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Interlayer interactions at the heterointerfaces of van der Waals heterostructures (vdWHs), which con-
sist of vertically stacked two-dimensional materials, play important roles in determining their prop-
erties. The interlayer interactions are tunable from noncoupling to strong coupling by controlling
the twist angle between adjacent layers. However, the influence of stacking sequence and individual
component thickness on the properties of vdWHs has rarely been explored. In this work, the influence
of the stacking sequence of WSe2 and graphene in vdWHs of graphene-on-WSe2 (graphene/WSe2)
or WSe2-on-graphene (WSe2/graphene), as well as their thickness, on their interlayer interaction was
systematically investigated by ultralow-frequency (ULF) Raman spectroscopy. A series of ULF breath-
ing modes of WSe2 nanosheets in these vdWHs were observed with frequencies highly dependent on
graphene thickness. Interestingly, the ULF breathing modes of WSe2 red-shifted in graphene/WSe2
and WSe2/graphene configurations, and the amount of shift in the former was much larger than that
in the latter. In contrast, no obvious ULF shift was observed by varying the twist angle between WSe2
and graphene. This indicates that the interlayer interaction is more sensitive to the stacking sequence
compared with the twist angle. The results provide alternative approaches to modulate the interlayer
interaction of vdWHs and, thus, tune their optical and optoelectronic properties.

Keywords interlayer interaction, van der Waals heterostructures, two-dimensional materials, stacking
sequence, ultralow-frequency Raman breathing mode

1 Introduction

Recently, much attention has been paid to two-
dimensional (2D) vertical heterostructures consisting of
two or more kinds of 2D materials vertically stacked
through van der Waals (vdW) interactions [1–12]. These
van der Waals heterostructures (vdWHs) have showed
promising applications in optoelectronics because of their
novel excellent optical and electronic properties [1, 3, 4,
7, 9, 13–27]. The combination of 2D materials with vari-
ous bandgaps broadens their applications in photodetec-
tors, phototransistors, waveguide lasers, mechanical res-
onators, DNA sequencing, and flexible electronics [28–40].
For instance, a high-performance bipolar phototransistor
has been realized based on black phosphorus and transi-
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tion metal dichalcogenide (TMDC) heterostructures [28].
A highly sensitive midinfrared photodetector has been
achieved based on graphene and Bi2Se3 heterostructures
at room temperature [41].

It is well known that the interlayer interactions between
these 2D materials play important roles in modulating the
electrical and optoelectronic properties of vdWHs [1, 3, 4,
11, 14, 16, 18–23, 30, 39, 42–46]. Strong light emission was
observed in MoS2 and WSe2 heterostructures, in which a
new photoluminescence (PL) peak was discovered, indi-
cating the strong interlayer coupling at the heterointer-
face [4]. Similar interlayer coupling-induced PL peaks were
also observed in the heterostructures of WS2/MoS2 and
MoS2/MoSe2/MoS2 [21, 43]. Moreover, ultrafast charge
transfer was discovered in graphene/WSe2 heterostruc-
tures, which was also attributed to the interlayer coupling.
It has been reported that interlayer interactions in vdWHs
can be tuned from noncoupling to strong coupling by con-
trolling the stacking sequence, twist angle, and component
thickness [11, 42, 44, 47, 48]. By altering the stacking se-
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quence of mechanically exfoliated graphene and TMDC
nanosheets, the electronic properties of heterostructures
can be engineered on demand [47, 48]. Tunable interlayer
coupling was also realized by stacking chemical vapor de-
position (CVD)-grown MoS2 monolayers at various twist
angles [42, 44]. The thickness of the 2D materials also
played an important role in determining the interlayer in-
teraction in graphene and MoS2 heterostructures [11]. To
understand the interlayer interactions in vdWHs in detail,
it is highly desirable to systematically investigate the ef-
fects of stacking sequence and twist angle in combination
with the thickness of 2D materials.

The interlayer coupling and stacking order of 2D ma-
terials have been investigated by the ultralow-frequency
(ULF) Raman spectroscopy [49, 50]. Recently, the ULF
Raman spectroscopy has also showed promising ability
in characterizing the interfacial interactions in vdWHs
[11, 51], which are quite weaker compared with those in-
teractions located at high frequency Raman spectrum.

In this work, the interfacial interaction between WSe2
and graphene-based vdWHs was systematically investi-
gated by ULF Raman spectroscopy. After single- and few-
layer WSe2 and graphene nanosheets were deposited on
SiO2 substrate by mechanical exfoliation, they were verti-
cally assembled with alternate stacking sequence and vari-
ous twist angle. With increased graphene thickness, the in-
trinsic ULF breathing mode of WSe2 nanosheet was grad-
ually red-shifted. Moreover, new branches of ULF breath-
ing modes were observed as the graphene thickness kept
increasing. By altering the stacking sequence of graphene
and WSe2, the ULF breathing modes largely shifted.
While the varied twist angle between the graphene and
WSe2 showed much less influence on the ULF breathing
mode compared with stacking sequence.

2 Materials and methods

2.1 Materials

Graphite and WSe2 crystals were bought from HQ
Graphene (Netherlands). Silicon oxide wafers were pur-
chased from Bonda Technology. Polymethyl methacrylate
(PMMA) was purchased from Aladdin. Dichloromethane
was purchased from J&K Scientific Ltd.

2.2 Methods

2.2.1 Fabrication of van der Waals heterostructures

Graphene and WSe2 nanosheets were firstly deposited on
300 nm SiO2/Si substrates by mechanical exfoliation. Af-
ter WSe2 nanosheet was spin-coated by PMMA (3% wt
in dichloromethane), it was transferred onto the prede-
posited graphene by our recently reported clean transfer
method under optical microscope [52]. After PMMA film
was washed in pure dichloromethane solution at 50◦C,

the WSe2/graphene vdWHs were fabricated. Similarly,
the graphene/WSe2 vdWHs were prepared by stacking
graphene onto WSe2 nanosheets. The vdWHs were an-
nealed in Ar atmosphere at 300◦C to enhance the interfa-
cial interaction [11].

2.2.2 Raman characterization

Ultralow-frequency Raman spectroscopy was carried out
at room temperature using a micro-Raman spectrometer
(LabRAM HR Evolution, Horiba Jobin-Yvon) equipped
with a liquid nitrogen-cooled charge-coupled device and a
solid state green laser (λ = 532 nm). A power of ∼ 0.2
mW was used to avoid sample heating.

2.2.3 Atomic force microscopy (AFM)

The atomic lattice images of graphene and WSe2
nanosheets were captured under contact mode by atomic
force microscope (MultiMode 8, Bruker) equipped with
an E-scanner. Silicon nitride cantilever with the normal
spring constant of 0.58 N·m−1 (DNP-S, Bruker) was used.
All images were captured with a scan rate at 10–20 Hz and
256× 256 pixel resolution.

3 Results and discussion

As shown in Fig. 1(a), after few-layer WSe2 was stacked on
graphene nanosheet to form the vdWH, ULF Raman spec-
trometer was employed to investigate the interlayer inter-
action. Figure 1(b) shows the optical microscopy image of

Fig. 1 (a) Schematic illustration for fabricating and char-
acterizing WSe2/graphene vdWH. (b) Optical image of
3LW/4LG vdWH. The blue and yellow dashed boxes indicated
the 4L graphene and 3L WSe2, respectively. (c) Stokes and
anti-Stokes ULF Raman spectra of 3L WSe2 (red curve) and
3LW/4LG vdWH (black curve), respectively. The blue curve in
(c) showed the polarized ULF Raman spectrum of 3LW/4LG
vdWH. (d) Anti-Stokes ULF Raman spectra of 3L WSe2 and
3LW/4LG vdWH after deconvolution, respectively.
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3LW/4LG vdWH consisting of three-layer WSe2 (3LW)
and four-layer graphene (4LG) nanosheets, whose thick-
nesses were identified by optical microscopy (Fig. A1 in
Appendix) and further confirmed by Raman spectroscopy
[49, 53, 54]. As shown in Fig. 1(d), pristine 3LW has a
breathing mode and a shear mode located at −18.8 and
−20.6 cm−1 in the ULF range [49], respectively. In con-
trast, 3LW/4LG vdWH shows a shear mode at −20.6
cm−1 while two breathing modes at −26.0 and −16.7
cm−1 [Fig. 1(d)], respectively, which were confirmed by
polarized Raman spectrum [blue curve in Fig. 1(c)]. Sim-
ilar phenomenon has also been observed in vdWH of 3L
MoS2 on 4L graphene, which was attributed to the inter-
layer interaction between MoS2 and graphene nanosheets
[11]. Since 4L graphene has no signal in this region,
the appearance of two breathing modes should also be
arisen from the interlayer interaction between WSe2 and
graphene. Moreover, there is no obvious difference be-
tween the Raman spectra of pristine 3LW and 3LW/4LG
vdWH in high frequency region (Fig. A2 in Appendix),
indicating the interlayer interaction of WSe2/graphene
vdWH could be well probed by ULF Raman spectroscopy.

The influence of graphene thickness on interlayer inter-
action of WSe2/graphene vdWH is presented in Fig. 2.
As shown in Fig. 2(a), there are three branches of breath-

Fig. 2 (a) Stokes and anti-Stokes ULF Raman spectra of
heterostructures of 2L WSe2 on 1–9L graphene. (b–d) Raman
spectra of heterostructures of 2L WSe2 on 1–9L graphene in
high frequency region.

ing modes in ULF Raman spectra, which are denoted
as B1, B2 and B3, respectively. These three breath-
ing modes showed obvious red shift with the increasing
thickness of graphene. The B1 peak red-shifted by 0.2
cm−1 in 2LW/2LG vdWH compared with that of pris-
tine 2LW. The B2 peak appeared at 34.2 cm−1 when 2L
WSe2 was stacked on 3L graphene. It red-shifted by 8.1
cm−1 as 2L WSe2 was stacked on 9L graphene. When 2L
WSe2 was stacked on 7L to 9L graphene, the B2 and B3
peaks simultaneously appeared in 2LW/7LG, 2LW/8LG
and 2LW/9LG vdWHs, respectively. Previously, we found
that B2 and B3 peaks appeared when 2L MoS2 (2LM) was
stacked on 2L and 5L graphene [11], respectively. It has
been reported that graphene has smaller mass per unit
area compared to those of TMDCs. New ULF breathing
modes of 2LM/nLG vdWHs were observed as 2LM was
stacked on thick graphene, whose mass per unit area was
comparable to that of 2LM [11]. 2LW has larger mass per
unit area compared to that of 2LM, thus thicker graphene
should be needed to obtain new ULF breathing modes
in 2LW/nLG vdWHs. As shown in Fig. 2(a), 3L and
7L graphene nanosheets were necessary for generating B2
and B3 peaks in WSe2/graphene vdWHs, respectively.
In addition, no obvious shift was observed for the Ra-
man peaks of 2LW/nLG vdWHs located at high frequency
range (from 100 cm−1 to 500 cm−1) compared to those of
2LW [Figs. 2(b)–(d)], implying the high-frequency Raman
modes are insensitive to the interlayer interaction. More-
over, the B2 and B3 peaks of 2LW/9LG were maintained
at different temperature (Fig. A3 in Appendix), indicat-
ing the interlayer interaction between WSe2 and graphene
was stable.

In order to investigate the stacking sequence depen-
dence of the interlayer interaction, single- to few-layer
graphene nanosheets were stacked on 2L WSe2 nanosheets
[Fig. 3(b)], thus the graphene/WSe2 vdWHs were formed.
As shown in Fig. 3(a), there are also three branches of
breathing modes (B1′, B2′ and B3′) in ULF Raman spec-
tra of graphene/WSe2 vdWHs, whose frequencies red-shift
with increasing thickness of graphene. There is no obvi-
ous difference between B1 and B1′ peaks, indicating they
are insensitive to the stacking sequence. Similar to the
B2 and B3 peaks of WSe2/graphene vdWHs, B2′ and B3′
peaks appeared when 3LG and 7LG were stacked on 2L
WSe2 nanosheets, respectively. Similar phenomena were
also observed in 4LW/nLG vdWHs (Fig. A4 in Appendix).
Interestingly, B2′ and B3′ peaks in graphene/WSe2 vd-
WHs show quite larger red shift compared with B2 and
B3 peaks in WSe2/graphene vdWHs [Fig. 3(c)]. As shown
in Fig. 3(d), there is almost no difference between the B1
peak of 2LW/2LG and B1′ peak of 2LG/2LW. However,
the B2′ peak of 3LG/2LW red-shifted by 1.6 cm−1 com-
pared with the B2 peak of 2LW/3LG. Moreover, the B2′
and B3′ peaks of 8LG/2LW red-shifted by 0.9 and 1.9
cm−1 compared with the B2 and B3 peaks of 2LW/8LG,
respectively. It implies that the interlayer interaction be-
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Fig. 3 (a) Stokes and anti-
Stokes ULF Raman spec-
tra of heterostructures of 1–
9L graphene on 2L WSe2.
(b) Schematic illustration for
fabricating and characterizing
graphene/WSe2 vdWH. (c)
Stokes Raman shifts of B1, B2
and B3 peaks of 2LW/nLG as
well as B1′, B2′ and B3′ peaks
of nLG/2LW as a function of
layer number (n) of graphene,
respectively. (d) Stokes and
anti-Stokes ULF Raman spec-
tra of 2LW/2LG, 2LW/3LG,
2LW/8LG, 2LG/2LW, 3LG/
2LW, and 8LG/2LW vdWHs,
respectively.

Fig. 4 Stokes and anti-
Stokes ULF Raman spectra
of heterostructures of (a) 3L
WSe2 on 1–8L graphene and
(b) 1–8L graphene on 3L
WSe2, respectively. (c) Stokes
Raman shifts of B1 and B2
peaks of 3LW/nLG as well as
B1′ and B2′ peaks of nLG/
3LW as a function of layer
number (n) of graphene, re-
spectively.

tween 2L WSe2 and thick graphene nanosheets are sensi-
tive to the stacking sequence. This could be considered as
follows. When WSe2 was stacked on few-layer graphene,
the ULF breathing mode red-shifted as well as new breath-
ing modes were generated compared with that of pristine
2LW due to the strong interlayer interaction. In contrast,
when few-layer graphene was stacked on 2LW, the ULF
breathing mode was affected by not only the interlayer
interaction but also the interaction between 2LW and
substrate [55, 56]. As shown in Figs. 3(c)–(d), the ULF
breathing modes of 2LW/nLG were stiffened compared
with those of nLG/2LW, indicating the interaction be-
tween 2LW and SiO2 substrate softened the ULF breath-
ing modes of nLG/2LW.

We further compared the 3LW/nLG and nLG/3LW vd-
WHs by ULF Raman spectroscopy. Figs. 4(a)–(b) show
the ULF Raman spectra of 3LW/nLG and nLG/3LW
vdWHs, respectively. Both 3LW/nLG and nLG/3LW
vdWHs show similar red-shifted breathing modes with
increasing thickness of graphene. The B1′ peaks of
nLG/3LW vdWHs red-shift compared with the B1 peaks

of 3LW/nLG vdWHs, which are different from those be-
tween 2LW/nLG and nLG/2LW vdWHs. Although the
B2′ peaks of 4LG/3LW blue-shifted by 1.5 cm−1 com-
pared with the B2 peak of 3LW/4LG, there is almost
no difference between the B2 and B2′ peaks after the
thickness of graphene exceeded 6L [Fig. 4(c)]. These re-
sults indicate that although the interlayer interactions
in WSe2/graphene vdWHs are influenced by stacking se-
quence, the thickness of WSe2 might also affect the inter-
action.

Twist angle has also been reported to play an important
role in determining the interlayer coupling of twisted
MoS2 bilayer [42, 44]. However, little is known about its
effect on the properties of graphene and TMDCs vdWHs.
In order to investigate the role of twist angle in WSe2 and
graphene vdWHs, 2L WSe2 nanosheets were randomly
stacked on 9L graphene to prepare 7 samples of 2LW/9LG
vdWHs. Figure 5(a) shows the optical microscopy image
of a 2LW/9LG vdWH. The twist angle between WSe2 and
graphene nanosheets were obtained by capturing their
atomic lattice images using high-resolution atomic force
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Fig. 5 (a) Optical microscopy image of 2LW/9LG vdWH.
(b) Atomic lattice images of WSe2 and graphene nanosheets
shown in (a) captured by high-resolution AFM, respectively.
(c) Stokes and anti-Stokes ULF Raman spectra of 7 samples of
2LW/9LG. (d) Anti-Stokes ULF Raman spectra of 9LG/2LW,
2LW/9LG and 2L WSe2, respectively.

microscopy. As shown in Fig. 5(b), after the atomic lat-
tices of 2L WSe2 and 9L graphene nanosheets were im-
aged, the twist angle between them can be measured as
28.8◦. The twist angles of other 6 samples of 2LW/9LG
vdWHs were also measured by the same method. Figure
5(c) shows the ULF Raman spectra of 2LW/9LG vdWHs
with various twist angle. There is no obvious difference
among the 7 samples of 2LW/9LG vdWHs regardless of
their twist angles. However, the 2LW/9LG vdWH showed
much different breathing modes from those of 9LG/2LW

vdWH [Fig. 5(d)], further confirming the interlayer inter-
action is highly dependent on the stacking sequence.

4 Conclusions

In summary, we found that the stacking sequence of
graphene and WSe2 greatly affected their interlayer inter-
actions in graphene/WSe2 and WSe2/graphene vdWHs by
using ULF Raman spectroscopy. The graphene thickness
also affected the interlayer interaction. The intrinsic ULF
breathing mode of WSe2 was red-shifted and new ULF
breathing modes were observed as the graphene thick-
ness increased from 1L to 9L, both in graphene/WSe2
and WSe2/graphene vdWHs. Meanwhile, larger amount
of shift was found in graphene/WSe2 vdWHs compared
with those in vdWHs with reverse stacking configuration.
Moreover, the interlayer interaction was insensitive to the
twist angle between WSe2 and graphene nanosheets. Our
results might help to understand the interlayer interaction
of vdWHs for modulating their optical and optoelectronic
properties.
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Appendix A Supporting information

Fig. A1 (a) Optical image of few-layer graphene on 300 nm SiO2/Si substrate. (b) Plots of optical contrast in color (CD),
blue (CDB), green (CDG) and red (CDR) channels of 1L to 9L graphene nanosheets on 300nm SiO2/Si substrate, respectively.
(c) Optical contrast profile in color channel of the red dashed box shown in (a). (d) The experimental and Lorentz fitting of
I(G)/I(SiG) as a function of layer number of 1–9L graphene. The graphene nanosheet marked by red dashed box is 4L from the
plot shown in (b). The plot of CD is effective for identifying 1–6L graphene. While 7–9L graphene nanosheets were identified
by using the plots of CDB, CDG and CDR.
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Fig. A2 (a–c) Raman
spectra of 3L WSe2 (red
curves) and 3LW/4LG vdWH
(black curves) in high fre-
quency range.

Fig. A3 Raman spectra of 2LW/9LG vdWHs measured in
a temperature range from 113 K to 473 K.

Fig. A4 Stokes and anti-Stokes ULF Raman spectra of het-
erostructures 4L WSe2 on 1–8L graphene.
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