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I
n recent years, significant progress has
been made in the application of two-
dimensional (2D) layered materials hav-

ing individual planes with an atomic-scale
thickness.1�4 In particular, 2D transition-metal
dichalcogenides (TMDs) have emerged as sig-
nificant 2D layeredmaterials for applications in
nanoscale electronics and optoelectronics.5�8

As a representative TMD material, monolayer
(1-L) MoS2 with a direct optical transition band
of 1.8 eV has been widely researched because

of its strong photoluminescence (PL) and high
photoresponsivity at room temperature.9�12

Because of the peculiar characteristics of TMD
materials, such as a high transparency, good
flexibility, an atomically thin structure, and pre-
dictable electron transport, vertically stacked
2D layered materials have recently attracted
much attention.13�15 In particular, a hetero-
junction diode consisting of layered materials
is emerging as a prospective device for next-
generation nanoscale electronics.16�18
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ABSTRACT

We propose a semiconductor�insulator�semiconductor (SIS) heterojunction diode consisting of monolayer (1-L) MoS2, hexagonal boron nitride (h-BN),

and epitaxial p-GaN that can be applied to high-performance nanoscale optoelectronics. The layered materials of 1-L MoS2 and h-BN, grown by chemical

vapor deposition, were vertically stacked by a wet-transfer method on a p-GaN layer. The final structure was verified by confocal photoluminescence and

Raman spectroscopy. Current�voltage (I�V) measurements were conducted to compare the device performance with that of a more classical p�n

structure. In both structures (the p�n and SIS heterojunction diode), clear current-rectifying characteristics were observed. In particular, a current and

threshold voltage were obtained for the SIS structure that was higher compared to that of the p�n structure. This indicated that tunneling is the

predominant carrier transport mechanism. In addition, the photoresponse of the SIS structure induced by the illumination of visible light was observed by

photocurrent measurements.
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In typical diodes, the semiconductor�insulator�
semiconductor (SIS) diode has considerable advan-
tages compared to conventional p�n junction diodes.
These advantages include the lack of a depletion
region and a high current flow as a result of carrier
tunneling.19�23 Therefore, an SIS diode has a lower
offset current under certain biases and a higher current
flow above the threshold voltage than a p�n junction
diode.
Herein, we propose a heterostructure device: an SIS

diode consisting of 1-L MoS2, hexagonal boron nitride
(h-BN), and GaN, where 1-L MoS2 and GaN are used as
the semiconducting materials. The use of 1-L MoS2 is
appropriate owing to its stable optical and electrical
properties at room temperature.24�26 Furthermore,
GaN is a promising material and suitable in combina-
tion with 1-L MoS2 in an SIS diode because it has a
strong optical transition with an energy band gap of
3.4 eV and high photoresponsivity characteristics.27�31

Lately, GaN-based heterostructures with layeredmateri-
als have been investigated, including GaN�graphene
for electrically tunable light emitters32 and GaN�MoS2
for visible-light photocatalysts.33 As an insulating
layered material, h-BN is used because of its great
thermal and dielectric stability.34,35 Since h-BN has an
energy band gap of 5.2 eV, it exhibits a high transpar-
ency in the visible spectral range. By using confocal
PL and Raman spectroscopy, the optical properties of
the semiconducting layers and vertically well-stacked
layered materials were verified. The performance of

the SIS diode compared to that of the p�n junction
diode was examined by plotting conventional current�
voltage (I�V) curves.

RESULTS AND DISCUSSION

The fabrication processes for the SIS diode and p�n
junction diode, which consist of GaN and layered
materials, are depicted in Figure 1a,b. A p-type GaN
(p-GaN) layer was grown by metal�organic chemical
vapor deposition on a (0001) c-plane sapphire sub-
strate. For the SIS heterostructure, multiple layers of
h-BN grown by chemical vapor deposition (CVD) were
transferred onto the p-GaN layer, as represented in
Figure 1a. The transfer processes for all of the layered
materials were conducted by a conventional wet
transfer method; see Experimental Methods. The final
thickness of the transferred h-BN was approximately
20 nm. The dimensions of transferred h-BN on the
p-GaN substrate were 2 cm � 2 cm. The 1-L MoS2
flakes grown by CVD were transferred to both of
the h-BN/p-GaN and p-GaN regions to realize the
SIS and p�n heterojunction diodes, as depicted in
Figure 1b.
Finally, 1-L MoS2/h-BN/p-GaN and 1-L MoS2/p-GaN

heterostructures, which correspond to the SIS and p�n
junctions, were formed on the same p-GaN substrate,
as shown in Figure 1c. The 1-L MoS2 flakes for the SIS
and p�n heterojunction diodes were transferred from
the same batch of samples grown by CVD to compare
the device performance for each heterojunction

Figure 1. Schematics of the stacking process for (a) h-BN and (b) 1-L MoS2. The 1-L MoS2 and h-BN were sequentially stacked
on an epitaxial p-GaN layer. (c) Perspective and (d) cross-sectional schematics of the final SIS and p�n heterojunction
structures. To prevent leakage current, the size of the top layer is smaller than that of the layer underneath. Optical
microscopy images show the (e) border of h-BN on p-GaN and (f) top surface including the edge of 1-L MoS2 on h-BN/p-GaN.
The SIS structure was vertically well-stacked with large MoS2 flakes. Confocal PL spectra of the (g) p-GaN layer and (h)
1-L MoS2.
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structure under equivalent conditions. The dimensions
of 1-L MoS2 as an n-type semiconducting layer for both
the SIS and p�n heterojunctions were 1.2 cm� 0.7 cm.
Figure 1d shows a cross-sectional schematic of the final
structure of the SIS and p�n heterojunction diodes.
To make a reliable comparison between the SIS and
p�n diodes, all of the layered materials are stacked on
the same p-GaN substrate. Figure 1e,f shows opti-
cal microscope images for the boundary regions of
h-BN/p-GaN and MoS2 on h-BN/p-GaN, respectively.
The white scale bar indicates 300 μm for both images.
As shown in Figure 1e,f, a clear borderline for h-BN
was observed in the expected area, which is realized
by a controllable chemical transfer process of layered
materials that allows for a specific stacking structure.
Thewhite dotted lines in Figure 1f indicate the border
of the 1-L MoS2 flakes. A 1-L MoS2 flake is approxi-
mately 500 μm � 500 μm and has a linked triangular
shape.
The local PL spectra of p-GaN and 1-L MoS2 were

measured by confocal PL spectroscopy, as shown in
Figure 1g,h. The excitation source for the PL spectrum
of p-GaN was a 355 nm diode-pumped solid-state
(DPSS) laser. Spectroscopic measurements were com-
pleted at room temperature. Weak PL peaks were
observed at 3.41, 3.32, 3.26, and 3.16 eV; these are
marked with black arrows in Figure 1g. The PL peak at
3.41 eV corresponds to the free exciton transition of the
GaN buffer layer, and the peak at 3.26 eV is induced
by a shallow donor�acceptor pair (DAP) transition. The
peaks at 3.32 and 3.16 eV are the phonon replicas of the
peaks at 3.41 and 3.26 eV, respectively.36 The strong
DAP peak without a yellow band peak and the clearly
observable phonon replicas support the conclusion
that p-GaN has good p-type characteristics and a high
crystalline quality. Figure 1h shows the PL spectrum of
1-L MoS2, as observed by confocal microscopy using a
532 nm DPSS laser for excitation. As marked in the PL
spectrum of 1-L MoS2 with black arrows, the PL peaks
of the A and B excitons of 1-L MoS2 are observed at
1.85 and 2.02 eV, respectively.37 In previous works,
the PL peak for the A exciton of 1-L MoS2 has been
attributed to two contributions: the negative trion peak
at 1.84 eV and the neutral exciton peak at 1.88 eV.
The presence of the negative trion peak in the PL
spectrum indicates that 1-L MoS2 has electrically n-type
characteristics.38

Confocal scanning Raman spectroscopy was em-
ployed for the spectroscopic verification of each verti-
cally stacked material in the SIS heterostructure. A
532 nm DPSS laser was used as an excitation source
for Raman spectroscopy. Figure 2a shows the confocal
Raman image of a selected region that includes the
border of the 1-L MoS2. The bright area with a linked
triangular shape is the fully overlapped region ofMoS2/
h-BN/p-GaN. The relatively dark area is the h-BN/p-GaN
region. The substantial Raman intensity fluctuation

revealed in the confocal Raman image is attributed
to the inhomogeneous crystalline quality of the p-GaN
layer, as shown in Figure S1 of the Supporting Informa-
tion. Figure 2b�d shows theRamanspectra for 1-LMoS2,
h-BN, and p-GaN, respectively. In the Raman spectrum of
1-L MoS2, the E2g and A1g Ramanmodes are observed at
385 and 403 cm�1, respectively, as shown in Figure 2b.
The 18 cm�1 interval between these two peaks indicates
that MoS2 is a monolayer.39 As can be seen in Figure 2c,

Figure 2. (a) Confocal Raman mapping image measured
from the top surface of the SIS heterojunction structure. The
brighter regions correspond to the fully stacked area of 1-L
MoS2/h-BN/p-GaN. Confocal Raman spectra for (b) 1-LMoS2,
(c) h-BN, and (d) p-GaN. Vertically well-stacked layered
materials on the p-GaN were clearly observed through the
confocal Raman results.
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Raman scattering was observed at 1366 cm�1, which
corresponds to the E2gmode of h-BN.40 Figure 2d shows
the E2

high and A1
LO modes for p-GaN at 570 and

735 cm�1, respectively. These confocal Raman results
imply that the layered materials are vertically stacked
on p-GaN.
To evaluate the device performance of the SIS and

p�n diodes consisting, respectively, of 1-L MoS2,
h-BN, and p-GaN and 1-L MoS2 and p-GaN, I�V mea-
surements were conducted. Gold-coated tungsten tips
were used for the current injection and detection
probes. As a robust electrode for the anode and cath-
ode, Cr/Auwasdeposited onto p-GaN and1-LMoS2. The
voltage range was from 0 to 20 V, and the distance
between the metal tips was kept the same for both
structures. This allowed a comparison of the I�V curves
under equivalent conditions. The p-GaN and 1-L MoS2
layers were used as an anode and a cathode, respec-
tively, for bothdiode structures. Figure 3a shows the I�V

curve for the SIS heterojunctiondiode. The inset shows a
three-dimensional (3D) schematic of the configuration
for the I�V measurements. A nonlinearly increasing
current was observed above the threshold voltage
rangewith a considerably low current at themilliampere
scale, as shown in Figure 3a. The threshold voltage and
series resistance of the SIS diode are approximately 5 V
and 7.2 � 103 Ω, respectively. Figure 3b shows the I�V

curve of thep�nheterojunction diode structure. The 3D
schematic of the I�V configuration for the p�n diode is
shown in the inset. The threshold voltage and series

resistance of the p�n diode are 3 V and 3.8 � 104 Ω,
respectively. The higher threshold voltage of the SIS
diode is attributed to impact ionization at a high voltage,
which occurred because of carriers tunneling through
the insulating layer.19,41 The relatively higher series
resistance compared with a conventional Si-based
diode is mainly attributed to the lower sheet resistance
of p-GaN. The currents at 20 V for the SIS and p�n diode
structures are 2.2� 10�3 and 4.5� 10�4 A, respectively.
The current of the SIS heterojunction diode, which is
approximately 5 times higher than that of the p�n
heterojunction diode, supports the fact that a relatively
large number of carriers flow through the SIS hetero-
junction diode via tunneling, as compared with the
conventional carrier transport in the p�n heterojunc-
tion. Moreover, the current of the SIS diode is approxi-
mately 105 times higher than that in the previously
reported van derWaals heterojunction device, although
the threshold voltage of the SIS diode is higher.17,42 To
confirm the leakage current of the SIS and p�n diode
structures, I�V measurements of p-GaN were carried
out. As a result, a significantly higher leakage current
and linear I�V curve were observed in p-GaN, as shown
in the Supporting Information (Figure S2). Note that the
very weak current-rectifying characteristics of the p�n
heterojunction are attributed to the extremely thin 1-L
MoS2 layer, which could be entirely depleted.
The carrier transport mechanisms for both samples

at equilibrium and under forward and reverse biases
are illustrated in Figure 4. The work functions of
p-GaN and 1-L MoS2 are ∼7.5 and 4.6�4.9 eV, respec-
tively.43,44 The built-in potential of the p�n junction is
approximately 3 eV. The electron affinities of p-GaN
and MoS2 are 4.1 and 4.2 eV, respectively.44,45 As
the last parameters for the energy band diagram, the
direct optical transition band of p-GaN and 1-L MoS2
are 3.4 and 1.8 eV, respectively.44,46 On the basis
of these parameters, the energy band diagram of the
p�n heterojunction structure is expected to consist
of p-GaN and 1-L MoS2, as depicted in Figure 4a, under
zero bias. The built-in potential of the p�n heterojunc-
tion structure should decrease as a function of the
forward bias. Above the threshold voltage, the current
flow could dramatically increase due to carrier trans-
port, as depicted in Figure 4b. On the contrary, carriers
cannot flow under a reverse bias because of a large
built-in potential, as shown in Figure 4c. This carrier
transport scheme matches the experimental results
of the I�V curve well, as shown in Figure 3b. For the
SIS heterojunction structure, the electron affinity and
energy band gap of h-BN are 2�2.3 and 5.2�5.9 eV,
respectively.44 The energy band diagram of the SIS
heterojunction structure consisting of p-GaN, h-BN,
and 1-L MoS2 at equilibrium is illustrated in Figure 4d
using the energy band parameters. When the forward
bias increases, carriers can be accumulated at the
interface between the semiconductor and the

Figure 3. I�V curves of the (a) SIS and (b) p�n heterojunc-
tion structures. A higher threshold voltage with a much
higher current was observed for the SIS structure compared
to that with the p�n structure.
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insulator. The accumulated carriers abruptly flow
above the threshold voltage, with a large number of
carriers tunneling through the insulating layer, as
shown in Figure 4e. On the other hand, current cannot
flow under a reverse bias due to the high potential
barrier, as depicted in Figure 4f. This tunneling me-
chanism can explain the current-rectifying behavior at
a high current, as shown in Figure 3a. By examining the
I�V curves and carrier transport mechanisms for both
samples, we can conclude that the SIS heterojunction
structure has a much higher current flow compared
with that of the p�n heterojunction structure because
of carrier tunneling.
To investigate the photoresponse of the SIS hetero-

junction diode, photocurrent measurements were
carried out by using a conventional I�V probe station
with a visible-light source with a spectral range from
approximately 400 to 700 nm, as shown in Figure S3
of the Supporting Information. The size of the light
spot was approximately 7 cm, and it had a circular
shape. A constant voltage of 9 V was applied to the SIS
heterojunction diode to measure the time-dependent
photocurrent, as shown in Figure 5. The current in-
creased when the light source was turned on, and the
photocurrent rapidly decayed when the light source
was turned off. The rise and decay times of the photo-
current were 0.5 and 0.3 s, respectively. These rise and
decay times are much shorter than the previously
reported times of 4 and 9 s, respectively.11 The Ilight/Idark
ratio was as high as approximately 560 at an incident
light intensity of 8 mW, and a photoresponsivity of

1.2 mA/W was calculated. This indicates that the SIS
heterojunction structure can be applied to optoelectro-
nic devices such as photodiodes and solar cells because
the photoresponsivity of the SIS heterojunction struc-
ture is highly sensitive to visible light.

CONCLUSIONS

We have presented a SIS heterojunction diode that
consists of 1-L MoS2, h-BN, and p-GaN as the top semi-
conductor, insulator, and bottom semiconductor, re-
spectively. The layered materials of 1-L MoS2 and h-BN
are vertically stacked by a chemical transfer method on
the p-GaN substrate, which itself was grown by metal�
organic chemical vapor deposition. The crystalline qua-
lities of each layer and the final stacked structure were
confirmed by confocal photoluminescence and Raman

Figure 4. Energy band diagrams of p�n heterojunction structures under (a) zero bias, (b) forward bias, and (c) reverse bias.
Carrier transport canbeexplainedby referring to the conventional p�nheterojunction characteristics. Energybanddiagrams
of the SIS heterojunction structure under (d) zero bias, (e) forward bias, and (f) reverse bias. Tunneling was the predominant
carrier transport mechanism for the SIS structure.

Figure 5. Photocurrent of the SIS structure induced by
illumination via visible light. The photocurrent decayed
when the light source was switched off.
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spectroscopy. From the I�V measurements, the device
exhibits a clear current-rectifying characteristic, which
was observed in both the p�n and SIS heterojunction
structures. However, a higher current and threshold
voltage were observed for the SIS structure compared
with the p�n structure. The increase in the current
and the higher threshold voltage indicate that the

predominant carrier transport mechanism is tunneling.
Moreover, a sensitive photoresponse was observed
for the SIS structure by photocurrent measurements.
This SIS heterojunction structure consisting of layered
1-L MoS2, h-BN, and epitaxial p-GaN is expected to be
a promising device for nanoscale electronics, opto-
electronics, and integrated circuits.

EXPERIMENTAL METHODS
Fabrication of p-Type GaN. p-GaNwas grown bymetal�organic

chemical vapor deposition. Trimethylgallium and ammonia
were employed as precursors for Ga and N, respectively. N2

gas was used as the carrier gas. Following epitaxial growth,
a thermal annealing process was carried out at 940 �C for 40 s to
activate the hole carriers.

Fabrication of h-BN. h-BN was grown by CVD on a metal
foil with borazine as the precursor. For the transfer of h-BN,
poly(methyl methacrylate) (PMMA) was used as the supporting
material. The grown h-BN layer was coated with PMMA, and the
metal foil was etched by a chemical etchant. Then, the residual
chemical etchant on the backside of the h-BN was removed by
a diluted HCl solution. The h-BN with PMMA was transferred
to p-type GaN. Acetone was used to remove the PMMA on the
transferred h-BN. Finally, the h-BNwas annealed at 500 �C for 3 h
to improve its crystalline quality.

Fabrication of Monolayer MoS2. Monolayer MoS2 was grown by
the CVD method on a SiO2 substrate. As a supporting material,
the grown 1-L MoS2 was coated with PMMA during the chemi-
cal etching of SiO2. A diluted HF solution was used to etch the
SiO2 layer. The 1-L MoS2 with PMMA was separated from the
SiO2 substrate and transferred onto a prepared template con-
sisting of p-type GaN and h-BN. The template was dried at 80 �C
for 1 h to remove residual water.

Characterization of the SIS Diode. Confocal photoluminescence
spectroscopy, including a high numerical aperture (0.7) objec-
tive lens, was used to measure the PL spectra. The excitation
sources were 355 and 532 nm diode-pumped solid-state lasers
for p-type GaN and 1-L MoS2, respectively. Confocal Raman
mapping was conducted by commercial multifunctional micro-
scopy (NTEGRA, NT-MDT) with a pinhole size of 50 μm. To disperse
the light collected from the samples, a 30 cm monochromator
(SP2300, Princeton Instruments) was employed. For detection of
the optical signal, a thermoelectrically cooled charge-coupled
devicewas used (PIXIS100, Princeton Instruments). A conventional
probe station system equipped with a power supply and source
measurement unit (Keithley 2400) was used for the I�V curves.
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