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ineering of single-zone CVD
vertical and horizontal MoS2 on p-GaN
heterostructures for self-powered UV
photodetectors†

Nur 'Adnin Akmar Zulkifli,a Nor Hilmi Zahir,b Atiena Husna Abdullah Ripain, a

Suhana Mohd Said c and Rozalina Zakaria *a

Molybdenum disulfide (MoS2) has been attracting considerable attention due to its excellent electrical and

optical properties. We successfully grew high-quality, large-area and uniform few-layer (FL)-MoS2 on p-

doped gallium nitride (p-GaN) using a simplified sulfurization technique by the single-zone CVD of a Mo

seed layer via E-beam evaporation. Tuning the sulfurization parameters, namely temperature and

duration, has been discovered to be an effective strategy for improving MoS2 orientation (horizontally

aligned and vertically aligned) and quality, which affects photodetector (PD) performance. The increase

in the sulfurization temperature to 850 °C results in improved structural quality and crystallite size.

However, a prolonged sulfurization duration of 60 minutes caused the degradation of the film quality.

The close lattice match between p-GaN and MoS2 contributes to the excellent quality growth of

deposited MoS2. Following this, an n-MoS2/p-GaN heterostructure PD was successfully built by a MoS2
position-selectivity method. We report a highly sensitive and self-powered GaN/MoS2 p–n

heterojunction PD with a relatively high responsivity of 14.3 A W−1, a high specific detectivity of 1.12 ×

1013 Jones, and a fast response speed of 8.3/13.4 ms (20 kHz) under a UV light of 355 nm at zero-bias

voltage. Our PD exhibits superior performance to that of the previously reported MoS2/GaN p–n PD. Our

findings suggest a more efficient and straightforward approach to building high-performance self-

powered UV PDs.
Introduction

In recent years, driven by the exceptional properties of gra-
phenes and fascinating novel devices offered by 2-dimensional
layered materials, researchers have aggressively shied their
focus to the nding of a 2D material with nite bandgap ener-
gies. Despite graphene's fast absorption and broad-spectrum
light absorption, its low photocarrier lifetime and weakly
visible spectrum irradiation absorption hamper its application
in photodetectors. Two-dimensional dichalcogenides (2D
TMDs) show potential application, particularly in photo-
detection, due to their remarkable electronic and optical prop-
erties including tunable bandgap and ultrahigh broadband
light absorption because of different numbers of layers,1 large
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electronic density of states resulting in high optical absorption
and ultrafast charge transfer, strong light–matter interactions,2

high charge carrier mobility,3,4 and the ability to create van der
Waals (vdW) heterostructures with atomically sharp interfaces.
van der Waals heterostructures with distinct layers of 2D TMDs
have been fabricated for enhanced performance in optoelec-
tronic applications. However, due to several limitations in
fabricating such heterostructures,5,6 researchers began to
benet from the 2D/3D heterostructure for real device applica-
tions due to the enhancement in its photoresponse.

Unlike the p–n homojunction, the p–n heterojunction is
created by combining two distinct semiconductor materials
with varying bandgaps and properties, which could signicantly
enhance semiconductor device's exibility. It is also an effective
way to improve the separation efficiency of photoexcited elec-
tron–hole pairs by using an electric eld built into the device.7,8

Additionally, a p–n heterostructure with a photovoltaic effect
can be used to build an independently powered device that runs
without an external power source. The seamless compatibility of
Si-based substrates such as amorphous SiO2 has been
commonly used for MoS2 growth for photodetector application.
Nanoscale Adv., 2023, 5, 879–892 | 879
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However, these photodetectors deteriorated due to high gate
voltage and low photoresponsivity.9,10

Recent research has discovered that single crystals such as
quartz, mica, and sapphire can also be incorporated to grow
high-quality MoS2.11 The advantage of adopting single-crystal
substrates is their excellent temperature stability, chemical
inertness, and distinctive hexagonal surface arrangement. Their
atomically at surface may also aid precursor migration during
CVD, enhancing the thickness homogeneity of the MoS2 layers
produced.12 Additionally, the close in-plane lattice match of
MoS2 and GaN with only 0.7 percent lattice mismatch13 and
similar hexagonal arrangement14 have gained the interest of
researchers to explore this particular heterostructure as
a promising platform for electronic devices.

Moreover, GaN is expected to be an excellent candidate for
UV photodetectors (PDs) due to its wide direct bandgap (3.4 eV),
exceptional radiation hardness, and high thermal stability.15

The MoS2/GaN heterojunction has been recently reported as
a promising platform for electronic devices.16,17 Despite this, the
MoS2/GaN p–n heterojunction has received little attention due
to the difficulties associated with GaN p-type doping.

The synthesis of hexagonal 2D TMDCs for the growth of
high-quality ultrathin lms with layer controllability and large-
area uniformity is extensively performed for various device
applications. Primary techniques to obtain atomically thin
MoS2 layers can be classied into two types. Top-down fabri-
cation techniques such as scotch-tape-based cleavage, chemical
etching, and laser thinning involve the exfoliation of bulk
crystals down to a micrometer-sized layer. The bottom-up
technique involves deposition of molybdenum precursors and
sulfur (S) on a substrate via techniques such as chemical vapor
deposition (CVD), physical vapor deposition (PVD) and atomic
layer deposition (ALD) of MoS2 layers. Although mechanical
cleavage of MoS2 has been of interest due to its high electrical
performance quality, the inability to control the number of
layers is a major drawback of this method.

However, the well-known CVD involving a vapor-phase reaction
betweenMoO3 and S powders is constrained by lateral scaling and
thickness control. To solve this issue, recent research has opted for
thermal vapour sulfurization (TVS) CVD, in which the source
materials (MoO3 and Mo precursor) are rst pre-deposited on
a substrate via electron-beam (E-beam) evaporation or sputtering.18

This method is favorable due to its ability to control the thickness
of MoS2 based on the initial thickness of the Mo-based lm19 and
the particular growth area of MoS2.20 The effects of both sulfuri-
zation temperature and pressure on Mo-based lms deposited by
magnetron sputtering and ALD have also been investigated19,21,22 in
a two-zone and three-zone furnace. To note, no previous research
has thoroughly explained the systematic effect of both temperature
and duration on the 2D-MoS2 growth in a single-zone furnace, and
plasma bombardment is known to cause surface damage to p-type
GaN.23 Furthermore, many works concentrated primarily on MoS2
synthesis, but their practical applications as devices were
overlooked.

The current work aims to investigate the effect of sulfuriza-
tion temperature (650–850 °C) and duration (15–60 minutes) on
the growth of thin (6–7 layers) MoS2 lms obtained by E-beam
880 | Nanoscale Adv., 2023, 5, 879–892
deposition of a Mo seed layer on a p-GaN substrate. Various
characterization techniques including XRR, Raman, HR-XRD
and FE-SEM analysis were used to analyse the structural
quality and morphological properties of grown MoS2 nano-
sheets. Furthermore, to thoroughly compare the performance of
deposited MoS2, n-MoS2/p-GaN heterostructure PDs were built,
and the photoelectric performance was evaluated and carefully
discussed.

Experimental section
Growth of p-GaN

A 1.5 mm p-GaN lm (carrier concentration: 1.3 × 1018 cm3) was
deposited on sapphire by metal oxide chemical vapor deposi-
tion (MOCVD). Trimethylgallium (TMG) and ammonia (NH3)
were used as sources for the GaN lm formation, while bis(cy-
clopentadienyl)magnesium (Cp2Mg) was used as a source for
the p-dopant. The p-GaN layer was pre-annealed at 650 °C for 15
minutes to activate it. To remove organic contaminants, the
samples were ultrasonically cleaned in acetone, isopropanol,
and de-ionized water (DI-Water) for 5 minutes each. The
samples were immersed in a 1 : 3 HCl : H2O solution for 30
seconds to remove the native oxide layer from the surface. The
samples were rinsed with DI water and then dried using
a nitrogen gun before Molybdenum (Mo) deposition.

Synthesis of large-area MoS2 thin lms

In our two-step method, a 2 nm Mo seed layer (99.95%, Kurt J.
Lesker) was initially deposited at room temperature on c-plane
p-GaN/sapphire (1 cm × 1 cm) substrates via electron-beam
evaporation (EB43-T) at a deposition rate of 0.1 Å s−1. The
vacuum chamber was evacuated to 2.0 × 10−6 Pa before the
coating process started. CVD growth was carried out at atmo-
spheric pressure with high-purity N (99.99% purity) as a carrier
gas in a single-zone temperature tube furnace. Then, the as-
deposited Mo layer was set on a ceramic crucible, inserted
into a 4-inch diameter quartz tube, and placed at the center of
an alumina chamber. First, 2 g sulfur powder (99.95%, Gouden)
was loaded in a separate ceramic crucible and placed in the
furnace upstream at the edge of the chamber. The distance
between the center of the two crucibles was xed at 20.5 cm.
Prior to the growth, the furnace was rst purged with a consis-
tent ow rate of 400 sccm high-purity N for 20 minutes to
remove any moisture and impurities. The deposition tempera-
ture and duration were varied to be 650 °C, 750 °C and 850 °C at
15 min, 30 min and 60 min, respectively. The furnace temper-
ature was gradually increased from room temperature to 500 °C
in 30 min before ramping up to the growth temperature by
10 °C min−1. N ow was maintained at 200 sccm during the
heating and growth time. The furnace temperature was then
cooled down naturally to 300 °C and then rapidly to room
temperature by opening the furnace hood.

Characterization of materials and devices

The thickness of the as-synthesized Mo and MoS2 thin lm was
determined by X-ray reectivity (XRR) and recorded using
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Rigaku's SmartLab multipurpose diffractometer. The X-ray
diffraction (XRD) pattern was recorded using the same diffrac-
tometer. The surface morphology was conrmed using a FESEM
(FEI Quanta 400F) equipped with an energy-dispersive X-ray
spectrometer (EDX; Oxford ICNA 400). Raman spectroscopy
measurement was performed to conrm the formation and
quality of MoS2 using a Renishaw confocal Raman spectrometer
equipped with an inVia microscope with a motorized stage. A
laser with 514 nm excitation wavelength and 1.0 mm spot size
was used. The signal was collected through a 50× objective lens
at room temperature. Photoluminescence (PL) spectroscopy was
conducted using the same equipped instrument at 325 nm
excitation wavelength. A Hall measurement system (Dexing
Magnet) was used to measure the electrical properties by the
van der Pauwmethod. The optoelectronic performance of the n-
MoS2/p-GaN PD was tested using a Keithley source meter 2410,
at different light power intensities. A 355 nm UV-LED was
applied as the illumination source with an adjustable light
power intensity from 51 mW cm−2 to 2.47 mW cm−2, calibrated
using a THORLABS optical power meter. The transient response
was characterized under zero bias and potential using a Yoko-
gawa DLM2054 oscilloscope, and a Stanford Research synthe-
sized function generator (Model DS345).
Device fabrication

n-MoS2 was initially deposited on a p-GaN substrate using
a shadow mask to allow the deposition of a position-selective
lm. Then, the n-MoS2/p-GaN heterojunction device was fabri-
cated by making Ni/Au (5/70 nm) and comb-shaped Cr/Au (5/70
nm) contacts on p-GaN and n-MoS2 respectively using a shadow
mask, which were then deposited by E-beam evaporation. The
comb-shaped electrode on the n-MoS2 lm has a nger width of
0.1 mm, a gap between ngers of 0.2 mm and a nger length of
2 mm. The fabricated devices were annealed at 300 °C for 1 h in
an Ar atmosphere to improve the ohmic contact quality.
Results and discussion

The synthesis of FL-MoS2 was carried out in a two-step process,
as described in the experimental section and illustrated in
Fig. 1a. Fig. 1b and c depict the photograph image and optical
image of uniform and large-scale growth of MoS2 lms
successfully deposited on p-GaN respectively. The thicknesses
of the as-deposited 2 nm Mo lm and subsequent as-grown
MoS2 thin lms were conrmed by X-ray reectivity (XRR) dif-
fractogram, as illustrated in Fig. 1d. Raman vibrational modes
are polarization dependent, where the polarization occurs along
the in-plane and out-of-plane directions in the E1

2g (symmetric)
and A1g (anti-symmetric) modes, respectively. The resulting
peak parameters (Dk, FWHM, E1

2g/A1g intensity ratio) extracted
from the Raman spectra of the lms sulfurized at all parameters
are summarized in ESI Table S1.† The frequency spacing of the
two MoS2 vibrational phonon modes is generally a suitable
quantity to indicate the number of MoS2 layers.24 The two
modes have a frequency difference Dk of 24.5–24.9 cm−1, for all
sulfurization parameters corresponding to ∼6 to 7 layers of
© 2023 The Author(s). Published by the Royal Society of Chemistry
MoS2. We believe that the sulfur-Mo reaction has spread deeper
into the Mo layer. This result conrms the thickness of MoS2
from the simulated XRR data analysis (Fig. 1d) of about 4.8–
5.2 nm, where the thickness of a single MoS2 layer based on the
previous report is ∼0.72 nm.25 The surface roughness averaged
over the substrate can also be obtained from XRR measure-
ments. XRR reveals the uniformity of the lm, with surface
roughness values of 0.232 nm, 0.336 nm and 0.930 nm sulfu-
rized at 850 °C for 15, 30 and 60 minutes respectively, compa-
rable to the literature values.21,26

Raman spectra of MoS2 lms sulfurized at different
temperatures of Tsulf= 650 °C, 750 °C and 850 °C for 15minutes
are displayed in Fig. 2a. It is known that the quality of the
deposited MoS2 layers can be examined from the Raman
E1
2g and A1g mode intensity and its linewidth. At Tsulf = 650 °C,

the MoS2 Raman prole exhibits an asymmetric broadening of
the peaks and is getting narrower as the deposition temperature
increases to 850 °C. At a constant temperature of 850 °C and
varying duration (Fig. 2b), MoS2 sulfurized for 15 and 30
minutes shows a comparable narrow linewidth and intensity.
We believe that the change in linewidth is due to improved layer
crystallinity in terms of the MoS2 crystallites size. To get
a simplied picture of the quality, the full width at half
maximum (FWHM) plot of E1

2g and A1g modes with respect to
the temperature (at tsulf = 15 minutes) and duration (at Tsulf =
850 °C) was calculated and summarized in Fig. 2c. The
E1
2g FWHM decreased from 9.64 to 6.10 cm−1 and A1g FWHM

decreased from 8.29 to 5.84 cm−1 as the temperature increased
from 650 to 850 °C. Our results are comparable to the FWHM
value obtained by Shahzad et al.22 When the duration is
increased to 60 minutes at a constant 850 °C temperature, the
FWHM increases dramatically. Several factors that contribute to
the broadening of Raman modes are poor crystallinity, crystal
defects, and grain size of the lm crystal structure27 and the
higher degree of structural order in both the in- and out-of-
plane directions of the MoS2 lms,19,26 which will be discussed
further in the XRD and FE-SEM section.

The absorption spectra for the FL MoS2 nanosheets prepared
at 850 °C for different sulfurization durations are displayed in
Fig. 2d. The excitonic peaks arising from the Brillouin zone's K
point are clearly visible at 668 ± 1 (A) and 616 ± 1 nm (B).28 The
direct transition from the deep valence band (VB) to the
conduction band (CB) might be assigned to the thresholds at
449 ± 1 (C) and 391 ± 1 nm (D).29

Fig. 2e illustrates the respective photoluminescence (PL)
measurements for the three samples, conducted to explore the
optical behaviour of the two interfaces. The spectra of p-GaN
and sulfurized MoS2/p-GaN at various annealing time points
are arranged together for comparison. The strong p-GaN peak at
447 nm suggests near-bandgap edge (NBE) emission, conrm-
ing that as-grown GaN has a high crystallinity and good p-type
properties. The MoS2/GaN heterostructure's PL spectrum
exhibits a minor blue shi at 442 nm and a broad peak from
546 nm to 669 nm, which could be attributed to MoS2.
Furthermore, because the deposited MoS2 is approximately 6–7
layers, the PL characteristic peak strength corresponding to the
A and B excitonic peaks (as indicated in Fig. 2d) is hardly visible
Nanoscale Adv., 2023, 5, 879–892 | 881
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Fig. 1 (a) Schematic illustration of the CVD setup. (b) Photograph image of the MoS2 film deposited on 1 cm × 1 cm p-GaN. (c) Optical image of
the large-area patterned MoS2 film grown on p-GaN through a shadow mask, taken at 20× magnification. (d) X-ray reflectivity curve of the as-
grown Mo and MoS2 films deposited on p-GaN at 850 °C – 15 min, 850 °C – 30 min and 850 °C – 60 min.
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and somewhat decreases as the sulfurization duration
decreases from 15 minutes to 60 minutes.

To gain a better understanding of the discussed sulfurization
condition effects, FESEM observations were performed at
Fig. 2 (a) Raman spectra (514 nm laser) of MoS2 films grown at different te
of 850 °C samples grown on p-GaN for different durations. (c) Full wid
E12g modes with respect to temperature and duration. (d) UV-Vis spect
measurements of 850 °C samples grown on p-GaN for different duratio

882 | Nanoscale Adv., 2023, 5, 879–892
intermediate states of MoS2 to understand the general network
formations of synthesized MoS2. At the initial growth temper-
ature and duration of 650 °C and 15 minutes, FESEM imaging
reveals the growing horizontal and vertical structures as well as
mperatures of 650 °C, 750 °C, and 850 °C for 15min. (b) Raman spectra
th at half maximum (FWHM) value of out-of-plane, A1g and in-plane,
ra of 850 °C samples grown on p-GaN for different durations. (e) PL
ns using a 325 nm excitation laser.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the extensive coverage of MoS2 on the p-GaN substrate (Fig. 3a).
According to Vangelista et al. ndings, at 500 °C, the pre-
existing MoOx lm (derived from Mo precursor) has begun to
synthesize into MoS2 (ref. 26) and the entire pre-existing MoOx

lm serves as a seed for the MoS2 growth. The presence of
vertical/horizontal oriented layers on the surface is due to
insufficient energy to form a perfect 2D structure.

The lm surface morphology shows denser and grainy
features when the sulfurization duration was increased to 30
minutes, which became more apparent when the duration was
increased to 60 minutes (Fig. 3b and c). Interestingly, in-depth
magnication image shown in the inset in Fig. 3c reveals indi-
vidual, vertically standing MoS2 nanosheets grown from the
base of horizontal MoS2 layers. When the temperature was
raised to 750 °C, signicant vertically oriented lms started to
form (Fig. 3d).

Furthermore, we also observed overlapping and bent hori-
zontal 2D layers grown parallel to the substrate (marked by the
red circle of inset image Fig. 3d). The numerous 2D layers
formed a coarse texture during which the duration was
extended to 30 minutes (Fig. 3e). With the sulfurization dura-
tion continued to 60 minutes, the lm was predominantly
Fig. 3 FE-SEM (a–i) images of MoS2 films grown on p-GaN at different s
FE-SEM image is 1.0 mm. The inset shows the in-depth magnification im
horizontally aligned (HA) MoS2 layers (d) unaligned, bent, and overlapp
overlapping horizontal MoS2 (g) horizontally aligned and bent MoS2 struc
FE-SEM images are 500 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
vertically oriented. Fig. 3f displays the clear image of edge-
oriented MoS2 growing perpendicular to the basal planes.
Additionally, there are a few spots on the substrate suffering
from sulfur (S) depletion. However, incomplete sulfurization is
unlikely due to the sulfur-rich environment supplied (∼2 g of S).
We believe the sulfur depletion is caused by S desorption during
long periods of annealing. Increasing the sulfurization
temperature to 850 °C for 15 minutes results in signicant grain
growth (Fig. 3g). The high-resolution FE-SEM image displayed
in the inset in Fig. 3g shows interconnected and densely grown,
horizontally aligned (HA) and bent MoS2 structures overlapping
each other. Few spots are observed to grow vertically standing
on the GaN substrate (red circle). These differences indicate
that the basal planes of the slightly increased and crystallo-
graphically improved grains of the MoS2 lm began to align
with the substrate surface. To note, Zeng et al. reported the
majority of horizontal and few vertically grown bulkWS2 in their
study as well.30 Interestingly, when the duration is extended to
30 minutes, we observed less coarse structures and highly dense
vertically aligned (VA) MoS2 with regions of horizontally grown
MoS2 lms along the substrate's plane (Fig. 3h). The inset image
shows that most of the edge-oriented structures are
ulfurization temperatures for different durations. The scale bar on the
age of (c) individual MoS2 growing in an out-of-plane manner to the
ing vertically standing MoS2. The marked area shows few bent and
tures overlapping each other. The scale bars on the high-magnification

Nanoscale Adv., 2023, 5, 879–892 | 883
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orthogonally aligned to the substrate surface, similar to what
Deokar et al. achieved in their bulk MoS2.31 A longer sulfuriza-
tion duration of 60 minutes results in a signicant breakout of
the MoS2 growth seen on the substrate plane, as displayed in
Fig. 3i due to increased S desorption.

Jung et al. reveals that a thickness of more than 3 nm of
metal seed layer leads to vertically oriented MoS2 perpendicular
to the basal plane. They also stated that discontinuous 1 nm
metal seed layers tend to grow into large areas of 2D horizontal
lms32 and that the mixed state of vertical and horizontal
growth can occur in seed layers of intermediate thickness, as
shown in our case. Sojková, et al.33 second the idea. On top of
that, they also discovered that at 3 nm Mo thickness, the mixed
state with combined VA and HA is achieved by decreasing the
heating rate to 5 °C min−1 and is entirely HA at 0.5 °C min−1.
However, it is worth noting that Sojková et al. attained the
mixed state orientation when the S powder andMo seed lm are
placed close to each other in the centre of the one-zone furnace,
which differs from our growth mechanism. Hence, we presume
that the mixed state of VA and HA observed in our grown MoS2
is due solely to the initial Mo seed thickness of 2 nm.

During the sulfurization process, nitrogen gas transports
sulfur vapours, which diffuse into the MoOx lm and get con-
verted into sulde. The horizontally grown 2D lms preferen-
tially expose basal planes with low surface energy, in contrast to
the vertically grown lm, due to unconstrained vertical free
volume expansion. The high surface energy on the exposed
edges is compensated by vertically expanding and releasing the
strain energy. In the growth of both vertical and horizontal
layers, the horizontally grown 2D layers become discontinuous,
bent, and overlapped, in this case, forming polycrystalline
structures that release strain energy, as evidently in Fig. 3g. At
a longer duration, chemical conversion occurs much faster than
sulfur gas diffusion into the lm, making sulfur diffusion the
rate-limiting process. Diffusion along the layers via van der
Waals gaps is expected to be much faster than the diffusion
across the layers due to the anisotropic structure of MoS2. As
a result, few MoS2 layers naturally orient perpendicular to the
lm, exposing van der Waals gaps and allowing for quick
reaction. Additionally, sulfur desorption is also believed to
occur as a result of the slow diffusion across the layer.

Moreover, Li et al. emphasize the signicance of choosing
a specic substrate for MoS2 growth to improve alignment due
to the facet-dependency of the growth orientation.34 Hence, we
believe that VA and HA MoS2 obtained in our study is due
primarily to the GaN substrate effect.35,36

The crystalline structure and composition of the MoS2 lms
were further investigated by X-ray diffraction (XRD). The HR-
XRD diffractogram of MoS2 sulfurized at Tsulf of 650 °C,
750 °C, and 850 °C for 15 minutes is shown in Fig. 4a. The as-
deposited Mo lm showed no diffraction peak, whereas the
sulfurized lm produced a main diffraction peak at ∼14.2°
related to the (002) plane for the 2H-phase of MoS2 and
a distinct peak at 2qy 36.8° corresponding to the (101) plane of
GaN (PDF no 01-074-0243). The relatively high peak intensity at
the (002) plane conrms that the MoS2 lm grows preferentially
with high crystallinity along the c-axis. Aside from that, it is
884 | Nanoscale Adv., 2023, 5, 879–892
worth noting that we were able to synthesize crystalline MoS2
from an amorphous Mo precursor.

The quality of the MoS2 deposited at all parameters was
determined from the FWHM of its (002) peak and is presented
in ESI Table S2.† As the sulfurization temperature increases
over a constant duration of 15 and 30 minutes, the diffraction
peaks become sharper (FWHM decreases), implying that the
crystalline quality is improved. Nevertheless, a different trend is
noticed when MoS2 is sulfurized for a constant duration of 60
minutes, in which the FWHM follows the order of 650 °C >
850 °C > 750 °C. A similar pattern is observed when the duration
is prolonged, in which the quality is improved as the duration
increases. However, at temperatures of 750 °C and 850 °C, the
quality of sulfurized MoS2 drops from 30 / 60 / 15 minutes
and 30 / 15 / 60 minutes respectively. To note, the sudden
quality drop for the 850 °C – 60 minutes sample is due to the S
desorption, as shown in Fig. 3i.

The EDX spectrum corresponding to the FE-SEM image for
the lm sulfurized at 850 °C for 15, 30, and 60 minutes (see ESI
Fig. S3†) demonstrates the presence of elements Mo and S in
which the atomic percentage ratio of Mo/S is ∼1 : 1.82, 1 : 1.91,
1 : 1.43 for the lm sulfurized at 850 °C for 15, 30, and 60
minutes. Upon prolonged sulfurization to 30 minutes, the
stoichiometry improves nearly to the stoichiometry ideal value.
The protracted sulfurization to 60 minutes, however, results in
a drop in the Mo/S ratio. This indicates that 30% or more of
sulphur sites are vacant. Surprisingly, there is a signicant
increase in the atomic percentage of O2 observed in the 60
minutes sample. The defects present in the materials such as
chalcogen vacancies in layeredmetal chalcogenides can serve as
favourable sites for O2/H2O adsorption. This behaviour would
trigger the breakdown of 2D materials, which could behave as
detrimental active traps in working electronics37 and causes
additional scattering of the carriers.

Fig. 4b shows the XRD plot of the high-intensity peak of
MoS2 sulfurized at a xed temperature of 850 °C for 15 to 60
minutes. As expected, the XRD peaks for the MoS2 sample
grown at tsulf = 15 minutes and 30 minutes show the highest
comparable intensity peaks with a narrow width implying
excellent crystalline quality. Furthermore, no peaks were shied
along the (002) plane in the inset in Fig. 4b, indicating that thin
MoS2 lms do not experience signicant compressive stress
during the deposition process.38,39 The average crystallite size of
MoS2 can be determined from the broadening of the (002)
diffraction peaks using Scherrer's formula:40

D ¼ 0:9l

b cos q
(1)

where l is the X-ray wavelength, b is the broadening diffraction
at half height of (002), and q is the Bragg angle.

Fig. 4c shows the plot of the FWHM of the MoS2 (002) peak
and the corresponding grain sizes of MoS2 synthesized at 850 °C
for 15, 30 and 60 minutes. The high FWHM of 15 and 60
minutes sample reects the small crystallite size. As the crys-
tallite size is greatly reduced, the grain boundary area increases.
This fact may reduce the MoS2 electrical conductivity [10],
which will be explored further in the device photodetector (PD)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) HR-XRD spectra of theMoS2 films grown at different temperatures of 650 °C, 750 °C, and 850 °C for 15min. (b) HR-XRD patterns of the
850 °C sample grown for different durations. (c) Full width at half maximum (FWHM) of the main XRD peak and the corresponding grain sizes of
850 °C sample as a function of sulfurization duration.
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performance section. In addition, we note the increment in the
crystallite size as the temperature rises. Thermal energy from
the process temperature inuences lm crystallization, and
a sufficient supply of thermal energy increases the MoS2 grain
size.43

According to Kong et al., an edge-terminated structure has
a smaller E12g peak intensity of about 30% than an A1g peak
intensity.41 This is comparable to the results we obtained (see
Table S1†) for the E1

2g/A1g Raman peak intensity of∼40%, which
explains the presence of horizontally/vertically oriented struc-
tures. The sulfurized MoS2 lm at a higher temperature and
longer duration also has better crystalline quality, as evidenced
by a decrease in peak widths in the Raman spectrum and XRD
diffractogram (decrease FWHM). To note, the S desorption
shown in Fig. 3f and i reects the abrupt quality drops in XRD
analysis.

Although vertically oriented TMDC layers offer great perfor-
mances as an electrochemical HER catalyst, many published
studies have demonstrated the excellent performance of verti-
cally oriented MoS2 as a photodetector.30,42–44 In this work, we
focus on examining the performances of deposited 2D MoS2 on
the p-GaN substrate as a 2D/3D photodetector (PD) and corre-
late it with our characterization data. Samples sulfurized at
850 °C for 15, 30, and 60minutes were used as the active layer to
construct an n-MoS2/p-GaN heterostructure, as shown in
Fig. 5a. The 15 and 30 minutes samples are selected for their
highest quality, while the 60 minutes sample is selected to
conrm the PD performance. Fig. 5b shows the dark I–V curve of
the n-MoS2/p-GaN heterojunction photodetector (dark current
of the 30 minutes device is taken for illustration purposes) and
a clear rectifying characteristic with a small threshold voltage of
∼1.7 V, which is lower than the reported threshold voltage by
Hyun et al.45 The quasi-linear I–V relationship shown in the
inset in Fig. 5b indicates that both the Ni/Au electrodes on the p-
GaN lm and the Cr/Au electrode on the n-MoS2 lm have good
ohmic contact. As a result, the excellent rectifying characteristic
is due to the formation of p–n heterojunctions between the GaN
and MoS2 layers. This rectication characteristic demonstrates
the presence of the built-in electric eld.

Room-temperature MoS2 Hall effect studies were rst per-
formed to study the electrical properties. To avoid the inuence
© 2023 The Author(s). Published by the Royal Society of Chemistry
of p-GaN, the measurement was done using MoS2 grown
directly on the sapphire substrate. The results indicate that the
deposited MoS2 samples have n-type carriers. The electron
concentration and mobility of the MoS2 layer were estimated to
be 9.58 × 1013 cm−3, 7.9 cm2 V−1 s−1; 1.70 × 1014 cm−3, 16.5
cm2 V−1 s−1; and 5.29 × 1013 cm−3, 3.5 cm2 V−1 s−1 for 15, 30,
and 60 minutes respectively. Detailed results can be found in
ESI Table S3.†

Aer the characterization of the MoS2/GaN p–n photode-
tector in the darkness, the relationship between photocurrent
and incident light intensity was investigated to thoroughly
explore the optoelectronic properties and its response to
external illumination. The n-MoS2/p-GaN heterojunction was
illuminated at 355 nm with different light intensities ranging
from 51 mW cm−2 to 2.47 mW cm−2, and the logarithm plot of
the IV curve as a function of light intensity is plotted in Fig. 5c–e
to show the trend comparison. Because of sufficient incident
light absorption and increased photogenerated carriers,
photocurrents increase steadily with the light intensity.
Intriguingly, our logarithmic plot displays an outstanding
photoresponse towards UV light with three distinctive diode
regions: (I) reverse bias region, (II) ideal linear diode region and
(III) current injection region.

Moreover, at 100% light intensity of 2.47 mW cm−2, our n-
MoS2/p-GaN photodetectors demonstrate a signicant current
on/off (Ilight/Idarkness) ratio of ∼103 for both 15 and 30 minutes
devices, and 102 for 60 minutes device at a bias of 0 V, implying
that our photodetector also works as a photovoltaic. The inset in
Fig. 5c–e shows the photocurrent plot as a function of incident
light power under various bias conditions of−5 V,−3 V, 0 V, 3 V
and 5 V. The photocurrent increases with the increase in bias,
which can be attributed to an increased electric eld around the
conductive channel, resulting in a higher collection of photo-
generated charge carriers. The 30 minutes device shows the
highest photocurrent value generated at each respective bias
voltage.

To quantitatively assess the overall properties of the heter-
ostructure photodetector, the device performance was further
analyzed by calculating the gure-of-merit (FOM) parameters
such as responsivity (R), specic detectivity (D), external
quantum efficiency (EQE) and linear dynamic range (LDR). The
Nanoscale Adv., 2023, 5, 879–892 | 885
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Fig. 5 (a) Schematic diagram of the n-MoS2/p-GaN heterojunction photodetector. (b) Dark I–V curve of the n-MoS2/p-GaN heterojunction
photodetector and the metal–semiconductor contact properties (inset). (c–e) Photoresponse of the n-MoS2/p-GaN heterojunction PD under
varying light intensities. Inset shows the light intensity dependence of the photocurrent at different voltage biases.
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device sensitivity to incident light is denoted by R and calcu-
lated as eqn (2):

R ¼ Iph

A� Popt

(2)

where Iph is the net photocurrent obtained (subtracting dark
current from the total current), Popt is the incident light inten-
sity and A is the total effective illuminated area of the device
∼0.2 mm2. The responsivity obtained from all devices at a bias
voltage of 5 V is shown in Fig. 6b. At the lowest optical power of
51 mW cm−2, the 30 minutes PD reveals a massive maximum
responsivity up to 4.25 × 102 A W−1, 3.9 and 11.9 times higher
than that of the 15 and 60 minutes PD, which have maximum
responsivities of 1.08 × 102 A W−1 and 35.6 A W−1 respectively
(Fig. 6b). Aside from responsivity, the performance of a photo-
detector can also be expressed by detectivity (D*) dening the
ability of a PD to detect weak signals. These two characteristic
properties are related to each other according to eqn (3):

D* ¼
ffiffiffiffi

A
p � R

ffiffiffiffiffiffiffiffiffi

2eId
p (3)
886 | Nanoscale Adv., 2023, 5, 879–892
According to eqn (3), a high detectivity is attained at a low
dark current and high responsivity. Fig. 6c depicts the highest
peak detectivity of 5.31 × 1012 Jones for 30 minutes PD and is
1.8 and 3.0 times higher than that of the 15 and 60 minutes PD
with the detectivity of 2.87× 1012 Jones and 1.72 × 1012 Jones (1
Jones = 1 cm Hz1/2 W−1). Another essential parameter for the
PD is external quantum efficiency (EQE), which calculates the
ratio of photocurrent to incident photons using the responsivity
value as written in eqn (4):

EQE ¼ h� c� Rl

e� l
(4)

where h, c, e and l are Planck's constant, the velocity of light, the
unit charge and the excitation wavelength (355 nm) respectively.
We observed the same trend of the EQE as in responsivity where
the maximum EQE was calculated to be 3.6 × 102%, 1.4 ×

103%, and 1.2 × 102% for the 15, 30 and 60 minutes PD
respectively (Fig. 6d). From all the parameters calculated, it is
apparent that the 30 minutes PD exhibit the highest value of
FOM.

The linear dynamic range (LDR), another gure of merit for
PDs, displays the proportionate photocurrent dependent on the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Plot of (a) net photocurrent versus light intensity. (b) Power-dependent responsivity, R. (c) Light density-dependent detectivity, D*. (d)
External quantum efficiency (EQE) versus optical power density of the devices at 5 V bias voltage. (e) Logarithmic plot of photocurrent versus light
intensity at 0 V bias voltage. (f–h) Photoresponse characteristics of the n-MoS2/p-GaN heterojunction to pulsed light irradiation (2.47 mW cm−2)
at a frequency of 100 Hz under a voltage of 0 V and the estimated rise time (sr) and fall time (sf).
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regulated power of the light sources. Linearity is critical for
functional applications such as optical scanners and photom-
eters. The LDR is theoretically dened as follows:

LDR ¼ 20 log
I*ph ðVÞ
Id ðVÞ (5)

where I*ph ðVÞ is the maximal photocurrent density that main-
tains a linear relationship with light intensity. The LDR values
measured under 1.84 mW cm−2 light illumination were calcu-
lated to be 61, 69, and 53 dB for 15, 30, and 60 minutes PD, at
0 V bias respectively (Fig. 6e). These values are on par with the
reported photodetectors (z42 dB, WS2/n-Si46 and z30 dB,
Al2O3/MoS2 (ref. 47)), and some commercial photodetectors
(such as GaN z 50 dB (ref. 48) and InGaAs z 66 (ref. 49)).

Time-resolved measurements were further investigated to
assess the overall PD performance, which connects the MoS2/p-
GaN PD, function generator, and oscilloscope. The frequency of
the UV light was modulated by a function generator, while the
photocurrent was measured and displayed as a function of time
using an oscilloscope. The photoresponse characteristics of the
PD were measured at a xed frequency of 100 Hz using 355 nm
UV light of 2.47 mW cm−2 intensity and a bias voltage of 0 V.
The graph is presented in Fig. 6f–h. The rise time (sr, the time
© 2023 The Author(s). Published by the Royal Society of Chemistry
interval from 10% to 90% of the maximum photocurrent) and
fall time (sf, the time interval from 90% to 10% of the maximum
photocurrent) of a PD's response to an impulse signal are
generally used to characterize its speed in the time domain. The
30 minutes device generates the fastest response time of sr =
30.3 ms and sf= 0.4 ms compared to 15 minutes PD with slightly
longer response times of sr = 38.3 ms and sf = 1.1 ms and 60
minutes PD with sr = 42.9 ms and sf = 1.4 ms respectively.

The power dependence of the photocurrent in a photode-
tector provides crucial knowledge about the mechanism
underlying photocurrent generation. The photocurrent
measured at V= 0 V as a function of incident light power for the
device's three states is represented in Fig. 6e in a log–log plot.
The graph clearly reveals a non-linear relationship, indicating
that the photocurrent and illumination power are attributed to
a power law. This relationship can be expressed as

Iph = APa (6)

where A is a scaling constant and a is the dimensionless expo-
nent of the power law. The value of the exponent a indicates the
number of traps in the photodetecting system.50 In an ideal
trap-free photodetector, a is equal to one (=1), indicating that
Nanoscale Adv., 2023, 5, 879–892 | 887
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Table 1 Summary of the figure of merit of all three devices

Device Responsivity (A W−1) Detectivity (Jones) EQE (%) LDR (dB) Rise time (ms) Fall time (ms)

15 minute 108 2.87 × 1012 3.6 × 102 53 38.3 1.1
30 minute 425 5.31 × 1012 1.4 × 103 69 30.3 0.4
60 minute 35.6 1.72 × 1012 1.2 × 102 61 42.9 1.4

Table 2 Performance comparison of our n-MoS2/p-GaN PD with other reported MoS2/3D based PD

Device structure MoS2 layers/growth method
Light source,
l (nm)

Self
-powered

Responsivity (A W−1)
at Vbias D* (Jones) Response time (sr/sf) Ref.

n-MoS2/p-GaN FL/E-beam (Mo) + CVD
(single zone)

355 Yes 14.3 at 0 V,
4.2 × 102 at 5 V

1.12 × 1013,
5.31 × 1012

97.1 ms/0.8 ms (1 Hz),
38.3 ms/1.1 ms (100 Hz),
8.3/13.4 ms (20 kHz)

This
work

MoS2/p-GaN (NH4)2MoS4 + CVD
(single zone)

265 Yes 0.187 at 0 V 2.34 × 1013 0.3/3.6 ms (100 Hz),
46/114 ms (5 kHz)

53

p-MoS2/n-2D GaN Bulk/mechanical exfoliation 365 No 27.1 at 5 V 1.7 × 1010 300 ms/3.9 s 54
MoS2/n-GaN FL/sputtering (Mo) + CVD

(dual-zone)
365 No ∼103 at 1 V ∼1011 ∼5 ms 55

MoS2/GaN Bulk/mechanical exfoliation 365 No ∼104 at 1 V 7.46 × 1012 — 56
MoS2/un-GaN Bulk/mechanical exfoliation 405 No ∼105 at 5 V ∼1014 105.6/84.1 ms 17
p-GaN/SiO2/
n-MoS2/graphene

1L/wet transfer CVD 633 Yes 10.4 at 0 V 1.1 × 1010 100 ms 57

GaN/h-bN/MoS2 1L/wet transfer CVD 400–700 — 1.2 mA W−1 at 9 V — 500 ms 58
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the photocurrent scales linearly with illumination power and
that the responsivity is constant as a function of power. When
trap states (for minority carriers) are present in the system,
a becomes smaller than 1 (<1) and the responsivity depends
sub-linearly on the illumination power, effectively decreasing
for higher illumination powers.51 Thus, the higher a means
higher charge separation (lower trapping ratios), benecial to
achieve high-performance photodetectors.52 The power equa-
tion (straight lines) matches the experimental data (hollow
squares) with exponent a being the highest for 30 min device (a
= 0.67) and lowest for 60 min (a = 0.50) device. The value of
exponent a is between 0.5 and 1, indicating a photoconductive
(PC) dominated device. Intriguingly, the rapid response time
attained by all three devices implies that the response time is
unaffected by the interface traps.

The experimental ndings reported above are summarized
in Table 1 to provide a clear comparison on the devices. We see
a decrease in both the dark current and the current under
illumination aer sulfurizing theMoS2/GaN p–n photodetectors
for 60 minutes, as well as a decrease in reaction time. Statisti-
cally, the responsiveness and reaction time of all three photo-
detectors studied are signicantly connected.

Comparing the measured PD FOM of the three devices, the
30minutes device evidently shows a large variation compared to
the 15 and 60 minutes devices. Although the improved crystal-
lography grain of the 15 minutes sample is expected to provide
high responsivity, given that the majority of its conguration is
parallel to the substrate, we believe the lacking of FOM obtained
is due to stacking faults and other defects, which are
undoubtedly present in the lm with a number of grain
888 | Nanoscale Adv., 2023, 5, 879–892
boundaries, resulting in a high density of recombination
centers for the photogenerated carriers and, inherently, a frac-
tional power dependence of the photocurrent. The high FOM
achieved by the 30 minutes device provides direct evidence of
the performance-quality dependence.

The state-of-the-art performance of our 30 minutes PD is
elaborated further to compare with previously reported MoS2/
3D-based PD and summarized in Table 2. At 51 mW cm−2 light
intensity, and Vbias of 0 V, our PD possesses R and D* of 14.3 A
W−1 and 1.12 × 1013 Jones respectively (Fig. 7a), higher than
that of the reported PD by Zhuo et al. with R and D* of 0.187 A
W−1 and 2.34 × 1013 Jones (ref. 53) conrming the MoS2
excellent performance as an active material in photodetector
fabrication. In Fig. 7b, the calculated EQE could reach up to
48%. Additionally, it is worth noting that we managed to ach-
ieve the high R, D* and EQE at a low external bias voltage (0 V),
in contrast to the relatively high bias voltage required by
previous works. For instance, Zhang et al. attained R of 27.1 A
W−1, D* of 1.70 × 1010 Jones and EQE of 92% at 5 V bias under
72 mW cm−2 of 365 nm light illumination.54 Competitively, at
5 V, our PD achieves a maximum R of 4.25 × 102 A W−1, D* of
5.31 × 1012 Jones, and EQE of 1.44 × 103% under extremely low
355 nm light intensity of 51 mWcm−2, as previously explained in
detail (refer Fig. 6).

From the graph too, we can see that R, D* and EQE are
inversely proportional to the light intensity, indicating the
presence of minority carrier traps (holes) in the device, as
explained in the previous power-dependent measurements.
When the intensity of the illumination increases, fast rate of
electron–hole pair separation occurs, resulting in a higher
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Light intensity dependence of (a) responsivity and specific detectivity and (b) photocurrent and EQE of the 30 minutes device at 0 V bias
voltage. (c) Responsivity and specific detectivity under 51 mW cm−2 light illumination of 365 nm wavelength at varying bias voltages. Photo-
response of the 30 minutes n-MoS2/p-GaN heterojunction (d) by varying light intensities at a frequency of 100 Hz and under pulsed light
irradiation (2.47 mW cm−2) at frequencies of (e) 1 Hz and (f) 20 kHz under a voltage of 0 V.
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photocurrent. Photogenerated electrons in MoS2 are captured
by trap states under low light intensity. Because of reduced
recombination, the lifetime of photogenerated holes can be
greatly extended, resulting in higher R and D*. However, as the
light intensity increases, the available states decrease dramati-
cally, eventually resulting in photoresponse saturation.59 The
photocurrent's sub-linear behaviour suggests that trap states in
the MoS2 layer or at the MoS2/p-GaN junction interface are to be
accountable for this occurrence.

Fig. 7c shows a bias-dependent plot of R and D. The
responsivity, R, behaves similarly to the photocurrent (refer
inset Fig. 5), increases sharply with the increase in bias under
both forward and reverse bias. The detectivity D*, however, is
not monotonous, reaching a maximum at 0 V, decreases to±3 V
and increases back to ±5 V. Fig. 7d displays the photoresponse
under varying Popt at 0 V bias. The results indicate that when the
UV light was turned on and off at 100 Hz frequency, the current
alternately switched between high and low conductance with
good consistency and repeatability. Notably, even when exposed
to higher light intensities, the current increased only slightly.
Given that the result was obtained at a high frequency of 100 Hz,
we conclude that our n-MoS2/p-GaN PD can detect a very weak
UV light, conrming that it is a self-powered UV PD. The time
response of our PD was further modulated in the frequency
range of 1 Hz to 20 kHz at a xed Popt of 2.47 mW cm−2. At 1 Hz
frequency, the rise time (sr) and fall time (sf) are 97.1 ms and 0.8
ms respectively as demonstrated in Fig. 7e. At 20 kHz, our device
obtained a remarkably fast response speed of sr: 8.3 ms and sf:
13.4 ms, indicating that the PD can follow rapidly changing UV
light signals.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The energy band diagrams shown in Fig. 8 help to under-
stand the entire electron–hole concept, which explains the
enhanced photoresponse properties of GaN/MoS2 p–n. The
bandgap (Eg) of MoS2 and GaN is∼1.42 eV (taken from the Tauc
plot of MoS2 absorption spectrum in ESI, Fig. S4b†) and 3.4 eV,
respectively. Exceptional heterojunctions can be formed due to
close lattice match between MoS2 and GaN.14 Because of the
difference in the Fermi level (EF), electrons in the MoS2 lm will
likely move to the GaN side once the p–n heterojunction
between the MoS2 lm and the p-GaN substrate is formed,
whereas holes in GaN will tend to move to the MoS2 lm. As
a result, energy levels near the GaN surface will bend downward,
while energy levels near the MoS2 surface will bend upward, and
the Fermi levels of MoS2 and GaN will eventually align at the
same level.8,60 This contributes to the built-in electric eld near
the MoS2/p-GaN interface.

Under UV light illumination (Fig. 8b), the absorption of the
incident light generates more electron–hole pairs, which are
quickly separated by the built-in electric eld and transferred to
the electrodes, giving rise to photocurrent, resulting in a rapid
response time. The built-in electric eld at the junction inter-
face conrms that the device can be operated at zero bias. When
a reverse bias is applied, the Ef (p-GaN) is raised to higher
values, as shown in Fig. 8c. This gradually increases the electric
eld across the depletion region, resulting in the expansion of
barrier potential. This will allow many accessible states for the
hole and electrons to tunnel into the GaN and MoS2 region
respectively. Under light illumination, electron–hole pairs are
generated, which are then separated by this large barrier
potential and collected by the electrodes. Furthermore,
Nanoscale Adv., 2023, 5, 879–892 | 889
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Fig. 8 Energy band diagrams of the MoS2/GaN heterojunction under (a) 0 V bias and under UV illumination (b) at forward bias and (c) at reverse
bias.
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regardless of the atomic thickness, MoS2 can strongly interact
with incident light while maintaining high transparency61,62 and
the naturally passivated surfaces can protect the devices from
surface leakage current, which is a critical issue that must be
addressed rigorously in semiconductor lm processing
technologies.63

Conclusion

We have successfully grown high-quality, large-area and at-
surface FL-MoS2 on p-GaN via a simplied sulfurization tech-
nique of an E-beam-deposited Mo seed layer by single-zone
CVD. The controllable orientation of thin MoS2 layers at
a 2 nm Mo seed layer was demonstrated by tuning the sulfuri-
zation parameters (temperature and duration). At 650 °C for 15
minutes, the sulfurized lm is composed of low-crystallized and
unaligned 2D structures. A temperature increase to 850 °C
improves the structural quality and increases the crystallite size.
A longer sulfurization time oriented the lm to be more of the
VA lm, but annealing for 60 minutes caused S desorption,
which degraded the lm quality. The MoS2 lm sulfurized at
850 °C for 30 minutes possesses the highest quality and crys-
tallite size. The MoS2 lm is composed of numerous MoS2
nanosheets, the majority of which are VA and only a few are HA
to the p-GaN substrate. Additionally, we successfully deposited
VA MoS2 on p-GaN by the newly MoS2 position-selectivity
method directly on the p-GaN substrate and employed as
a heterostructure for photodetector device application.
Although the 850 °C 15 minutes device improved the crystal-
lography grain predicted to have a high responsiveness, the lack
of FOM obtained provides direct evidence of the performance-
quality dependence. The 30 minutes device's high FOM yields
a clear proof of the performance-quality correlation. The surface
morphologies of the deposited MoS2 lm contribute to the
performance of the MoS2/p-GaN heterojunction photodetector.
Light trapping phenomena and high responsivity from the
890 | Nanoscale Adv., 2023, 5, 879–892
textured nanostructures at the surface may have improved
photo-carrier generation and collecting efficiency. Our PD
exhibits the highest photoresponsivity, R of 425 A W−1,
a specic detectivity, D* of 5.31 × 1012 Jones and EQE of ∼103%
for 355 nm excitation at 51 mW cm−2 under 5 V bias condition.
Under 0 V bias, we achieved R of 14.3 A W−1, D* of 1.12 × 1013

Jones, and a high Ion/off ratio of ∼103 conrming it as a self-
powered device. The device also responds quickly to the UV
signal of 8.3/13.4 ms (20 kHz).

Finally, we demonstrated that our V-MoS2/p-GaN works
under reverse bias, making it a dual-functional PD. Even though
horizontally grown 2D TMDC is known to be promising for
optoelectronics due to high on/off ratios (>105) as transistors,
we have demonstrated that high-quality VA MoS2 grown under
optimal conditions and on a particular substrate has quite
outstanding performance as a photodetector. Such knowledge
could further allow for the direct synthesis of novel 2D TMDC/
3D heterostructures that consist of both vertically and hori-
zontally grown 2D layers.
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E. Majková, RSC Adv., 2019, 9, 29645–29651.

34 H. Li, H. Wu, S. Yuan and H. Qian, Sci. Rep., 2016, 6, 1–9.
35 I. Susanto, C.-Y. Tsai, T. Rahmiati, Y.-T. Ho, P.-Y. Tsai and

S. Yu, Appl. Surf. Sci., 2019, 496, 143616.
36 Y. Wang, Z.-H. Gu, H. Liu, L. Chen, X.-k. Liu, L. Min, Z.-w. Li,

H. Zhu and Q.-Q. Sun, ACS Appl. Electron. Mater., 2019, 1,
1418–1423.

37 Y. Liu, P. Stradins and S. H. Wei, Angew. Chem., 2016, 128,
977–980.

38 G. Chen, B. Lu, X. Cui and J. Xiao, Materials, 2020, 13, 5515.
39 X. Wang, W. Fan, Z. Fan, W. Dai, K. Zhu, S. Hong, Y. Sun,

J. Wu and K. Liu, Nanoscale, 2018, 10, 3540–3546.
40 Y.-F. Huang, K.-W. Liao, F. R. Z. Fahmi, V. A. Modak,

S.-H. Tsai, S.-W. Ke, C.-H. Wang, L.-C. Chen and
K.-H. Chen, Catalysts, 2021, 11, 1295.

41 D. Kong, H. Wang, J. J. Cha, M. Pasta, K. J. Koski, J. Yao and
Y. Cui, Nano Lett., 2013, 13, 1341–1347.

42 G. Yang, Y. Gu, P. Yan, J. Wang, J. Xue, X. Zhang, N. Lu and
G. Chen, ACS Appl. Mater. Interfaces, 2019, 11, 8453–8460.

43 S. Qiao, J. Liu, G. Fu, S. Wang, K. Ren and C. Pan, J. Mater.
Chem. C, 2019, 7, 10642–10651.

44 A. V. Agrawal, K. Kaur and M. Kumar, Appl. Surf. Sci., 2020,
514, 145901.

45 H. Jeong, S. Bang, H. M. Oh, H. J. Jeong, S.-J. An, G. H. Han,
H. Kim, K. K. Kim, J. C. Park and Y. H. Lee, ACS Nano, 2015,
9, 10032–10038.

46 R. K. Chowdhury, R. Maiti, A. Ghorai, A. Midya and S. K. Ray,
Nanoscale, 2016, 8, 13429–13436.

47 D. S. Schneider, A. Grundmann, A. Bablich, V. Passi,
S. Kataria, H. Kalisch, M. Heuken, A. Vescan, D. Neumaier
and M. C. Lemme, ACS Photonics, 2020, 7, 1388–1395.

48 M. A. Khan, J. Kuznia, D. Olson, J. Van Hove, M. Blasingame
and L. Reitz, Appl. Phys. Lett., 1992, 60, 2917–2919.

49 X. Gong, M. Tong, Y. Xia, W. Cai, J. S. Moon, Y. Cao, G. Yu,
C.-L. Shieh, B. Nilsson and A. Heeger, Science, 2009, 325,
1665–1667.

50 N. A. A. Zulkii, K. Park, J.-W. Min, B. S. Ooi, R. Zakaria,
J. Kim and C. L. Tan, Appl. Phys. Lett., 2020, 117, 191103.
Nanoscale Adv., 2023, 5, 879–892 | 891

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00756h


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
1 

20
23

. D
ow

nl
oa

de
d 

on
 2

02
5-

07
-1

6 
 1

2:
19

:1
7.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
51 Q. Zhao, W. Wang, F. Carrascoso-Plana, W. Jie, T. Wang,
A. Castellanos-Gomez and R. Frisenda, Mater. Horiz., 2020,
7, 252–262.

52 A. Rose, Concepts in Photoconductivity and Allied Problems,
Interscience publishers, 1963.

53 R. Zhuo, Y. Wang, D. Wu, Z. Lou, Z. Shi, T. Xu, J. Xu, Y. Tian
and X. Li, J. Mater. Chem. C, 2018, 6, 299–303.

54 X. Zhang, J. Li, Z. Ma, J. Zhang, B. Leng and B. Liu, ACS Appl.
Mater. Interfaces, 2020, 12, 47721–47728.

55 N. Goel, R. Kumar, B. Roul, M. Kumar and S. Krupanidhi, J.
Phys. D: Appl. Phys., 2018, 51, 374003.

56 S. K. Jain, M. X. Low, P. D. Taylor, S. A. Tawk, M. J. Spencer,
S. Kuriakose, A. Arash, C. Xu, S. Sriram and G. Gupta, Appl.
Electron. Mater., 2021, 3, 2407–2414.

57 P. Perumal, C. Karuppiah, W.-C. Liao, Y.-R. Liou, Y.-M. Liao
and Y.-F. Chen, Sci. Rep., 2017, 7, 1–9.
892 | Nanoscale Adv., 2023, 5, 879–892
58 H. Jeong, S. Bang, H. M. Oh, H. J. Jeong, S.-J. An, G. H. Han,
H. Kim, K. K. Kim, J. C. Park and Y. H. Lee, Nano Lett., 2015,
9, 10032–10038.

59 S. Mukherjee, R. Maiti, A. K. Katiyar, S. Das and S. K. Ray, Sci.
Rep., 2016, 6, 1–11.

60 L. Wang, J. Jie, Z. Shao, Q. Zhang, X. Zhang, Y. Wang, Z. Sun
and S. T. Lee, Adv. Funct. Mater., 2015, 25, 2910–2919.

61 L. Britnell, R. M. Ribeiro, A. Eckmann, R. Jalil, B. D. Belle,
A. Mishchenko, Y.-J. Kim, R. V. Gorbachev, T. Georgiou
and S. V. Morozov, Science, 2013, 340, 1311–1314.

62 Q. Zhang, W. Bao, A. Gong, T. Gong, D. Ma, J. Wan, J. Dai,
J. N. Munday, J.-H. He and L. Hu, Nanoscale, 2016, 8,
14237–14242.

63 Z. Luo, T. Guo, C. Wang, J. Zou, J. Wang, W. Dong, J. Li,
W. Zhang, X. Zhang and W. Zheng, Nanomaterials, 2022,
12, 3079.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00756h

	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h

	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h
	Sulfurization engineering of single-zone CVD vertical and horizontal MoS2 on p-GaN heterostructures for self-powered UV photodetectorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00756h


