states of defect. Jn (or Jp) is the electron (or hole) current density, U and G are 
recombination and generation of charge carriers, respectively. The SCAPS-1D also introduces the defect levels at bulk and interfaces 
and calculates recombination loss in the heterojunction structure [62]. The Shockley–Read–Hall (SRH) model provides recombination 
current for bulk defects and in case of interface defects or surface defects, an expansion of the SRH model is employed to determine 
number of carriers taking part in interface recombination process [62]. To realize a realistic solar cell, in this work, bulk defects are 
initiated in the layers and interface defects are incorporated at the interfaces in the heterojunction TFSC. The default air mass of 
AM1.5G standard with incident light intensity of 1000 W/m2 is selected for the illumination and the temperature is adjusted at 300 K. 
For comparison with experimental cell output parameters, the HTL layers are not considered in the initial simulation. 

Fig. 1. CNTS solar cell structures: (a) baseline cell and (b) proposed cell with HTL.  

Table 1 
Parameters used to check validity with experimental work [25,27].  

Parameters n+-type ETL (ZnO) n-type 
Buffer (ZnS) 

p-type 
Absorber (CNTS) 

Thickness, W (μm) 0.2 0.2 1.0 
Bandgap, Eg (eV) 3.3 3.4 1.74 
Electron affinity, χ (eV) 4.3 4.1 3.87 
Permittivity (relative), ε 9 9 9 
Conduction band (CB) effective density of states (DOS) (cm− 3) 2.2 × 1018 2.2 × 1018 2.2 × 1018 

Valence band (VB) effective DOS (cm− 3) 1.8 × 1019 1.8 × 1019 1.8 × 1019 

Electron mobility, μn (cm2/V-s) 100 100 11 
Hole mobility, μp (cm2/V-s) 25 25 11 
Donor density, ND (cm− 3) 4 × 1018 5 × 1016 0 
Acceptor density, NA (cm− 3)   1017 

Defect density, Nt (cm− 3) 1016 1016 5 × 1015 

Interface defect parameters used in device simulation 
Parameters CNTS/ZnS   
Defect type Neutral   
Capture cross-section of electrons, σn (cm2) 10–19   

Capture cross-section of holes, σp (cm2) 10–19   

Reference for defect energy level Et above the highest Ev   

Energy with respect to reference (eV) 0.6   
Total density (cm− 2) 4 × 1013    
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2.2. Device configuration and material properties 

Fig. 1(a) and (b) reveal the simulated PV device. Initially, the reference CNTS solar cell organization composed of Au (back 
contact)/CNTS (absorber)/ZnS (buffer)/ZnO (electron transport layer or ETL)/ITO in Fig. 1(a) is simulated using parameters extracted 
precisely from an experimental CNTS-based PV device featuring the same materials represented in Table 1 [25,27]. On the other hand, 
the physical parameters extracted from previously reported studies used to optimize final Ni/MoO3/CNTS/ZnS/ZnO/ITO device with 
HTL are illustrated in Table 2 [25,27,28,39,53–58]. Similar to experimental structure, Au and ITO have been used as back and front 
contacts, respectively. The electron and hole thermal velocities are assumed to be 107 cm/s. Defects with neutral type are deliberately 
added in the bulk layers and at HTL/absorber and absorber/buffer interfaces. Table 3 represents simulation parameters used at in
terfaces in the proposed CNTS-based TFSC with HTL. 

The reproduced and experimental J-V curves of the CNTS solar cell are compared, as elucidated in Fig. 2. The cell outputs including 

Table 2 
Material parameters utilized in this numerical study to optimize CNTS TFSC with HTL [25,27,28,39,53–58].  

Parameters (unit) n+-type ETL 
(ZnO) 

n-type 
Buffer 
(ZnS) 

p-type 
Absorber 
(CNTS) 

p+-type HTL 
(MoO3) 

p+-type HTL 
(SnS) 

p+-type HTL 
(PEDOT.PSS) 

p+-type HTL 
(NiOx) 

W (μm) 0.02–0.2 0.07–0.2 0.05–5.5 0.02–0.2 0.1 0.1 0.1 
Eg (eV) 3.3 3.4 1.74 3.0 1.61 2.2 3.6 
χ (eV) 4.3 4.1 3.87 2.5 3.80 2.9 1.46 
ε 9 9 9 12.5 13 12.5 11.7 
CB effective DOS 

(cm− 3) 
2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 

VB effective DOS 
(cm− 3) 

1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 

μn (cm2/V-s) 100 100 11 25 25 2 × 10− 2 2.8 
μp (cm2/V-s) 25 25 11 100 100 2 × 10− 4 2.8 
ND (cm− 3) 4 × 1018 1014–1018 0 0 0 0 0 
NA (cm− 3) – 0 1012–1016 1014–1020 1018 1018 1018 

Nt (cm− 3) 1016 1016 1012–1016 1015 1015 1015 1015  

Table 3 
Parameters used at interfaces in proposed CNTS TFSC with HTL.  

Parameters CNTS/ZnS interface MoO3/CNTS interface 

Defect type Neutral Neutral 

Capture cross-section of electrons, σn (cm2) 10− 12-10− 20 10− 12-10− 20 

Capture cross-section of holes, σp (cm2) 10− 12-10− 20 10− 12-10− 20 

Reference for defect energy level Et above the highest Ev above the highest Ev 

Energy with respect to reference (eV) 0.6 0.6 
Total density (cm− 2) 1011–1018 1011–1018  

Fig. 2. Comparison of simulation and experimental [27] J-V curves.  
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VOC of 0.75 V, JSC of 6.98 mA/cm2, FF 51.16%, and efficiency of 2.71% are obtained from the simulated J-V characteristics, on the 
other hand, the efficiency of 2.71 % with VOC of 0.75 V, JSC of 6.82 mA/cm2, and FF 53.10% is found for the experimental CNTS solar 
cell [27]. It is identified that the PV outputs evaluated in this numerical analysis are approximately same as the reported experimental 
results. This excellent consistency between the simulation and experimental studies confirms the reliability of this simulation 
approach. Thus, to design and evaluate the heterojunction PV devices, the SCAPS-1D simulator can be efficiently utilized as a faithful 
numerical approach. 

As mentioned in the introduction, the poor outputs of the conventional CNTS solar device may be due to low interface quality, thus 
leading to significant recombination loss in the heterojunction. An effective approach to diminish the recombination of charge carriers 
at the rear surface is to introduce an HTL at the back side of absorber [42,43,50]. To realize the highly efficient CNTS solar cell, in the 
present research, four different materials such as MoO3, SnS, NiOx, and PEDOT.PSS have been employed as HTLs in reference CNTS 
device and the resulting heterojunction Au/HTLs/CNTS/ZnS/ZnO/ITO TFSC schematic is exemplified in Fig. 1(b). The simulation 
parameters of various HTLs (MoO3, SnS, NiOx, and PEDOT.PSS) are obtained from the earlier researches [53–58] and are specified in 
Table 2. Also, the defect parameters defining absorber/HTL interface are provided in Table 3. The absorption co-efficient of the layers 
are calculated in the SCAPS-1D using the following equation [63], α = Aα

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(hv − Eg)

√
, where the pre-factor (Aα) depends on the layers 

in the numerical calculation. In the present simulation study, the absorption coefficients of 1 × 105 cm− 1 for ZnO, 5 × 105 cm− 1 for 
ZnS, 1.5 × 104 cm− 1 for CNTS, and 1 × 105 cm− 1 for MoO3 have been used, respectively. 

3. Results and discussion 

The simulation process in this paper is carried out in two steps. Firstly, we have simulated reference Au/CNTS/ZnS/ZnO/ITO 
structure without HTL as shown in Fig. 1(a). After evaluation of the numerical results compared to experimental reports, a suitable HTL 
is added to the conventional configuration revealed in Fig. 1(b) to attain high efficiency. Next, different numerical studies are per
formed to advance the device performance by optimizing the important parameters of the proposed CNTS PV structure. 

3.1. Impact of HTLs on PV performances of CNTS solar cell 

As the Au/CNTS/ZnS/ZnO/ITO heterojunction is formed, at steady state, the Fermi levels of entire films align and all the energy 
bands assemble correspondingly. In terms of carrier collection at the metal contacts, the primary issue of the CNTS-based thin-film PV 
structure is energy band discontinuity that may increase interfacial recombination loss at the rear surface. To reduce the recombination 
loss for developing high performance CNTS solar cell, several organic and inorganic HTLs are incorporated in the Au/HTLs/CNTS/ 
ZnS/ZnO/ITO structure. In the proposed CNTS PV device with HTLs, the thicknesses of 0.06 μm for ZnO ETL, 0.08 μm for ZnS buffer, 
1.0 μm for CNTS absorber, and 0.1 μm for an HTL, respectively, have been used. Fig. 3(a) represents the J-V behaviors for the initial 
CNTS PV device compared to the cell configurations with various HTLs. It can be perceived that the J-V results are significantly higher 
in the configurations with MoO3, SnS, NiOx, and PEDOT.PSS HTLs than the device without HTL. Under illumination, electron-hole 
pairs as excess free carriers are generated and get parted by the influence of barrier potential at p-n junction. The more distant 
electron-hole pairs are from the p-n junction, the less effective electric field becomes to separate charge carriers. An electron reflector 
HTL supports effortless electron-hole separation through an additional junction like energy band bending owing to heavily doped 
(HTL)-low doped (absorber) arrangement in this remote region. Consequently, surface recombination mitigation at the back junction is 
feasible. Table 4 summarizes comparisons among device performances with different HTLs and respective CBO and VBO values for 
different HTLs with CNTS absorber [39,53–58]. 

Fig. 3. (a) Comparison of J-V characteristics of initial device and configurations including different HTLs. (b) Energy band diagrams for CNTS solar 
cell including different HTLs. 
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Fig. 3(b) illustrates the band diagrams for the CNTS solar structures with various HTLs indicating VBOs and CBOs. An HTL is 
considered as ideal imparting large CBO and near zero VBO with the absorber which repels electron towards the bulk and pulls holes in 
the HTL region [51]. As revealed in Fig. 3(b) and Table 4, large positive CBO and smaller VBO values are determined for MoO3 HTL. 
Smaller VBO at MoO3/CNTS interface allows low potential barrier for more holes to ease transfer from the absorber to the rear 
electrode via the HTL while large CBO generates barrier for the minority electrons. Contrarily, holes are suppressed due to slightly high 
barriers (large VBOs) at the SnS/CNTS, NiOx/CNTS, and PEDOT.PSS/CNTS interfaces, thus increasing the electron-hole recombina
tion. Therefore, the Au/MoO3/CNTS/ZnS/ZnO/ITO arrangement generates current density of 9.79 mA/cm2 surpassing 7.52 mA/cm2 

in Au/SnS/CNTS/ZnS/ZnO/ITO, 7.36 mA/cm2 in Au/NiOx/CNTS/ZnS/ZnO/ITO, and 7.38 mA/cm2 in Au/PEDOT. 
PSS/CNTS/ZnS/ZnO/ITO configurations. As recombination rate is minimized with more carriers available [42], VOC is higher in the 
CNTS PV device with MoO3 HTL along the value of 1.14 V, while configurations with SnS, NiOx, and PEDOT.PSS HTLs provide VOC of 
1.13 V, 1.06 V, and 1.11 V respectively. The highest device outputs such as VOC of 1.14 V, JSC of 9.79 mA/cm2, FF of 78.83% and 
efficiency of 8.79% are computed for the CNTS device with MoO3 HTL as compared to that of the PV devices with other HTLs (SnS, 
NiOx, PEDOT.PSS). In addition, the important terminology ‘lattice mismatch’ can be used to understand crystal perfection or 
imperfection of the grown material in the hetero-structure. Thus, the performance of the proposed hetero-structure can be realized by 
analyzing the lattice mismatch percentage. In this study, lattice mismatch δ (%), which is an interface feature defining factor, in the 
grown film on the substrate can be calculated using equation (4) as [43,52,64,65]. 

δ=
2|as − ae|

(as + ae)
× 100 (4)  

where as is the lattice constant of the substrate on which an epitaxial layer is grown and the ae is the lattice constant of a layer. In this 
study, the absorber is considered to be fabricated on the HTL. Here, the lattice mismatches of MoO3 HTL and other SnS, NiOx, and 
PEDOT.PSS HTLs [42,58,66–68] with the CNTS absorber are calculated. Table 5 represents the lattice mismatch percentages between 
the CNTS absorber film and the various HTLs conforming to their lattice constants computed from the relation given in Eq. (4). In 
contrast to considerably small lattice mismatch of 0.26% calculated for the CNTS/MoO3 HTL interface, large lattice mismatch values 
are estimated at the SnS HTL/CNTS, NiOx HTL/CNTS, and PEDOT.PSS HTL/CNTS interfaces with values of 22.4%, 43.51% and 
35.83%, respectively. Consequently, it is assumed that interfacial recombination and defects at the MoO3 HTL/CNTS interface are less 
prominent than at the interfaces between CNTS and other HTLs with high lattice mismatch values [43,65]. In this numerical study, it is 
revealed that through incorporation of the MoO3 as an HTL at the rear side of the CNTS absorbing layer, the PV parameters of the 
CNTS-based heterojunction TFSCs can be significantly improved. In the subsequent parts, the simulations are carried out for the 
purpose of optimization of different layers and vital parameters to accomplish high performance CNTS-based TFSCs with MoO3 HTL. 

3.2. Influences of varying defects and thickness of absorber on PV device outputs 

Inadequate film feature through fabrication results in extreme defect states governed by trap-assisted SRH recombination [69]. The 
diffusion length of carrier can be expressed as the mean distance that carriers pass through before recombining. When diffusion extent 
of charge carrier is greater than absorber thickness, the majority part of carriers can reach the respective electrodes and produce 
power. The trap-assisted SRH recombination model can be used to compute diffusion length where SRH recombination is characterized 
using the following equations (5) and (6) 

RSRH =
np − n2

i

τ
(
p + n + 2ni cos h

( Ei − Et
kT

)) (5) 

Table 4 
Outputs of CNTS-based TFSCs with various HTLs and corresponding VBO and CBO values [39,53–58].  

Configurations CBO VBO VOC (V) JSC (mA/cm2) FF (%) Efficiency (%) 

MoO3/CNTS/ZnS/ZnO [39,53] 1.37 0.11 1.14 9.79 78.83 8.79 
SnS/CNTS/ZnS/ZnO [39,54,55] 0.07 0.20 1.13 7.52 78.67 6.68 
NiOx/CNTS/ZnS/ZnO [39,56–58] 2.41 0.55 1.06 7.36 76.13 5.94 
PEDOT.PSS/CNTS/ZnS/ZnO [39,56] 0.97 0.51 1.11 7.38 77.16 6.30  

Table 5 
Lattice mismatch values for numerous HTLs with CNTS layer [43,59,66–68].  

Layers Lattice parameters Lattice mismatch (%) 

a (Å) b (Å) c (Å) 

CNTS absorber [66] 5.36 5.36 5.36 – 
MoO3 (HTL) [59] 7.122 5.374 5.565 0.26 
SnS (HTL) [43] 4.28 11.41 3.96 22.4 
NiOx (HTL) [67] 8.341 – – 43.51 
PEDOT.PSS (HTL) [68] 7.7 11.7 22.5 35.83  
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Table 6 
Variations in diffusion length (L) with changing defect density (Nt).  

Nt (cm− 3) 1017 1016 1015 1014 

L (μm) 0.17 0.53 1.7 5.33  

Fig. 4. (a) Variations of PCE with absorber thickness at different diffusion lengths in Au/MoO3/CNTS/ZnS/ZnO/ITO configuration. (b) Recom
bination rate for different defect densities in CNTS absorber. 

Fig. 5. Performance parameters with varying absorber doping concentration of proposed CNTS solar cell with MoO3 HTL.  
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τ= 1
σ × Nt × vth

(6)  

where τ is the lifetime of charge carrier and Nt and Et are the defect concentrations and defect energy level. Capture cross-section and 
thermal velocity of charge carriers are represented by σ and vth, respectively. The diffusion length is calculated as L =

̅̅̅̅̅̅
Dτ

√
, where 

diffusion coefficient D = kBT
q μ with kB representing Boltzmann’s constant, T is the temperature, q is the value of electron charge, and μ 

is the carrier mobility. From the above equations, it can be concluded that the carrier lifetime increases with declining the defects, 
resulting in longer diffusion length and reduced carrier recombination [70]. Table 6 demonstrates how L in the absorber changes with 
Nt. Moreover, the change in PCE with the absorber thickness at various diffusion lengths is depicted in Fig. 4(a). Fig. 4(a) suggests that 
decreasing Nt has the same effect as the diffusion distance increment of carriers. Accordingly, the CNTS thickness can be continued to 
increase to the same extent as the diffusion length to achieve the high efficiency. Since, the corresponding diffusion length to Nt of 1015 

cm− 3 is 1.7 μm, the optimal absorber thickness of 1.0 μm is selected. Also, the recombination rate of the charge carriers in the absorber 
increases with expanding the defect concentrations as more defect states are created shown in Fig. 4(b). Therefore, in order to ensure 
the improved PV characteristics, the absorber layer should have a minimum concentration of defect centers. 

3.3. Effect of absorber doping level on PV device outputs 

The absorber doping and charge transport layers has a significant effect on the device efficiency. Herein, we have changed the 
absorber doping concentration from 1012 to 1016 cm− 3 to study the impact of doping on the performance of the Au/MoO3/CNTS/ZnS/ 
ZnO/ITO device configuration, on the other hand, the thicknesses of 0.06 μm for ZnO ETL, 0.08 μm for ZnS buffer, 1.0 μm for CNTS 
absorber, and 0.1 μm for MoO3 HTL, respectively, have been utilized. The simulated outputs are illustrated in Fig. 5. All the PV outputs 
apart from VOC have almost constant up to the doping density of 1015 cm− 3. An efficiency of 12.01% with VOC of 1.17 V, JSC of 12.73 
mA/cm2, and FF of 80.44% is achieved at 1015 cm− 3. When acceptor density is enlarged beyond 1015 cm− 3, the values of JSC and 
conversion efficiency are decreased. The number of holes growths with enhancing the doping concentration in the p-type absorber 
layer, thus produces hole trap states in the absorber. These trap centers influence the mobility of the charge carriers, which leads to 
boost the carrier recombination at very high absorber doping concentration. Therefore, the recombination of photo-induced electrons 
and holes in the CNTS absorber prior on reaching the buffer/absorber and absorber/HTL interfaces at the high absorber doping density 
reduces the JSC [52,71,72]. Furthermore, the degradation of JSC is may be due to the inefficient hole transportation by the surge of 
impurity scattering at the high absorber doping density, thus declining the conversion efficiency. In contrast, VOC is enhanced slightly 

Fig. 6. Performance parameters as a function of (a) thickness and (b) doping density of ZnS buffer layer in Au/MoO3/CNTS/ZnS/ZnO/ITO 
configuration. 
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up to the doping concentration of 5 × 1015 cm− 3 and then is decreased. This result is may be due to larger region depleted by charge 
carriers with the effect of potential barrier heightened more. The reason behind this behavior is high doping density increases the 
amount of diffusion which in turn causes electron and hole to recombine. Hence, the moderate doping level of 1015 cm− 3 with op
timum 1.0 μm CNTS absorber thickness is chosen in the next simulations for further optimization of the proposed device structure. 

3.4. Effects of variation in parameters of buffer and ETL on PV device outputs 

The selection of buffer layer parameters is crucial to design an efficient PV cell. The key role of ZnS buffer layer is to build a junction 
with the absorber in the heterojunction CNTS TFSC to improve the lattice matching between the CNTS absorber and the ZnO ETL. In 
this segment, the optimum parameters of buffer and ETL are examined as the parameters of absorber have optimized in the previous 
part. Fig. 6(a)–(b) reveal the PV parameters of the proposed CNTS solar cell with MoO3 HTL as a function of ZnS thickness and carrier 
density, respectively. To evaluate the performance variation, in this numerical analysis, the thickness from 0.07 to 0.2 μm and donor 
density from 1014 to 1018 cm− 3, respectively, are changed. It is observed in Fig. 6(a) that all the PV parameters (except JSC and ef
ficiency) of the proposed CNTS TFSC are almost constant for all amounts of buffer layer thickness. Very small changes on the cell 
outputs for the thickness less than 0.1 μm are not significant, which is in decent concurrence with the previous work [39]. In addition, 
it can be seen that JSC is slightly declined at the thick buffer layer. It is suggested that a smaller quantity of lights may come to the 
absorber through the thicker buffer layer, and hence results in the insignificant current for inadequate photo-generated electrons and 
holes. As a result, the conversion efficiency decreases somewhat for the thick buffer layer. Therefore, a thin buffer layer should be 
anticipated to achieve outstanding solar cell performances. In this numerical analysis, the optimum thickness of the buffer layer is 
preferred to be 0.08 μm for the calculations of the solar cell output parameters. It can be also found that the PV parameters are poor at 
the low doping levels in the buffer but progresses as the doping concentration increases shown in Fig. 6(b). As the doping density of 
buffer boosts, thus generating a built-in electric field [73]. This supports acceleration in carrier transport causing higher conductivity 
and upgrading in the device performances. In practical, the high doping density causes reduction in the carrier mobility, and hence in 
this work, the doping concentration of 1017 cm− 3 with the optimum 0.08 μm buffer thickness is selected. At this stage, the proposed 
CNTS PV device provides PCE of 12.05%, including VOC of 1.19 V, JSC of 12.59 mA/cm 2, and FF of 80.63%. 

In solar cells, an ETL can be introduced for extracting and exporting the photo-induced carriers to the front electrode, reconfiguring 
the interface, and limiting charge recombination at front surface [74]. To absorb an ETL requires a large band gap material with high 
transparency so that photons can reach the absorber without parasitic absorption. The ZnO material utilized as an ETL in this work 

Fig. 7. PV parameters of proposed Au/MoO3/CNTS/ZnS/ZnO/ITO heterojunction solar device as a function of ZnO ETL thickness.  
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meets both the features. Fig. 7 shows the VOC, JSC, FF, and efficiency versus ZnO ETL thickness. Here, the thickness is varied from 0.02 
to 0.2 μm. The cell outputs excluding JSC and efficiency of the offered Au/MoO3/CNTS/ZnS/ZnO/ITO heterojunction solar device are 
almost unchanged with the variation of ETL thickness. The value of JSC is declined a little beyond the ETL thickness of 0.1 μm. This 
degradation of current for the thick ETL is owing to insufficient photo-generated charge carriers in the absorber, thus reducing the 
conversion efficiency in the solar cell. In this context, a thin ETL thickness is chosen to be 0.06 μm yielding efficiency of 12.10% 
including VOC of 1.19 V, JSC of 12.65 mA/cm2, and FF of 80.55%. 

3.5. Effects of HTL thickness and doping concentration on PV device outputs 

The HTL has a significant influence on improving the outputs and stability of the PV devices [75]. This charge transport layer 
permits photo-induced holes to pass from the absorber layer while blocking their counterparts (electrons) to have the effect of 
diminished carrier recombination loss [76]. To determine the dependency of the carrier transport efficiency on the material param
eters of the anticipated MoO3 HTL, the thickness and doping concentration are changed from 0.02 to 0.2 μm and 1014 to 1020 cm− 3, 
respectively. The impacts of thickness and doping level in MoO3 HTL on the device outputs of CNTS TFSC are illustrated in Fig. 8(a)– 
(b). As can be viewed from the simulated PV outputs in Fig. 8(a), all the performance parameters are somewhat changed with the 
variation of HTL thickness. An acute progress in electrical and optical characteristics emerges by introducing an HTL between the 
absorber and rear electrode. In Fig. 8(a), slight increase in JSC and VOC are observed with growing the HTL thickness. It can be implied 
that the declining rate of photo-induced carrier recombination in the effective extent of the solar cell would results in the enhance
ments of JSC and VOC with enlarging the thickness of HTL [12], thereby increasing the conversion efficiency of the PV device slightly. 
Also, the high energetic photons unabsorbed in the thin CNTS absorber layer may be absorbed by the MoO3 HTL, which gives an 
additional advance in the device performances [42]. It can further be found that FF is somewhat decreased for further increasing the 
HTL thickness, this is because of the increase in resistance at back surface in the heterojunction. This behaviors in PV parameters as a 
function of HTL thickness have consistency with a slight variations in device outputs realized when the thickness of back surface 
passivation layer is varied in the range from 0.05 to 0.3 μm in the previous researches [12,43,44,77–79]. Hence, in this study, a thin 
HTL with thickness of 0.1 μm is selected to avoid cost and recombination as the thick HTL in the PV cell demands more materials and 
offers high contact resistance for carrier transmission. On the other hand, it is noticed that the PCE is enlarged from 11.05% to 12.14% 
for the HTL doping varied from 1014 to 1020 cm− 3 (Fig. 8(b)). The sufficient barrier potential at the MoO3/CNTS junction may be still 
created even at very high HTL doping levels which prevents the minority electrons transmission towards the rear electrode from the 
absorber. The VOC increases slightly at a high HTL doping, thus the efficiency is also enhanced moderately. 

Fig. 9 represents the recombination rate at MoO3/CNTS interface for various HTL doping densities in the heterojunction Au/MoO3/ 
CNTS/ZnS/ZnO/ITO configuration. It is found that the recombination rate at MoO3/CNTS interface declines dramatically with 

Fig. 8. Effects of (a) thickness and (b) doping density in MoO3 HTL on outputs of CNTS TFSC.  
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growing the HTL acceptor density. The Fermi-level of the MoO3 HTL shifted near the valence band when the doping level is increased 
[43]. So, there is reduction in energy barrier for the holes at the MoO3/CNTS boundary resulting in minor recombination loss. At the 
same time, the recombination probability in the absorber also diminishes as less number of holes is available [50,80]. The MoO3 HTL 
thickness and doping concentration are optimized at 0.1 μm and 1018 cm− 3, respectively. The PCE of 12.10% is estimated in the 
proposed heterojunction CNTS PV device with the layer thicknesses of 0.06 μm for ZnO, 0.08 μm for ZnS, and 1.0 μm for CNTS, 
correspondingly. Concurrently, the optimized values of doping concentration in ZnO, ZnS, and CNTS films are 4 × 1018 cm− 3, 1017 

Fig. 9. Recombination rate at MoO3/CNTS interface as a function of MoO3 HTL carrier concentration in heterojunction configuration of Au/MoO3/ 
CNTS/ZnS/ZnO/ITO. 

Fig. 10. (a) VOC, JSC, FF, and efficiency as a function of defects at CNTS/ZnS interface. (b) PCE as a function of capture cross-section of electron and 
hole (σn,p) at CNTS/ZnS interface. 
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cm− 3, and 1015 cm− 3, respectively. 

3.6. Effect of defect characteristics at CNTS/ZnS interface on PV device outputs 

The outputs of the suggested TFSC with MoO3 HTL have been comprehensively investigated for several defect properties (defect 
density and capture cross-section of electron and hole) associated with the CNTS/ZnS interface, as revealed in Fig. 10(a)–(b). As can be 
detected in Fig. 10(a), the value of JSC is almost invariable likely the defect state of 1016 cm− 2 but VOC starts decreasing for the defect 
density beyond 1013 cm− 2. The PCE keep on the similar inclination as the VOC while FF decreases initially and then increases before 
finally dropping off. Fig. 10(b) indicates the deviation in the PCE as a function of capture cross-section of electron and hole (σn,p). The 
PCE is linearly growing for σn,p value from 10− 12 to 10− 17 cm2 and then is saturated. At this stage, the value of PCE is evaluated to be 
12.45%. Increasing σn,p indicates large lattice mismatch in heterojunction structure [81], and hence poor PCE is monitored at high 
values of σn,p. The capture cross-section and trap density both affect the carrier’s lifetimes. As a result, when the capture cross-section 
increases, the carrier lifetime decreases due to an increase in the dimension of the trap states, which significantly lowers the per
formance of solar cells. According to the findings in this report, the defect at the CNTS/ZnS interface has a minor part in the per
formance deterioration of the CNTS-based TFSC compared to the deep level defect in the CNTS film. Defect density and σn,p are taken 
as 1011 cm− 2 and 10− 19 cm2, respectively, at the CNTS/ZnS interface for following simulations. 

3.7. Effect of defect properties at MoO3/CNTS interface on PV device outputs 

In the present study, the impacts of defect characteristics like defect states and trap capture cross-section (σn,p) at the MoO3/CNTS 
interface on the device outputs are also examined and the simulated outputs are as illustrated in Fig. 11(a) to 11(b). The defect density 
and σn,p are varied from 1011 to 1018 cm− 2 and 10− 12 to 10− 20 cm2, respectively. In Fig. 11(a), no significant change in performance 
parameters till the defect state of 1014 cm− 2 is observed. When the defects exceed 1014 cm− 2, the device performances slightly degrade 
as VOC from 1.23 to 1.19 V, JSC from 12.65 to 12.29 mA/cm2, FF from 79.74% to 69.64%, and efficiency from 12.45% to 10.20%. Also, 
in Fig. 11(b), increments in capture cross-section of electron and hole (σn,p) cause deterioration of the MoO3/CNTS interface quality 
and for this reason, the PCE is in descending approach. As found in this section and in the previous reports [82,83], the interface defect 
density properties close to the back interface (MoO3/CNTS) have a trivial effect on the cell performances when compared to the front 
(illuminated side) interface (CNTS/ZnS). At optimized values of defect concentration to 1011 cm− 2 and σn,p to 10− 19 cm2, the PCE of 
12.46% is obtained for the proposed heterojunction CNTS solar cell. 

Fig. 11. (a) PV parameters versus defect density at MoO3/CNTS interface. (b) PCE as a function of capture cross-section of electron and hole (σn,p) at 
MoO3/CNTS interface. 
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3.8. Impacts of operative temperature and work function on PV device outputs 

Ambient temperature variation has a sensitive effect on the solar cells. Temperature increment reduces the band gap of the 
semiconductor, affecting most of the parameters of the solar cell [52]. To analyze the steadiness of the anticipated CNTS PV device 
with MoO3 HTL, the effective temperature is varied from 285 to 473 K and the deviation of the PV parameters including Voc, Jsc, FF, 
and PCE are displayed in Fig. 12(a). The Voc in a solar cell is the most affected parameter by temperature enhancement as the reverse 
saturation current rises [49]. Voc declines from 1.26 to 0.86 V estimated at the temperature ranged from 285 to 473 K, respectively. The 
JSC boosts slightly with increasing the temperature as extra photons have enough energy for creating electron-hole pair due to reduced 
bandgap but the effect is small manifested in Fig. 12(a). The recombination procedure of the electron-hole pair amid the conduction 
band and the valence band is augmented. As a result, the reverse saturation current will be increased with expanding the operating 
temperature [42,52]. The energy bandgap of semiconductors in the solar cell minimizes at the high temperature, consequently small 
increase in the JSC. This outcome would lead to drop in the VOC. Therefore, the linear diminution in the Voc and the slight rise in the Jsc 
promote to the reduction in the FF and the conversion efficiency of the PV cell at the high temperature [84]. Similar results on the 
temperature dependence of solar cell performances have been found in the previously published research works [42,43,52,84–86]. The 
PCE and FF of the designed CNTS solar cell fall from 12.80% to 7.61% and 80.16%–69.18%, respectively, when the temperature is 
altered from 285 to 473 K. 

High evaporation temperature and expensive equipment are necessary to utilize the gold (Au) material presented in the previous 
sections as a back electrode for a PV cell. Thus, the cost of the metal contact as well as the total expense of the solar device will be 
increased [87]. As shown in Fig. 12(b), the influence of the work function of different back electrode metals on the outputs of the 
designed device structure is studied. The high Schottky barrier formed at the absorber/back contact may hinder the hole transfer and 
reduces the overall device outcomes. The PV characteristics rise considerably with increasing the work function of back side electrode 
as the Schottky barrier decreases [44]. Since an Ohmic-contact is formed instead of the Schottky-contact at the rear electrode of the 
heterojunction device structure with increasing the work function, subsequently confirming an easier moving of holes from the 
absorber layer. In this context, the recombination loss in the TFSC may be insignificant, as a result the PCE is enhanced remarkably. It 
can also be seen in Fig. 12(b) that all the outputs of the proposed CNTS device with MoO3 HTL are saturated for the work function 
larger than 5.0 eV. To recognize an efficient CNTS solar device, it can be suggested on the basis of these findings that the back side 
electrode with work function higher than 5.0 eV is obligatory. In the present work, the Ni metal has been selected for the back electrode 
by considering the economical and stability [88,89]. 

Fig. 12. Impacts of (a) operating temperature and (b) back electrode work function on Voc, Jsc, FF, and PCE of proposed CNTS-based solar cell with 
MoO3 HTL. 
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3.9. Recombination coefficients analysis 

The process of recombination at the intersection of the various layers has a significant impact on the voltage (VOC) in CNTS TFSCs. 
Voltage deficit is still the main reason TFSCs work poorly. Calculating the various recombination rates is essential to reducing the 
amount of recombination that takes place within the various PV device components and lowering the voltage shortage of the device. 
When the circuit is open, the carriers in the device rejoin. Understanding the recombination processes can therefore be aided by 
measuring VOC under varied temperature and light illumination circumstances. Utilizing certain mathematical speculations and SRH 
recombination characteristics, the quantitatively determined recombination amounts at the CNTS/ZnS junction (Ri,f), quasi-neutral 
area (Rb), rear contact/CNTS (Ri,b), and depletion locale (Rd) have been computed for the device architecture shown in Fig. 1(b). 
The relationships in equation (7), which have been established by earlier studies, demonstrate how temperature and voltage affect 
these constants [90–92]. 

Ri,f =Ri,f
0 e

qV
kB T  

Rd =Rd
0e

qV
2kB T (7)  

Rb =Rb
0e

qV
kB T  
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0 e

qV
kB T  
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0 ,Rd
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0 are bias-independent recombination coefficients at various regions mentioned 
above. At VOC, the entire carrier creation throughout the absorber layer is derived by correlating the result to the net recombination. 
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Equation (9) can be further expressed as 
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Fig. 13. Variations of (a) Voc on light intensity and (b) temperature at one Sun illumination.  

Most.M. Khatun et al.                                                                                                                                                                                                 



Heliyon 9 (2023) e20603

15

K2 =
4W

(
Ri,f

0 + Rb
0 + Ri,b

0
)

(
Rd

0
)2 

It is obvious from equation (10) that voltage is a linear consequence of temperature (T) and excitation light intensity (Ga). As shown 
in Fig. 13(a)–(b), we have simulated the CNTS TFSC in two distinct conditions: (1) variable illuminations with a 300 K constant 
temperature, and (2) changing temperature with a stable lighting of 1 sun. Then, we have used equations (9) and (10) to fit the curve in 
Fig. 13(a) in order to calculate the K1 and K2 values for the device provided in Table 7. Lastly, we computed the values of Ri, Rd, and Rb 

at the CNTS/ZnS, depletion, and quasi-neutral regions, respectively, using Fig. 13(b) and the linked formulas from the prior research 
[90]. Table 7 also includes the Ri,f

0 ,Rb
0, and Rd

0 values. 

Table 7 
Extracted K1 and K2, and recombination coefficients of proposed CNTS solar cell.  

K1 K2 (suns− 1) Ri
0 (cm− 2S− 1) Rb

0 (cm− 2S− 1) Rd
0 (cm− 2S− 1) Ri (cm− 2S− 1) Rb (cm− 2S− 1) Rd (cm− 2S− 1) 

2.95 × 108 1.2294 18 18 3.88 × 106 2.47 × 109 2.47 × 109 5.36 × 1014  

Table 8 
Optimized physical parameters for Ni/MoO3/CNTS/ZnS/ZnO/ITO cell configuration.  

Optimized parameters (unit) n+-type ETL (ZnO) n-type 
Buffer (ZnS) 

p-type 
Absorber (CNTS) 

p+-type HTL (MoO3) Interface defect density 

CNTS/ZnS MoO3/CNTS 

W (μm) 0.06 0.08 1.0 0.1   
ND (cm− 3) 4 × 1018 1017 – –   
NA (cm− 3) – – 1015 1018   

Nt (cm− 3) 1016 1016 1015 1015   

σn,p (cm2)     10–19 10–19 

Total density (cm− 2)     1011 1011  

Table 9 
Comparison of PV parameters among different CNTS solar cell configurations.  

Device architectures VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

Initial Au/CNTS/ZnS/ZnO/ITO (Experimental) [27] 0.75 6.82 53.10 2.71  
Au/CNTS/ZnS/ZnO/ITO (Simulation) [this work] 0.75 6.98 51.16 2.71 

With HTL Au/MoO3/CNTS/ZnS/ZnO/ITO 1.13 9.62 78.05 8.79 
Final optimization Ni/MoO3/CNTS/ZnS/ZnO/ITO 1.23 12.66 79.78 12.46  

Fig. 14. (a) J-V characteristics and (b) EQE for several CNTS solar cells.  
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3.10. Overall performances of optimized CNTS-based PV devices 

Following a comprehensive research of the effect of various aspects of the solar cell on the outputs, a simulation for the optimized 
device is performed. The physical parameters optimized for high performance heterojunction Ni/MoO3/CNTS/ZnS/ZnO/ITO device 
are listed in Table 8. In addition, a comparison of the PV parameters among different CNTS solar cell configurations is summarized in 
Table 9. The J-V curves and external quantum efficiency (EQE) among the different heterojunction CNTS TFSCs are demonstrated in 
Fig. 14(a)–(b), respectively. Utilizing the Ni as a back contact in the proposed CNTS TFSC, it is noted that efficiency of 12.46% 
including VOC of 1.23 V, JSC of 12.66 mA/cm2, and FF of 79.78% is evaluated for the optimized device. It can be concluded that 
incorporation of an appropriate HTL in the CNTS solar structure numerically modeled according to experimentally extracted pa
rameters and then optimization of these parameters can improve the overall device performances to establish new research oppor
tunities for the CNTS materials in the PV applications. 

4. Conclusions 

This paper reports the predictive simulation model of the CNTS-based TFSC with MoO3 as HTL is developed by the SCAPS-1D 
software in order to better comprehend a rear surface passivation. It is noticed that the low experimental PCE finds its root in 
unoptimized band alignment at the back metal electrode/CNTS absorber interface. Consequently, the PV outputs optimization is taken 
up by concentrating on appropriate choice of the HTL. We have demonstrated comparison of performance parameters incorporating 
several HTL materials in the CNTS-based cell. These simulation results reveal that the band alignment with high CBO and low VBO 
values at the rear electrode is essentially required to enhance the cell performances. Herein, it is uncovered that incorporating the 
MoO3 as HTL at the rear side of the CNTS absorber successfully boosts the PV characteristics among other back surface passivation 
layers. With this modification, the efficiency is obtained to be 8.79% from a previous efficiency of 2.71%. Further optimization of the 
suggested PV cell is conducted by examining the effects of thickness, carrier density, bulk, and interface defects of respective layers. We 
have also examined the cell’s outputs of the developed solar configuration by altering operative temperature and work function of back 
side electrode. The optimum thickness and doping concentration are preferred to be 0.06 μm and 4 × 1018 cm− 3, 0.08 μm and 1017 

cm− 3, 1.0 μm and 1015 cm− 3, 0.1 μm and 1018 cm− 3 for the ZnO ETL, ZnS buffer, CNTS absorber, and MoO3 HTL, respectively. By 
utilizing all the optimized parameters, the PV outputs such as Voc of 1.23 V, JSC of 12.66 mA/cm2, FF of 79.78% and efficiency of 
12.46% are calculated. These outcomes imply that the MoO3 can be utilized as a promising HTL in the CNTS-based TFSC. Hence, this 
investigation will be helpful for researchers to develop an inexpensive and highly efficient CNTS-based PV device. 
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