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Dynamic manipulation of optoelectronic responses by mechanical

stimuli is promising for developing wearable electronics and

human–machine interfacing. Although 2D–3D hybrid hetero-

structures can bring advancements in optoelectronics, their

dynamic optical responses to external strains remain rarely studied.

Here, we demonstrate the strain-tuned recombination dynamics of

monolayer-MoS2 and thin-film-GaN heterostructures. We find that

optical excitons in the heterostructures, apart from trions, can be

markedly modulated by strains. We argue that MoS2 piezoelectric

dipoles across the interfaces lead to curved band diagrams, in

which optical excitons dissociate into spatially separated quasi-

particles and concurrently relocate to the maxima of valence

bands and the minima of conduction bands. With the increase in

tensile strains, the photoluminescence (PL) intensity of the hetero-

structures shows quenched responses. Noticeably, the change in

PL spectra strongly depends on the directions of the applied

strains because of the lateral piezoelectric periodicity of MoS2
flakes. This work not only helps in understanding the underlying

physics of the decreased PL intensities upon applying strains but

also demonstrates a feasible way (i.e., strains) to manipulate the PL

efficiency of 2D-material-based optoelectronics.

Two-dimensional (2D) materials, including ultrathin MoS2,
exhibit remarkable physical properties, unlike those of the
bulk. For example, monolayer MoS2 pertains to a D3h space
group and lacks inversion symmetry;1,2 the Coulomb inter-
action between electrons and holes is largely enhanced in
monolayer MoS2.

3 Furthermore, a direct bandgap of ∼1.85 eV,
which lies in the spectral range of visible light, endows mono-
layer MoS2 with intriguing optical properties.4–8 A broad range

of ultrathin MoS2 optoelectronics have been developed, includ-
ing photodetectors,9–15 photovoltaics,16–19 LEDs,20–24 and
photoelectrochemical cells.25,26 Monolayer MoS2 features a
hexagonal crystal structure and it is non-centrosymmetric,
thus demonstrating strong piezoelectricity along the e11 direc-
tion.27 Unfortunately, piezoelectricity emerges only from odd-
numbered layers of MoS2 crystals but disappears in even-num-
bered layers.28,29 Moreover, piezoelectric-MoS2-based self-adap-
tive piezophototronic devices offer a possible way to develop
flexible nano-opto-electromechanical systems.30,31 The
inherent piezoelectricity (i.e., piezoelectric field), triggered by a
high-frequency acoustic wave, has been used to tune the
photoluminescence (PL) efficiency of monolayer MoS2 grown
on a sapphire substrate.32

2D-material-based heterostructures provide a new platform
for exploring rich physics and device applications. Vertical
stacking of ultrathin MoS2 semiconductors with traditional
bulk materials has received considerable attention due to the
combination of both 2D and 3D merits.33–35 The 2D–3D
assembly can not only help us to realize high-performance
electronics/optoelectronics but also overcome technological
challenges in silicon scaling.20,36,37 Using the piezoelectricity
of ZnO thin films, the photocurrent in a MoS2–ZnO 2D–3D het-
erojunction photodiode has been enhanced four times by the
piezophototronic effect.38 However, to date, whether the strain-
induced piezoelectric field in heterostructures such as mono-
layer MoS2 could regulate photo-excited dynamic responses in
these vertically integrated 2D–3D heterostructures remains
rarely studied.

Monolayer MoS2 shows a small lattice mismatch with GaN
films,39 and the hybrid of these two materials is promising for
high-performance optoelectronics. Here, using the vertically
stacked monolayer-MoS2/GaN-film heterostructures as a model
system, we study the piezoelectricity-modulated carrier recom-
bination dynamics. Compared to separate monolayer MoS2,
the PL spectra of the heterostructures show a remarkably
decreased weight of trion X− and exciton B, which is associated
with charge transfer over the interfaces. When tensile strains

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nr05850b

aZJU-Hangzhou Global Scientific and Technological Innovation Center, School of

Micro-Nano Electronics, Zhejiang University, Hangzhou 310020, China.

E-mail: yu-bin@zju.edu.cn, xin.he@kaust.edu.sa, xuef@zju.edu.cn
bDepartment of Materials Science and Engineering, City University of Hong Kong,

Hong Kong SAR, China

2036 | Nanoscale, 2023, 15, 2036–2043 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 0
5 

 2
02

2.
 D

ow
nl

oa
de

d 
on

 3
0/

6/
20

24
 2

3:
19

:5
3.

 

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0003-0237-6311
http://orcid.org/0000-0001-7009-2826
http://orcid.org/0000-0001-9039-7088
https://doi.org/10.1039/d2nr05850b
https://doi.org/10.1039/d2nr05850b
https://doi.org/10.1039/d2nr05850b
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr05850b&domain=pdf&date_stamp=2023-01-30
https://doi.org/10.1039/d2nr05850b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015005


are applied to the heterostructures, the 2S-Mo piezoelectric
dipoles lead to a bent energy band. The excitons dissociate
into spatially separated quasi-particles and are stored in the
maxima and minima of valence and conduction bands.
Accordingly, with the increase of in-plane strain magnitude,
the PL peaks related to MoS2 distinctly decrease and the vari-
ation strongly depends on the in-plane directions of the
applied strain due to the periodic in-plane MoS2 piezoelectri-
city. This work helps us to illustrate the underlying physical
mechanisms of strain-dependent quenching of PL spectra for
2D heterostructure optoelectronics.

Evolution of the Raman and PL spectra
at different temperatures

As shown in Fig. 1a, exfoliated n-type MoS2 flakes on silica
substrates were transferred to p-type GaN films, forming verti-
cally stacked p–n 3D–2D heterostructures. Temperature-depen-
dent Raman spectra were used to study the evolution of hetero-
structure photon vibration. In Fig. 1b, typical Raman signals of
p-type GaN films at room temperature are presented to help
identify the origin of the whole heterostructure spectra. Two
strong Raman peaks, located at 570 cm−1 and 735 cm−1, are
observed because of the contributions from E2 and A1 longi-
tudinal optical modes in GaN films.40 Moreover, a small peak
is detected at 418 cm−1, which originates from the sapphire
substrate as previously reported.41 Fig. 1c shows the tempera-
ture-dependent Raman spectra for monolayer-MoS2/GaN
heterostructures. It is seen that Raman responses from the
heterostructures are superimposed by those from MoS2 flakes
and GaN films. Raman scattering intensities of in-plane E2g

1

and out-of-plane A1g
1 modes associated with MoS2 flakes are

relatively weak and the width between those active modes
remains 19 cm−1, which is in agreement with previous
works.42,43 With the increase in temperature, all Raman peaks
exhibit a redshift and the width for E2g

1 and A1g
1 remains con-

stant as shown in Fig. 1c and S1.† The temperature-induced
variation at the Raman peak position is mainly attributed to
thermal expansion.44 To systematically examine the variation
of photon vibration for heterostructures with different layered
MoS2, the temperature-dependent Raman spectra acquired for
four-layer-MoS2/GaN and bulk-MoS2/GaN heterostructures are
shown in Fig. 1d and e. As highlighted in Fig. 1d and e, the
widths of two significant MoS2 peaks are 23 cm−1 and 25 cm−1

for four-layer and bulk heterostructures, respectively. When
the temperatures are dramatically increased, the redshift
trends for the two heterostructures coincide with that for
monolayer-MoS2/GaN heterostructures. It is noted that com-
pared to the Raman spectra shown in Fig. 1c, the emission
peaks related to MoS2 are largely intensified, while the peaks
related to GaN film substrate weaken. This is caused by the
increased thickness of MoS2 and agrees with the variation of
separate MoS2.

44

Next, we turn to the characterization of photoexcited
dynamics of MoS2/GaN heterostructures by PL spectra. For

comparison, Fig. 2a shows the PL responses of separate mono-
layer MoS2 on silica substrates. Due to the strong spin–orbit
coupling in monolayer MoS2, valence bands at the K points of
the Brillouin zone can split, giving rise to two prominent
direct-bandgap transitions (i.e., excitons A and B) as shown in
the inset of Fig. 2a.2 Experimentally, the PL spectra of mono-
layer MoS2 exhibit two significant peaks (A and B). However,
reduced dielectric screening in a monolayer crystal facilitates
enhanced Coulomb interaction between holes and electrons.
Thus, tightly bound excitons or trions with high binding
energy easily form,45 which dominate the optical properties of

Fig. 1 Raman spectra of MoS2/GaN heterostructures. (a) Schematics of
the fabrication of vertically stacked MoS2/GaN heterostructures.
Exfoliated MoS2 flakes on silica were transferred to the GaN film by a
wet chemical method. (b) Typical Raman spectra for GaN films with the
c plane at room temperature. Temperature-dependent Raman spectra
obtained for the heterostructures consisting of (c) 1-layer, (d) 4-layer,
and (e) bulk MoS2. With the increase in temperature, all Raman active
peaks exhibit a red shift. Raman spectra were excited by a 532 nm laser
and the red dots in the insets of (c)–(e) represent the photoexcited
spots. Scale bar: 10 μm.
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ultrathin MoS2 flakes3 and play an important role in the
photo-excited processes as described below. Fig. 2b shows PL
emission peaks between 1.7 and 2.1 eV from monolayer-
MoS2/GaN heterostructures, while the inset exhibits the sche-
matic of exciton (X) and trion (X−) creation in MoS2 crystals.
As indicated by the orange arrow, a sharp and strong PL
signal at 1.78 eV denotes the sapphire-substrate-related emis-
sion peak (Fig. S2†). When the n-type monolayer MoS2 and
p-type GaN films are assembled, charge transfer inevitably
occurs,46 leading to a decreased PL emission (Fig. 2b). A
small PL blueshift (∼22 meV) can be detected, possibly
arising from the doping effect from the GaN substrate.47 To
give a deep insight into the spectral changes shown in Fig. 2a
and b, the emission peaks are decomposed into a negative
trion (X−), neutral exciton (X), and high-energy exciton peaks
(B) through the Lorentzian function.4 Compared to the PL
spectra of separate monolayer MoS2, it is apparent that the
spectral weights of the negative trion X− and exciton B are
greatly reduced (the weight of exciton B nearly becomes zero),
while that of exciton X is increased. This confirms the pres-
ence of charge transfer between the n-type MoS2 flake and
the p-type GaN film.

To explore the evolution of exciton and trion recombina-
tion, the temperature-dependent PL spectra of monolayer-
MoS2/GaN heterostructures were collected (Fig. 2c). Note that

during the measurement a long-focus lens (50× objective) was
used to leave a large space for applying strains. PL signal oscil-
lation, especially at high temperatures, possibly stems from
the heat effect and the interference of light at the MoS2/GaN
interface. When the temperature is decreased, PL spectra
exhibit a blueshift from 1.83 eV to 1.89 eV (Fig. 2d), which is
associated with the lattice shrinking effect. The peak intensity
is markedly increased owing to the enhanced exciton recombi-
nation as quantitatively presented in Fig. 2d (the data are
derived from the fitting lines of Fig. 2c). Fig. S3† shows the
fitting curves of the temperature-dependent PL spectra using
the Lorentzian function. To discuss the MoS2-thickness-depen-
dent PL emission from MoS2/GaN heterostructures, 4-layer-
MoS2 was adopted. It is observed that the PL intensity of
4-layer-MoS2/GaN heterostructures at different temperatures
(Fig. 2e) is greatly decreased compared with that of the mono-
layer MoS2 counterparts (Fig. 2c). Furthermore, Fig. 2f and S4†
show another PL emission peak between 2.0 and 3.3 eV for
different-layer-MoS2/GaN heterostructures, and this peak
corresponds to GaN-dominated responses. The PL intensity is
expectedly weakened, which contrasts with separate GaN
samples without top MoS2 layers and verifies charge transfer
across the vertical heterostructures. Note that the peak oscil-
lation stems from the Fabry–Perot optical interference within
the GaN film.48

Fig. 2 PL spectra of typical MoS2/GaN heterostructures. PL responses at ∼1.8 eV, which were collected from (a) separate monolayer MoS2 on silica
substrates and (b) monolayer-MoS2/GaN heterostructures using a 100× objective lens at room temperature. The inset in (a) shows A and B excitons
generated by valence band splitting in monolayer MoS2, whereas the schematics of excitons and trions are shown in the inset of (b). PL spectra were
deconvoluted to show the change in neutral excitons (X), charged trions (X−), and neutral excitons (B) using Lorentzian functions. Temperature-
dependent PL spectra (c) and the relevant derived features (d), such as peak energy and peak height of the 1-layer-MoS2/GaN heterostructure. The
oscillating PL signals described here were collected through a 50× objective lens in the measurement system. (e) PL spectra of the 4-layer-MoS2/
GaN heterostructures at different temperatures. (f ) GaN-dominated PL spectra for the vertical heterostructures at room temperature. The fitting
curves are indicated by the grey lines. The MoS2-related emission peaks are excited by a 532 nm laser, while the GaN-related emission peak is
excited by a 325 nm laser.
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External strain-tuned recombination
dynamics

Next, we examine strain-dependent PL responses for mono-
layer-MoS2/GaN heterostructures. In the experiment, one edge
of the substrate was tightly clamped on a right-angle bracket
using a hexagonal nut (Fig. 3a); heterostructure samples were
placed just above the edge of the bracket to ensure that they
could receive the maximum strain. A 3D stage with a resolu-
tion of 10 μm was used to drive another right-angle bracket to
apply tensile strains on the samples. From the stage, the
largest displacement distance (Dmax) can be obtained to esti-

mate the magnitude of the applied strains. Fig. 3b shows the
optical image of our practical testing set-up. The strain direc-
tion orientation along one edge of the trigonal MoS2 flake is
defined as 0°, as indicated by the grey dashed arrow high-
lighted in the optical image of the monolayer-MoS2/GaN
heterostructure (the right inset shown in Fig. 3b). Fig. 3c plots
PL responses with different tensile strains and strain direc-
tions (e.g., 0° and 30°; the scenario of 45° is presented in
Fig. S5†). As the strain magnitude increases, PL signals show a
quenching behavior and a slight red shift induced by the
piezoresistance effect. Note that the strain magnitude
described here is much smaller than that applied to the flex-
ible substrate, which is because 2D materials have a good

Fig. 3 PL intensity of monolayer-MoS2/GaN heterostructures as a function of tensile strain. (a) Schematic cross-sectional view and (b) practical
microscopy of our testing set-up. A 3D stage was employed to apply external forces on the substrates for introducing tensile strain on the hetero-
structure as the red arrow indicates. One edge of monolayer MoS2 is defined as 0° for the tensile strains (the inset of (b)). (c) PL responses to a func-
tion of the applied strains on monolayer-MoS2/GaN heterostructures with the strain directions of 0° and 30°, respectively. As the strain increases,
both the PL intensities remarkably decrease. (d) The changes in optical excitons and trions with respect to the applied strains. (e) Quantitative com-
parison of the relationships between PL peak intensities and tensile strains in different strain directions. The PL intensities at the directions of 0°, 30°,
and 45° are normalized by the corresponding peaks without tensile strain. (f ) PL spectra related to the applied strains for 4-layer-MoS2/GaN hetero-
structures. Owing to the absence of the piezoelectric effect on 4-layer MoS2, there is no obvious change in the PL responses.
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contact with the rigid sapphire and the strain can be well
transmitted to the sample. To quantify photoexcited dynamics
upon the application of strains, it is necessary to fit the raw PL
spectra in Fig. 3c with smooth curves using the Lorentzian
function (Fig. S6†) and then de-convolute those fitting curves
to demonstrate the variations of optically induced excitons
and trions (Fig. 3d). As for the strain direction of 0°, when the
strain magnitude is increased, the peak intensity of trion X−

shows no obvious changing trends as the grey fitting line indi-
cates, yet the peak intensity of exciton X rapidly decreases in a
linear relationship with strains. In the case of 30°, the vari-
ation in trions also shows no obvious change, while that of
exciton X first decreases and then reaches saturation.

To sum up, for vertically stacked heterostructures, when
suffering tensile strains, the weight of excitons shows remark-
able reduction but the weight of trions remains unchanged.
Fig. 3e systematically depicts the normalized PL intensities as
a function of the applied strain directions for monolayer-
MoS2/GaN heterostructures. Upon applying a small strain, the
peak variation at different strain directions is almost identical.
However, upon applying a large strain, the variation exhibits
discrepancies arising from the angle-dependent piezoelectric
field in monolayer MoS2 (see Fig. 5 for more details): PL inten-
sity at 0° rapidly decreases but the intensities at 30° and 45°
slowly drop with different rates. In contrast, 4-layer-MoS2/GaN
heterostructures (Fig. 3f) demonstrate weak PL signals and no
dependence on strains.

With regard to another emission peak (∼2.84 eV, dominated
by GaN films) from monolayer-MoS2/GaN heterostructures
(Fig. 4a) and separate GaN films (Fig. S7†), the applied strains
have no obvious impact on the relevant PL spectra. This vali-
dates that the strain-induced piezoelectric field in the GaN film
would not affect optical recombination. As discussed in Fig. 3,
once MoS2/GaN stacking forms, photoexcited dynamic
responses at 1.75–1.95 eV are predominately determined by
MoS2 flakes. Therefore, considering the angle dependence of
the quenched PL responses in monolayer-MoS2/GaN stacking
and the almost unchanged PL signals in the four-layer-MoS2/
GaN stacking, we attribute this quenched behavior to intrinsic
MoS2 piezoelectricity. Furthermore, we also obtained the sup-
pressed PL intensity from flexible MoS2 devices, in which mono-
layer MoS2 was directly transferred on the PET substrates.
Fig. 4b shows a typical optical microscopic image of monolayer
MoS2 and the inset displays a pertinent practical flexible device.
Fig. 4c presents the PL spectra of a monolayer MoS2 flake on
the flexible PET substrate with respect to tensile strains. With
the increase in the strain magnitude, PL spectra exhibit quench-
ing responses and a slight red shift, suggesting that without
heterostructure stacking (the piezoelectricity in the GaN film)
the observed behaviors still exist. The documented work with
SU8 as a flexible substrate reported that, as the strains were
applied, monolayer MoS2 showed a significant decrease in the
PL intensity while the PL intensity of the bilayer was indeed
strain independent.49 The authors attribute this quenching
phenomenon to strain-induced transformation between
direct and indirect optical band gaps in monolayer MoS2.

Nonetheless, a key question arises: how do the applied strains
affect the optical-bandgap transformation? Here, as for either
flexible monolayer MoS2 devices or our MoS2/GaN hetero-
structures, we propose that piezoelectricity in monolayer MoS2
regulates the transformation (i.e., decreased PL behaviors).

Interpretation of the underlying
physics

Fig. 5 elucidates how the piezoelectricity in MoS2 flakes influ-
ences the optical recombination dynamics of monolayer-MoS2/

Fig. 4 Contrastive experiments to confirm that the quenched
responses result from the MoS2 piezoelectricity in heterostructures. (a)
PL spectra dominated by GaN films under different applied strains for
monolayer-MoS2/GaN heterostructures. As the magnitude of the exter-
nal strain increases, the related emission peaks show no obvious
change. (b) Optical microscopy of monolayer MoS2 on a flexible PET
substrate. The inset shows a typical flexible device. Scale bar: 10 μm. (c)
PL spectra with respect to different applied tensile strains for the men-
tioned flexible device in (b). The quenched response is also observed,
manifesting that the piezoelectricity in the MoS2 flake governs the
photo-excited process.
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GaN heterostructures or separate monolayer MoS2. The hexag-
onal crystal structure of monolayer MoS2 and the relevant sim-
plified energy band structure are shown in Fig. 5a. We define
the x and y directions along the ‘armchair’ and ‘zigzag’ edges
of monolayer MoS2, respectively. In principle, as the solid grey
arrows indicated, the produced piezoelectric fields point from
S to Mo sites in the xy plane, namely, the e11 direction.28,29 A
hexagonal structural unit is chosen for analysis, as indicated
by the big grey circle highlighted in Fig. 5a. When applying a
tensile strain along the x direction, the unit suffers a defor-
mation: tensile stress in x and compressive stress in y are
created. Meanwhile, Mo and S atoms produce relative displace-
ments and piezoelectric dipoles.50 These dipoles along the x
direction are superimposed, whereas those along other direc-
tions offset each other. Therefore, net piezoelectric dipoles can
be generated, which orient from the negative S site to the posi-
tive Mo site, as shown in the left-hand side image of Fig. 5b.

In the right-hand side image of Fig. 5b, within a piezoelec-
tric dipole, the immobile positive ion attracts the free electrons
across the monolayer MoS2 to aggregate around it, leading to a
decrease in the electrical potential energy and bandgap; in
contrast, the negative ion compels the free electrons to move
away from the dipole, resulting in an increase in the electrical
potential energy and bandgap. Additionally, a strong piezoelec-
tric field introduced by the net piezoelectric dipole moment
along the direction of the applied tensile strain (x direction)
can appear, which constitutes a driving force for the dis-
sociation of tightly bound excitons. When a ray of laser is
applied on the strained monolayer-MoS2/GaN heterostructures
(or MoS2 flexible devices), a majority of optically induced exci-

tons will dissociate, spatially separate, and be stored in the
maxima and minima of valence and conduction bands, as dis-
played in Fig. 5c. This can explain the observed decrease in PL
intensity. Because of the periodic piezoelectric field as indi-
cated in Fig. 5a, the samples exhibit different strain tuning
effects at different orientations, as shown in Fig. 3e. However,
when removing the applied strains, this piezoelectric modu-
lation effect disappears (Fig. S8†), clearly demonstrating that
temporarily separated electron–hole pairs (quasi-particles)
exist and will recover to recombination excitons. Because of
the lack of piezoelectricity in the four-layer MoS2, the applied
strain does not have any influence on the energy band of MoS2
(Fig. 5d), and thus the PL responses for the four-layer-MoS2/
GaN heterostructures.

In conclusion, we have investigated piezoelectricity-tuned
optical dynamics of atom-thick-MoS2 and thin-film-GaN
heterostructures. With the increase in temperatures, all
Raman active modes and PL spectra show a red shift, yet the
PL intensities show a decrease due to the thermal expansion.
As the magnitude of the applied tensile strain increases, the
corresponding PL spectra show quenched responses mainly
associated with the markedly decreased weight of exciton
X. We ascribe this phenomenon to the piezoelectricity in
monolayer MoS2. Within strain-induced piezoelectric dipoles,
the positive and negative immobile ions can render MoS2
energy bands bending downward and upward, respectively.
Consequently, a majority of optically induced excitons will
spatially separate and then store in the maxima and minima
of valence and conduction bands, thereby resulting in our
observed behaviors. In addition, because of the lateral periodic

Fig. 5 Crystal structure and band diagrams to interpret the underlying physics for the quenched PL responses. (a) Hexagonal crystal structure of
monolayer MoS2 viewing from the top without strain, and the relevant energy band. The directions of x and y denote ‘armchair’ and ‘zigzag’ edges of
MoS2, respectively. The piezoelectric field exists along the direction pointing from the S site to the Mo site, namely, the e11 direction as indicated by
grey arrows. (b) As the semiconductor is elongated, the tensile stress in the x direction and the compressive stress in the y direction are created, sim-
ultaneously resulting in the displacement of the Mo and S atoms and producing a net piezoelectric dipole as indicated by the red arrow. The
immobile positive and negative ions among the piezoelectric dipole will make the bands bend downward and upward. Superposition of the gener-
ated net Mo–S piezoelectric dipoles along the X direction gives rise to a strong piezoelectric field. (c) Due to the inherent piezoelectric field, optical
excitons will dissociate into spatially separated e–h quasi-particles and be stored in the bent energy band. (d) No modulation under applied strains in
the absence of the piezoelectricity for four-layer MoS2 heterostructures.
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piezoelectricity in MoS2 flakes, the changing trend of PL emis-
sion peaks can be determined by strain directions.

We believe that strain is a general approach to tune optical
recombination dynamics via the piezoelectric effect51 and can
be applied to other material systems, such as 2D piezoelectric
SnS and ZnO.52,53 This work not only helps in interpreting the
underlying mechanism of strain-dependent PL spectra of
piezoelectric materials, but also provides a technical route to
control the performances of optoelectronics by strain and
develop tactile adaptive optoelectronics.

Experimental methods
Preparation of MoS2/GaN heterostructures

MoS2 samples were exfoliated from bulk crystals (bought from
SPI) using mechanical methods and then transferred onto
silicon substrates with 300 nm silica layers. After identifying
the thicknesses by optical microscopy and Raman spectra, the
chosen samples were transferred to GaN films grown on a sap-
phire substrate, using the wet chemical method as follows.
First, PMMA (A3) was uniformly coated on the samples and
baked at 170 °C for 10 min. Second, the KOH solution with a
mass concentration of 10% was heated to 80 °C for boosting
the etching rate of the oxide layer. Meanwhile, the samples
covered with PMMA were soaked in the prepared KOH solu-
tion. Third, when floating on the top surface of deionized
water, the PMMA layers, carried with target samples, were
slowly picked up and successfully transferred to GaN films.
Fourth, the sacrificed PMMA layers were dissolved in acetone.
Note that the p-type GaN films, with thicknesses of 4–5 μm,
were Mg-doped and grown by the MOCVD method with a
carrier density of 6 × 1016 cm−3.

Raman and PL measurements

The temperature testing setup was a HFS600E-PB4 tempera-
ture-controlled probe stage brought from Linkam Scientific
Instruments. The Raman and PL spectra were measured using
a Horiba LABRAM-HR evolution microscope. The experimental
data in Fig. 2a and b were collected using a short-focus objec-
tive lens (100×) to ensure that the CCD can receive more emis-
sion photons from the samples. A UV objective lens (40×) was
employed to obtain the data shown in Fig. 2f, and a long-focus
objective lens (50×) was used to conduct the rest of the experi-
ments for conveniently applying the variations in temperature
and strain. The 532 nm laser with a power of 6 mW was used
to perform the Raman characterizations and related PL
responses. In addition, a UV laser with a 325 nm wavelength
was employed to excite the GaN films as shown in Fig. 2f.

Estimation of the strain induced in MoS2 and GaN
heterostructures

Due to the strong van der Waals forces between atomically
thin MoS2 and GaN films, the MoS2 flake will follow the defor-
mations of the GaN substrates under the applied strains. The
applied tensile strain (ε) can be estimated using the following

equation:28

ε ¼ 3y
l
Dmax

l
1� z

l

� �

where y, l, z and Dmax are all labeled in Fig. 3a.

Data availability

The data supporting the findings of this study are available
within the article and the supplementary files are available
from the authors upon reasonable request.
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