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Despite the dramatic advances of two-dimensional vertical heterostructure, the controlled growth and potential
applications in light emitting devices of these heterostructures have not yet been well established. Here, we
report, for the ﬁrst time, the epitaxial growth of two-dimensional p-MoS2/n-MoS2 vertical heterostructures by a
chemical vapor deposition (CVD) method, where the n-MoS2 was synthesized ﬁrst, followed by an epitaxial
growth of p-MoS2 on top of the n-MoS2 via a control of the growth temperature. Atomic-resolution scanning
transmission electron microscopy (STEM) imaging reveals that the vertically stacked bilayer of the hexagramshaped p-MoS2/n-MoS2 preferred the 2H stacking phase during the growth. The structural and optical features
of the as-grown p-MoS2/n-MoS2 heterostructure were examined by Raman and photoluminescence (PL)
spectroscopy. This novel hybrid heterostructure was demonstrated to be an excellent building block for a highly
eﬃcient white light emitting diode (WLED). In addition, we transferred the p-MoS2/n-MoS2 on top of a p-GaN
bilayer to fabricate a tetra-layered (4-L) n-MoS2/p-MoS2/p-GaN heterostructure, which could emit electroluminescence (EL) in forward bias. The EL spectra comprise three emission peaks centered at 481 nm (from pGaN), 525 nm (from p-MoS2), and 642 nm (from n-MoS2), with a dominant emission peak located at 642 nm.
The WLED device composed of the n-MoS2/p-MoS2/p-GaN heterostructure showed a luminance of 30,548 cd/
m2, luminescence eﬃciency of 29% and the luminous eﬃcacy of 294 lm/W at a bias voltage of 4 V. This work
demonstrates that white light emission can be generated from vertically stacked few-layered 2D materials-based
heterostructures, which also hold great potential for constructing color-tunable light emitters for low-cost
display, lighting, and optical communication.

1. Introduction
Two-dimensional (2D) layered transition metal dichalcogenides
(TMDC), discovered after the discovery of graphene, are considered
as analogs of graphene [1,2]. Compared to lateral heterojunctions,
advances in 2D TMDC layered materials have resulted in a variety of
vertically stacked heterostructures constructed with diﬀerent TMDC
combinations [3,4]. TMDCs are regarded as excellent materials for
white light emitting diodes (WLEDs) because there is a wide choice of
TMDC candidates that oﬀer relatively easy combined stacking.
Moreover, many monolayered (1-L) TMDCs are direct band-gap
⁎

semiconductors, which is promising for developing atomically thin
LED devices [5,6]. The recent employment of 2D TMDCs has reinvigorated the ﬁelds of nanoscale electronics and optoelectronics due to
the unique optical and electrical properties of TMDCs at atomically thin
layers [6]. The 1-L MoS2 shows strong photoluminescence (PL) with a
direct band transition at 1.8 eV. Among TMDCs, MoS2 and its
polymorphs could be the most useful constituent materials for photonic
devices, e.g., LEDs. MoS2 can be doped to exhibit either a p-type or ntype nature depending on the oxygen and sulfur contents within the
layered structure; n-MoS2 and p-MoS2 possess distinct optical and
electrical properties [7,8].
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2.2. Characterization of vertically stacked p-MoS2/n-MoS2
heterostructures

Recently, numerous studies have focused on WLEDs because of
their major advantages of high brightness for low-power consumption
and long lifetimes for high-performance operation [9–13]. Due to these
advantages, WLEDs have great potential for lighting and display
applications. To date, signiﬁcant progress has been made in the
development of WLEDs, where the current technological strategies
are based on two main tactics. The ﬁrst design relies on a phosphorbased down-conversion design to transform blue light into green and
red light [14–18]. Commercially available phosphor-based WLEDs are
mainly constructed of a blue light-emitting InGaN/GaN chip in which
the color conversion layer is composed of rare-earth phosphors
[19,20]. Upon absorption of a certain fraction of blue light, the
phosphor down-converts the absorbed blue light and re-emits across
the visible spectral range. However, the fabrication of phosphor-based
WLEDs demands rather complicated conditions, such as a high growth
temperature, a specially designed electronic conﬁguration, and costly
rare-earth phosphors, making these products expensive. The second
design is based on organic light emitting diodes (OLEDs) [21–24],
which have made the production of large-scale white light devices
possible, despite necessitating the multilayered OLED structures for
high-performance white light applications. Due to these limitations, the
production of white light devices by the present LED technologies is
still a challenging task. Therefore, searching for alternative materials as
better candidates to improve the performance of WLEDs is highly
required in developing an advanced WLED technology.
Until now, the use of MoS2 and other TMDCs in reported LED
devices has been limited to single TMDCs or the lateral heterostructures formed by MoS2 and other TMDCs [25,26]. Recently, CVD
methods have been developed to grow lateral heterostructures of
diﬀerent TMDCs [27–30]. However, the main drawback associated
with lateral heterostructures is the alloy formed at the boundary
regions, which limits their applications in LED technology. In contrast,
the vertical heterostructures of 2D TMDCs [31] present many advantages over lateral heterostructures in LED technology, such as reduced
contact resistance, higher current densities for brighter LEDs, and
luminescence from the whole device area [6,32,33]. In this context, we
report on the vertical heterostructure of n-MoS2/p-MoS2/p-GaN,
which can emit white light and has many advantages over traditional
LEDs, such as an ability to create atomically thin devices with simple
device structures, a low operating potential, and high luminescence.

The surface morphologies of the as-grown products were examined
using a scanning electron microscope (SEM) (FEI, Nova 200) equipped
with an energy-dispersive X-ray (EDX) spectrometer. The microstructural analyses were conducted in a high-resolution transmission
electron microscope (HRTEM) (Tecnai F30) equipped with X-ray
energy dispersive spectroscopy (EDS). To gain insight into the electronic structures of the bilayer p-MoS2/n-MoS2 heterojunction, ultraviolet
photon spectroscopy (UPS) measurements were conducted using an
ESCALAB 250Xi UPS system (Thermo Scientiﬁc). The work function of
MoS2 was calculated from the diﬀerence between the cutoﬀ of the
highest binding energy and the photon energy of the exciting radiation
(Supporting information Section S1 and Fig. S1). Additionally, the edge
of valence band (VB) can be calculated from the onset of the lowest
binding energy. Chemical conﬁgurations were determined by X-ray
photoelectron spectroscopy (XPS, Phi V5000), which was performed on
the samples with a Mg Kα X-ray source. The energy calibrations were
made against the C 1s peak to eliminate the charging current of the
sample during analysis. Room temperature PL measurements were
obtained using a 488 nm solid-state laser as the excitation source. The
488 nm laser was focused on the sample surface with a spot size of
~1 µm through an objective lens (×100, N.A. =0.9). The PL signals
were then collected by the same objective lens, analyzed by a 75 cm
monochromator, and ﬁnally detected with a liquid-nitrogen cooled
charge-coupled device (CCD) camera. Micro-Raman spectra were
collected in a confocal Raman spectrometer (NTEGRA Spectra, NTMDT) with a 488 nm excitation laser, which was focused to a spot size
of∼0.5 µm on the sample surface; the spectral resolution of the system
is ~1 cm−1 obtained via a grating of 1800 grooves/mm.
2.3. Fabrication and characterization of LED devices
The LED devices were fabricated by transferring the alreadysynthesized p-MoS2/n-MoS2 heterostructure on to the as-grown pGaN/sapphire with an etching-free transfer method. After the transfer,
a pair of Au (50 nm)/Cr (2 nm) electrodes was deposited in a thermal
evaporator. The electroluminescence (EL) spectra were recorded in
forward bias with a ﬂuorescence spectrophotometer (F-4500, Hitachi)
along with an optics integrating sphere and the LED measurement
starter packages. The electrical and optical characteristics of the
devices were measured using a Keithley 2400 source meter and a
Newport 1835 C optical meter.

2. Experimental section
2.1. Synthesis of vertically stacked p-MoS2/n-MoS2 heterostructures

3. Results and discussion

Molybdenum oxide (MoO3, 99%) and sulfur powder (S, 99%) were
purchased from Sigma Aldrich. The vertical heterostructures of pMoS2/n-MoS2 were synthesized in a two-step CVD process. In the ﬁrst
step, triangular 1-L n-MoS2 single crystals were formed on SiO2/Si
substrates (represented as n-MoS2/SiO2/Si). In the second step, the asgrown n-MoS2/SiO2/Si was used as the growth substrate to synthesize
p-MoS2. In the reaction, 10 mg of pure MoO3 was placed in an alumina
crucible at a location near the maximum temperature of 600 °C in the
furnace. At the gas inlet of the reaction tube, a container with 0.5 g of
sulfur power was placed at 170 °C. Several n-MoS2/SiO2/Si substrates,
on which p-MoS2 was designated to grow at 530 °C to form vertically
stacked p-MoS2/n-MoS2 heterostructures, were placed close to each
other in the growth region. Before the crystal growth, the CVD system
was vented with Ar at 200 sccm for 15 min. The center of the furnace
was gradually heated from room temperature to 600 °C in 24 min at
the rate of ~25 °C/min. As the temperature approached 500 °C, the
sulfur started to evaporate slowly. During the synthetic reaction, the
CVD system was maintained at 100 Torr with an Ar ﬂow of 40 sccm.
After a 10−15 min reaction, the furnace was cooled down to room
temperature under ambient conditions.

The schematic illustration for the formation of vertical heterostructures of p-MoS2/n-MoS2 is shown in Fig. 1. The atomically
stacked thin layers of p-MoS2/n-MoS2 were synthesized on a SiO2
(300 nm in thickness)/Si substrate in the two-step chemical vapor
deposition (CVD) reaction. Fig. 1(A) illustrates the experimental setup
of the CVD growth in high yield of vertical heterostructures of p-MoS2/
n-MoS2 with a bilayer triangular feature. The detailed mechanism for
the epitaxial growth of vertical heterostructures of hexagram-shaped pMoS2/n-MoS2 is schematically illustrated in Fig. 1(B). In this epitaxial
growth, monolayer single-crystal n-MoS2 was ﬁrst formed at a higher
growth temperature, followed by the formation of monolayer singlecrystal p-MoS2 on the basal plane of the existing n-MoS2 crystal at a
lower growth temperature. In the ﬁrst step, the n-type 1-L MoS2
triangular domains were synthesized at 700 °C on a SiO2/Si substrate
by the complete reduction and sulfuration of a molybdenum trioxide
(MoO3) precursor, as shown in Eq. (1):
2MoO3+7 S→2MoS2+3SO2
455
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Fig. 1. Synthesis of p-MoS2/n-MoS2 heterostructures. (A) Illustration of the CVD growth of the vertically stacked p-MoS2/n-MoS2 heterostructure. (B) Schematic representation of the
epitaxial growth process of the vertical heterostructures of p-MoS2/n-MoS2. (C−E) OM images of (C) monolayer single-crystal n-MoS2 triangular islands, (D) bilayer single-crystal
vertical heterostructures of p-MoS2/n-MoS2, and (E) a continuous MoS2 ﬁlm on a SiO2/Si substrate. (F) AFM topograph of the vertically stacked p-MoS2/n-MoS2 bilayer on a SiO2/Si
substrate with the bilayer height of 1.72 nm.

The triangular morphology of the 1-L n-MoS2 single crystal was
examined by optical microscopy (OM). Fig. 1(C) shows an OM image
of isolated triangular islands of the n-MoS2 on a SiO2/Si substrate
(represented as n-MoS2/SiO2/Si). The edge lengths of the triangular
islands varied from several micrometers to tens of micrometers. In the
second step (as illustrated in Fig. 1(A)), the as-grown n-MoS2/SiO2/Si
from the ﬁrst step was fed to the CVD furnace to synthesize p-MoS2 on
top of the n-MoS2 and form a vertically stacked heterostructure
(denoted by p-MoS2/n-MoS2). In a typical growth condition, the nMoS2/SiO2/Si was loaded into the center of the reaction tube (a 1-in.
diameter quartz tube) in the CVD furnace. The n-MoS2/SiO2/Si
mounted on a quartz plate was positioned against the carrier gas ﬂow
in the growth of p-MoS2 that followed. The growth of the vertically
stacked p-MoS2/n-MoS2 is challenging, as the p-MoS2 was produced
via an incomplete reduction of the MoO3 precursor by sulfur at a
relatively low growth temperature (530 °C) in the presence of Ar gas.
During the reaction, the Ar carrier gas was used to protect the system
from oxygen contamination and to carry the sulfur vapor from the
upstream chamber in the reaction tube. During the p-MoS2/n-MoS2

growth, while the reaction temperature at the MoO3 zone was maintained at 600 °C, the temperature at the heterostructure forming
substrate was set to 530 °C. After the reaction, the morphology of the
as-obtained vertical heterostructure of p-MoS2/n-MoS2 was examined
by OM and atomic force microscopy (AFM). Fig. 1(D) shows an OM
image of the p-MoS2/n-MoS2, in which the optical contrast of the
hexagram-shaped structure diﬀerentiates the vertically stacked p-MoS2
(top) and n-MoS2 (bottom) triangles, and the typical sizes of both MoS2
triangles are larger than 30 µm. As presented in Fig. 1(F), the bilayer
morphology was further veriﬁed by AFM imaging, where the AFM
topograph of p-MoS2/n-MoS2 on a SiO2/Si substrate has a height of
1.72 nm in the vertically stacked bilayer.
The chemical reaction of the vertically stacked p-MoS2/n-MoS2
hexagram is presented in Eq. (2) with a plausible formation mechanism given by the following:
n-MoS2+MoO3+2S→p-MoOS2/n-MoS2+O2

(2)

For simplicity, we present p-MoOS2 by p-MoS2 hereafter. The
growth of 2D (vertical or lateral) stacking structures can be controlled
456
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Fig. 2. Raman and PL characterizations of the p-MoS2/n-MoS2 heterostructure. (A) Schematic representation of the vertically stacked p-MoS2/n-MoS2 heterostructure. (B) OM image
of p-MoS2/n-MoS2 shows the vertical stacking heterostructure. The edge of the bottom n-MoS2 is demarcated by white dots. (C−D) E 2g and A 1g Raman mode mappings of the p-MoS2/
n-MoS2 heterostructure. (E−F) 3D mappings of the E 2g and A 1g Raman modes of the p-MoS2/n-MoS2 heterostructure. (G−H) PL mappings of the p-MoS2/n-MoS2 heterostructure at
520 nm and 650 nm, respectively. The counterpart MoS2 triangles are demarcated by green dotted lines. (I−J) The Raman and PL spectra of the p-MoS2/n-MoS2 heterostructure were
measured at three selected points (Points 1−3) as indicated in (C−D) and (G−H), respectively.

known that in the two vertically stacked TMDC triangles grown in
parallel on a substrate, the spectral intensity of the out-of-plane A 1g
mode (408 cm–1) is slightly stronger than that of the in-plane E 2g
(383 cm–1) mode. The single-point Raman spectral characteristics of
the p-MoS2/n-MoS2 heterostructure were examined, as displayed in
Fig. 2(I), where three speciﬁcally selected points (1, 2, and 3) are
indicated in Figs. 2(C) and 2(D). Point 1 is located on the bottom nMoS2 triangle, at which the Raman signals clearly indicate the two A 1g
(408 cm–1) and E 2g (383 cm−1) peaks with the former being slightly
stronger. Point 3 is placed on the top p-MoS2 triangle where, in
addition to the A 1g and E 2g modes, a third peak at 250 cm−1 is
attributed to the Mo−O stretching. The appearance of this Mo−O
stretching mode clearly conﬁrms the existence of the oxygen doping in
MoS2, i.e., an elemental ingredient of the p-MoS2. More interestingly,
Point 2 marks the heterostructure region and exhibits the co-existence
of the Raman signals contributed from both n-MoS2 and p-MoS2. The
Raman features show distinct contributions from individual n-MoS2
and p-MoS2 at Point 2 and rule out the formation of an alloy of n-MoS2
and p-MoS2 during the synthetic reaction, which would shift the

by the reaction rate. In our experiment to obtain the vertically stacked
p-MoS2/n-MoS2, we controlled the reaction rate of the second-step
growth using a low-temperature condition, which allowed us to develop
vertical stacking instead of lateral stacking or a random formation of
alloys. The low temperature growth in the second-step reaction has two
advantages. First, the low temperature stopped further growth at the
edges of the already-formed n-MoS2, resulting in the prohibition of a
lateral stacking and the facilitation of the vertical growth. Second, the
low temperature made the incomplete reduction of MoO3 possible,
consequently producing a p-MoS2 layer on top of the n-MoS2.
The as-synthesized bilayer p-MoS2/n-MoS2 (schematically illustrated in Fig. 2(A)), with an OM image shown in Fig. 2(B), was
further conﬁrmed by Raman and PL spectroscopic mappings as
displayed in Figs. 2(C)−(H). In Raman imaging of the p-MoS2/nMoS2 heterostructure, we performed a single-point 2D Raman mapping using a 488 nm excitation laser (with the power of 20 mW and an
exposure time of 1 s) for the in-plane (E 2g, at 383 cm−1) and out-ofplane (A 1g, at 408 cm−1) Raman modes over a stacked triangular
island, as shown in Figs. 2(C) and 2(D), respectively [34,35]. It is well
457
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Fig. 3. STEM images for the atomic structure of the p-MoS2/n-MoS2 heterostructure. (A) Illustration of the vertically stacked p-MoS2/n-MoS2 heterostructure. (B) Low-magniﬁcation
Z-contrast STEM image of the p-MoS2/n-MoS2 heterostructure. The inset shows a magniﬁed SEM image. (C) High-magniﬁcation Z-contrast STEM image of the p-MoS2/n-MoS2
heterostructure. The positions of Mo and S in n-MoS2 are represented by the green and yellow colored dots, respectively, and the position of O in p-MoS2 is represented by the orange
colored dot. (D) The SAED pattern obtained from the Fourier transform of the STEM image indicates a hexagonal crystal structure. The SAED pattern shows two bright (hexagonal)
rings, corresponding to n-MoS2 (the inner ring) and p-MoS2 (the outer ring marked by yellow colored lines). (E) The line-scan EDX spectrum of a selected region from the STEM image
(marked by a red color rectangle).

be observed in the 2D Raman mappings of Figs. 2(C) and 2(D), the
central stacking part (around Point 2) is brighter because of the more
intense signals contributed by the p-MoS2/n-MoS2 bilayer. To further
support our conclusions, we performed 3D Raman mapping for both
the E 2g and A 1g modes to obtain detailed information about the
surface homogeneity (Figs. 2(E) and 2(F)). The obtained 3D Raman
scans of the E 2g and A 1g modes over the stacked region of p-MoS2/nMoS2 clearly show a homogeneous intensity distribution and hence a
uniform and smooth surface.
To study the optical features of the heterojunction, we performed
the single-point PL measurements over the p-MoS2/n-MoS2 bilayer.
Figs. 2(G) and 2(H) depict the PL mapping images, and Fig. 2(J)
shows the PL spectra of the p-MoS2/n-MoS2 excited with a 488 nm
laser. The observed PL signals of n-MoS2 at ~650 nm (1.90 eV, Point 1)
and p-MoS2 at ~520 nm (2.38 eV, Point 3) are attributed to the direct
excitonic transitions in the bottom n-MoS2 and top p-MoS2, respec-

vibrational frequencies of MoS2 because of the substitution of S by O
(in the alloy of n-MoS2) or the addition of O to Mo (in the alloy of either
n-MoS2 or p-MoS2). As shown in Fig. 2(I), while the separation of
~19.3 cm−1 between the E 2g and A 1g modes at Point 1 and Point 3
indicates that both n-MoS2 and p-MoS2 are present as monolayers [35]
(Figs. 2(C) and 2(D)), the separation of ~20.1 cm−1 at Point 2, due to
the red shift of the E 2g mode and the blue shift of the A 1g mode,
reveals the vertical stacking of the bilayer p-MoS2/n-MoS2 [36], and
this bilayer is consistent with the AFM measurement of a height of
1.72 nm (Fig. 1(F)). Notably, all of the Raman modes at Points 1−3 in
Fig. 2(I) belong to the hexagonal (2H) MoS2, while the Raman modes
pertaining to the octahedral (1T) and rhombohedral (3R) coordinations of MoS2 are absent, indicating that the as-synthesized n-MoS2, pMoS2, and p-MoS2/n-MoS2 are all hexagonal (2H) without any
structural distortion to the 1T or 3R polytype [37,38]. Moreover, while
the uniform, smooth surface of the individual n-MoS2 and p-MoS2 can
458
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analyses, we have constructed an energy diagram (Fig. 4(B)) aligning
the relative band positions of the bilayer p-MoS2/n-MoS2 heterojunction.
Fig. 3 shows the atomic-resolution Z-contrast scanning transmission electron microscopic (STEM) images of the p-MoS2/n-MoS2
heterostructure. The hexagonal lattices of both p-MoS2 and n-MoS2
in the stacking region (Fig. 3(A)) are oriented such that the most stable
crystal structure is achieved with the minimum energy. Displayed in
Figs. 3(B) and 3(C) are the low- and high-magniﬁcation STEM images
for the vertically stacked heterostructures, clearly showing the van der
Waals stacking between p-MoS2 and n-MoS2. The selected-area
electron diﬀraction (SAED) pattern (Fig. 3(D)) from the Fourier
transform of the STEM image conﬁrmed that the interplanar distance
(d) in p-MoS2/n-MoS2 heterostructure is d=0.28 nm, which match the
[100] facet of MoS2. Also, the angle between the [010] and [100] planes
is 120°, which reveals a hexagonal lattice structure. The SAED pattern
(Fig. 3(D)) can also be used to determine the stacking pattern and
stacking layer number, where the two bright (hexagonal) rings indicate
the vertical 2H stacking phase between the two single layers of p-MoS2
and n-MoS2. An EDX (Fig. 3(E)) spectral analysis further identiﬁed the
p-MoS2/n-MoS2 heterostructure to have Mo, S, and O as the principal
elemental components (the C peak is from the carbon-coated TEM
grid), consistent with the XPS examination (Fig. S2).
For an optoelectronic application, we designed a WLED using nMoS2, p-MoS2, and p-GaN as the orange, green, and blue emitters,
respectively. As illustrated in Fig. S3(A), the p-GaN was grown on a cface sapphire substrate (denoted as p-GaN/sapphire). In our experiment, we used bilayered (2-L) p-GaN because the indirect band gap of
1-L p-GaN transforms to a direct band gap in 2-L p-GaN to have strong
PL/EL [45]. The detailed procedures for the 2-L p-GaN growth are
given in Supporting Information Section 3. Fig. S3(C) shows an AFM
image of the as-grown p-GaN nanosheets with a thickness of ~0.56 nm,
which corresponds to a 2-L p-GaN. The crystalline quality of the 2-L pGaN was investigated by confocal Raman spectroscopy, as displayed in
Fig. S3(D), showing the strong E2 band at 588 cm−1 and the weak A1
band at 753 cm−1 with an intensity ratio of IA1/IE2 < 1 and conﬁrming
the as-synthesized p-GaN to be of high crystalline quality [46]. After
the growth of p-GaN/sapphire, a dielectric SiO2 layer (20 nm thick)
was sputtered on about one-third of the area of the p-GaN/sapphire for
the later deposition of an electrode (50 nm Au/2 nm Cr) for electric
measurements (as illustrated in Fig. 4(A)). The leakage current (Igate)
of the 20 nm thick SiO2 dielectric layer was tested by sweeping the gate
bias from −8 to 8 V. As shown in Fig. S4, the measured leakage
currents are very small and at the noise level within the gate bias of ±
8 V. Subsequently, the vertically stacked p-MoS2/n-MoS2 heterostructure was transferred onto the p-GaN/SiO2 surface to reside partly on
the p-GaN surface and partly on the SiO2 dielectric layer. The vertically

tively. At Point 2, the PL examined on the p/n stacking bilayer region
comprises both ~650 nm and ~520 nm emission signals, providing
additional evidence of the van der Waals interaction in the p-MoS2/nMoS2 interlayer without an apparent alloying in the synthetic reaction.
X-ray photoelectron spectroscopy (XPS, Fig. S2) was used to study
the chemical compositions of n-MoS2 and p-MoS2 with the highresolution scans in the Mo 3d, O 1s, and S 2p regions. In Fig. S2(A),
the n-MoS2 sample produces the characteristic peaks of a doublet of
Mo4+(MoS2) 3d3/2 and 3d5/2 at ~233.0 and ~229.9 eV, respectively,
and a singlet of S 2s peak at ~227.2 eV [39,40]. The overall XPS spectra
of the p-MoS2 sample (Fig. S2(A)–(C)) are similar to those of n-MoS2,
except for the inclusion of an additional doublet peak at ~236.1 and
233.0 eV and a slightly stronger O2− 1s peak located at ~531.0 eV.
Moreover, in the spectra of p-MoS2, the Mo4+ state is responsible for
the pronounced doublet at ~236.1 and 233.0 eV and the O2- state
accounts for the doublet at ~233.0 and ~531.0 eV. These results
indicate that the binding of molybdenum is in the form of
S−Mo(4+)−O, suggesting the existence of the bonded oxygen [41]. The
peak at 533.0 eV appearing in both n-MoS2 and p-MoS2 is due to the
physically adsorbed oxygen molecules (−OH) on the sample surfaces
[41,42]. Meanwhile, due to the presence of oxygen bonding in p-MoS2,
the intensities of the Mo4+3d3/2 (at ~233.0 eV), Mo4+3d5/2 (at
~229.9 eV), and S 2s (at ~227.2 eV) peaks are decreased, but the O2−
1s intensity (at ~531.0 eV) is increased dramatically (Fig. S2(C)). The
appearance of the higher oxidized Mo4+ states (from S−Mo(4+)−O) and
the increasing oxygen content in the p-MoS2 sample provide a clear
signature of Mo−O bond formation. The fractional percentages of
Mo4+(MoS2), Mo4+(S−Mo(4+)−O), S2-, O2−(Mo−O), and O2−(−OH) are
summarized in Table S1. Meanwhile, there might also have the Mo˭O
bond formed (formation of MoO3) during the p-MoS2 growth; however,
the obtained result did not show an XPS peak for the Mo˭O bond (at
530.6 eV) [43,44]. Additionally, the PL result (Fig. 2(J)) did not show
emission peaks for MoO3 at 342 nm and 329 nm [43]. The results from
both XPS and PL suggest that MoO3 was not formed during the p-MoS2
growth.
To gain insight into the electronic structures of the bilayer p-MoS2/
n-MoS2 heterojunction, we conducted experiments by UPS. As depicted
in Fig. S1(A) and described in Supporting information Section S1, the
work functions (ϕ) of both n-MoS2 and p-MoS2 can be calculated from
the observed UPS spectral data. The secondary electron cutoﬀs for nMoS2 and p-MoS2 in the UPS spectra are observed to be 17 and
16.5 eV, respectively (Figs. S1(B) and S1(C)). The work functions for
n-MoS2 and p-MoS2 were calculated to be 4.6 and 5.1 eV, respectively
(details in Supporting information Section S1). This result shows that
the incomplete reduction in the growth of p-MoS2 made the work
function of p-MoS2 increase from 4.6 eV (of n-MoS2) to 5.1 eV, also
demonstrating the change of n-MoS2 to p-MoS2. Based on the above

Fig. 4. A WLED device with the 4-L n-MoS2/p-MoS2/p-GaN heterostructure.(A) Schematic illustration of the WLED device constructed by three emitters in the n-MoS2/p-MoS2/pGaN. (B) The band alignment of the vertically stacked n-MoS2/p-MoS2/p-GaN heterostructure with the band energies obtained from the UPS analysis.
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Fig. 5. Optical and electrical measurements of the 4-L n-MoS2/p-MoS2/p-GaN WLED device. (A) EL spectra were observed from the WLED device of n-MoS2/p-MoS2/p-GaN as a
function of the applied forward bias from 2 to 8 V. The EL spectra comprise three emissions in the blue (481 nm), green (525 nm), and orange (642 nm) regions from p-GaN, p-MoS2,
and n-MoS2, respectively. (B) The color purity of the emitted light from the n-MoS2/p-MoS2/p-GaN device at each bias voltage from 2 to 8 V is represented by the CIE color coordinates.
(C) The current-voltage characteristics (I-V) of the n-MoS2/p-MoS2/p-GaN device were measured by applying a positive bias on n-MoS2 and the electrode on p-GaN was grounded. (D)
The luminescence characteristics of the WLED device at diﬀerent biasing conditions were investigated, where the maximum luminescences of 17,677, 30,548, 11,612, and 8389 cd/m2
were observed at the bias voltages of 2, 4, 6, and 8 V, respectively. A dark image at zero bias and a white light emission image at 4 V of the WLED device are shown in the inset. The
device boundary is demarcated by yellow dotted lines.

due to the moderate increases of the blue and green light emissions in
the EL spectra (as shown in Fig. 5(A)). In the colorimetry, the LEDs of
any emission color in the quadrangle can be obtained by mixing
diﬀerent emission color composites. By combining the blue (~481 nm
of p-GaN), green (~525 nm of p-MoS2), and orange (~642 nm of nMoS2) emissions from the n-MoS2/p-MoS2/p-GaN heterostructure, the
potential to fabricate atomically thin light sources with white-light
emission has been demonstrated clearly from the observed EL and CIE
(Figs. 5(A) and 5(B)). The electrical characteristics of the WLED
device were investigated by measuring the current-voltage (I-V) curve
from −8 to +8 V as shown in Fig. 5(C), where a low turn-on voltage of
2 V was observed. (A turn-on voltage is deﬁned as the lowest possible
voltage required to turn the LED device on and the current increases
rapidly at the bias above the turn-on voltage.) In addition, we measured
the luminescence characteristics of the WLED device at diﬀerent
biasing conditions as shown in Fig. 5(D). It is noted that the nMoS2/p-MoS2/p-GaN device operated at 4 V acquire the maximum
luminance of 30,548 cd/m2, in comparison with those of 17,677,
11,612, and 8389 cd/m2 operated at the biases of 2 ,6, and 8 V,
respectively. To evaluate the illuminating performance of the asfabricated WLED device, we have calculated the luminescence eﬃciency (η) and luminous eﬃcacy (µ). While the luminous eﬃciency (η)
is deﬁned as the ratio of luminous ﬂux to electric power, the luminous
eﬃcacy (µ) is deﬁned as the ratio of luminous ﬂux to optical power.

stacked heterostructure was transferred with an etching-free transfer
process by polydimethylsiloxane (PDMS) stamping. After the p-MoS2/
n-MoS2 was stamped on the p-GaN/SiO2 surface, this vertically stacked
device was sonicated in deionized water at 90 °C for 1 h, resulting in
the detachment of the p-MoS2/n-MoS2 hexagram from the PDMS
stamp by intercalating water into the PDMS−SiO2 interface. Following
the formation of the n-MoS2/p-MoS2/p-GaN heterostructure, a pair of
contact electrodes was fabricated on both p-GaN and n-MoS2 by
thermal evaporation of Au (50 nm) with an adhesion layer of Cr
(2 nm).
Fig. 5(A) shows the EL measurements of the as-fabricated n-MoS2/
p-MoS2/p-GaN device performed in forward bias from 2 to 8 V. The
observed EL spectrum consists of three emissions of blue (from pGaN), green (from p-MoS2), and orange (from n-MoS2) to serve as the
white-light emitting constituents. To understand the emitting mechanism, we applied diﬀerent bias voltages and found that the n-MoS2/pMoS2/p-GaN heterojunction can display an EL under forward bias. In
Fig. 5(A), when the bias voltage increases from 2 to 4 V, an enhancement in the EL was observed. However, when the applied voltage was
higher than 4 V, the EL declined; this was likely due to the breakdown
of the n-MoS2/p-MoS2/p-GaN heterojunction. The white-light emission from the vertically stacked device can be interpreted with the help
of an energy-band alignment of the n-MoS2, p-MoS2, and p-GaN
emitting constituents, as displayed in Fig. 4(B). In forward bias, while
the injected holes (from the drain electrode) in the valence bands (VB)
could transfer from n-MoS2 to p-MoS2, and later to p-GaN, the injected
electrons (from the source electrode) in the conduction bands (CB)
could migrate from p-GaN to p-MoS2 and ﬁnally to n-MoS2. During the
charge-carrier transfer, the electron-hole recombination could take
place at p-GaN, p-MoS2, and n-MoS2 to yield the emissions at ~481,
~525, and ~642 nm, respectively. The CIE color coordinates of an LED
device were determined with a commercially available software and are
presented in Fig. 5(B). The device operated at 4 V showed the white
color purity of CIE (0.41, 0.41), which is very close to the standard
white light of CIE (0.33, 0.33). The white light emission at 4 V is mainly

780

Km ∫
ϕe [λ] V [λ] dλ
ϕv
380
=
Electrical Power
IV

η

=

μ=

Km ∫
ϕe [λ] V [λ] dλ
ϕv
380
=
780
Optical Power
∫380 ϕe [λ]

(3)

780

(4)

In Eq. (3), ϕv is the luminous ﬂux, Km is the maximum spectral
luminance eﬃciency, (Φe[λ]) is the radiometric power, and (V[λ]dλ) is
the standard luminous eﬃciency coeﬃcient. The WLED device operated at 4 V showed aluminous eﬃciency of 29% and a luminous eﬃcacy
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of 294 lm/W. The detailed calculations for the luminous eﬃcacy are
given in Supporting information Section 5.
4. Conclusion
We report, for the ﬁrst time, white light emission from a vertically
stacked heterostructure of three constituent emitters composed of 1-L
n-MoS2, 1-L p-MoS2, and 2-L p-GaN. The EL spectra obtained from
this 4-L WLED device of the n-MoS2/p-MoS2/p-GaN heterostructure
clearly exhibited three emission peaks from n-MoS2 (orange at
~642 nm), p-MoS2 (green at ~525 nm), and p-GaN (blue at
~481 nm) in forward bias, with the dominant emission at ~642 nm
from n-MoS2. The as-fabricated n-MoS2/p-MoS2/p-GaN device
showed a maximum luminance of 30,548 cd/m2 at the forward bias
of 4 V. This WLED device holds great potential for constructing colortunable light emitters for low-cost display, lighting, and optical
communication by using the burgeoning 2D materials-based optoelectronic nanotechnology.
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S1

S1. Calculation of the work functions of n-MoS2 and p-MoS2
The work functions for both n-MoS2 and p-MoS2 were calculated from the observed UPS
spectra as shown in Figs. S1(B) and S1(C), respectively. For the UPS measurements, the He I
radiation line at 21.6 eV from a discharge lamp was used. The onset and cutoff values were
calculated from the observed UPS spectra using a standard procedure for determining the work
function (). As the energy diagram depicted in Fig. S1(A), the kinetic energy (Kkin) of an
ejected photoelectron from the sample surface under illumination (h) is expressed as[S1]
Ekin = h - -Eb,

[Eq. 1]

Where h is the photon energy,  is the work function of the sample, Eb is the binding energy of
the ejected electron. In the observed UPS spectra, the fastest ejected photoelectrons will be the
primary electrons emitted directly from the Fermi edge and thus Eb=0.
At the onset (Eb (onset)=0),

 = hν-Ekin,

[Eq. 2]

which corresponds to the Fermi energy (EF). On the other hand, the ejected electrons close to the
secondary electron cutoff edge are the slowest electrons, which have nearly zero kinetic energy
(Ekin = 0) after leaving the sample surface.
At the cutoff edge (Ekin=0),

 = hν-Eb (cutoff).

[Eq. 3]

In the UPS spectra of n-MoS2 and p-MoS2 (Fig. S1(B) and S1(C)), energies of the cutoff edges
were observed to be Eb (cutoff) = 17 eV and 16.5 eV, respectively. With hν =21.6 eV, we obtained
n-MoS2 = 4.6 eV

[Eq. 4]

p-MoS2 = 5.1 eV.

[Eq. 5]

and

S2

Fig. S1. (A) Schematic representation of the energy diagram related with the observations by
UPS spectroscopy. Eb: binding energy, Ef: Fermi energy, Eg: band gap energy, Ek: kinetic energy
of an escaped electron, : work function. (BC) The UPS spectra of (B) n-MoS2 and (C) p-MoS2
were observed, where the binding energies at the cutoff edge are determined to be 17 eV and
16.5 eV, respectively.

S3

S2. XPS spectra of n-MoS2 and p-MoS2

Fig. S2. (AC) High-resolution XPS spectra of Mo 3d, S 2p, and O 1s for n-MoS2 and p-MoS2.
In both samples, S 2p shows a doublet of 2p3/2 and 2p 1/2 at163.7 eV and 162.8 eV, respectively.
Mo 3d exhibits a doublet of 3d5/2 and 3d 3/2 at 229.9 eV and 233.0 eV, respectively. S 2s is
located at 227.2 eV. However, for p-MoS2, Mo 3d possesses additional doublet peaks at 236.1
eV and 233.0 eV, which belong to SMo (4+)O. In the O 1s spectral region, a low-intensity peak
at 533.0 eV, attributed to the adsorbed oxygen on the sample surface, appeared in both the XPS
spectra of n-MoS2 and p-MoS2. In contrast, a peak at 531.0 eV, due to existence of the
SMo (4+)O bond, only appeared in p-MoS2.

S4

Table S1. Summary of the analyzed data from the XPS spectra shown in Fig. S2
n- MoS2

Region
Position
(eV)

Fraction
(%)

Position
(eV)

FWHM
(eV)

Normalized
area

Fraction
(%)

26.11

229.9

0.89

1.22

229.9

0.98

0.85

+4

233.0

089

0.92

233.0

0.98

0.87

+4

No

No

No

233.0

0.231.20

0.54

Mo 3d3/2 (Mo-O)

+4

No

No

No

236.1

0.23

0.63

S 2s

227.2

0.31

0.24

9.75

227.2

0.29

0.22

8.94

2p1/2

163.7

0.97

0.20

54.24

163.7

0.94

0.19

43.20

S 2p3/2

162.8

0.97

0.43

162.8

0.94

0.39

533

0.67

0.47

3.10

533

0.65

0.43

2.21

No

No

No

No

531

0.70

0.87

5.26

Mo 3d 5/2 (MoS2)
Mo 3d 3/2 (MoS2)
Mo 3d5/2 (Mo-O)

S

2-

S 2p

2-

2-

O 1s(OH)
O 1s

Normalized
area

32.91

+4

Mo3d

FWHM
(eV)

p- MoS2

2-

O 1s (MoO)

No

14.28

The fractional percentage of S is calculated from the formula of S2- (%) = (the areas under the S 2- 2p 3/2 and S2- 2p1/2
peaks)/(the sensitivity factor of S2-) 100. The same method was applied to calculate the fractional percentages of
Mo and O.

S5

S3. Epitaxial growth of 2-L p-GaN in CVD reaction
The 2-L p-GaN single crystals were synthesized in a CVD reaction, where a pure Ga metal
and ammonia (NH3) gas were applied as reaction precursors. A c-face sapphire was used as a
growth substrate. Before the reaction started, the growth substrate was cleaned sequentially in
deionized (DI) water, methyl alcohol, and a heated solution of 3:1 H2SO4:H2O2, and it was
finally rinsed in DI water. The Ga precursor and the sapphire substrate were fed to a CVD
furnace. In the synthetic reaction, while the temperature at the Ga precursor was maintained at
600 °C, the growth substrate was heated to 1070 °C. In the growth process, the system was first
evacuated to ∼100 mTorr without introducing carrier gas (Fig. S3). Pure ammonia (NH3) and
hydrogen (H2) gases were used as the nitrogen source and a reducing agent, respectively. During
the growth of 2-L p-GaN, the pressure in the reaction system was maintained at 1 Torr with 100
sccm H2 and 500 sccm NH3.

S6

Fig. S3. (A) The experimental setup for the CVD growth of 2-L p-GaN, where T1 (600 °C) and
T2 (1070 °C) represent the temperatures at the locations of the Ga precursor and the sapphire
growth substrate, respectively. (B) The temperature profile of the multi-step protocol for the
growth of 2-L p-GaN single crystals. (C) AFM image of a 2-L p-GaN on a sapphire substrate and
the thickness of the 2-L p-GaN is ~0.56 nm, as determined from the AFM cross sectional profile.
(D) The observed Raman spectra of the as-grown p-GaN on a sapphire substrate show the strong
E2 band at 588 cm-1and the weak A1 band at 753 cm-1. The sapphire substrate is responsible for
the very weak peak at 435 cm-1.

S7

S4. Test of the leakage current
An insulating layer of SiO2 has been commonly used as a dielectric layer in 2D materials-based
LED devices[S2]. In our device fabrication, we deposited a 20 nm-thick SiO2 layer by sputtering
as an insulating layer. In the following Fig. S4, we performed the leakage current density
measurements to test the SiO2 dielectric layer by sweeping the gate bias from -8 to 8V.

Fig. S4. A leakage current density test on the 20 nm-thick SiO2 dielectric layer was conducted by
scanning the gate bias from -8 to 8 V for four cycles. A typical plot of the leakage current density
as a function of gate voltage is shown in the lower panel. A comparison of the channel current
density (in the upper panel) with the leakage current density (in the lower panel) is presented
with the values of current density being labeled at the gate bias of 4 V.
S8

S5. Calculations for luminous efficiency and luminous efficacy
Both luminous efficiency (η) and luminous efficacy (µ) are important factors to evaluate LED
performance. While the luminous efficiency (η) is defined as the ratio of luminous flux to
electric power consumption, the luminous efficacy (µ) is defined as the ratio of luminous flux to
optical power. The luminous efficiency (η) and luminous efficacy (µ) at each bias are calculated
as,

For 2 V,
(

2 ) =

μ(

2 )=

∫

=

[ ] [ ]

∫

=

[ ] [ ]

[ ]

∫

=

=

0.1702
= 0.23
2 × 0.37

0.1702
1.04 × 10

/

= 163

/

0.3097
= 0.29
4 × 0.26

/

× 100 = 23%

For 4V,
(

4 ) =

μ(

4 )=

∫

=

[ ] [ ]

∫

=

[ ] [ ]

∫

[ ]

=

=

0.3097
1.05 × 10

= 294

/

0.1092
= 0.01
6 × 1.82

/

× 100 = 29%

For 6V,
(

6 )=

μ(

6 )=

∫

=

=

[ ] [ ]

[ ] [ ]

∫
∫

[ ]

For 8V,
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=

=

0.1092
9.99 × 10

= 109

/

× 100 = 1%

(

8 )=

μ(

8 )=

=

[ ] [ ]

∫

=

[ ] [ ]

∫

[ ]

∫

=

=

0.0824
= 0.001
8 × 9.68

0.0824
9.80 × 10

= 84

/

× 100 = 0.1%

/

Table S2. A comparison of the obtained device’s luminescence efficiency with a typical GaN
LED.
Material/Structure

Luminescence Efficiency

Light Emission

Reference

(lm/W)

Color

p-MoS2/n-MoS2/GaN

29

White

This work

GaN

11.5

Blue
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