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Transition metal dichalcogenide (TMDC) materials are attractive candidates for 2D solar cell devices thanks to their
straightforward integration with various substrates and traditional semiconductor technologies, wide band gap ranges over the
visible light spectrum, and high absorption coefficient values. Although there are several previous reports on the fabrication of
2D material-based solar cells, difficult and complex processes in the fabrication are highly required to be modified for wider
use in daily life applications. Photolithography, the most commonly used manufacturing process for TMDC-based solar cells,
is complicated. In this study, we demonstrate that the fabrication of 2D tungsten diselenide (WSe,) by adopting a wet transfer
process with thermal release tape simplifies the manufacturing steps for TMDC-based solar cell devices. This simplification not
only reduces the production cost by excluding several factors such as transmittance, thermal expansion, surface flatness, and
durability but also improves the yield. Furthermore, a proof-of-concept demonstration of creating a WSe,/Si junction with an
aluminum oxide (AL,O;) antireflective coating provided a power conversion efficiency of 6.39%, which is a significant
improvement over that of a WSe,/Si solar cell without the antireflective coating layer (1.08%).

1. Introduction

The earth’s temperature is slowly increasing owing to global
warming caused by the enormous dependence of humans on
fossil fuels as energy sources. In the process of maintaining
carbon dioxide (CO,) at a relatively safe level to avoid envi-
ronmental catastrophe, alternative energy sources that are

clean, green, reliable, and free from carbon are highly desir-
able. Highly abundant solar energy is the most dependable
and potent renewable energy option [1-4], and making solar
cells to harness it that are highly efficient and affordable is
key to tackling the continuously increasing energy demand
around the globe. Efforts are ongoing in the research com-
munity to develop cheap photovoltaics with practicable
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power conversion efficiency (PCE) levels. However, these
efforts are being hindered by various limitations in the fabri-
cation, selection, stability, and affordability of photovoltaic
materials [5, 6].

Graphene, a zero-band gap material, is incapable of elec-
trically driven light emission. On the other hand, transition
metal dichalcogenides (TMDCs) have drawn much attention
for use in various optoelectronic, 2D solar cell, energy con-
version, and storage applications owing to their layered
nature and tunable thickness-dependent band gap energy
levels [7-11]. Solar cells that are only a few layers compris-
ing 2D TMDCs with van der Waals junctions have shown
outstandingly high photocurrent levels. In recent years, 2D
MZXenes have also drawn interest in the field of photovoltaics
as electron transport layer for their distinctive properties
such as metallic conductivity and tunable work function
for improving the device efficiency and stability [12, 13].
Moreover, compared to existing solar cells, they have com-
paratively higher chemical stability and require less material,
leading to a cost reduction in their fabrication [14].

Due to their band gap energy and thickness-dependent
behavior, 2D materials such as molybdenum disulfide
(MoS,) and tungsten diselenide (WSe,) have recently gained
noteworthy attention as materials for making solar cells.
MoS, and WSe, monolayers have a direct band gap while
their bulk forms can be used to produce indirect semicon-
ductors [1, 4, 15-18]. Among the TMDCs for solar cells,
tungsten diselenide (WSe,) is the most promising candidate
mainly due to its bulk band gap energy of ~1.3eV. The
Shockley-Queisser detailed balance limit provides the maxi-
mum photoconversion efficiency for a single absorber com-
prising WSe,. Moreover, WSe, possesses a high absorption
coefficient of 10>cm™ at 780 nm and high electron and hole
carrier mobility (>100 cm®/V's) [19, 20].

WSe, has been used as an absorber in intriguing 2D solar
cell investigations [21, 22]. However, the ones with a suffi-
ciently high PCE have not yet been achieved and have failed
to meet the theoretical PCE range of 20-27%. Thus, it is highly
desirable to more effectively exploit TMDCs in solar cells,
especially WSe, considering its electronic properties, passiv-
ation effect, durability, and use as a counter electrode
[23-25]. Al,O; with a band gap of ~8.3 eV is well known for
its superior dielectric, thermal stability, and excellent adhesion
to other materials. Due to its ability to increase intrinsic poten-
tial and reduce recombination, AL,O, serves as an electron
blocking layer and a passivating layer for silicon surfaces.
Moreover, Al,O, film helps in decreasing the leakage current
which restricts the insulating characteristics that impacts the
efficiency of the device. Large built-in fields are produced as
a result of lower reflection losses due to the Al,O, layer and
an increase in photons trapped inside the depletion area.

In this study, we explored a WSe,/n-type Si heterojunc-
tion solar cell and the effect of aluminum oxide (Al,O;) pas-
sivation on its PCE. A large area of WSe, was grown via
chemical vapor deposition (CVD) and simply wet trans-
ferred with thermal release tape (TRT) to produce a WSe,
film that is a few layers thick. In addition, we fabricated a
WSe,/n-type Si heterojunction solar cell with Au fingers as
the top contact and Ti/Pd/Ag as the bottom contact. An
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AL O, antireflective and passivating layer was coated on
the device by using atomic layer deposition (ALD). The
CVD-grown WSe, was atomically thin. The photovoltaic
performance of the WSe,/n-type Si heterojunction solar cell
with an Al,O, passivating layer under air mass (AM) 1.5 was
obtained. AL,O; surface passivation, band alignment
between WSe, and n-type Si, and PCE improvement in the
WSe,/n-type Si-enabled heterojunction solar cell due to the
AL O, passivating layer were also investigated. The thickness
of the prepared ALO; interfacial layer is around 10 nm. The
purpose of using 10 nm thickness is to improve the trap den-
sity of deteriorated Al,0,/WSe, interface [26]. As reported
in previous reports, the 10 nm thickness of Al,O; will help
in the suppression of the Coulomb scattering, thereby mod-
ifying the dispersion of phonons. Moreover, the growth of
ALD is helpful in removing the impurities, and due to the
difference in the dielectric constant of silicon and Al,O,,
therefore passivation layer using AlL,O, significantly
improves the solar cell device efficiency [27-29].

2. Experimental

2.1. Wafer-Scale Growth of WSe,. The growth of WSe, was
carried out in a 2-inch vertical cold-wall chamber. Tungsten
hexacarbonyl (THC, W(CO),) and diethyl sulfide (DES,
(C,H5),Se) as the W and Se precursors, respectively, in the
gaseous phase were injected into the chamber. We main-
tained THC used for growth at 0°C, DES at -15°C, and grew
WSe, in vapor phase form using Ar gas. Ar and H, were also
injected into the chamber to deliver and react with the W
and Se precursors, respectively. The optimized experimental
conditions to produce WSe, films were a total pressure of
50 Torr, a growth temperature of 600°C, and a growth time
of 130 min. Ar gas that goes directly into the source flowed
10sccm in the case of THC and 3 sccm in the case of DES.
Also, the dilution gas to adjust the flow rate was 50 sccm
and 57 sccm, and the total amount flowed to 60 sccm.

The flow rates of the precursors were 10 and 3 sccm for
THC and DES, respectively, which increased to 60 and
5sccm by adding Ar and H, gas, respectively.

2.2. Cleaning Process of n-Type Si. n-type, (100)-oriented
bare polished native oxide (SiO,) was doped with phospho-
rous with resistivity ranging from 1 to 10Qcm. The removal
of heavy residues was achieved by cleaning the Si substrates
using warm (55°C) trichloroethylene (TCE), acetone, meth-
anol, and deionized (DI) water.

2.3. Transferring the WSe, Film onto an n-Type Si Substrate.
A 100 nm thick polymethyl methacrylate (PMMA) layer was
deposited onto WSe,/SiO, samples via spin coating at
3000rpm for 45s. To obtain a PMMA/WSe, stack, the
PMMA/WSe,/SiO, substrate was placed in buffered oxide
etch solution for 3h to etch the SiO,. After wet etching,
the PMMA/WSe, stack transformed the SiO, substrate into
an n-type Si substrate. The PMMA/WSe,/n-type Si sample
was dried in a glove box in a vacuum (<2 x 10~2Torr) for
24h. After drying, it was immersed in acetone for 3h to
remove the PMMA and annealed in an Ar atmosphere at
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350°C for 4h to remove the polymer residues and contami-
nants. The front electrodes were made of metal grid finger
bars, and the WSe,/n-type Si with TRT was affixed at the
edge to avoid the Schottky contact of the metal with Si.
Although the metal grid bars were larger than the WSe, film,
the size of the device was adjusted by using TRT. The TRT
was easily removed by heating to 120°C, and Cr (10nm)/
Au (90nm) was deposited on the front (emitter) side of
the electrodes by using an e-beam evaporator at a base pres-
sure of 1x 107 Torr and a deposition rate of ~1.6nms".
Afterward, an e-beam evaporator was used to deposit Ti
(5nm)/Pd (5nm)/Ag (400 nm) on the back side of the elec-
trodes to ensure low contact resistance.

2.4. Fabrication of the Al,O, Antireflective Layer. A traveling
wave type Lucida D100 system (NCD Tech, Inc., Korea) was
used to deposit an antireflective Al,O, layer on the Si sub-
strate at 170°C. Trimethylaluminum (TMA; Ezchem Co.,
Ltd., Korea) was used as the Al source and DI water as the
O source. Exceptionally pure N, carrier gas (99.999%) at a
flow rate of 20 sccm was used to carry the respective sources
into the reaction chamber. The antireflective Al,O, layer was
grown by using the following ALD precursor pulse and
purge procedure: TMA pulse (0.1s)—N, purge
(8s) = H,O pulse (0.1s) = N, purge (8s).

2.5. Characterization Tools and Photovoltaic Measurements.
The electronic structure of WSe, was determined by using
the Raman spectroscopy (Renishaw in-Via, 514.5 nm wave-
length). With a spot size of around 0.8 ym, a modest input
power of 1 mW was employed to prevent any laser-related
device damage. Measurements were taken at several loca-
tions, and the average findings were calculated to ensure
the consistency and correctness of the data derived from
each sample. The thickness of the WSe, layer was examined
via atomic force microscopy (AFM; MultiMode 8, Bruker,
USA). The WSe, elemental composition was determined
by using X-ray photoelectron spectroscopy (XPS; K-alpha,
Thermo UK) with an Al K monochromator (1486.6¢eV)
and a variable spot size (30-400 ym). A cross-sectional view
of the WSe, film surface was verified by using high-
resolution transmission electron microscopy (TEM; JEOL,
JEM-F200). A UV-vis-near-IR spectrophotometer was
exploited to capture optical reflectance spectra in the 200-
900nm region (V-750, JASCO). The photovoltaic perfor-
mance of the device was measured by using a source meter
in a solar simulator (1 sun power: Newport) (Keithley
2400). The system was calibrated with test samples before
taking experimental measurements.

3. Results and Discussion

Figures 1(a) and 1(b) show flow charts of the conventional
photolithography-based and new wet transfer with TRT-
based methods for fabricating a p-n heterojunction solar cell,
respectively, in which it can be seen that the new process is
much simpler. Au and Al,O, are two of the most crucial
parameters in the device. AL,O, was used as an antireflective
layer of van der Waals (VDW) heterojunction-based p-n

junction solar cell formed by the p-type WSe, and n-type sil-
icon contact. Therefore, Al,O; was not deposited on top of
Au contact as shown in Figure 2(a). It is critically essential
that the depleted region of the VDW heterojunction device
can separate the photoinduced charge carriers rapidly. The
charges have been separated due to the creation of a built-
in field and simultaneously collected at the top and bottom
electrodes. The effective separation of photogenerated
electron-hole pairs will create large built-in fields which are
highly desirable to generate large photocurrents; therefore, it
improves the efficiency of a solar cell. However, there are cer-
tain elements that degrade the performance such as inevitably
inducing interface defects causing high recombination rate
and lower built-in fields. Another important parameter is the
illumination of solar simulator light which creates photons
that must be absorbed in the depletion region rather than in
the charge-neutral region in order to reduce the recombina-
tion of photogenerated electron-hole pairs [30]. Therefore,
we have created two types of structures with and without
AL ;. In this case, without Al,O;, fewer photons are trapped
within the depletion region and have a lower lifetime that
resulted in large leakage currents and lower efficiency. How-
ever, with AL,O,, the reflection losses are reduced, and more
photons are trapped within the depletion region, creating large
built-in fields. McVay et al. [3] produced a WSe, solar cell
device with a PCE of 0.96% by using a photolithography
method. In the present research, we can confirm that remov-
ing the photoresist step not only simplifies the fabrication pro-
cess but also solves the problem of residual chemicals, etc., and
has a good effect on improving the performance of the device
[31, 32]. The unique approach was adopted to fabricate solar
cell devices without using the complicated lithography process
and still producing a large active area that is essential from an
industrial perspective. Figure 1(c) presents a schematic of the
new simple fabrication process of a WSe,/Si heterojunction
by exploiting the wet transfer method.

Figures 2(a) and 2(b) show a schematic and a photograph
of the device, respectively. Ti/Pd/Ag serves as the bottom elec-
trode. It is widely recognized that the open-circuit voltage (V.
) of solar cell devices is governed by the difference between the
work function values of the bottom electrode and the absorber
semiconductor layer [33-35]. The absorbent layer with Au fin-
gers on top of the solar cell device is served by the WSe, layer
created and transferred by using CVD. Finally, protection was
achieved through coating with an Al,O; passivating and anti-
reflective layer grown by using ALD. The wet transfer process
with TRT enabled the realization of a WSe,/n-type Si hetero-
junction solar cell. The WSe, film was a few layers thick.

The morphological features of WSe, after being trans-
ferred to an n-type Si substrate were assessed by using
high-resolution TEM and high-angle annular dark field-
(HAADF-) scanning TEM (STEM). Figures 2(c) and 2(d)
present the bilayer feature of the 2D WSe, film. Energy-
dispersive X-ray spectroscopy (EDX) elemental mapping
analysis identified the presence of W and Se from WSe,
(Figures 2(e)-2(g)).

An AFM image of CVD-grown WSe, and the corre-
sponding height profile to determine its thickness
(~1.5nm) are shown in Figures 3(a) and 3(b), respectively.
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F1GURE 1: Flow charts of the WSe,/Si heterojunction solar cell fabrication using (a) the conventional photolithography method and (b) the
new simple fabrication process with the wet transfer method. (c) A schematic of the new simple fabrication process.

The thickness of the WSe, film indicates a multilayered
structure, which is in accordance with the high-resolution
TEM analysis. The thickness of the 2D WSe, is ~1.5nm
which can be predicted from the TEM image as shown in
Figure 2(c). One more piece of evidence of multilayer has
also been predicted from the Raman results.

Confirmation of the presence and structure of WSe, was
performed by utilizing the Raman spectroscopy. The CVD-
grown WSe, produced 2H phase active in-plane W-Se vibra-
tional mode E;g [36]. The characteristic Raman peak at
~251cm™ with a shoulder at ~262cm™ attributed to in-
plane vibrational mode Eég and out-of-plane vibrational

mode Alg, respectively [37-39], is indicative of the forma-
tion of multilayers of WSe,. Figure 3(c) shows the Raman
spectra of WSe, before and after transfer. The spectrum after
transfer has an extra peak at 304cm™ assigned to the B} g

mode arising from interlayer interactions, which distin-
guishes multilayer WSe, from monolayer WSe, [40].

The top layer of solar cells must have zero reflection
while that of the back surface must be maximized for the
absorber layer to absorb as much sunlight as possible, result-
ing in a high photocurrent. Figure 3(d) shows optical reflec-
tance spectra for n-type Si, WSe,/n-type Si, and Al,O,/

WSe,/n-type Si. The reflectance of Al,0,/WSe,/n-type Si
was lower than the others, indicating higher absorbance that
would result in higher photocurrent. As we have shown in
Figure 3(d), the n-type polished silicon has very high reflec-
tance ~55% at the visible portion 400 nm to 700 nm and
even reflectance is significantly increased at below wave-
length in the near-infrared region. However, in the case of
ARG, the reflectance is significantly reduced to ~35% which
also gives a piece of evidence; the absorption of photons is
particularly increased. Therefore, an enhanced amount of
photogenerated electrons will reduce the leakage current,
and more charge carriers will be collected at the electrodes.

The chemical composition and valence states of WSe,
were analyzed by using XPS (Figure 4). The W 4f XPS spec-
trum for WSe, in Figure 4(a) revealed peaks located at
34.38eV and 32.28¢eV deconvoluted into W 4f;, and W
4f, ,, respectively, while the Se 3d XPS spectrum for WSe,
in Figure 4(b) shows peak located at 54.58 ¢V and 55.38 eV
deconvoluted into Se 3d;,, and Se 3ds,,, respectively. The
pair of peaks for W 4f;, and W 4f,, at binding energies
of 35.58 eV and 37.58 eV, respectively, are from WO, arising
from the oxidation of WSe, exposed to air, which is a com-
monly observed phenomenon [36, 41]. Similarly, the W 4f
XPS spectrum for Al,O;/WSe, in Figure 4(a) shows that
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(g)

FIGURE 2: (a) A schematic and (b) a photograph of the solar cell device structure. (c) A high-resolution TEM image, (d) a HAADF-STEM
image, and (e) W, (f) Se, and (g) Si EDX elemental mapping images of the WSe,/Si heterojunction.
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FIGURE 3: (a) An AFM image and (b) the corresponding height profile of CVD-grown WSe,. (c) The Raman spectra of WSe, before and
after transfer. (d) Reflectance measurements of n-type Si, WSe,/n-type Si, and Al,O,/WSe,/n-type Si.
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the binding energies for W 4f;, and W 4f,, (34.38 and
32.28 eV, respectively) were unchanged. However, the Se
3d XPS spectrum for Al,0;/WSe, shows that the binding
energies of Se 3d;, and Se 3d;, (54.48 and 55.18eV,
respectively) had shifted slightly compared to pristine
WSe, XPS. Moreover, the XPS Al 2p spectra in
Figure 4(c) show that only the AlL,O,/WSe, sample pro-
vided a peak with a binding energy of 74.48eV due to
the presence of AL,O; [42].

We have built the band diagram which shows the
band bending behavior of the p-WSe, and n-Si interface.
This junction formed a type-II heterojunction (staggered
gap) with a built-in potential that provoke tremendous
photovoltaic performance in Figure 5(a). The EC, EV,
and EF denote the energy levels for the bottom of the
conduction band, the top of the valence band, and the
Femi level, respectively. The photovoltaic performance in
this study was realized by using AM 1.5 solar light irra-

diation via a halogen lamp. The J-V curves for the
WSe,/n-type Si and Al,O;-passivated/WSe,/n-type Si
solar cells are shown in Figure 5(b). Upon irradiation,
the short-circuit current density (/) and V. were mea-
sured as indicators of the solar cell devices. The dark cur-
rent curves for both devices confirm the rectifier property
of the p-n junction diode, as shown in Figure 5(b). Com-
pared to the WSe,/n-type Si solar cell, the J of the
Al,O;-passivated WSe,/n-type Si solar cell increased from
9.25 to 19.12mA/cm” and its V_ increased from 0.25 to
0.66V. The fill factor for the Al,O5-passivated WSe,/n-
type Si solar cell was 50% while its PCE compared to
the WSe,/n-type Si solar cell was enhanced from 1.08%
to 6.39%, which is the highest value obtained so far for
a WSe,-based solar cell (Table 1). The device’s active area
in the current research was 0.6 x 0.6 cm?.

As well as being an antireflection coating, the passivating
layer in solar cells is crucial because it safeguards the surface



International Journal of Energy Research

1.0

Vacuumlevel 30
7
_________________ //
20 A //
ses** e T i
) c f
E. 0 Eg=13ev LE) 1 {/ AMAMA“/
é 0 : , /’A G ABABOETT \ .
Ef B sl |
Eg =1.lev OO E ._8 10 D}},n{v’“"’a v”/ \
E oo “WSe v pooeoe T o oe
v n-Si = e Y I———
-30 +— . ; ; ; .
-04 -02 00 02 04 06 08
Voltage (V)
—o— WSe,/n-Si Dark
—— Light (1.08 %)
—a— Al,O3/WSe,/n-Si Dark
—— Light (6.39 %)
(@) (b)
-2
10 50
1073 1 40
= 1074 30
0
= g
107 4 201
10 -
107 4
04— . . . . . .
10 05 0.0 05 400 500 600 700 800 900 1000 1100
Voltage (V) Wavelength (nm)
—o— WSe,/n-Si Dark = ALO;/WSey/n-Si
—o— ALO,/WSe,/n-Si Dark — WSey/n-Si

(c)

(d)

FIGURE 5: (a) The schematic representation of the energy-band diagram of the n-Si and p-WSe, heterostructure. Electrical characteristics of

the WSe,/n-type Si and Al,O,/WSe,/n-type Si solar cells: (b) J-V curves, (c) ideality factor measurements, and (d) EQE plots.

TasLE 1: Comparison of the photovoltaic parameters of WSe,-based solar cells.

Reference Device structure Applied strategy Active area (cm?) Ve (V) T (mA/cm?) Fill factor (%) PCE (%)

[43] ZnO/WSe,/Mo WSe,/ZnO p-n junction 0.09 0.082 2.98 32 0.79
[44] WSe,/WS, van der Waals heterojunction 1.74x107° 0.58 — 36 24
[45] WSe,/n-type Si Nanosheet synthesize 0.04 0.34 1.55 55 291
WSe,/Pt — 5 0.28 2.11 49 0.96

(3] 1.8x 10
Al,0,/WSe,/Pt Reflectance layers 0.36 243 58 1.7
WSe,/n-t Si — 0.25 9.25 47 1.08

This work et 036
Al,O;/WSe,/n-type Si Reflectance layers 0.66 19.12 50 6.39

V., open-circuit voltage; J,: short-circuit current; PCE: power conversion efficiency.
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by eliminating flaws and controlling the electric field profile.
Passivation helps to enhance a device’s performance and sta-
bility [22, 23]. Al,O, as a passivating layer and an antireflec-
tion coating is a well-known strategy in semiconductor
device studies [46-48].

There was a minor change in the dark current of the
Al,O;-passivated WSe,/n-type Si solar cell device, and
the diode ideality factors of the WSe,/n-type Si solar cells
with and without Al,O; were 2.2 and 2.7, respectively
(Figure 5(c)). These results indicate that bulk recombina-
tion processes were changed in the diode by passivation,
which also suppressed the dark current. As can be seen
from the solar cell parameter values, there were notable
increases in both J. and V . due to ALO, passivation
(from 9.25 to 19.12mA/cm® and from 0.25 to 0.66V,
respectively). Overall, Al,O, passivation improved the
WSe,/n-type Si solar cell device performance through sur-
face doping and trap passivation. To understand and
quantify the conversion efficiency of incident photons at
a certain wavelength, the external quantum efficiency
(EQE) of the WSe,/n-type Si and Al,O,/WSe,/n-type Si
devices was also evaluated in Figure 5(d). From the ultra-
violet to the infrared regions, the WSe,/n-type Si and
Al,O;/WSe,/n-type Si devices obtained EQEs of 35.3%
and 51.2%, respectively. This is because the Al,O; passiv-
ating layer reduced reflection and thus improved the
EQE. Normally, the EQE is the measurement of the ratio
between the numbers of charge carriers collecting the
number of photon incident regardless of efficiency depen-
dency. However, its current density should be similar to
the current density obtained by solar measurement results.
It gives evidence of accurate measured results. In our case,
these are identical.

4. Conclusions

We successfully demonstrated the fabrication of a 2D WSe,/
n-type Si heterojunction solar cell device involving a wet
transfer process with TRT that is far simpler than the com-
plicated lithography procedure. The realization of a WSe,/
n-type Si heterojunction solar cell with Au fingers as the
front contact and Ti/Pd/Ag as the bottom contact was
achieved. The multilayered WSe, film provided an effective
photovoltaic performance. Furthermore, surface doping
and surface passivation with a coating of an Al,O; passivat-
ing layer via ALD helped to enhance the PCE of the WSe,/n-
type Si solar cell from 1.08% to 6.39%, which highlights the
significance of surface passivation as well as an antireflection
coating in TMDC-based solar cells. This work paves the way
to realize TMDC-based solar cells with high PCEs by apply-
ing a facile cost-effective TRT approach as well as surface
passivation through Al,O,. This strategy could be utilized
for other TMDC:s in solar cells.
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