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The recent study of a wide range of layered transitionmetal dichalcogenides (TMDCs) has created a new era

for device design and applications. In particular, the concept of van der Waals epitaxy (vdWE) utilizing

layered TMDCs has the potential to broaden the family of epitaxial growth techniques beyond the

conventional methods. We report herein, for the first time, the monolithic high-power, droop-free, and

wavelength tunable InGaN/GaN nanowire light-emitting diodes (NW-LEDs) on large-area MoS2 layers

formed by sulfurizing entire Mo substrates. MoS2 serves as both a buffer layer for high-quality GaN

nanowires growth and a sacrificial layer for epitaxy lift-off. The LEDs obtained on nitridated MoS2 via

quasi vdWE show a low turn-on voltage of �2 V and light output power up to 1.5 mW emitting beyond

the “green gap”, without an efficiency droop up to the current injection of 1 A (400 A cm�2), by virtue of

high thermal and electrical conductivities of the metal substrates. The discovery of the nitride/layered

TMDCs/metal heterostructure platform also ushers in the unparalleled opportunities of simultaneous

high-quality nitrides growth for high-performance devices, ultralow-profile optoelectronics, energy

harvesting, as well as substrate reusability for practical applications.
Introduction

Nitride materials have been considered one of the most impor-
tant semiconductors aer silicon because of their versatile
properties in applications such as solid-state lighting (SSL),
energy harvesting, sensing, dermatology, and single-photon
emission.1–5 However, the quality of the materials grown on
conventional sapphire substrates limits their development. In
recent years, nitride nanowires and nanorods have attracted
much attention due to their various advantages over planar
nitride thin lms, such as the possibility of growth on dissimilar
substrates with nearly zero dislocation, reduced strain through
radial relaxation, and improved light extraction.6 Nitride nano-
wires showed the potential to overcome various obstacles in SSL,
chnology (KAUST), Photonics Laboratory,

boon.ooi@kaust.edu.sa

chnology (KAUST), Physical Sciences and

audi Arabia

chnology (KACST), National Center for

Arabia

d Technology (KAUST), Imaging and

900, Saudi Arabia

n (ESI) available: Details on the
t temperatures, growth of GaN on Mo
/Mo, and GaN nanowires epitaxy aer
e operation of NW-LEDs. See DOI:

hemistry 2017
such as the quantum-conned Stark effect (QCSE) induced
degradation in device performance, the “green gap”, and effi-
ciency droop.7 In this regard, nitride nanowire light-emitting
diodes (NW-LEDs) and lasers on Si emitting from green to
near-infrared have been demonstrated.8–11 Moreover, nitride
nanowires and devices have also been reported on bulk transi-
tion metal substrates or transition metal thin lms to further
address the electrical- and thermal-conductivities issues.12–15

It is noted that the transition metal substrates such as Mo
have also been used for the large-scale synthesis of transition
metal dichalcogenides (TMDCs),16–18 which are candidates as
components of electronic and optoelectronic devices due to
their inherent optical and electronic properties.19–21 TMDCs has
been reported as an integral part of the p–n junction.22 Recently,
researchers have also shied their focus from studying the
TMDCs materials themselves to the application of TMDCs in
various elds. Because of the small lattice mismatch with III-
nitrides, TMDCs have been considered novel substrates or
surfaces for nitride growth. Akiyoshi Yamada et al. reported
GaN thin lm growth on bulk MoS2 using molecular beam
epitaxy (MBE);23 Priti Gupta et al. also demonstrated GaN crys-
tals obtained on MoS2 akes using metal organic chemical
vapor deposition (MOCVD).24 Furthermore, it is possible to grow
an epilayer on TMDCs via quasi van der Waals epitaxy (vdWE)
without satisfying lattice match between them, which is
a common dislocation-free crystal growth method in recent
RSC Adv., 2017, 7, 26665–26672 | 26665
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View Article Online
years.25–32 Jeehwan Kim et al. reported growth of high-quality
GaAs(001) on graphene–GaAs substrates.33 In the meantime,
since layered TMDCs can act as sacricial layers for liing-off
devices from substrates, it will enable the substrates to be
reused for multiple epitaxy growths.34,35 Although GaN thin lm
and nanowires growth on other layered materials such as boron
nitride (BN), graphite, and graphene has also been reported; the
methods were not favorable for device applications, or the
devices have limited performance.36–40 Moreover, the mecha-
nism of nitride growth on layeredmaterials remains unexplored
because of the limited material quality of nitride or its relatively
high growth temperature, which is detrimental to TMDCs. Until
now, no nitride nanowire or device on TMDCs, especially large-
area TMDCs, has been developed. Essentially, large-scale, high-
quality material growth on commercial substrates and the
ability to li-off epilayer to reuse the substrates are necessary to
open up new opportunities for nitride nanowires and devices in
practical applications.

Here, for the rst time, we demonstrate the monolithic high-
quality InGaN/GaN quantum-disks (Qdisks)-in-nanowire LEDs
with tunable emission in the visible region on large-area MoS2/
Mo. By sulfurizing the entire commercial Mo substrate using
chemical vapor deposition (CVD), large-scale multiple MoS2
layers were formed. Because of the relatively low growth
temperature of GaN by MBE compared to that of MOCVD, the
integrity of the MoS2 layers was preserved.24 The growth was
conrmed proceed through the nitridation of MoS2 by nitrogen
plasma using X-ray diffraction (XRD) and transmission electron
microscopy (TEM). By optimizing the growth conditions, the
GaN crystalline quality obtained via quasi vdWE is comparable
to that found in existing reports, despite the lattice mismatch
between the Mo2N and GaN. Furthermore, the better optical
quality of GaN and internal quantum efficiency (IQE) of 62.4%
for these Qdisks accentuate the benets of the MoS2 layer. NW-
LEDs thus produced show a low turn-on voltage of �2 V and
light output power up to 1.5 mW emitting beyond the “green
gap”, without an efficiency droop up to the current injection of 1
A (400 A cm�2), by virtue of high thermal and electrical
conductivities of themetal substrates. We further demonstrated
the release of the entire GaN nanowires-epitaxy from the Mo
substrates. Thus the layered TMDCs/metal platform not only
enables the growth of nitrides for high-power devices but also
allows potential recycle of Mo substrate for cost efficiency.
Moreover, the unprecedented opportunities to integrate nitride/
layered TMDCs/metal in this platform can surpass the
conventional limitation in heterogeneous integration. The high-
vacuum and oxygen-free environment also begins a new era for
MoS2 processing using MBE.41 By combining CVD and MBE as
a cluster tool, low cost, monolithic nitride material and devices
on large-area MoS2 and other layered TMDCs can be promising
for multidisciplinary applications, such as SSL, energy har-
vesting, visible-light communications, bio-sensing, and lasers.

Experimental

Before loading into the MBE chamber, commercial poly-
crystalline Mo substrates with dimensions of 1 cm � 1 cm �
26666 | RSC Adv., 2017, 7, 26665–26672
0.05 cm were sulfurized by placing them at the center of a 1 inch
hot-wall CVD furnace. Sulfur powders were placed in a ceramic
boat at the upstream side and kept at 320 �C during the reac-
tion. The furnace was then pumped to a background pressure of
�5 mTorr, followed by introducing a owing gas mixture con-
sisting of Ar at 100 standard cubic centimeters per minute
(sccm) and H2 at 20 sccm to reach an ambient pressure. Next,
the furnace was heated to 1050 �C at a ramping rate of 25 �C
min�1. The heating zone was maintained at that temperature
for 1 hour and then rapidly cooled to room temperature (RT) at
a cooling rate of 3 �C s�1. The nanowires were then grown on the
sulfurizedMo substrates using a Veeco Gen 930 plasma-assisted
MBE system as described in our previous reports.14,42 The
substrate temperature was monitored using a pyrometer. The
NW-LEDs were composed of 150 nm-thick Si-doped n-type GaN
grown at 660 �C and the active region of 8 pairs of InGaN-disk
(�3 nm)/GaN-barrier (�12 nm), which were grown at different
conditions to tune the emission wavelength. The Mg-doped p-
GaN (�50 nm) was grown at a substrate temperature of
570 �C. The plasma source was operated at 400 W using
a constant N2 ow rate of 1.5 sccm.

The surface morphologies of the substrates before and aer
MBE growth were characterized using both an optical micro-
scope (OM) and an FEI Magellan FEG eld-emission scanning
electron microscope (FE-SEM). Aer growth, the crystal quality
and the orientation of nanowires were examined using a Bruker
D8 Discover XRD with a Cu Ka source. To study the growth
mechanism by characterizing the interface between the nano-
wires and the sulfurized Mo, we prepared a cross-sectional TEM
sample using an in situ li-out technique in an FEI Helios
NanoLab 400s-focused ion beam (FIB)/SEM. High-angle annular
dark eld (HAADF) scanning transmission electron microscopy
(STEM) images were taken using an FEI probe-corrected Titan at
an acceleration voltage of 300 kV. Raman spectra of GaN and
MoS2 were measured on a Horiba Jobin Yvon confocal micro-
Raman system using 473 nm laser excitation in the backscat-
tering geometry. Temperature-dependent photoluminescence
(TDPL) measurements were performed using a 405 nm excita-
tion cw laser from 10 to 300 K to reveal the emission wavelength
of the Qdisks and to calculate the IQE. We also tested the power–
current–voltage (L–I–V) characteristics of the fabricated NW-
LEDs using a microscope-based electroluminescence (EL)
system.14,42 To li-off the nanowire epitaxy on the substrate, the
sample was coated with poly(methyl methacrylate) (PMMA) and
baked at a temperature of 180 �C for 60 s to protect the epitaxy
from xenon diuoride (XeF2) exposure. The edge of the sample
was then cleaned to expose to XeF2 gas, followed by being etched
at 4 Torr for 30 s and repeated 100 cycles.

Results and discussion

The sulfurization process of Mo substrates was optimized to
ensure a relatively smooth surface for the subsequent nanowire
growth (see the ESI† for more details on the sulfurization of Mo
substrates, S1). To verify its stability in ultra-high vacuum, the
MoS2/Mo substrate was heated to 700 �C in the growth chamber,
which is the typical GaN growth condition in ourMBE and lower
This journal is © The Royal Society of Chemistry 2017
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than the growth temperature of GaN on Si because of the
difference in substrates and other growth conditions.43 Fig. 1(a)
shows the OM image of the MoS2 layer with grain boundaries,
which appears similar to the surface before heat treatment (see
Fig. S1(c) in the ESI,† S1). The Raman spectra (see Fig. S1(b)†) of
the substrates before and aer the heat treatment show the
E1
2g and A1

g phonon modes at 384.0 � 0.5 and 408.0 � 0.5 cm�1

corresponding to the in-plane vibration of Mo and S atoms and
the out-of-plane vibration of only S atoms in bulk MoS2,
respectively.44 Due to the lower GaN growth temperature of MBE
than that of MOCVD, MoS2 is stable and thus a suitable buffer
layer for subsequent growth.24 Fig. 1(c) and (d) show SEM
images of vertical nanowires with a hexagonal shape and
nonpolar sidewall facets aer the growth at a substrate
temperature of 700 �C with a Ga beam equivalent pressure of 2.5
� 10�8 Torr for 2 hours on MoS2/Mo, although parasitic islands
growth persists because of the rough surface of the substrates.
Without MoS2, only polycrystalline GaN island growth occurs on
the surface of the Mo substrates under the same growth
conditions (see the ESI for more details on the growth of GaN on
Mo and MoS2/Mo,† S2), thus conrming that the growth of GaN
nanowires is selective to the sulfurized Mo surface, which is
consistent with other reports.24 The nanowires have an average
diameter of 20–55 nm, an average length of �130 nm, and
a density of 2.6 � 1010 cm�2 which can be further increased by
tuning the growth conditions.14 The parasitic growth can be
suppressed by using smoother Mo substrates and improving
the sulfurization process.

The XRD results of the Mo substrate, sulfurizedMo substrate,
GaN nanowires grown on MoS2/Mo, and InGaN/GaN Qdisks-in-
nanowires grown on MoS2/Mo are shown in Fig. 1(e). Mo(110)
Fig. 1 (a) TheOM image for MoS2/Mo at 700 �C, which is the typical GaN
in a backscattering configuration; the insets depict phononmodes of MoS
view SEM images of the GaN nanowires grown on MoS2/Mo substrates,
with hexagonal shape; (e) the XRD curves of the samples; and (f) rocking

This journal is © The Royal Society of Chemistry 2017
and (200) peaks were observed in the polycrystalline Mo
substrate (Joint Committee on Powder Diffraction Standards
(JCPDS) card no. 004-0809). Aer sulfurization, (002), (100), (006),
(110), (008), and (200) peaks of polycrystalline MoS2 appeared
(JCPDS card no. 037-1492), conrming the surface sulfurization
of the Mo substrates. With GaN growth, the MoS2 peaks dis-
appeared, and instead, Mo2N(004), (220), and (204) peaks and
GaN(0002) peak formed (JCPDS card no. 25-1368 and 50-0792),
which indicates the formation of a polycrystalline Mo2N layer
before the single-crystal nanowire growth. It has been reported
thatMoS2 can be doped with nitrogen andMo–N bonds can form
using remote N2 plasma.45 In our growth condition, the MoS2
layer was nitridated by the nitrogen radicals before the nanowire
formation, which cannot be avoided using the growth conditions
reported herewith. The full-width at half-maximum (fwhm) value
from the GaN(0002) rocking curve (q scan) of the nanowires (see
Fig. 1(f)) was 357 arcsec, which is smaller than those reported for
GaN nanowires grown on other substrates.14 This result is due to
the high crystalline quality of the vertically aligned nanowires
when grown on MoS2/Mo, although they are randomly oriented
in-plane. The InGaN(0002) reection of InGaN/GaN Qdisks-in-
nanowires was also observed, which can be used to estimate
the In composition in the Qdisks, assuming the relaxation of
InGaN and ignoring the Poisson ratio.

The optical and structural properties of GaN nanowires and
InGaN/GaN Qdisks in nanowires grown on MoS2/Mo were
further examined by microphotoluminescence (mPL) and
Raman spectroscopy. Fig. 2(a) shows the PL spectra of GaN
grown on the MoS2/Mo and Mo (see Fig. 1(c) and S2(a) in the
ESI, S2; Fig. S3 in the ESI,† S3). The band-to-band optical
transition of GaN nanowires at 365 nm was observed when
growth temperature in MBE; (b) Raman spectra of MoS2 with Stokes line

2. Atom color code: grey, Mo; green, S; (c) plan-view and (d) elevation-
the inset of (c) shows the high magnification SEM images of nanowires
curve of GaN(0002) planes.

RSC Adv., 2017, 7, 26665–26672 | 26667
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Fig. 2 (a) RT PL for GaN grown on MoS2/Mo and Mo, respectively; the
insets show plan-view SEM images of GaN; (b) Raman spectra of GaN
with Stokes lines in a backscattering configuration; the insets depict
the phonon modes of GaN. Atom color code: grey, N; green, Ga; (c)
TDPL of Qdisks at 10 and 300 K, excited using a 405 nm laser; (d)
power dependent PL of Qdisks at RT.
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growing on both Mo and MoS2/Mo. However, the GaN grown on
Mo showed defect-related emission at approximately 380 nm
and deep-level transition at 500 nm due to the absence of
MoS2,46–48 which would severely degrade the device performance
by creating a secondary recombination path.49 We further
compared the quality of the GaN using Raman spectroscopy.
Fig. 2(b) also shows the Raman spectra of the nanowires
measured in the backscattering conguration using a 473 nm
laser excitation. The E2 high-frequency mode E2(high) at 565
cm�1 and longitudinal optical (LO) phonon mode A1(LO) at 733
cm�1 were observed, which were attributed to hexagonal GaN.50

The rst-order transverse optical (TO) phonon mode A1(TO) at
534 cm�1 was also observed for GaN grown on Mo. In the
current backscattering conguration, the TO phonon mode was
supposed to be forbidden according to the Raman selection
rules in the wurtzite crystal of GaN, which were weakened
because of the defects when grown on Mo.51,52 Thus, the GaN
grown on MoS2/Mo showed higher material quality. Moreover,
InGaN/GaN Qdisks-in-nanowires emitting at 515 nm were also
grown on MoS2/Mo. TDPL measurements were performed to
evaluate the IQE of these Qdisks, which was estimated to be
62.4% using the ratio of the integrated PL intensity at 300 K to
that at 10 K as shown in Fig. 2(c), assuming the nonradiative
recombination centers are frozen at 10 K.53 The blue shi in
Fig. 2(c) is due to the temperature-dependent increase in the
bandgaps.54 Power dependent photoluminescence spectra for
these InGaN/GaN Qdisks-in-nanowires are shown in Fig. 2(d).
Evidently, no peak emission blue shied with increasing exci-
tation power, which conrms the negligible piezoelectric eld
and related QCSE due to the lateral strain relaxation.55,56

We also characterized the nanowires/substrate interface
using cross-sectional TEM to study the role of the MoS2 layer in
26668 | RSC Adv., 2017, 7, 26665–26672
the growth of GaN nanowires on MoS2/Mo. The SEM image (see
Fig. 3(a) and S4(b) in the ESI,† S4) of the TEM sample prepared
by FIB clearly shows the Mo grains of polycrystalline Mo
substrates, on top of which are the 60 nm buffer layer, and
vertical nanowires (see the ESI† for more details on the FIB-TEM
of GaN on MoS2/Mo, S4). The inset of Fig. 3(a) shows the
selected area electron diffraction (SAED) pattern obtained from
the [2�1�10] zone axis of the GaN nanowires in TEM, which
were single crystalline and exhibited a preferred orientation of
[0002]. Fig. 3(b) and S4(c)† show the HAADF-STEM image of
nanowires taken along the same zone axis, in which no obvious
defect was found even at the roots of the nanowires. Fig. 3(c)
and S4(d)† show the high-resolution (HR) HAADF-STEM images
with a clear atomic arrangement of the GaN nanowire and the
buffer layer below; the measured lattice spacing of �5.2 Å
parallel to the long axis of the nanowire is in good agreement
with the reported value for wurtzite GaN crystal (c axis), thus
further conrming the [0002] growth direction of the nano-
wires. The GaN nanowire/buffer layer interface is coherent and
sharp; the GaN nanowire is nearly free of defects. Fig. 3(d)
shows the electron energy loss spectroscopy (EELS) elemental
maps of Ga, Mo, and N across the interface, which conrmed
that GaN nanowires were grown on the Mo2N buffer layer. The
measured lattice spacing of�4.2 Å for the buffer layer is in good
agreement with the known d-spacing value of tetragonal Mo2N
crystal along [100] (see Fig. S4(d) in the ESI,† S4). From XRD and
TEM results, the MoS2 layer with a thickness of 60 nm was
completely nitrided to Mo2N buffer layer before nanowires
growth. The weak quasi van der Waals interaction was believed
to exist between GaN and Mo2N, thus ensuring the high-quality
GaN formation in spite of the large lattice mismatch between
them.28–30 Since the nitridation of Mo is more difficult than
MoS2, there is a selective growth of GaN on MoS2.45,57 The pol-
ycrystallization of the Mo2N layer affected the growth front and
the nucleation, thus the orientation of GaN nanowires.

To further demonstrate the functionality of this layered
TMDCs-based technique, we fabricated NW-LEDs with tunable
emission in the visible region using these high-quality nitride
material. Fig. 4(a) shows the L–I–V characteristics of a yellow
NW-LED with dimensions of 500 mm � 500 mm on MoS2/Mo
measured under dc injection. The inset of Fig. 4(a) shows SEM
images of the high-density nanowires used for the LED. The
LED has a low turn-on voltage of�2 V due to the existence of the
Mo2N layer, which has been shown to possess metallic
conductivity.58,59 In the continuous-wave mode, when operating
at 1 A injection current and �5 V forward bias voltage, the light
output power was up to 1.5 mW, which is relatively high in this
wavelength region. The output power of LEDs can be further
increased by increasing the nanowire density when growing on
smooth Mo substrates. Fig. 4(b) shows the RT EL spectra of the
NW-LEDs emitting at 470 and 635 nm when using different
Qdisks growth conditions, which demonstrated the tunable
emission wavelength beyond the “green gap”; the inset shows
the charge-coupled device (CCD) images for the illuminated
LEDs (see the ESI† for videos demonstrating the operation of
the NW-LEDs). Fig. 4(c) shows the RT EL spectra of the yellow
LED at different injection current densities, in which the LED
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) The SEM image of the FIB sample; (b) the STEM image of nanowires on MoS2/Mo substrates; (c) HR HAADF-STEM image of the
atomically sharp interface between the nanowires and substrates in the red square area in (b), which is highlighted by the green dashed lines; (d)
HAADF-STEM image, false-color Ga, Mo and N elemental concentration maps of the interface, and a combined elemental map with Ga in green,
Mo in red and N in blue. The scale bar is 1 nm.

Fig. 4 (a) Typical L–I–V characteristics of the LED with dimensions of
500 mm � 500 mm on MoS2/Mo; (b) the EL spectra of the LEDs; the
inset showsOM images of the illuminated blue and yellow LEDs; (c) the
EL spectra of the LED at injection current from 300–1000 mA; (d) the
EQE of LEDs with current density; the inset shows the schematic of the
LED and potential improvement of EQE by releasing the LED from
metal.

This journal is © The Royal Society of Chemistry 2017
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emitted at �635 nm with a negligible blue shi in the injection
current range of 300–1000 mA. The external quantum efficiency
(EQE) of the NW-LED was calculated using the equation hext ¼
(P/hn)/(I/e), where P is the measured light output power by the
power meter, h is Planck's constant, n is the frequency of light
from the EL spectra of the LED, I is the injection current for the
LED, and e is the electron charge. The LED does not show
efficiency droop up to the injection current of 1 A (400 A cm�2)
at �5 V forward bias voltage, as shown in Fig. 4(d). It is possibly
due to the high thermal and electrical-conductivities of the
metal substrates.14,42 Further improvement of EQE can be real-
ized by exfoliating the LED from the substrate as shown in the
inset in Fig. 4(d), if the thermal conductivity can be addressed.

Developing large-scale exfoliation processes with high
reproducibility for epitaxy layers is especially important for
device applications.60 Here, we further demonstrated a chemical
exfoliation process that maintains the quality of the nanowire
epitaxy by removing the layered TMDCs. The nitridation of MoS2
depends on the nitrogen plasma condition used in our process.
Since bothMoS2 andMo2N can be etched using XeF2, the epitaxy
can also be lied-off even if theMoS2 layers partially remain aer
nanowire growth, which shows the exibility of our process.35,61

Fig. 5(a) shows an OM image of the sample aer the nanowire
growth, in which grain boundary features remained. Fig. 5(a1)
RSC Adv., 2017, 7, 26665–26672 | 26669
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Fig. 5 (a) OM images of the GaN nanowires grown on MoS2/Mo; (a1)
the Raman and (a2) PL results of the sample; (b) OM images of the GaN
nanowire rolled-up membranes; (b1) the Raman and (b2) PL results of
the rolled-up membranes; (c) OM images of the GaN nanowires
membranes on PET; (d) SEM image of the bottom of nanowires.
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shows the Raman spectra of the sample at different regions,
which clearly exhibit the features of MoS2. The PL spectrum in
Fig. 5(a2) shows the GaN band-edge emission at 365 nm, con-
rming the formation of GaN nanowires. Aer etching using
XeF2 at RT,62 the nanowires and boundary features on the GaN
nanowire membranes were similar to those observed on the
surface of the sample before etching, as shown in Fig. 5(b) and
(c), implying the precise removal of the entire nanowire epitaxy
from the surface the substrate. The Raman spectrum in
Fig. 5(b1) only shows E2(high) and A1(LO) modes of GaN, clearly
indicates that the nanowire array was released from the surface
of the substrate without being attached to theMoS2. The redshi
of GaN peak emission wavelength to 390 nm shown in Fig. 5(b2)
is related to heating in the GaN nanowire rolled-up membranes
(see Fig. 5(b) and S5(b) in the ESI,† S5). Controlling the etching
process also enables transferring the large-area free-standing
nanowire membranes to arbitrary substrates such as poly-
ethylene terephthalate (PET) using pick-and-place technique,63,64

as shown in Fig. 5(c) and S5(a).† The SEM images in Fig. 5(d) and
S5(c) and (d)† clearly show the bottom of the membranes with
boundary features and nanowires with a hexagonal shape. The
above results indicate the quality of the nanowire epitaxy was
maintained (see the ESI† for more details on the GaN nanowire
epitaxy aer MoS2 etching, S5). The transfer process of the
nanowire devices is currently under investigation, which will
open a new development route for low-prole devices.
Conclusions

In conclusion, we demonstrated the rst monolithic high-power,
droop-free NW-LEDs with a tunable wavelength on large-area
26670 | RSC Adv., 2017, 7, 26665–26672
layered TMDCs/metal substrates. Taking advantage of the
formation of large-scale multiple-layers MoS2 using CVD and the
relatively low growth temperature of MBE, highly crystalline GaN
nanowires were obtained on nitridated MoS2 via quasi vdWE.
The LED shows a low turn-on voltage of �2 V and a light output
power up to 1.5 mW, emitting beyond the “green gap” without
efficiency droop up to the injection current of 1 A (400 A cm�2) at
a �5 V forward bias voltage. MoS2 serves not only as a buffer
layer for GaN nanowire growth but also a sacricial layer for
epitaxy li-off, as demonstrated herein. By selectively etching the
underlying metal, it is even possible to release TMDC itself for
electronic and optoelectronic applications. This technique can
be used in smart-so electronics and photonic integrated
circuits by integrating the polarizer, beam splitter, and ring
resonator on LED sheets; thus provides a scalable van der Waals
assembly for industry uptake. Our process can also be trans-
ferred to other TMDCs on different substrates. By combining the
advantages of nitride nanowires and layered TMDCs on metal,
the platform will provide solutions for cross-disciplinary appli-
cations, such as high-power light-emitters, bio-sensing, energy
harvesting, solar water-splitting, and nitrides/TMDCs/metal
electronics that can surpass the conventional limitation in
heterogeneous integration.65
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