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ABSTRACT: We investigated an epitaxial strategy for fabricating MoS, light-emitting diodes
(LEDs). A full-coverage MoS$, active layer was grown on p-type GaN, and n-type ZnO nanorods
were then vertically aligned on the MoS, to form a p—n junction with negligible damage to the
MoS,. All materials have nearly matched hexagonal structures, enabling single-crystal alignment.
Although the continuous MoS, film formed multiple layers (MLs), the ZnO/MoS,/GaN
heterostructure yielded favorable optical characteristics of the ML-MoS,, including internal
quantum efficiency comparable to that of the single-layer MoS,. The ZnO/MoS,/GaN LED
exhibited stable A and B exciton emissions, which imply direct bandgap transition with spin— e

orbit coupling. Without mechanically exfoliated or transferred 2D films, this epitaxial approach . ﬂ
satisfies the key requirements for fabricating 2D-based optoelectronic and quantum light
sources. The strength of epitaxy, such as large-scale scalability and multiple quantum-well
formation, will further advance 2D optoelectronics, making them more practical and efficient.
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he transition metal dichalcogenide (TMDC) light-

emitting diodes (LEDs) have shown promising feasibility
for developing high-efficiency wearable optoelectronic devices
and quantum light sources.'~” The TMDCs, such as MoS,, are
inherently flexible and wearable.””* Their bandgaps are in the
visible range.”” The direct bandgap transition can be achieved
by controlling the layer number or applying an external field to
the 2D materials to expect high radiative recombination.””"?
The spin—orbit coupling (SOC) arising from heavy transition
metal atoms yields spin splitting of the valence band at the K
and K’ valleys, which can be utilized for spin-valley locking
valleytronics.””'" There have been various attempts to
fabricate high-efficiency TMDC LEDs by using low threading
dislocation materials, encouraging the direct bandgap tran-
sition, and fabricating the quantum well (QW) heterostruc-
tures.”'”'*~"> These approaches are inspired by conventional
semiconductor epitaxy. Still, the fabrication of 2D LEDs has
mostly relied on mechanical exfoliation or transfer methods,
which hinder the scalability of the device and the fabrication
process. To fabricate epitaxial 2D LEDs, one major challenge is
finding compatible epitaxial layers to meet the key criteria of
single-crystal growth, reliable n-type and p-type doping, and
formation of heterostructures and quantum structures with
negligible damage in the TMDC materials, while the transfer
method is relatively free from these difficulties. Here, we
investigated the epitaxial approach to fabricate MoS, LEDs by
growing the underlying p-GaN film, the intermediate MoS,
active layer, and the n-ZnO nanorods on top. The monolithic
growth of the ZnO/MoS,/GaN heterostructure was facilitated
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by the closely matched lattice symmetry and the compatible
thermal budgets, ensuring the single-crystal alignments and
negligible damage of the MoS,, respectively. Since ZnO and
GaN are wide-bandgap materials, our material design
simultaneously satisfies the efficient QW-structured LED.
Unlike conventional monochromatic GaN or GaAs LEDs,
the fabrication of TMDC LEDs offers a straightforward
method to develop two-level-state optoelectronic devices
because of the large valence band splitting in the TMDCs
associated with strong SOC."”'" Since the band splitting
occurs at K and K’ valleys, the SOC phenomena also signify
the direct bandgap transitions,”" "' which are essential to
fabricate efficient TMDC LEDs. Strong SOC emissions of the
TMDC LEDs have been readily demonstrated using single-
layer (SL)- and multilayer (ML)-TMDCs.'”'” However,
previous studies are mostly limited to the use of mechanically
exfoliated or transferred TMDCs. The random nature of the
exfoliation process results in small and irregular flakes that are
hard to extend for fabricating device arrays or wafer-scale
integration.”'® The 2D film transfer process typically yielded
additional labor and cost, material contamination, unavoidable
local voids and fluctuations, and environmental instability.'®"’
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Figure 1. Growth of ZnO/MoS,/GaN heterostructures. (a) Schematic illustration of the growth process. FE-SEM images of (b) the SL-MoS,
flakes and (c) the continuous ML-MoS, grown on the GaN films. (d) 30°-tilted low- and high-magnification (inset) FE-SEM images of the ZnO
nanorods grown on the MoS,-coated GaN film. (e) Raman spectra of the ML-MoS, grown on the GaN film before (red dotted line) and after
(black solid line) the ZnO nanorods’ growth. (f) Mapping of RT Raman Ey, (left) and the Ay, (center) peaks and PL intensity (right) of the ML-
MoS,. The top and bottom images show the as-grown ML-MoS, on the GaN film and ML-MoS, sandwiched by the ZnO nanorods and the GaN

film, respectively.

Nevertheless, the poor device scalability can be addressed by
growing single-crystal quantum structures and heterostructures
with compatible epitaxial layers. In this report, we demon-
strated epitaxial n-ZnO/MoS,/p-GaN heterostructure LEDs
obtaining clearly separated two-level energy emissions with a
scalable fabrication method and minimal contamination.

To demonstrate MoS, LEDs, we fabricate a heterostructure
comprising n-ZnO nanorods grown on p-GaN films with an
intermediate MoS, layer, where the fabrication sequence is
illustrated in Figure la. ZnO and GaN can be efficient carrier
injection Iayers.zo’21 They are wide-bandgap materials, which
allow us to make MoS, a QW layer. All components of the
heterostructure are hexagonal crystals, and the in-plane lattice
constant mismatches are within 2%. Accordingly, a p—QW-n
structure MoS, LED can be fabricated using epitaxial growth
without any transfer process of the 2D film. Moreover, the
sequential stack of the heterostructure is designed by thermal
budgets of each layer. The typical GaN layers are grown over
1000 °C, while they are merely deteriorated at the MoS,

growth temperatures of 700—800 °C. Furthermore, high-
quality ZnO nanorods can be grown at relatively low
temperatures of 500—600 °C, minimizing thermal degradation
of the underlying MoS,.

Figure 1b shows the surface morphology of the MoS, layer
grown on the planar GaN film. When the MoS, growth time
was relatively short, discrete triangular SL-MoS, flakes were
distributed. The in-plane orientations of the MoS, flakes
exhibit a predominant direction and/or their 180° rotation,
while other rotational angles were rarely observed, suggesting
that the underlying GaN governed the in-plane crystal
orientations of the MoS,. For LED fabrication, we could not
employ SL-MoS, because of its discrete formation. However,
full-coverage MoS, layers can be prepared by increasing the
growth time, as shown in Figure 1c, which was further used for
the LED active layer. The planar MoS, layer is formed on GaN
to see negligible contrast differences in the field-emission
scanning electron microscope (FE-SEM) image. During the
lateral growth, the thickness of the MoS, was also increased to
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Figure 2. Structural characterization of the ML-MoS,/GaN and the ZnO/ML-MoS,/GaN heterostructures. (a) XRD rocking curve of MoS,
(0002) and (b) the @-scan of MoS, (1013) (red solid line) and GaN (1011) (black solid line) reflections for the MoS,/GaN heterostructure. (c)
XRD rocking curve of the ZnO (0002) and (d) ¢-scan of ZnO (1012) (red solid line) and GaN (1012) (black solid line) reflections for the ZnO/
MoS,/GaN heterostructure. (e) Cross-sectional TEM image and (f) the corresponding SAED pattern of the ZnO/MoS,/GaN heterostructure.
The white dashed circle in Figure 2e marks the region where the SAED pattern is obtained. The inset of Figure 2f shows the overlapping (0114)
diffraction spots of ZnO and GaN. (g) HR-TEM image of the heterostructure and (h) corresponding fast Fourier transform patterns for ZnO

(top), MoS, (middle), and GaN (bottom) layers.

become ML. The local thickness of the ML-MoS, film ranged
from 4 to 11 nm, which corresponds to approximately 5—16
layers. No wrinkles, peeling-off, and residue issues were
observed in the surface morphology, suggesting the reliable
and clean formation of the MoS,. After full-coverage growth of
ML-MoS,, ZnO nanorods were grown on the MoS,-coated
GaN layer. As shown in Figure 1d, the ZnO nanorods were
vertically well-aligned and exhibited a high growth density of
10'® cm™2. The magnified FE-SEM image in the inset of Figure
1d shows that the diameter and the length of the nanorods
were measured to be 40 nm and 2.1 um, respectively. Note
that the growth density of the ZnO nanorods was as high as
that on 3D single-crystal substrates, such as c-Al,O; and Si,*>?3
where the high-density growth feature suggests the feasibility
of growing various other overlayers of planar thin films and/or
position-controlled nanostructures.”* The thin film structure
can offer a simple device fabrication process and reliable device
uniformity in terms of current injection and spreading. The
vertically aligned nanostructure arrays enable high-density
device integrations and high light extraction/absorption.
Figure le shows Raman spectra of the heterostructures
before and after the ZnO nanorod growth. The MoS,/GaN
heterostructure exhibited two prominent MoS, peaks of the
out-of-plane A}, mode at 408.9 cm™! and in-plane E»g mode at
384.5 cm™.. The separation between the two peaks was 24.8
cm™!, indicating ML-MoS,.”> Following the ZnO nanorod
growth, both A;, and E,, modes remained stable at their
original positions. This invariance of Raman shifts suggests the
absence of strain in the MoS, interlayer.”*>” We also observed
that additional Raman peaks appeared at 287 cm™ and 331
cm™! after the ZnO growth, which are associated with By and
B, vibrational modes of Mo—O bonds, respectively.”® This

implies oxygen doping in the MoS, layer during ZnO growth.
The impurity effects on the ZnO/MoS,/GaN heterostructure

will be discussed further with the PL characteristics in Figure S.
Figure 1f shows the Raman intensity mapping results of

MoS, before and after ZnO growth. The Eyq and Ay peaks
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Figure 3. Fabrication of the ZnO/ML-MoS,/GaN heterostructure
LED. (a) Schematic of the device. (b) FE-SEM images of the exposed
ZnO nanorod tips surrounded by the PMMA insulating layer. (c) ]-V
curve of the device. (d) Logarithmic plot of the J—V curves under 405
nm-wavelength GaN laser excitations.
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Figure 4. EL characteristics of the ZnO/ML-MoS,/GaN heterostructure LED. (a) RT light emission images and (b) EL spectra at various applied ]
values ranging from 0.0 to 0.6Acm™ (c) EL peak positions of A (black solid squares) and B (red open circles) emissions as a function of J. (d)

Color gamut of the MoS, LED for full-color display applications.

were used for the Raman mapping. The room-temperature
(RT) PL intensity mapping was conducted with spectral
ranges of 620—710 nm. For the as-grown MoS, on GaN, both
Raman and PL spectra exhibited uniform intensity and spatial
distribution. The uniformity remained consistent after ZnO
nanorod growth, implying no observable degradations in the
MoS, layer. One important factor in preserving the MoS, layer
was the mild growth temperature of the ZnO overlayer. For
example, it was hard to fabricate GaN/MoS,/GaN hetero-
structures since the MoS, layer degraded severely when the
growth temperature of the GaN overlayer exceeded 700 °C.
Still, the growth temperature was not enough to grow a high-
quality GaN overlayer (Figure S1). Additionally, instead of
ZnO thin films, we grew ZnO nanorods on MoS, for the first
epitaxial demonstration, taking several advantages. The growth
condition of ZnO nanorods with Ar ambient/carrier gas can be
milder than that of the ZnO thin films with H, gas.””*" The
thin film structure generally requires strict lattice and
crystallinity conditions at the interface, whereas vertically
aligned nanorods can better accommodate a mismatch through
their nanoscale geometry. The enhanced light extraction using
nanorod structures can offer potential benefits to LED
applications.

The crystal orientations and epitaxial relations of the ZnO/
MoS,/GaN heterostructure were examined by X-ray diffraction
(XRD). First, we grew 35 nm-thick MoS, on a GaN film and
obtained rocking curves of the MoS,(0002) and an azimuthal
(¢)-scan of the MoS,(101 3), as shown in Figures 2a and 2b,
respectively. The full width at half-maximum (FWHM) value
of the rocking curve was 0.05°, which is comparable to that of
the high-quality MoS, layer.”"** The @-scan of the MoS,
clearly revealed six-fold rotational symmetry with 60° intervals
and in-plane alignments with GaN. Furthermore, we
investigated the c-axis and in-plane alignments of the ZnO
nanorods after we fabricated the ZnO/MoS,/GaN hetero-

structure. In Figure 2c, the ZnO(0002) rocking curve exhibited
an FWHM of 0.26°, indicating high c-axis orientation.** Figure
2d shows the six-fold symmetry and the crystal alignments in
the ¢-scan of ZnO(1012) and GaN(1012). Note that, in the
Zn0O/MoS,/GaN heterostructure, the thickness of MoS, was
11 nm or below, resulting in very weak XRD intensity to
detect. To obtain strong and clear MoS, XRD peaks in Figures
2a and 2b, we grew thicker MoS, on GaN.

In addition to XRD, transmission electron microscopy
(TEM) was employed to investigate microstructural character-
istics of the ZnO/ML-MoS,/GaN heterostructure. Figure 2e
shows a low-magnification cross-sectional TEM image of the
heterostructure revealing no observable voids or spacing at the
heterojunction interface. The selected area electron diffraction
(SAED) pattern in Figure 2f and its inset reveal almost
identical diffraction spots of ZnO and GaN with a slight
separation. Similar to the XRD result, the MoS, diffraction
peaks were rarely detected in low-magnification TEM.
Nevertheless, we confirmed the presence of the ML-MoS,
interlayer by obtaining the high-resolution transmission
electron microscope (HR-TEM) image, as shown in Figure
2g. The clear separation of the morphological signal indicates
the formation of the ML-MoS, layer between the ZnO and
GaN layer. Quantitative measurements show that the interlayer
spacings and the atomic spacings for all materials correspond
to the (0002) planes and the (101 0) planes of their respective
layered hexagonal structures (Figure S2), where the spacing of
each material agrees with those of the previously reported
values.”>™*° The elemental mapping using energy-dispersive X-
ray spectroscopy (EDS) also supports the formation of well-
defined heterostructures (Figure S3). Figure 2h shows fast
Fourier transform patterns of ZnO, MoS,, and GaN implying
single crystallinity. Additionally, we observed stacking faults
and blurry diffraction spots for the MoS, layer, but these issues
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Figure S. PL characteristics of the MoS,/GaN and ZnO/MoS,/GaN heterostructures. Low-temperature PL spectra of (a) ML- and (b) SL-MoS,-
coated GaN before (red dot line) and after (black solid line) ZnO growth under a laser power density of 140 mW cm™2. Integrated PL intensity of
the SL- and ML-MoS, as a function of laser power density for (c) MoS,/GaN and (d) ZnO/MoS,/GaN heterostructures. Simulation results of the
built-in electric field for (e) ZnO/SL-MoS,/GaN and (f) ZnO/ML-MoS,/GaN heterostructures using the electrostatic module COMSOL.

would eventually be solved by further optimizing the epitaxial
growth.

We further fabricated a ZnO/MoS,/GaN heterostructure
LED, as schematically shown in Figure 3a. The LED structure
consists of a bottom layer of p-type Mg-doped GaN with a
thickness of 1.3 pym, a conformally coated ML-MoS, with a
thickness ranging from 4 to 11 nm, and vertically aligned ZnO
nanorods with a length of 2.1 ym and a density of 1 x 10"
cm ™2 All materials, including the p-GaN film, ML-MoS,, and
n-ZnO nanorods, were uniformly grown on the entire
substrate, as shown in Figure 1. For carrier recombination in
the MoS, active region, the p-GaN acts as the hole injection
side of the junction, and the ZnO nanorods, which are
normally n-type, contribute to electron injections. The
heterostructure was partially mesa-etched to form the metal
contact of the 50 nm-Ni/20 nm-Au bilayer on the p-GaN layer.
To prevent leakage currents, the gaps of the ZnO nanorods
were filled with a polymethyl methacrylate (PMMA) insulating
layer. The tips of the ZnO nanorods were exposed to form an
n-contact. Figure 3b shows an FE-SEM image of the PMMA-
coated ZnO nanorods with the exposed tips. The ZnO
nanorods maintained their good vertical alignment and

uniform distribution. There were no observable voids in the
PMMA. Square-shaped n-contact pads were formed on the
ZnO tip by depositing a 50 nm-Ti/20 nm-Au bilayer with an
area of 500 ym X 500 ym. This contact pad also corresponds
to the active device area, where we can inject currents vertically
through a ZnO/ML-MoS,/GaN heterojunction LED.

A clear rectifying behavior was observed in the current
density—voltage (J—V) curve of the ZnO/ML-MoS,/GaN
heterostructure LED, as shown in Figure 3c. The leakage
current was S X 107°A at —S V. The turn-on voltage was
estimated to be 2 V, which fairly agrees with the bandgap of
MoS,. Additionally, we obtained the J—V curves using a 405
nm-wavelength GaN laser with various laser excitation powers,
as shown in Figure 3d. The laser was applied to the back side
of the sample, through ¢-Al,O;, p-GaN, MoS,, and ZnO, with
the laser incident normal to the sample surface (Figure S4).
Backside direction was chosen because both the ¢-Al,O4
substrate and GaN are transparent at the 405 nm wavelength,
while the top side was optically blocked by the relatively thick
metal contact. The ZnO/ML-MoS,/GaN heterostructure LED
showed an increased photocurrent for higher laser powers,
implying the carrier generations in the MoS, working as an
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active layer. For comparison, we also fabricated and obtained
J—=V curves of n-ZnO/p-GaN heterostructure LEDs without
the MoS, interlayer (Figure SS). Except for the MoS, growth,
the growth and fabrication process were identical for both n-
ZnO/p-GaN and n-ZnO/MoS,/p-GaN LEDs. Unlike those of
the n-ZnO/MoS,/p-GaN LEDs, the n-ZnO/p-GaN LED
showed a higher turn-on voltage of 4 V and negligible
photocurrent generation under 405 nm laser excitation. This
supports that the whole electrical characteristics of ZnO/
MoS,/GaN LEDs are governed by the MoS, layer.

The ZnO/ML-MoS,/GaN heterostructure LED exhibited
red emission, as shown in Figure 4a. The gradual increase in
the emission intensity for higher current levels implies reliable
carrier injection, transport, and radiative recombination in the
MoS, active layer. However, the LED emitted an additional
UV emission around 385 nm (Figure S6), which is only the
noticeable competing recombination channel with the MoS,
emission. We further obtained the band alignment for the n-
ZnO/MoS,/p-GaN heterostructure, where the Fermi level of
each material was estimated by previously reported values
(Figure §7).73% The heterostructure showed a type-I band
alignment. Still, the confinement depth was shallow at the
MoS,/p-GaN interface, which probably resulted in additional
UV emissions and a low efficiency of the MoS, emissions.
Nevertheless, since the bandgaps of GaN and ZnO are wider
than that of MoS,, we believe that this problem can be solved
by optimizing the band alignment. For example, the formation
of intrinsic ZnO or GaN between the MoS,/p-GaN interface
can be an efficient blocking layer. In this study, we employed a
long-pass filter with a cutoff wavelength of 532 nm to obtain
the red emissions only. Additionally, we confirmed the red
emissions originated from the MoS, active layer by obtaining
EL spectra of n-ZnO/p-GaN heterostructure LEDs without
the MoS, interlayer, exhibiting dominant emission at 386 nm
and negligible signals in the range of 630—710 nm (Figure S8).

Figure 4b shows the RT electroluminescence (EL) spectra
of the ML-MoS, LED at different current densities, revealing
two dominant emission peaks at 630 nm for the B exciton
emission and 705 nm for the A exciton emission. Although the
MoS, was ML, the peak positions and the two-level-energy
spectra strongly suggest direct bandgap transitions in theK and
K’ valleys of ML-MoS,, where B and A exciton recombination
can occur simultaneously due to the split valence band.'”'°
The direct transition of ML-MoS, EL emissions was previously
reported by other researchers using transfer-based devices."
Unlike SL-MoS,, which has a direct bandgap at the K point
and therefore can exhibit efficient radiative recombination,
ML-MoS, possesses an indirect bandgap, with the conduction
band minimum located near the A valley and the valence band
maximum near the I' hill. Nevertheless, under electrical
injections, a strong vertical electric field is established in the
ML-MoS,. This field accelerates injected carriers and enables
partial redistribution from the indirect valleys toward the
higher-energy K valleys, thus activating direct excitonic
recombination at K. Additionally, the A emission was slightly
stronger than the B emission at low ], while the B emission
became more pronounced for high J. The increased B exciton
population is presumably due to the A to B exciton transition
under high electron injections.”* As the current density
increased, the FWHM values of the A and B emissions
decreased from 45 and 38 nm to 35 and 30 nm, respectively,
which were narrow enough to signify two distinct spectra for
various applied J. Figure 4c shows minimal shifts of the EL

peak positions with various ], implying the negligible quantum-
confined Stark effect (QCSE) in this heterostructure LED.

We believe that the epitaxial growth of MoS, LEDs,
combined with conventional 3D semiconductors, opens a
new possibility for advanced optoelectronics. For example,
since the MoS, LEDs were readily fabricated on the p-GaN
layer, we can consider the potential application for GaN-based
full-color LEDs. Figure 4d shows the color gamut of our MoS,
LED for the red pixel and conventional InGaN LEDs for blue
and green pixels.”” The deep red emission of the MoS, LED
contributes to a broad color triangle (white triangle in Figure
4d) that surpasses the standard RGB LED gamut and
approaches the color range of rec. 2100 displays.”> While
InGaN-based red LEDs suffer from a huge QCSE, the
negligible QCSE in MoS, LED can maintain stable emission
wavelengths under varying electrical biases. Moreover, the
ZnO/MoS,/GaN heterostructure LED exhibited A and B
emission simultaneously, which provides essential criteria to
further control the population of either A or B emissions using
various methods including magnetic fields and/or optical
polarization.**~*

Because of the full-coverage growth, it was unavoidable to
use ML-MoS, for the LED active layer. Although ML-MoS, is
known as an indirect bandgap material, the strong feasibility of
the direct bandgap transitions was observed in the spin—orbit
coupled EL emissions. For this reason, we further investigated
the optical characteristics of the MoS, layers by measuring the
low-temperature PL at 10 K. The PL measurement also
enables the comparison of ML-MoS, and SL-MoS, in the
Zn0O/MoS,/GaN heterostructures. The fabrication of SL-
MoS, LEDs was limited by the difficulty of achieving large-
area, continuous SL coverage on the p-GaN. Discontinuities or
uncovered regions can result in nonuniform current injections
and undesired leakage pathways, preventing reliable carrier
recombination within the MoS, active layer. Nevertheless, the
PL measurement enabled us to obtain SL-MoS, emissions in
the ZnO/MoS,/GaN heterostructures.

In Figure Sa, the ML-MoS, grown on GaN shows a
monochromatic PL spectrum with a dominant peak at 670 nm,
which corresponds to the neutral A exciton (A°).”> After the
ZnO growth, the dominant PL peak shifted to a longer
wavelength of 692 nm, indicating the trion (A”) peak.
Simultaneously, the B emission peak appeared at 630 nm.*
The A~ peak implies oxygen doping in ML-MoS,, where the
Mo—O bonding Raman peaks were observed for the ZnO/
ML-MoS,/GaN heterostructures, as shown in Figure le.
However, doping itself rarely affects the B emission enhance-
ment in the ML-MoS,/GaN heterostructure (Figure S9). A
similar PL result was observed for SL-MoS,, as shown in
Figure Sb. The SL-MoS, grown on GaN showed a dominant
PL spectrum at 664 nm with negligible B exciton emissions,
while the B exciton shoulder peak clearly appeared after
fabricating the ZnO/SL-MoS,/GaN heterostructure. The
doping effect was rarely observed in the SL-MoS,. The
noticeable B emission enhancement was obtained using the
Zn0O/MoS,/GaN heterostructure, where the number of MoS,
layers and doping effects are less considerable. Additionally,
the PL spectra were deconvoluted to distinguish the peak
positions of A°, A”, and B excitons (Figure S10). The valence
band splitting energy could be estimated to be 100 meV for
SL-MoS, and 120 meV for the ML-MoS,. The higher energy
separation of the ML-MoS, was consistent with the previous
reports.44
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Moreover, the ZnO/MoS,/GaN heterostructure yielded
much stronger PL intensity, which increased approximately 15
times for ML-MoS, and 9 times for SL-MoS,. The PL intensity
is proportional to the laser excitation power, light absorption
efficiency, output light collection efficiency, and the internal
quantum efficiency. For strong PL intensity under the same
laser excitation power, ZnO nanorods can play a major role in
enhancing the light absorption and extraction.**° Still, it was
interesting that the PL intensity enhancement was larger for
ML-MoS,, implying additional factors of the strong PL
intensity. In the ZnO/MoS,/GaN heterostructure, the oxygen
doping was obvious for ML-MoS, and minor for SL-MoS,,
while the increased free carrier density in the doped MoS,
often leads to quenching of the PL intensity rather than its
enhancement (Figure $9).*

Figures Sc¢ and 5d show the integrated PL intensity of the
MoS,/GaN and ZnO/MoS,/GaN heterostructures as a
function of laser power, respectively. Using the same
measurement setup and the material heterostructures, we
minimize the effects of light absorption and output light
collection efficiencies, where the slope of the PL intensity
represents the relative internal quantum efficiency. For the
MoS,/GaN heterostructure, ML-MoS, exhibited a 2 times
lower gradient compared to that of the SL-MoS,. This has
often been observed in previous reports on thickness-
dependent PL due to the reduced probability of radiative
recombination arising from its indirect bandgap nature.’®
Nevertheless, the PL intensity slopes of the SL- and ML-MoS,
became almost identical for the ZnO/MoS,/GaN hetero-
structure. This signifies the increased internal quantum
efficiency of ML-MoS,, which is comparable to that of the
SL-MoS,. Since SL-MoS, has a direct bandgap, the equivalent
quantum efficiency also suggests the direct bandgap transition
of the ML-MoS, in the ZnO/MoS,/GaN heterostructure.

According to the previous studies, the ML-MoS, can achieve
both the SOC phenomena and the direct bandgap transition
by applying external electric fields of 0.5—3 X 10° V m™'
perpendicular to the MoS, layer.'”*” The electric field yielded
a charge density difference breaking the inversion symmetry in
the ML-MoS,.***’ Together with the charge redistribution, the
carriers can gain high kinetic energy by the external field, which
leads to direct bandgap emissions.'”*’ For the EL measure-
ment, strong electric fields can be applied in ML-MoS, by
applying the forward bias voltage. It was interesting that PL
results also show both SOC emissions and comparable internal
quantum efficiency of SL-MoS, and ML-MoS, in the ZnO/
MoS,/GaN heterostructures because there were no external
electric fields for the PL measurement. Meanwhile, ZnO and
GaN are polar semiconductors where electric fields over 10° V
m™! can be induced by their spontaneous polarizations.”’”>>
Additionally, we employed the electrostatic form of Maxwell’s
equation to simulate the built-in electric field in the SL- and
ML-MoS,, as shown in Figures Se and 5f, respectively. The
relative dielectric constants for ZnO, MoS,, GaN, and AL O;,
as well as the spontaneous polarization values for ZnO and
GaN, were taken from previous reports.””>*~>> The induced
electric fields were estimated to be (2—3) X 10° V. m™ at the
ZnO/MoS,/GaN region and below 102 V. m™! at the ZnO-free
region. This suggests the polar semiconductors in the ZnO/
MoS,/GaN heterostructure can generate effective built-in
electric fields, enhancing quantum phenomena and efficiency
of the ML-MoS,.

In summary, we demonstrated the fabrication of MoS, LEDs
by growing n-ZnO/MoS,/p-GaN heterostructures. By consid-
ering the lattice symmetry and the thermal budget, the ML-
MoS, layer was first grown on the p-GaN film, and then the n-
ZnO nanorods were grown on the MoS,-coated GaN, showing
single-crystal alignments of the n-ZnO/MoS,/p-GaN hetero-
structure with negligible damage in the MoS,. The epitaxial
ML-MoS, LED fully revealed its preferable optical character-
istics and quantum phenomena, including direct bandgap
transition with strong SOC emissions. Moreover, the 3D
surroundings of ZnO and GaN enabled the ML-MoS, active
layer to have drastically improved internal quantum efficiency
and highlight absorption or extraction, suggesting the merit of
combining functional 3D materials into the 2D device. This
epitaxial approach provides promising feasibility to build
reliable 2D devices without using the mechanically exfoliated
samples or the 2D film transfer process, which can be further
developed to gain higher device efficiency and scalability, such
as multiple-QW MoS, LED arrays, in a practical manner.
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