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tion of bi-facial ZnO/MoTe2
photovoltaic solar cells with N-doped Cu2O as the
BSF layer for enhancing VOC via device simulation†

Arifuzzaman Rajib, *a Tapos Chandra Saha, a Md. Mustafizur Rahman, a

Hridoy Sarker, a Ruddro Dhali, a Md. Sabbir Hossain Sumona

and Atowar Rahman*b

Molybdenum telluride (MoTe2) shows great promise as a solar absorber material for photovoltaic (PV) cells

owing to its wide absorption range, adjustable bandgap, and lack of dangling bonds at the surface. In this

research, a basic device structure comprising Pt/MoTe2/ZnO/ITO/Al was developed, and its potential was

assessed using the SCAPS-1D software. The preliminary device exhibited a photovoltaic efficiency of

23.87%. The integration of a 100 nm thick nitrogen-doped copper oxide (N-doped Cu2O) layer as a hole

transport/BSF layer improved the device performance of the MoTe2/ZnO photovoltaic solar cell (PVSC),

increasing the open circuit voltage (VOC) from 0.68 V to 1.00 V and, consequently, its efficiency from

23.87% to 34.45%. Recombination and C–V analyses were conducted across various regions of the

device with and without the BSF layer. The results of these analyses revealed that this improvement in

the device performance mainly stemmed from a decrease in recombination losses at the absorber/BSF

interface and an increase in the built-in potential of the device, resulting in improved VOC and

photovoltaic efficiency. Additionally, the performance of the device in a bifacial mode was studied. The

calculated bifacial factor (BF) values suggested that there were negligible additional losses affecting

some parameters when the solar cell was under backside illumination and emphasized the potential for

improved energy harvest in bifacial solar cells without significant drawbacks.
1. Introduction

Energy from non-renewable energy sources increases the
temperature of the earth by the emission of SO2, CO2, and CH4

gases.1 The use of renewable resources, such as sunlight and
wind, must be increased in order to bring down fossil fuel
consumption. The relentless pursuit of sustainable energy
sources has propelled signicant advancements in the eld of
solar energy. Different technologies have been applied to utilize
solar energy, but photovoltaic (PV) cells have received consid-
erable attention from researchers due to their cost-effectiveness
and availability.2–5 Nowadays, silicon-based solar cells dominate
about 95% of the worldwide solar market. However, silicon (Si)
possesses an indirect type bandgap, and its optical absorption
is not as suitable as those of direct bandgap semiconductor
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materials. Industrial production of silicon wafers requires
temperatures of about 1400 °C, and thick wafers are oen used
for commercial purposes, which increases costs and the
amount of materials used.6–8 TFSCs have achieved notable
progress in recent years, leading to the enhancement of cell
performance and cost-effectiveness. TFSCs use a much thinner
layer of semiconductor material in comparison with conven-
tional silicon solar cells, making them cost-effective, lighter,
and more exible. The 2nd generation TFSCs are based on
CdTe, CIGS, and lead chalcogenide PbX (X= S, Se). These are all
direct bandgap semiconductors and have received considerable
attention because of their exceptional performance in PV
applications.9–12 High production costs, i.e., expensive materials
and manufacturing processes associated with these technolo-
gies, primarily limit the commercialization of the 2nd genera-
tion TFSCs. Additionally, efficiency, reliability, and toxicity
issues have hindered their widespread adoption in the market.
These technologies have not yet achieved the same level of
efficacy and long-term reliability as silicon-based solar cells,
making them less attractive to commercial developers and
investors.

To overcome these challenges, researchers have turned to
earth-abundant, inexpensive, and eco-friendly materials like
transition metal dichalcogenides (TMDCs) as the main
© 2024 The Author(s). Published by the Royal Society of Chemistry
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absorber layer in solar cells. These materials exhibit excellent
optical, mechanical, thermal, and electrochemical
properties.13–16 TMDCs have a three-layer chalcogenide-
transition metal-chalcogenide microstructure, in which very
weak van der Waals forces form bonds between the layers.
Therefore, doping can be easily achieved in order to tune their
electrical and optical properties.17 Among the TMDCs, MoTe2
has garnered considerable attention as a promising absorber
material for thin-lm solar cells because it exhibits a p-type
behavior with exceptional optoelectronic properties.18 In addi-
tion, it shows a bandgap in the range of 1 to 1.2 eV, superior
optical absorption of ∼105 cm−1, and excellent carrier
mobility.19 Very recently, the photovoltaic solar cell with
perovskite as an absorber layer has been in focus due to its high
band gap, high efficiency, and excellent stability.20–22

However, MoTe2 has not been explored well as an active layer
for PV cells. In a recent study, a device structure of Cu2O/MoTe2/
CdS showed a PV performance of 32.38% power conversion
efficiency (PCE).19 However, toxic materials, such as cadmium,
were used as window layers.19 In another study, a MoTe2/n-
MoSe2 PV cell structure showed a cell performance of 26.97%
PCE, which further improved to 28.75% PCE using a heavily
doped N-doped Cu2O BSF layer.23 However, it is worth noting
that the BSF layer is inefficient as most of the sunlight photons
are absorbed by the MoSe2 window layer due to its very high
absorption coefficient of ∼106 cm−1 and moderate bandgap Eg
of ∼1.25 eV.24–27 Therefore, very few photons are reected by the
BSF layer. TFSCs can be fabricated using various methods, each
with distinct advantages and applications, including sputtering,
CVD, PVD, ALD, PLD, and epitaxial growth. Epitaxy, which
achieves high crystallographic alignment between the depos-
ited lm and substrate lattice, employs techniques such as
MBE, epitaxial CVD, and atomic layer epitaxy (ALE). Data in
Table 1 indicates that the lattice mismatch at the ZnO/MoTe2
interface is 8.25%, while it is 19.43% at the MoTe2/N-doped
Cu2O interface. This information aids in selecting an appro-
priate epitaxial growth technique for fabricating the proposed
device structure with optimal crystallographic alignment
among the layers.

These results suggest that PVSCs with MoTe2 as an absorber
layer have great potential to produce non-toxic, low-cost, and
high-performance PVSCs. However, the choice of the window
layer is crucial. However, ZnO is a promising material as
a window layer for its widespread use in Cu2O, c-Si, GaAs, and
perovskite-based solar cells.31–34 From this point of view,
Table 1 Lattice parameters of different layers and the percentage of
lattice mismatches of their interfaces

Layer

Lattice parameters

Reference
Lattice
mismatch (%)a (Å) b (Å) c (Å)

MoTe2 3.53 3.53 13.96 28
ZnO 3.25 3.25 5.21 29 8.25 (ZnO/MoTe2)
N:Cu2O 4.29 4.29 4.29 30 19.43 (MoTe2/N:Cu2O)

© 2024 The Author(s). Published by the Royal Society of Chemistry
electrically conductive and optically transparent material with
a wide bandgap like ZnO is promising as a window layer for
MoTe2-based PVSC.35–37 Here, an initial device structure of Pt/
MoTe2/ZnO/ITO/Al has been constructed and extensively
studied using the SCAPS-1D simulator. The research aims to
identify the ideal device conditions for Pt/MoTe2/ZnO/ITO/Al
photovoltaic solar cells (PVSCs). The device's performance has
been analyzed via numerical simulations, considering varia-
tions in carrier concentration, thickness, and bulk defects of
different constituent layers.

One of the major issues is the recombination of minority
carriers at the back side, which limits the performance of
MoTe2-based SCs.38 One way to minimize backside recombina-
tion and improve the performance is to passivate the backside
of the device. In this simulation, N-doped Cu2O is incorporated
into the initial device featuring the conguration of Pt/N-doped
Cu2O/MoTe2/ZnO/ITO/Al to reduce the recombination of
minority carriers and to enhance the collection of photo-
generated holes at the back electrode. This is because the N-
doped Cu2O shows high acceptor density and conrms better
valence band energy alignment with MoTe2. The key perfor-
mance parameters of the optimized PVSCs with different back
metal work functions, different series and parallel resistances,
and different operating temperatures are studied. To under-
stand the potential of the device, the effect of incorporating ZnO
as ETL and N-doped Cu2O as a BSF layer into the proposed
device on the built-in potential at different junctions and the
recombination rate at different interfaces is also studied.
Finally, with an aim to further improve PV performance, one
possible approach has been proposed and Pt/N-doped Cu2O/
MoTe2/ZnO/ITO/Al PVSCs were tested as bifacial PVSCs.
2. Device design and numerical
simulation

This study proposes a bi-facial ZnO/MoTe2 device with an N-
doped Cu2O as a BSF layer, aiming to achieve an enhanced
VOC through device simulation. This innovative design leverages
the unique properties of the selected materials to maximize
device performance. The numerical simulations of the
proposed Pt/N-doped Cu2O/MoTe2/ZnO/ITO/Al PVSCs were
performed by using SCAPS-1D soware taking 1 sun (100 mW
cm−2), AM 1.5 G standard spectrum, and temperature of the
device to be 300 K.39 The step-by-step simulation approach
during the SCAPS-1D soware operation is presented in Fig. 1.
To run the simulation, the scaps3200.exe le is executed, and
the entire problem, including all the parameters of the solar
cell, is dened. The working point-temperature, frequency, and
illumination spectra are specied and remains constant during
the entire simulation. The calculation is initiated, and upon
completion, the desired data is collected from the specied
sections. The SCAPS-1D soware mainly solves three pilot
equations in semiconductors called the dri–diffusion equa-
tion for holes and electrons, Poisson's equation, and free
carrier's continuity equations.40,41 The governing equations are
shown below:
RSC Adv., 2024, 14, 39954–39967 | 39955
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Fig. 1 Schematic of the working approach of the SCAPS-1D
simulator.23
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Table 2 Simulation parameters (baseline) for various constituent layers

Parameters ITO46

Thickness, (mm) 0.050
Band-gap, Eg (eV) 3.60
Electron affinity, c (eV) 4.50
Dielectric constant, 3r 8.90
Effective DOS at conduction band density, Nc (cm

−3) 2.20 × 101

Effective DOS at valence band density, Nv (cm
−3) 1.80 × 101

Electron thermal velocity, (cm s−1) 1.00 × 107

Hole thermal velocity, (cm s−1) 1.00 × 107

Electron carrier mobility, mn (cm2 V−1 S−1) 50.00
Hole carrier mobility, mp (cm2 V−1 S−1) 10.00
Donor concentration, ND (cm−3) 1.00 × 102

Acceptor concentration, NA (cm−3) 1.00 × 107

Defect density, Nt (cm
−3) 1.00 × 101

Parameters

Types of defect
Capture cross section of electrons (cm2)
Capture cross section of holes (cm2)
Energetic distribution

39956 | RSC Adv., 2024, 14, 39954–39967
3 ascribes the dielectric constant, j stands for the electrostatic
potential, NA and ND are the acceptor and donor density of
states, respectively, q is the electrical charge, p is the density of
free holes and n is the density of free electrons, Jn is the current
density of electrons and Jp is the current density of holes, Pn and
Pp dene the electron and hole distribution, respectively, EF
denotes the electric eld, G is the generation rate, x is the
thickness, m is the carrier mobility, and U represents the rate of
recombination.

The rst three pilot equations are solved using the Newton–
Raphson differentiation methods and Gummel-type iteration to
calculate the quasi-Fermi levels and electrostatic potential of
free carriers throughout the semiconductor. The electric eld,
carrier concentration, and other device potential parameters are
then determined. Accurate selection of parameters for each
layer of the PVSCs is crucial as the accuracy of the performance
parameters depends on them. All physical parameters used in
this simulation for each layer of the suggested Pt/N-doped
Cu2O/MoTe2/ZnO/ITO/Al PVSCs are listed in Table 2. The data
derived from the optical properties of MoTe2, ZnO, N-doped
Cu2O, and ITO layers are taken from the existing literature for
this simulation.17,42–45

The device structure, as illustrated in Fig. 2(a), includes zinc
oxide (ZnO) as a window layer, N-doped copper oxide (N-doped
Cu2O) as a BSF layer, an ITO layer, and aluminum (Al) and
platinum (Pt) as the front and back metal electrodes, respec-
tively. The energy band structure of the proposed Pt/N-doped
Cu2O/MoTe2/ZnO/ITO/Al PVSCs is portrayed in Fig. 2(b).
3. Results and discussion
3.1 Performance optimization of the MoTe2-based solar cell

3.1.1 Impact of MoTe2 layer on the performance of MoTe2/
ZnO PVSC. In Fig. 3, the contour plots illustrate the prime
ZnO35 MoTe2
23 N-doped Cu2O

17

0.100 1.250 0.100
3.20 1.10 2.60
4.00 4.20 3.20
9.00 13.0 6.60

8 4.00 × 1018 4.00 × 1016 2.50 × 1020
9 2.00 × 1019 3.00 × 1018 2.50 × 1020

1.00 × 107 1.00 × 107 1.00 × 107

1.00 × 107 1.00 × 107 1.00 × 107

100.0 110.0 0.10
25.00 426.0 10.00

1 1.00 × 1016 0.00 0.00
0.00 1.00 × 1015 1.00 × 1019

4 1.00 × 1014 1.00 × 1013 1.00 × 1015

MoTe2/ZnO N-doped Cu2O/MoTe2

Neutral Neutral
1.00 × 1019 1.00 × 1019

1.00 × 1019 1.00 × 1019

0.60 0.60

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Design of the Pt/N-doped Cu2O/MoTe2/ZnO/ITO/Al PVSC (a) schematic blocks and (b) simulated energy band diagram.
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operation parameters of the MoTe2/ZnO-based PVSC in relation
to the carrier concentration and thickness of the MoTe2 layer.
The range for the thickness is from 100 to 2000 nm, and that for
the carrier concentration is from 1013 to 1017 cm−3 of the MoTe2
layer. Fig. 3(a) presents that the short-circuit current density
(JSC) rises exponentially with increasing thickness up to
1250 nm, beyond which it plateaus. This suggests that
enhancing the thickness of the active layer may lead to
increased photon absorption, which in turn could generate
more electron–hole pairs, and consequently, a higher photo-
current.46 However, beyond a certain thickness, additional
photon absorption does not signicantly contribute to JSC, as
many of the generated carriers may recombine before reaching
the electrodes due to increased carrier transit time.47 It is also
observed from Fig. 3(a) that for a MoTe2 absorber layer width of
1500 nm, the maximum value of JSC is 43.5 mA cm−2, which
remains relatively steady up to a density of 1015 cm−3. Beyond
this point, the value of JSC decreases systematically with
a further increase in the carrier density of the MoTe2 layer. This
is because the recombination losses originating from the
coulomb interactions among photo-generated carriers, traps,
and defects lead to increased carrier traps and recombination
within the absorber layer at elevated carrier doping levels.48

Conversely, Fig. 3(b) and (c) demonstrate that the VOC and ll
factor (FF) show nearly independent characteristics relative to
the width of the MoTe2 layer. The VOC is related to JSC and
reverse saturation current (J0) by,

VOC z
KBT

q
ln
JSC

J0
(6)

KB denotes the Boltzmann's constant, q stands for electric
charge, and T denotes the absolute temperature.49 Eqn (6)
indicates that the VOC depends not only on the JSC but also on
the J0. As the thickness of the MoTe2 layer increases, both JSC
and J0 increase proportionally, which may balance the JSC/J0
ratio, leading to an almost constant VOC value.
© 2024 The Author(s). Published by the Royal Society of Chemistry
In Fig. 3(b), it is shown that increasing the doping concen-
tration in a 1500 nm thick MoTe2 layer from 1013 cm−3 to 1017

cm−3 results in the VOC rising from 0.4 V to 0.794 V. This rise
could be attributed to the shi in the quasi-Fermi energy level of
holes as the acceptor concentration (NA) increases, or due to the
heightened potential at the ZnO/MoTe2 junction, which is
a consequence of a more robust depletion layer at higher
doping densities, thereby improving charge separation and cell
efficiency.17

In Fig. 3(c), the FF is observed to increase with the MoTe2
layer thickness at 1500 nm and the acceptor level rising from
1013 cm−3 to 1015 cm−3, climbing from 68.39% to 82.33%. This
enhancement is linked to the reduced series resistance of the
MoTe2 layer as the doping density increases.50 Nevertheless,
a further increment in doping concentration from 1015 cm−3 to
1017 cm−3 causes a sharp decline in the FF value from 82.33% to
41.62%, indicating that too high a doping concentration may
destabilize the system, leading to a rise in resistance and a fall
in FF.

The inuence of VOC, JSC, and FF on the PCE of the ZnO/
MoTe2 device is depicted in the contour diagram of Fig. 3(d).
According to Fig. 3(d), at a doping concentration of 1015 cm−3,
there is an exponential increase in performance up to a thick-
ness of 1500 nm, aer which it plateaus. The observed result
stems from the enhancement of photocurrent as the thickness
increases; however, recombination may also increase in
a thicker absorber layer due to the longer carrier transit time.
Furthermore, Fig. 3(d) illustrates that the combined effects of
VOC, JSC, and FF enhance the PCE up to a doping density of 1015

cm−3, beyond which the PCE begins to decline. The peak PCE of
24.75% was achieved with a MoTe2 layer thickness and doping
concentration of 1500 nm and 1015 cm−3, respectively.

The defect density within the MoTe2 layer is a critical
parameter that signicantly impacts the device's performance.
Fig. 4 presents contour plots of essential PV parameters against
the thickness and defect density of the MoTe2 layer. As shown in
RSC Adv., 2024, 14, 39954–39967 | 39957
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Fig. 3 Contour representations of the variation of (a) JSC, (b) VOC, (c) FF, and (d) PCE depending on the width and doping concentration of the
MoTe2 absorber layer. The low to high values of each parameter are indicated by the blue-to-red color coding.
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Fig. 4(a), the JSC increases with thickness until a certain defect
density of 1016 cm−3 is reached, beyond which it signicantly
decreases. Fig. 4(b)–(d) demonstrate that VOC and FF maintain
PCE stability with thickness and up to a defect density of 1014

cm−3. However, larger defects cause a systematic decline in PCE
across all thicknesses. Notably, at a MoTe2 layer thickness of
1500 nm, the VOC drops from 0.69 V to 0.52 V, and the FF
decreases from 81.90% to 50.11% as the defect density
increases from 1014 cm−3 to 1017 cm−3. This performance
degradation results in a substantial efficiency drop, from
24.44% to 2.33%, as the defect density increases from 1014 cm−3

to 1017 cm−3, owing to Shockley–Read–Hall (SRH) recombina-
tion and the resulting rise in reverse saturation current.51,52

Thus, a thickness of 1250 nm, a carrier concentration of 1015

cm−3, and a defect density of 1014 cm−3 are identied as the
optimal parameters for the MoTe2 absorber layer for the
proposed device structure.

3.1.2 Inuence of the ETL layer on the potential of the
MoTe2/ZnO-based PVSC. In Fig. 5, the impact of the carrier
concentration, thickness, and bulk defect of the ZnO window
layer on the performance of the MoTe2/ZnO-based PVSC is
illustrated. Fig. 5(a) shows the deviation of the prime perfor-
mance of the MoTe2/ZnO device with the thickness of the ZnO
ETL layer while maintaining the optimized parameters of the
39958 | RSC Adv., 2024, 14, 39954–39967
absorber layer from the previous section. The performance
parameters, specically VOC, JSC, FF, and PCE, remain constant
at 0.68 V, 43.2 mA cm−2, 82%, and 24%, respectively, across the
ZnO layer thickness from 100 nm to 300 nm. The low visible
light absorption and wide bandgap of the ZnO electron trans-
port layer are responsible for minimally affecting cell
performance.

Fig. 5(b) demonstrates the change in VOC, JSC, FF, and PCE
based on the doping concentration of the ZnO window layer,
ranging from 1013 to 1017 cm−3. It is evident from Fig. 5(b) that
the donor density does not affect JSC, while a slight decrement in
VOC from 0.683 to 0.677 V is observed as the doping density
increases. This originates from the coulomb traps due to high
donor concentrations, which decrease electron mobility.53

Moreover, the FF signicantly increases from 73 to 84%with the
enhanced conductivity of the ZnO window layer due to the
increase in doping density.54 The combined effect of VOC, JSC,
and FF leads to an increase in PCE up to a particular doping
density of 1016 cm−3, which then tends to saturate.

The impact of a rise in defects of the ZnO layer ranging from
1012 to 1016 cm−3 is illustrated in Fig. 5(c). As shown in Fig. 5(c),
the performance parameters remain relatively unchanged
across this range of defect densities in the ZnO layer. This
suggests that the performance of the MoTe2/ZnO-based PVSC is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Contour representations of the variation of (a) JSC, (b) VOC, (c) FF, and (d) PCE of the MoTe2/ZnO device as a function of thickness and
defects of the MoTe2 layer. The low to high values of each parameter are indicated by the blue-to-red color coding.

Fig. 5 Variation of MoTe2/ZnO-based PVSC performance on the (a) thickness, (b) donor concentration, and (c) bulk defect density of the ZnO
window layer.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 39954–39967 | 39959
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not signicantly affected by bulk defects in the ZnO layer.
Consequently, a ZnO layer with a thickness of 100 nm, carrier
concentration of 1016 cm−3, and bulk defect density of 1014

cm−3 is deemed optimal. Conversely, for the MoTe2 layer,
a defect density of 1013 cm−3, doping concentration of 1015

cm−3, and thickness of 1250 nm are identied as the optimal
performance conditions for further use.
3.2 MoTe2/ZnO-based PVSC performance dependent on the
N-doped Cu2O as a back surface eld (BSF) layer

Recombination at the device's rear side signicantly hampers the
PV performance of solar cells.17 The Back Surface Field (BSF) layer
plays a vital role in solar cell design by enhancing the VOC and
overall device performance. This section explores the signicance
of the BSF layer, detailing its function and impact on solar cell
characteristics. The BSF layer's primary role is to minimize elec-
tron–hole pair recombination at the back contact, a process that
leads to energy loss and reduced efficiency. Typically, the BSF
layer is formed by doping the semiconductor material with
a specic dopant. In p-type semiconductors like MoTe2, a heavily
doped layer acts as the BSF, creating an electric eld at the
interface that repels minority carriers, leading to a higher VOC.

A BSF with a high carrier density (p+) is implemented at the
back side of the device to reduce surface recombination and
enhance performance. N-doped Cu2O is employed as the BSF
layer to capitalize on its potential. The energy band structure of
the Al/ITO/ZnO/MoTe2/N-doped Cu2O/Pt PVSC under sunlight
illumination is depicted in Fig. 2, and the properties of the N-
doped Cu2O layer are detailed in Table 2. A minimal conduc-
tion band offset (CBO) of approximately 0.06 eV is observed at
the conduction band edge between the MoTe2 and ZnO layers,
while a signicant CBO of about 1.5 eV is present between the
absorber and BSF layers. Consequently, electrons generated by
Fig. 6 Dependency of MoTe2/ZnO-based PVSC performance on the (a) t
doped Cu2O BSF layer.

39960 | RSC Adv., 2024, 14, 39954–39967
sunlight in the conduction band are reected by the large CBO
at the N-doped Cu2O band edge, facilitating smooth transport
across the ZnO/MoTe2 interface due to the small CBO, leading
to efficient collection of photo-electrons at the front electrode.
Conversely, holes generated in the valence band of the absorber
layer are impeded by the ZnO layer and reected back due to
a valence band offset (VBO) of approximately 2.04 eV between
ZnO/MoTe2, allowing for their efficient extraction by the N-
doped Cu2O layer and transport to the back-electrode, as the
VBO between the MoTe2 and N-doped Cu2O layer is insigni-
cantly low.

3.2.1 Dependency of N-doped Cu2O BSF layer on the
potential of MoTe2/ZnO-based PVSC. The effect of the thick-
ness, doping density, and defect density of the N-doped Cu2O
BSF layer on the performance of the MoTe2/ZnO-based PVSC is
depicted in Fig. 6. Fig. 6(a) displays the variation of key
performance of MoTe2/ZnO PVSC in accordance with the
thickness of the N-doped Cu2O BSF layer while considering the
optimized parameters of the MoTe2-absorber layer and ZnO-
window layer from the previous sections. It is observed in
Fig. 6(a) that the VOC, JSC, FF, and PCE remain constant at 0.99 V,
43.2 mA cm−2, 79.8%, and 34.45%, respectively, over the N-
doped Cu2O BSF layer thickness from 50 nm to 280 nm. This
result suggests that no photons from the sunlight were absor-
bed in the N-doped Cu2O BSF layer.

Fig. 6(b) illustrates the change in key performance parame-
ters of the MoTe2/ZnO PVSC with the carrier density of the N-
doped Cu2O BSF layer ranging from 1016 cm−3 to 1021 cm−3.
Except for VOC, all the key parameters gradually increased with
an increase in the carrier density from 1016 cm−3 to 1018 cm−3,
above which the values remained constant in the current
density range of 1018 cm−3 to 1021 cm−3. These results suggest
that the sufficient electric eld due to the BSF layer at the N-
hickness, (b) donor concentration, and (c) bulk defect density of the N-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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doped Cu2O/MoTe2 interface might be attained aer a certain
carrier concentration of 1018 cm−3.

The effect of increasing the defect density of the N-doped
Cu2O BSF layer on the key performance parameters is shown
in Fig. 6(c). As shown in Fig. 6(c), the performance parameters
remain relatively unchanged up to the defect density of 1018

cm−3 in the N-doped Cu2O BSF layer. For a large amount of
defect density of 1019 cm−3, the VOC and FF, resulting in PCE,
sharply declined from 34.45% to 23.87% due to Shockley–Read–
Hall (SRH) recombination. Consequently, an N-doped Cu2O BSF
layer with a thickness of 100 nm, carrier concentration of 1019

cm−3, and bulk defect density of 1015 cm−3 is considered
optimal.

3.2.2 Impact of the BSF layer on the built-in potential of
the device. In Fig. 7, the capacitance–voltage (C–V) character-
istics are presented using Mott–Schottky analysis to nd the
built-in potential (4bi) for two device congurations: one
without a BSF layer (ZnO/MoTe2) and the other with a BSF layer
(N-doped Cu2O/MoTe2/ZnO). The built-in potential (4bi) can be
estimated from the intercept of the (1/C)2–V plot.55–59

1

C2
¼

c

�
KT

q
� 4bi � V

�

qA2303CTSND

(7)

3CTS and 30 represent the permittivity of the medium and
vacuum, respectively, C is the resultant capacitance at the
junctions, V denes the applied voltage, ND demonstrates the
donor density, q = 1.6 × 1019 eV, and A describes the area of the
diode.

The linear section in Fig. 7(a), aer tting and extrapolation,
reveals that the built-in potential (4bi) for the ZnO/MoTe2 device
is approximately 0.72 V. However, the built-in potential for the
ZnO/MoTe2/N-doped Cu2O device is determined to be 1.18 V. It
is suggested that the cumulative effect of the ZnO/MoTe2
junction and MoTe2/N-doped Cu2O interface is responsible for
improving the device's built-in potential, thereby aiding in the
efficient separation of photo-induced carriers. The enhanced
electric eld created by the BSF layer promotes the dri of
Fig. 7 C–V analysis to evaluate the built-in potential of (a) ZnO/MoTe2

© 2024 The Author(s). Published by the Royal Society of Chemistry
minority carriers towards the front contact, where they can
contribute to the photocurrent. This results in a slightly
improved JSC in the device. Additionally, due to the higher CB
edge of the N-doped Cu2O compared to the MoTe2 edge, elec-
trons generated in the absorber layer are repelled at the BSF
layer's CB edge. This repulsion mitigates surface recombination
at the rare interface, leading to a signicantly higher VOC of the
ZnO/MoTe2/N-doped Cu2O device. In other words, introducing
a properly designed Back Surface Field (BSF) layer on the
backside of the device generates an additional electric eld at
the BSF/Absorber (p+/p) interface.60 This electric eld causes the
reection of minority carriers (electrons) approaching the BSF/
Absorber (p+/p) interface. As a result, the recombination
velocity, which refers to the number of carrier recombination
per unit area and time, will decrease due to the presence of the
electric eld produced by the BSF layer. This reduction in
recombination leads to an improvement in the open-circuit
voltage (VOC) of the device.

3.2.3 Impact of N-doped Cu2O BSF layer on the Recombi-
nation rate at different regions of the device. Shockley–Read–
Hall (SRH) recombination, known as defect-assisted recombi-
nation, is a key process in solar cells and can signicantly
reduce cell performance. Statistical analysis and analytical
approximations of SRH recombination are crucial for under-
standing and quantifying recombination rates (R) in different
regions of the solar cell, such as in the bulk region (Rb),
depletion region (Rd), at the ETL/absorber interface (Ri,f), and
the BSF layer/absorber interface (Ri,b).61 Our previous article
details the methodology for estimating these recombination
rates at different regions of the device.62 The VOC is related to the
intensity of the light as follows:

VOC ¼ 2KBT

q
ln
h
K1

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðGaK2 þ 1Þ

p
� 1

�i
(8)

Here, KB represents the Boltzmann constant, q is the electron
charge, Ga is the incident light intensity, and T is the absolute
temperature. Coefficients K1 and K2 are derived from tting the
intensity-dependent VOC curves using eqn (8).
and (b) ZnO/MoTe2/N-doped Cu2O heterostructures.
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Fig. 8 Light intensity-dependent VOC for (a) ZnO/MoTe2 (b) ZnO/MoTe2/N-doped Cu2O device with different excitation wavelengths of white
light (WL), lexc = 450 nm, and lexc = 800 nm at a constant temperature of 300 K.
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An intensity-dependent VOC analysis under monochromatic
short and long wavelengths has been conducted to extract the
recombination coefficient at the absorber/BSF interface (Ri,b0 ) and
the surface recombination velocity (SRV) of electrons at the
absorber/BSF interface. The study uses two monochromatic
wavelengths, 450 nm and 800 nm, to illuminate the designed SCs
for qualitative and quantitative assessments of recombination at
the back interface without and with the BSF layer. Fig. 8 shows
the VOC graphs dependent on light intensity (Ga) without and
with the BSF layer. The K1 and K2 values, obtained from tting the
intensity-dependent VOC curves in Fig. 8 using eqn (8), are used to
calculate the recombination coefficients Rd0, R

i,b
0 , and hence the

recombination rates Rd, Ri,b as well as the surface recombination
velocity of electrons at the back interface, which are presented in
Table 3. Details of calculations of the recombination coefficient
and surface recombination velocity are discussed in ES1.†

Table 3 reveals that the recombination coefficient and rate in
the depletion region and at the back interface, along with the SRV
at the back interface for ZnO/MoTe2, are notably poor. However,
by integrating an N-doped Cu2O layer (100 nm) with ZnO/MoTe2,
forming a ZnO/MoTe2/N-doped Cu2O structure, a signicant
reduction in the recombination coefficient in the depletion
region and at the back interface, from 1.1× 108 cm−2 s−1 to 7.1×
106 cm−2 s−1 and 1.6× 103 cm−2 s−1 to 1.3× 10−3, respectively, is
observed. Consequently, the recombination rate in the depletion
region and at the back interface is suppressed from 2.77 × 1016
Table 3 Extracted values of K1 and K2 from Fig. 8 and recombination coe
layer. Here, Rd

0, R
i,b
0 , Rd, Ri,b, and Sbe are calculated at a bias voltage of 1.0

Condition KSW
1 KLW

1 KWL
1 KSW

2 KLW
2

Without N-doped
Cu2O-BSF layer

10 073 14 173.8 9748.3 2076.7 2110.4

with N-doped
Cu2O-BSF layer

2.56 × 109 1.36 × 1011 3.64 × 109 0.1676 0.004

39962 | RSC Adv., 2024, 14, 39954–39967
cm−2 s−1 to 1.75 × 1015 and 3.98 × 1011 cm−2 s−1 to 3.35 × 105,
respectively. Additionally, the SRV at the back interface is
decreased from 200 cm s−1 to 1.69 × 10−3 cm s−1 by adding the
N-doped Cu2O BSF layer. These ndings imply that the electric
eld at the MoTe2/N-doped Cu2O interface enhances hole trans-
port at the valence band from the MoTe2 absorber layer to the
back contact via the N-doped Cu2O-BSF layer, mitigating the ow
of minority carriers (electrons) towards the MoTe2/N-doped Cu2O
junction at the conduction band, thus reducing the carrier
recombination rate at the device's rear side, suppressing the dark
current (J0). It is conrmed from eqn (6) that the open circuit
voltage of the MoTe2-based PVSC in the presence of N-doped
Cu2O is improved due to the suppression of the dark current.

3.2.4 Impact of BSF layer on the open-circuit voltage (VOC)
of the device. Fig. 9 compares the performance of the MoTe2/
ZnO-based PVSC with and without the N-doped Cu2O BSF layer.
The J-V characteristics of both ZnO/MoTe2 and ZnO/MoTe2/N-
doped Cu2O PVSCs are displayed in Fig. 9(a), where the key
performance parameters are also detailed. The ZnO/MoTe2
single-junction SC shows an efficiency of 23.87%, with a JSC of
43.15 mA cm−2, VOC of 0.68 V, and FF of 81.31%. Incorporating
a 100 nm thick N-doped Cu2O as the BSF layer into the ZnO/
MoTe2 SC signicantly enhances the efficiency to 34.45%, with
a JSC of 43.28 mA cm−2, VOC of 1.0 V, and an FF of 79.81%. The
notable increase in efficiency is primarily due to the raised VOC
(from 0.68 V to 1.0 V), which is a result of a stronger built-in
fficient for MoTe2-based PVSCs with and without N-doped Cu2O BSF
V

KWL
2

Rd0
(cm−2 s−1)

Ri,b0
(cm−2 s−1)

Rd

(cm−2 s−1)
Ri,b

(cm−2 s−1)
Sbe
(cm s−1)

2901 1.1 × 108 1.6 × 103 2.77 × 1016 3.98 × 1011 200

9 0.123 7.1 × 106 1.3 × 10−3 1.75 × 1015 3.35 × 105 1.69 × 10−3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Light-dependent output characteristic and (b) quantum efficiency curves for the proposed MoTe2/ZnO PVSC in the presence and
absence of an N-doped Cu2O-BSF layer.
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potential (from 0.72 eV to 1.18 eV) in the ZnO/MoTe2/N-doped
Cu2O heterostructure, thus reducing recombination losses.

Fig. 9(b) compares the quantum efficiency (QE) curves for
both structures in the presence and absence of the N-doped
Cu2O BSF layer. Simulations spanning a wavelength range of
300 nm to 1200 nm under AM1.5 solar illumination indicate
similar QE curves for both cases. It is evident that the MoTe2/
ZnO PVSC, in the presence and absence of the N-doped Cu2O
BSF layer, exhibits nearly identical QE curves, indicating the N-
doped Cu2O BSF layer does not contribute to photon absorp-
tion. However, it aids in enhancing the built-in potential by the
additional N-doped Cu2O/MoTe2 junction, reducing recombi-
nation losses at the back side of the device to increase the VOC,
leading to improved photovoltaic efficiency (Fig. 8).
3.3 Effect of metal work function at the back contact and
operation temperature on the N-doped Cu2O/MoTe2/ZnO
PVSC

In Fig. 10(a), the graph shows the normalized PV response for
the back-contact metal work function ranging from 5.1 eV to
Fig. 10 Key performance parameter responses of the N-doped Cu2O/M
metal and (b) operating temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
5.7 eV. This is to understand the behavior at the interface of the
back-contact/BSF layer, whether it is ohmic or rectifying. The
carrier concentration, thickness, and bulk defect of each layer
have been kept at the optimized values obtained previously
from the simulation. From Fig. 10(a), it can be observed that all
the PV parameters except for JSC linearly increase with the
increasing anode's work function up to a certain value of
5.32 eV. Beyond this value, further improvement in the metal
work function of the back electrode shows diminishing returns.
It is also noted in Fig. 10(a) that a Schottky-type rectifying
behavior is observed at the N-doped Cu2O/anode interface for
work functions less than 5.32 eV. This leads to the recombina-
tion of carriers at the back-contact/BSF interface, resulting in
reduced VOC, FF, and consequently, photovoltaic efficiency, as
shown in Fig. 10(a). It is well known that the energy barrier (4B)
between the back surface anode metal and N-doped Cu2O-BSF
layer can be evaluated by:

4B ¼ Eg

q
þ X þ 4m (9)
oTe2/ZnO PVSC in relation to (a) work function of the back-contact

RSC Adv., 2024, 14, 39954–39967 | 39963
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Fig. 11 J–V curves of the optimized N-doped Cu2O/MoTe2/ZnO
PVSC under back-illumination at 1 sun and front illumination at 1 sun
for a bifacial PVSC.
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Here, c denes the electron affinity of N-doped Cu2O (3.20 eV),
Eg ascribes the bandgap of N-doped Cu2O (2.60 eV), and 4m

denotes the work function of the anode metal. According to
eqn (9), for the anode metals with work function 5.32 eV, the
energy barrier is about 0.48 eV; such a small value may not
affect the VOC and FF of the device.62,63 Thereby, the maximum
PVSC performance might be achieved for the anode with
a metal work function of more than 5.32 eV. This nding
suggests that a relatively high work function anode materials
(>5.32 eV), such as Pt (5.65 eV),64 Au(111) (5.37 eV),65 Ni(111)
(5.35 eV)66 and Pd(111) (5.40 eV),65 are required to establish the
maximum efficiency of the N-doped Cu2O/MoTe2/ZnO
PVSC.

Conventionally, solar cells are typically designed to operate
within a temperature range of 288 to 323 K when placed in the
open air.67 The operating temperature is a critical factor as it
greatly affects the PV response of the cells.68 Fig. 10(b) displays
the effect of operating temperature on the optimized N-doped
Cu2O/MoTe2/ZnO PVSC. It is noticed from Fig. 10(b) that
a linear decrement of the VOC and FF leads to a decrease in PCE
as the working temperature increases. This observation
suggests that at higher temperatures, electrons acquire suffi-
cient energy to recombine with holes before leaving the deple-
tion zone.69 The temperature coefficient CT (% K−1) of PCE is
a key parameter for PV devices to assess their stability, indi-
cating how elevated operating temperatures impact the device's
PCE, and can be expressed under standard test conditions (STC:
298 K) as follows:60

CT ¼ 1

hSTC

dhT

dT
� 100% (10)

hSTC ascribes the cell efficiency at standard test conditions (STC:

298 K) and
dhT
dT

is extracted from the slope by tting the PCE

curve in Fig. 10(b). Now, using eqn (10), the temperature coef-
cient of PCE of the cell is evaluated to be −0.133% K−1, which
is less than that of traditional Si (−0.5% K−1) and CIGS
(−0.443% K−1) solar cells.23,70
3.4 Bifacial nature of the ZnO/MoTe2/N-doped Cu2O solar
cell

The bifacial device is a strong candidate for improving energy
harvesting capabilities per unit area to replace mono-facial
solar cells without increasing cost and manufacturing
complexity. Two independent simulations for back and front
side illuminations of 1 sun are considered. The term bifacial
factor (BF) is carried out to understand the asymmetric photo-
electric behavior of bifacial devices. The relative feedback of
each side can be realized by the BF, which is estimated by the
following equation.

BF ¼ Xback

Xfront

(11)

X denes any PV parameter (VOC, JSC, FF or PCE) of the device
under the back and front illumination at 1 sun.

Fig. 11 shows the J–V curves of an optimized N-doped Cu2O/
MoTe2/ZnO solar cell under both front and back illumination at
39964 | RSC Adv., 2024, 14, 39954–39967
1 sun. The PV performance slightly declines with back illumi-
nation at 1 sun, suggesting minor absorption losses at the
device's rear surface. The bifacial factor (BF) for VOC and FF is
calculated to be 99.49% and 99.89%, respectively, indicating
negligible additional losses impacting VOC and FF under back-
side illumination. The BF for JSC is approximately 98.4%,
reecting a slight reduction in JSC due to absorption losses at
the solar cell's back surface. Lastly, a BF for PCE of 97.6% is
reported, corroborating earlier studies.17,71
4. Conclusion and recommendations

Despite the inherent advantages of MoTe2, developing high-
efficiency MoTe2-based solar cells faces a crucial challenge:
achieving a high open-circuit voltage (VOC). The VOC is a key
performance parameter that directly inuences the overall
efficiency of a solar cell. A high VOC is essential for maximizing
the power output and achieving competitive efficiencies. This
study examines the obstacles related to attaining a high VOC in
MoTe2 thin lm solar cells. It examines the pivotal role of the
Back Surface Field (BSF) layer in enhancing VOC and introduces
a novel bi-facial ZnO/MoTe2 solar cell with an N-doped Cu2O
BSF layer. Our methodology relies on extensive device simula-
tions utilizing the SCAPS-1D soware to offer insights into the
electrical properties and performance of the proposed device
architecture. This study numerically investigated the potential
of a bi-facial ZnO/MoTe2 solar cell with an N-doped Cu2O BSF
layer for achieving high VOC. The incorporation of the N-doped
Cu2O BSF layer effectively suppressed carrier recombination at
the back contact, leading to a signicant enhancement in VOC.
The proposed device structure demonstrated a considerable
increase in VOC compared to conventional designs, potentially
enabling higher power conversion efficiency. The simulation
results highlighted the importance of optimizing the thickness
and doping concentration of the BSF layer to maximize its
effectiveness. This research provides valuable insights into the
design and optimization of MoTe2-based solar cells. Future
research efforts should focus on:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental validation: conducting experimental fabrica-
tion and characterization of the proposed device structure to
validate the simulation results.

Optimization of BSF layer: investigating different materials
and deposition techniques for the BSF layer to further enhance
its performance.

Integration with other technologies: exploring the integra-
tion of the bi-facial design with other advanced technologies,
such as tandem solar cells or exible substrates.

By addressing these recommendations, the development of
high-performance MoTe2 solar cells with improved JSC and
power conversion efficiency can be signicantly accelerated,
contributing to the advancement of renewable energy
technologies.
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