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Abstract — In 2D van der Waals heterostructures, interactions between atomic layers dramatically change the
vibrational properties of the hybrid system and demonstrate
several interesting phenomena that are absent in individual
materials. In this paper, we have investigated the vibrational
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properties of the heterostructure between transition metal
dichalcogenide (TMD) and hexagonal boron nitride (hBN)
on gold film at low- and high-frequency ranges by Raman
spectroscopy. Nineteen Raman modes have been observed
from the sample, including a new interlayer coupling mode
at 28.8 cm−1 . Compared to reported experimental results of
tungsten disulfide (WS2 ) on SiO2 /Si substrates, the Raman
spectrum for WS2 on hBN/Au emerges a blue shift of about
8 cm−1 . Furthermore, a remarkable enhancement of Raman
intensity can be obtained when tuning hBN thickness in
the heterostructure. Through systematic first-principles calculations, numerical simulations, and analytical calculations, we find that the 28.8 cm−1 mode originates from the
shearing motion between monolayer TMD and hBN layers.
In addition, the gold substrate and hBN layers form an
optical cavity and the cavity interference effects enhance
the obtained Raman intensity. This paper demonstrates the
novel vibrational modes of 2D van der Waals heterostructure as an effective tool to characterize a variety of such
heterostructures and reveals a new method to enhance the
Raman response of 2D materials.

Index Terms — 2D material, interference effect, lowfrequency (LF) vibration, Raman enhancement.

I. I NTRODUCTION

A

FTER graphene was rediscovered, isolated, and characterized by Novoselov et al. [1], [2], 2D atomic crystals
have risen as a new generation of materials with many
impressive properties [3], [4]. Many novel 2D materials have
been discovered and studied, such as hexagonal boron nitride
(hBN) [5], germanane [6], transition metal dichalcogenides
(TMDs) [7], [8], MXenes [9], and recently discovered magnetic 2D materials [10]. The variety of 2D materials allows us
to build various types of heterojunction and homojunction to
form a larger variety of material structures. For example, in the
in-plane direction, “stitching” different 2D materials adjacent
to each other builds an ultrathin heterojunction [11], [12].
In the out-of-plane direction, on the other hand, stacking 2D
materials may introduce brand new physics, such as superconductivity at 1.7 K in 1.1° twisted bilayer graphene [13].
In these structures, interactions between atomic layers dramatically change the properties of the hybrid system [14], [15]
and induce phenomena that are absent in individual layers.
It has been reported that massive Dirac fermions and the
Hofstadter butterfly emerge in graphene/hBN superlattices [16]
and the interlayer excitons form in TMDs heterobilayers [17].
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These 2D van der Waals heterostructures also show great
promise in applications due to their excellent performance
in optoelectronic devices superior to traditional materials systems [18]–[21].
Many explorations have been performed toward potentially
new electronic properties of 2D van der Waals heterostructures [11]–[21]. In this context, it is significant to study
their lattice vibrational properties that change the electronic
performance of corresponding devices by affecting electron–
phonon interactions. Thus, the new phonon modes in 2D
heterostructures and their distinctive features have attracted
much attention and have been characterized by Raman spectroscopy [15], [22]. It has been revealed that in the low
frequency (LF) range (<∼100 cm−1 ) of Raman spectra,
there are shear modes and layer breathing modes created by
interlayer interactions in layered graphene and TMDs [23].
However, to the best of our knowledge, the Raman modes
of hBN–TMD heterostructure have not been reported yet.
Besides, the substrates of the previous research are all dielectric materials, such as silicon or silicon oxide. The influence
of metallic substrates on 2D van der Waals heterostructures
has not been systematically discussed. Yet such a material
structure is important for several reasons. First, hBN has been
proven as an excellent dielectric layer to protect, stabilize,
and isolate other 2D materials [24], which can assist 2D
materials such as graphene and TMDs to achieve their best
performance. Second, the metal substrate, due to its unique
hot electrons and plasmonic features, can tune the properties
of 2D materials differently from dielectric materials, such as
quenching of photoluminescence (PL) of TMDs [25]. In addition, such a heterostructure TMD–hBN-metal forms a metal–
oxide–semiconductor structure which is a basic building block
of MOSFETs, and thus, the understanding of such a material
system will provide important insights into device applications
based on 2D heterostructures.
In this paper, we report the observation of interlayer phonon
modes in atomically thin van der Waals heterostructures.
We have measured both the low- and high-frequency Raman
response of WS2 –hBN heterolayers on a gold film. Nineteen
Raman modes are demonstrated, including a new LF mode
at 28.8 cm−1 . The WS2 related Raman modes show a
blue shift of about 8 cm−1 on our substrate compared to
conventional substrates like silicon. Furthermore, we find
that the Raman intensities of WS2 change remarkably with
increasing the thickness of hBN. To better understand these
experimental results, we perform a series of calculations,
including first-principles calculations to explain the Raman
modes, analytical calculation using transfer matrix, and finitedifference time-domain (FDTD) simulations to analyze the
thickness dependence of Raman intensities. The integrated
experimental/theoretical results reveal the influence of metallic
substrate on 2D heterostructures and discover novel phonon
modes between hBN and TMD layers. This paper provides
an important guideline for the characterization of the 2D
heterostructure and uncovers new vibrational properties of
2D materials, which is critical to the design and development
of 2D electronic and optoelectronic devices.
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Fig. 1. (a) Schematic of the WS2 –hBN heterostructure: the atomic
structures of hBN and WS2 , respectively. (b) Optical microscope image
of the measured sample. (c) AFM photograph of WS2 –hBN sample, the
areas circled around by blue dashed lines are hBN flakes and the whole
area is covered by monolayer WS2 .

Fig. 2. (a) AFM image of CVD monolayer WS2 on the sapphire substrate.
The small triangles are bilayer islands. (b) Raman and (c) PL spectra of
as-grown monolayer WS2 . The Raman modes 2LA(M), E2g and A1g of
WS2 are labeled. (d) Flowchart of sample transfer process.

II. E XPERIMENTAL M EASUREMENT

A. Sample Preparation
The van der Waals heterostructure in this paper consists of
few to multilayers of hBN and a monolayer of WS2 on 50-nm
gold layer on the SiO2 /Si substrate, as shown in Fig. 1(a). The
preparation process of the hBN–WS2 heterostructure can be
seen from Fig. 2. The hBN sheets are mechanically exfoliated
from the bulk crystals onto the gold film which was deposited
by electron beam evaporation on the silicon substrate covered
by 300-nm-thick silicon dioxide. The monolayer WS2 is synthesized by gas source chemical vapor deposition (CVD) on
2-inch c-plane sapphire [(0001) α-Al2 O3 ] substrate. Growth of
monolayer WS2 was conducted employing a multistep growth
process similar to that reported by Zhang et al. [27] for
WSe2 growth, but with tungsten hexacarbonyl (W(CO)6 ) and
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Fig. 3. Lattice vibrations of WS2 –hBN heterostructure. (a) Raman spectra with different hBN thicknesses in LF ranging from 10 to 105 cm−1 .
(b) and (c) Raman spectra with different hBN thicknesses at the frequency of 155–680 cm−1 and 1300–1455 cm−1 . In (c), curves with different
colors correspond to different thicknesses of hBN. Nineteen Raman modes with mode assignments and Raman frequencies are marked in Raman
spectrum. The Raman shifts (in units of cm−1 ) used here are results when hBN thickness is 30 nm. In (a)–(c), the red labeled modes originate from
monolayer WS2 , the black labeled modes belong to hBN layers, and the blue labeled one is a special mode in WS2 -hBN heterostructure. Inset in (a):
Raman shifts of the LF-1 mode, the LF-2 mode, and the interlayer shear mode with several hBN thicknesses.

hydrogen sulfide (H2 S) as precursors diluted in hydrogen (H2 )
carrier gas with nucleation at 850 °C and lateral growth at
1000 °C [27] at a total reactor pressure of 50 torr. Partial
pressures of W(CO)6 and H2 S in the reactor chamber were
7 × 10−7 and 4.3 torr, respectively. The total deposition time
[nucleation (30 s) + ripening (30 min) + lateral growth
(30 min)] was 60.5 min. Samples were cooled to 300 °C in
the presence of H2 S to suppress possible decomposition of
the WS2 . The high quality of the CVD WS2 is confirmed by
characterization using atomic force microscopy (AFM) and
Raman and PL spectroscopies, as shown in Fig. 2(a)–(c),
respectively. The strong PL signal of monolayer WS2 with
its characteristic emission energy at ∼1.95 eV demonstrates
the good quality of our monolayer sample, which is a reliable
guarantee for the follow-up experimental results [26]. We then
transfer the CVD WS2 layer onto hBN–Au substrate, and the
process is depicted in Fig. 2(d) [28]. To do this, we spin-coat
polymethylmethacrylate (PMMA) on the WS2 flakes and peel
them off from the sapphire substrate in heated potassium
hydroxide (KOH) solution. The temperature of KOH solution is about 85 °C. After rinsing the PMMA/WS2 layer in
deionized water several times, we use the target substrate,
which is the gold-coated silicon with hBN flakes on the surface
mentioned earlier, to fish out the PMMA/WS2 layer floating
on water. Due to the large number of hBN flakes exfoliated on
gold film and the large area of WS2 film (centimeter scale),
we are able to get many WS2 –hBN heterostructures on the
gold substrate in one transfer. The obtained sample is soaked
in the acetone solution to remove the PMMA layer. We further
anneal the sample in 250 °C for 3 h, in the Ar2 /H2 atmosphere
with 100-sccm flow rate and a pressure of 500 mtorr. Through

this annealing process, residual stress is released and the possible residual chemicals in the interlayer space are removed,
which finally gives rise to stronger coupling, and this will be
discussed later in this paper. We use optical microscope to
examine the sample and choose several spots of WS2 –hBN
heterostructures through optical imaging contrast [Fig. 1(b)].
AFM is then used to characterize the sample and determine
the thickness of hBN flakes [Fig. 1(c)]. The thicknesses of
hBN flakes in chosen spots range from 0 to 30 nm.

B. Spectra Measurement
The Raman and PL spectra of our samples are measured by
a Raman spectrometer Horiba Evolution in ambient conditions.
The Raman setup with 1800 lines/mm grating provides access
to the spectral resolution of ∼0.5 cm−1 , and an ultra-LF filter
enables the measurement of Raman shifts down to 10 cm−1 .
The wavelength of excitation laser is 532.5 nm, which focuses
on samples with a spot size of ∼1 μm and an incident power
of ∼1 mW.
III. R ESULTS AND D ISCUSSION

A. Raman Spectra
The Raman spectra over a range of 10–1450 cm−1 at room
temperature with different hBN thickness are displayed in
Fig. 3. Nineteen Raman modes are presented in Fig. 3(a)–(c),
including the first-order modes LA(M), LA(K) (longitu1 (), E 1
dinal acoustic modes), E 2g
2g (M), and A 1g (),
the second-order mode of 2LA(M), LF modes of LF-1, LF-2,
and the interlayer shear mode, and some combinational
modes [26], [29].
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For the high-frequency part (>100 cm−1 ), compared with
our as-grown monolayer WS2 on sapphire and reported modes
of monolayer WS2 and hBN on silicon [26], [29], Raman
modes in the heterostructure show an obvious blue shift of
about 8 cm−1 for every WS2 mode. This suggests that the
blue shift here is related to the substrate of our sample, which
possibly changes the strength of dipolar interaction between
the monolayer WS2 and the fixed charges in the substrate [30].
The influence of strain released after the transfer and annealing
process may also contribute to the blue shift in the Raman
modes of WS2 . In contrast, for the E 2g mode and the interlayer
shear mode of hBN, the Raman shifts (1369.5 and 51.1 cm−1 )
do not change for different hBN thicknesses, which match well
with [29]. Not just on the gold substrate, Galbiati et al. [31]
have reported that the E 2g mode of hBN layers is also
unchanged on copper. These phenomena reveal that the metallic substrate has little effect on Raman modes of the hBN
layers. Taking account of the dielectric properties and wide
bandgap of hBN layers, the fixed charges provided by the
metallic substrate cause no changes. It is a convincing verification for our understanding of the role hBN–Au substrate
played in the blue shift of Raman frequency for WS2 -related
modes.
For the LF range of Raman spectra (<100 cm−1 ), modes
at 28.8, 33.1, and 51.1 cm−1 are observed. The labeled
LF-1 mode at 28.8 cm−1 demonstrates resonance dependence
on the hBN thickness and disappears when there is no hBN.
The reason is that this mode originates from the interlayer
shearing motion between monolayer WS2 and hBN layers,
which is further confirmed by the redshift of this mode with
thicker hBN [inset of Fig. 3(a) (red circles)]. The second mode
at 33.1 cm−1 (LF-2) is the intrinsic mode of monolayer WS2 ,
as the peak intensity and frequency remain with increasing the
thickness of hBN, including the case without hBN, as seen
from the inset of Fig. 3(a) (black squares). Referring to the
previous research, Li et al. [32] and O’Brien et al. [33]
reported the similar mode at LF in monolayer WS2 . The
origin of this mode was explained by the resonant process
due to the small spin–orbit splitting in the conduction band
at K and K points in WS2 [33]. The spin–orbit splitting for
monolayer WS2 is about 4 meV [34], which is in agreement
with experimental data at 33.1 cm−1 . The 51.1 cm−1 mode
is from interlayer shearing vibration in different hBN layers,
which was discovered by Stenger et al. [29]. In [29], the
measured Raman shift of this LF mode keeps unchanged
at ∼52 cm−1 after the layer number of hBN is above 10. This
means that when the thickness of hBN is larger than 3.2 nm,
the Raman peak frequency is saturated, and this phenomenon
can be clearly seen in Fig. 3(a) [inset (blue triangles)].
It is important to point out that the annealing process is
significant for achieving a good interlayer coupling in the
transferred 2D van der Waals heterostructures. Fig. 4 shows the
comparison between the annealed sample and the same sample
before annealing. For the LF-1 mode, the Raman spectra of the
annealed sample has higher intensity and narrower linewidth:
before annealing, the intensity is 4760 counts [purple line in
Fig. 4(a)] for 20 s accumulation time and the peak width is
8.4 cm−1 when the hBN thickness is 30 nm. However, after
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Fig. 4. Comparison of annealed and nonannealed samples. (a) and (b)
Raman spectra of nonannealed and annealed samples at frequency
ranging from 10 to 65 cm−1 . (c) and (d) PL spectra of annealed and
nonannealed sample. The purple, blue, and black lines indicate that
the thickness of hBN in heterostructure is 30, 5, and 0 nm (no hBN),
respectively.

annealing, the intensity enhances to 11 367 counts [purple
line in Fig. 4(b)] for the same accumulation time and the
peak width decreases to 4.2 cm−1 . Besides, we can see
that compared with the annealed sample, the nonannealed
sample only shows the LF-2 mode intrinsic to monolayer WS2
with redshift, and the LF-1 mode at around 28.8 cm−1 is
absent. The reason is that the absent LF-1 mode is relevant to
the interaction between WS2 and hBN. After direct transfer,
the coupling of the monolayer WS2 and hBN layers is not
strong, and there are many impurities in the heterostructure
which is not able to afford interlayer vibrations among the
heterolayers. The annealing process can effectively remove
impurities and enhance the coupling between WS2 and hBN
in the heterostructure. Besides, the inferior condition of the
interface increases extra energy dissipation for the LF-2 mode
of WS2 which would result in the reduction of the vibration
frequency, in other words, smaller Raman shift. Besides LF
Raman modes, the PL spectra also dramatically changed after
annealing. As seen from Fig. 4(c) and (d), the nonannealed
sample shows parasitic PL peaks, and the PL shapes vary
widely for different thicknesses, possibly due to the residual
solution and residual strain in the heterostructure [35]. These
experimental results verify that the annealing process plays an
important role in sample preparations of the van der Waals
atomic layer materials.

B. Photoluminescence
Figs. 1(c) and 4(d) exhibit the representative PL spectra
of as-grown monolayer WS2 on sapphire and constructed
WS2 –hBN heterostructure on gold at room temperature.
To better understand the origin of Raman modes and the interaction between monolayer WS2 and hBN layers, we have measured the Raman and PL spectra on several heterostructures
with several hBN thicknesses. The measured PL comes from

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
DING et al.: UNDERSTANDING INTERLAYER COUPLING IN TMD-hBN HETEROSTRUCTURE

Fig. 5. Intensity of Raman modes as a function of thickness of hBN.
Four color spots represent the LF-1 mode, the LF-2 mode, the interlayer
shear mode of hBN, and the A1g mode of WS2 , respectively. The black
line indicates the analytical result. The relative intensities of experimental
and analytical results have been normalized. Inset: heterostructures for
analytical calculations of the electric field strength on the surface of
heterostructure |E| by using transfer matrix method. E+
0 is the incident
electric field coming from vacuum n0 .

the excitons and trions at 2 and 1.98 eV, respectively, across
a direct band gap of monolayer WS2 at the K and K valleys
of their band structures. For the WS2 –hBN heterostructure,
we can find that PL spectra curves of different hBN thicknesses
are similar to each other in spectral shape with emission
energy peak at ∼2.01 eV. Due to the excitation laser energy
of 2.33 eV which is much smaller than the bandgap of hBN,
the obtained PL completely originates from the monolayer
WS2 of the structure. We can also find that the PL intensity
increases with increasing hBN thickness, which is probably
caused by the influence of the interference effect as well.
The obvious PL suppression measured in WS2 directly on Au
indicates that the rate of charge transfer is directly affected by
the distance between the monolayer WS2 and the gold film.

C. Enhancement Effects
In Fig. 3(a)–(c), we can find that the intensity of the Raman
response increases with increased thickness of hBN layers.
As shown in Fig. 3(a), the LF modes LF-1 and LF-2 have
an intensity increase of 6.8 and 6.2 times, respectively, with
increasing thickness from 5 to 30 nm of hBN. For the highfrequency modes of WS2 , similar effects can be observed. For
example, the A1g mode of WS2 at 424 cm−1 has an intensity
increase of 5.6 times with increasing thickness from 5 to 30 nm
of hBN. For the LF and high-frequency Raman modes of hBN
at 51.1 cm−1 [Fig. 3(a)] and 1369.5 cm−1 [Fig. 3(c)], their
intensities also increase, 5.7 and 19.5 times with increasing
thickness from 5 to 30 nm of hBN.
In Fig. 5, we summarize the intensities of different Raman
modes as a function of hBN thickness measured in the experiments. We also show the analytical calculation results by solid
line for comparison, and the calculation method is described
in detail in the later part of this paper. Fig. 5 demonstrates the

5

evolutions of relative Raman intensity with increasing thickness of hBN for the LF-1 mode (red circles), the LF-2 mode
(blue diamonds), the 2LA mode of WS2 (purple squares),
and the A1g mode of WS2 (green triangles). These modes
we choose represent different vibrational motions including
intralayer (the first-order mode A1g , the second-order mode
2LA(M), and the LF mode LF-2 in monolayer WS2 ) and
interlayer (the interlayer shear mode LF-1 between monolayer
WS2 and hBN layers). Considering that the intrinsic modes
of hBN have stronger Raman response with more layers (the
E 2g mode and the interlayer shear mode), we only focus on
WS2 related modes to study the unique enhancement effect of
WS2 –hBN heterostructure. We can find that larger Raman
intensity is obtained for thicker hBN layers for hBN thickness
smaller than 30 nm, and this monotonically increasing relationship applies to all different modes, whether it is at LF or not.
Furthermore, the enhancement effect of Raman signal becomes
stronger with more layers of hBN in the studied heterostructure. When the thickness of hBN increases from 2.3 to 30 nm,
the LF-1 mode, the LF-2 mode, the interlayer shear mode of
hBN, and the A1g mode of WS2 have been enhanced 15, 16,
12, and 9 times, respectively. The remarkable enhancement of
Raman intensity reveals the resonance effect of hBN layers
on Raman response. The hBN layers that separate monolayer
WS2 and gold film form an optical cavity to strengthen the
incident and scattered light, thus enhancing Raman intensity
in the heterostructure. Different from the previous research,
a metallic interface is introduced into the 2D van der Waals
structure. The metallic interface under the heterostructure
contributes significantly to the enhancement of Raman signals.

D. Analytical and Numerical Calculations
Here, we describe analytical calculations on the interference
effect that is plotted by the solid curve in Fig. 5. The Raman
intensity on the monolayer TMD depends on the strength of
electric field on the surface of the heterostructure. The electric
field on the surface of the heterostructure, as shown in Fig. 5,
can be calculated by using the transfer matrix method [36].
Therefore, we can write the following equation:
 +
 +
E0
E4
(1)
− = [M0 ][P1 ][M1 ][P2 ][M2 ][P3 ][M3 ]
0
E0

 +
a b
E4
(2)
=
c d
0
where E 0+ and E 0− are electric fields for the forward and
the backward electromagnetic waves on the surface of the
heterostructure, respectively, and E 4+ is the electric field
transmitted to the silicon layer. E 0+ can also be considered
as the incident electric field. The matrices [Mi ] and [Pi ] are
2 × 2 matrices called the matching and propagation matrices,
respectively, and given as


1 1 + n i+1 /n i 1 − n i+1 /n i
[Mi ] =
(3)
2 1 − n i+1 /n i 1 + n i+1 /n i
 − jk d

e i i e j ki di
[Pi ] =
(4)
e j ki di e− j ki di
where n i and di are the refractive index and thickness of the
i th medium and ki = 2πn i /λ is the wave vector of light inside
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the i th medium. The refractive index of each medium is shown
in the inset of Fig. 5. The thicknesses of gold and SiO2 are
adopted by d2 = 50 nm and d3 = 300 nm, respectively. From
(1) and (2), we can obtain the strength of electric field on the
surface of heterostructure as |E| = |E 0+ + E 0− |, where E 0− =
c/a E 0+ . In Fig. 5, we plot the enhancement of the electric
4
field strength on the surface of heterostructure (|E/E 0+ |) as
a function of thickness of hBN (black line) due to the electric
field dependence of Raman intensity I ∝ |E|4 . We can see
from Fig. 5 that the experimental data are in good agreement
with the analytical result, which confirms the enhancement
effect in WS2 –hBN heterostructure.
To better understand the mechanism of metallic interface in
the enhancement effect of hBN layers, numerical simulations
by FDTD have been carried out too. Considering the fact that
the Raman intensity is actually detected optical signals, we use
FDTD methods to simulate the heterostructure model. The
simulation model is the same as Fig. 1(a). The permittivity of
gold comes from the Johnson and Christy model [37], while
the silicon substrate and covered oxide layer are calculated by
the Palik model [38]. The optical parameters of hBN and WS2
are derived from experimental data from [39]. The 0.6-nmthick monolayer WS2 on various thicknesses of hBN layer
shapes the WS2 –hBN heterostructure. The thickness of gold
film and SiO2 on the semi-infinite thickness silicon substrate
is 50 and 300 nm. The excitation light is linear polarized
and the wavelength is 532.5 nm consistent with experimental
conditions. It is worth noting that, because it is hard to set
strictly monochromatic light in FDTD simulations, we use a
narrowband light from 510 to 554 nm in wavelength here,
with intensity peak at 532.5 nm. The Raman spectroscopy
we used in measurement is reflection type, so we calculate
reflection spectra to simulate the scattering and hBN cavity
interference effect. To eliminate the environmental background, we calculate the reflection contrast of the WS2 –hBN
heterostructure with different hBN thicknesses to study the
enhancement effect. The reflection contrast is given as
R = (Rsubstrate − Rsample )/Rsubstrate

Fig. 6. FDTD simulation results of reflection contrast of the WS2 –hBN
heterostructure with different hBN thicknesses on a gold film. The
different color lines indicate different thicknesses of hBN layer ranging
from 0 (no hBN) to 30 nm. There are three peaks at 2.01, 2.4, and 2.85 eV
labeled A, B, and C, respectively.

(5)

where substrate means the 50-nm-thick gold film on SiO2 /Si.
The results of FDTD simulations are shown in Fig. 6.
The reflection contrast increases with thicker hBN, consistent with experimental results and analytical calculations
shown in Fig. 5. There are three peaks in Fig. 6 labeled
A, B, and C. The peak A at 2.01 eV and B at 2.4 eV
are WS2 excitonic absorption peaks arising from direct-gap
transitions at the K point. The energy difference between
the peak A and B indicates the strength of spin–orbit
interaction which is approximately 400 meV for WS2 in
reasonable agreement with the calculations [40]. The additional peak C which is calculated around 2.85 eV originates from optical transitions between the density of states
peaks in the valence and conduction bands in WS2 [41].
Similar to experimental results of monolayer WS2 by
Zhao et al. [42], the magnitudes of reflection contrast for
peaks B and C in Fig. 6 (labeled as 0 nm) are closer to
that of the peak A. However, the situation changes when the
hBN layer is added. The peak in higher energy or smaller

Fig. 7. Raman spectra of the interlayer shearing mode from ab initio
density-functional calculation for monolayer WS2 on monolayer hBN
(blue peak) and on bilayer hBN (red peak).

wavelength has a faster increase in reflection contrast with
the increase of hBN thickness. This effect is attributed to the
wavelength dependent resonance of hBN–Au cavity, which
also contributes to the enhancement of Raman intensity of
the monolayer TMD on the top of this cavity.

E. First-Principles Calculations
To confirm the LF shearing mode in the WS2 –hBN heterostructure, we performed ab initio density-functional calculations on the lattice dynamics of the hybrid system.
Considering that the lattice incommensurability existing
between WS2 (a0 = 5.91 Bohr) and hBN (a0 = 4.70 Bohr)
has no pronounced effect on the interlayer shearing mode,
but increases substantially the computational cost for studying
lattice dynamics, we used a small unit cell with hBN at
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equilibrium but WS2 at a compressive strain. The nonresonant Raman spectra were calculated based on the densityfunctional perturbation theory [43] and Placzek approximation
as introduced by Lazzeri and Mauri [44]. Fig. 7 shows the
Raman spectra of the shearing mode and its change with
a number of hBN layers. Raman mode is red-shifted with
increasing the number of hBN layers, which agrees with the
experimental results shown in Fig. 3. Note that the frequency
shift is slightly bigger (ω ∼ 8 cm−1 ) than the experimental
data (ω ∼ 1 cm−1 ), which may come from the lattice stress
and the smaller number of hBN layers in calculation than in
the experiment.
IV. C ONCLUSION
In this paper, we systemically studied the Raman modes
in van der Waals heterostructures formed by layered hBN
and monolayer WS2 on the gold substrate, combining experiments, numerical and analytical modeling, and first-principles
calculations. The Raman spectroscopy has been employed
to characterize our heterostructure. We observed 19 Raman
modes including some new Raman modes which are first
reported. Through the analysis of experimental data of the
Raman response with different hBN thicknesses, we find
Raman intensity increases with increasing thickness of hBN
layers. A series of simulations and theoretical calculations
have been performed to explain the new vibrational modes
and reveal the physical mechanism of the remarkable enhancement effect in WS2 –hBN heterostructure. We propose a new
vibration mode and the analytical calculations are in good
agreement with experimental results. The metallic surface and
hBN layers form an optical cavity enhance Raman signals.
The relation between Raman intensity and thickness of hBN
layers provides a new way to enhance Raman signals of TMD
monolayers. Our research clearly demonstrates the influence
of substrates on the Raman modes of TMD monolayers which
also opens the possibility of characterizing nanoscale van der
Waals crystal structures with Raman spectroscopy. Through
stacking different 2D crystals on metallic substrates, specific
2D materials can be obtained with desirable properties that are
absent in natural crystals.
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