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The successful isolation of graphene from 
graphite has intrigued extensive explora-
tion of the analogous layered transition 
metal dichalcogenides (TMDs) in solid-
state physics because of their flexible prop-
erties and feasible revolution in modern 
technology.[1,2] Apart from the well-studied 
2D semiconducting MX2 (e.g., M = Mo, 
W; X = S, Se), atomically thin metallic 
TMDs have a variety of prevailing collec-
tive many-body phenomena, including 
the competing charge density wave 
(CDW) orders and superconductivity.[3–5] 
Understanding the electronic modula-
tions of CDW states and the associated 
spontaneous periodic lattice distortions is 
significantly required to unveil the mecha-
nism of coexisting phase diagram in low 
dimensions.[6,7]

The layered TMD niobium diselenide 
(2H-NbSe2), which is a hole metal at 
room temperature,[8] has recently gath-
ered tremendous attention as it provides 
an essential prototype for the exploration 

Metallic layered transition metal dichalcogenides (TMDs) host collective 
many-body interactions, including the competing superconducting and 
charge density wave (CDW) states. Graphene is widely employed as a 
heteroepitaxial substrate for the growth of TMD layers and as an ohmic 
contact, where the graphene/TMD heterostructure is naturally formed. 
The presence of graphene can unpredictably influence the CDW order in 
2D CDW conductors. This work reports the CDW transitions of 2H-NbSe2 
layers in graphene/NbSe2 heterostructures. The evolution of Raman spectra 
demonstrates that the CDW phase transition temperatures (TCDW) of 
NbSe2 are dramatically decreased when capped by graphene. The induced 
anomalous short-range CDW state is confirmed by scanning tunneling 
microscopy measurements. The findings propose a new criterion to 
determine the TCDW through monitoring the line shape of the A1g mode. 
Meanwhile, the 2D band is also discovered as an indicator to observe the 
CDW transitions. First-principles calculations imply that interfacial electron 
doping suppresses the CDW states by impeding the lattice distortion of 
2H-NbSe2. The extraordinary random CDW lattice suggests deep insight into 
the formation mechanism of many collective electronic states and possesses 
great potential in modulating multifunctional devices.
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of the collective many-body electronic phases.[9] Bulk 2H-NbSe2 
undergoes a second-order phase transition from metal state 
into incommensurate CDW state at 33 K, and superconductivity 
state appears when further decreasing the temperature below 
7.2 K.[10] The successful fabrication of monolayer and few-layer 
2H-NbSe2 by mechanical exfoliation,[6] molecular beam epitaxy 
(MBE),[11] and chemical vapor deposition (CVD)[12] methods 
has unraveled the extraordinary changes in these electronic 
states with the layer thickness. It is believed that the CDW 
instability in 2H-NbSe2 originates from the strong electron-
phonon coupling.[13–15] However, there arises the discrepancy of 
thickness-dependent CDW phase transition temperature. Spe-
cifically, Xi et al. reported a dramatically enhanced CDW tran-
sition temperature (TCDW) in mechanical exfoliated monolayer 
2H-NbSe2.[6] Ugeda et  al. successfully synthesized monolayer 
2H-NbSe2 films on epitaxial bilayer graphene via MBE, but 
observed a lower CDW phase transition temperature.[11] Mean-
while, the desire for wafer-scale and high quality of 2H-NbSe2 
has lately promoted the growth in production of thin films 
using prevalent MBE technique due to its precise controllability 
in thickness.[11,16,17] Graphene has also been discovered as high 
transparent electrode on 2D materials to show ohmic-like char-
acteristics at room temperature, which becomes increasingly 
popular for efficient contacts and highly conducting intercon-
nects in advanced electronic circuits.[18–20] Furthermore, the 
fragile ultrathin 2H-NbSe2 sheets are often protected by cov-
ering hexagonal boron nitride (h-BN), graphene or selenium 
layers in most studies.[21–23] Conversely, these van der Waals 
coupled heterostructures could straightly give rise to various 
interactions at the interface including charge transfer[24] and 
band structure modulation,[25,26] which may have great effects 
on the electronic instabilities. For instance, Li et al. discovered 
an increased CDW phase transition temperature in 1T-TiSe2 
flakes by encapsulation with h-BN films.[27] Although the single 
layer graphene is believed to play a role, the studies on the 
CDW orders in metallic 2D TMDs affected by the neighboring 
graphene layer is still lacking.

Direct characterization by in situ Raman spectroscopy and 
scanning tunneling microscopy/spectroscopy (STM/STS) can 
deliver a precise presence of the complex CDW orders and 
facilitate a better investigation of the interplay between gra-
phene and CDW materials. In this work, the heterostructures 
of stacking single layer graphene on 2H-NbSe2 layers have been 
systematically investigated by using diverse techniques. First, 
the CDW phase transition temperatures are clearly identified 
through in situ temperature dependent Raman spectroscopy. 
By comparison, the TCDW of 2H-NbSe2 is significantly low-
ered when covering a single layer graphene. Our work offers 
a straightforward method to monitor the CDW transitions in 
2H-NbSe2-exploiting the linewidth of A1g mode, which is much 
easier to realize than the previous low-frequency amplitude 
peak. Then, STM/STS is employed to identify the suppressed 
short-range CDW orders for the first time and provides evi-
dence of interlayer charge transfer within graphene/NbSe2 
heterostructures. Theoretical modeling of the heterostructures 
reveals that the electron transfer from the single layer gra-
phene is accountable for the suppression effect. The discoveries 
remind us that we should carefully take into account the inter-
face effects when we investigate the electronic instabilities of 
2D TMDs. These observations in graphene/NbSe2 heterostruc-
tures develop a direct and nondestructive routine to explore 
the proximity effect-induced tuning of CDW order transition, 
and further enrich the basic understanding of CDW formation 
mechanism in 2H-NbSe2.

2H-NbSe2 is one of the most representative metallic TMDs 
with both CDW and superconductivity orders. It consists of 
hexagonal layers of niobium (Nb) atoms that are sandwiched 
between selenium (Se) layers in a trigonal prismatic crystal 
structure. Particularly, the hexagonal Nb plane plays a vital part 
in the formation of CDW as the atomic displacements create a 
3a0 × 3a0 incommensurate CDW supercell with clusters of Nb 
atoms.[28] Figure  1a illustrates the schematic of the fabricated 
graphene/NbSe2 heterostructures via dry transfer method. 
First of all, monolayer graphene was mechanically exfoliated 

Figure 1. Graphene/NbSe2 heterostructures on SiO2/Si substrate. a) Schematic of the fabricated graphene/NbSe2 heterostructures. b) Optical image 
of the samples. The top single layer graphene is enclosed by the yellow dotted lines. The pristine 2H-NbSe2 with different thicknesses are labelled by 
N1, N2, and N3, and their heterostructures are correspondingly named as GN1, GN2, and GN3, respectively. c) Nonpolarized Raman spectra from 
pristine graphene, N1, and GN1 at room temperature.
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onto the PDMS/glass, followed by the identification of thick-
ness through the optical contrast and Raman spectra. Subse-
quently, the 2H-NbSe2 flakes with different thicknesses were 
also prepared through mechanical exfoliation method and then 
transferred onto SiO2/Si substrate. The assembly of monolayer 
graphene/NbSe2 heterostructures together with the dry transfer 
process was conducted under the optical microscope equipped 
with the micromanipulator (see the Experimental Section in the 
Supporting Information). The optical image of the samples is 
shown in Figure 1b. Note that the NbSe2 samples with different 
thicknesses, N1, N2, and N3 are partially covered by monolayer 
graphene (marked as GN1, GN2, and GN3), so that the compar-
ison between the covered and corresponding uncovered sam-
ples can be made directly. The thickness and uniformity of the 
2H-NbSe2 flake were characterized by topological atomic force 
microscope (AFM) scans. The height profile shows that a thick-
ness of the thinnest NbSe2 layer, which is indicated as N1 in 
Figure 1b, is ≈4.2 nm (Figure S1, Supporting Information).

As a representative, the non-polarized Raman spectra of gra-
phene/NbSe2 heterostructure at room temperature are shown 
in Figure  1c, where the gray, orange and blue curves repre-
sent the pristine graphene, NbSe2 layer (N1) and their hetero-
structure (GN1). Two major Raman peaks centered at around 
1580 and 2670 cm−1 are observed in pure graphene layer, 
which are assigned to the G and 2D bands, respectively. The 
sharp and symmetric 2D band combined with a large intensity 
ratio of 2D and G peaks indicates that the graphene is indeed 

monolayer.[29] For the pristine NbSe2 layer (N1), the Raman 
spectrum is dominated by sharp peaks of A1g mode (out-of-
plane vibrations) at about 230 cm−1 and E2g mode (in-plane 
vibrations) at 250 cm−1.[30] Below 200 cm−1, a broad soft mode 
is obviously found to be centered at 180 cm−1 with the full width 
at half-maximum (FWHM) of approximate 50 cm−1, which is 
associated with a second-order scattering process.[6] When N1 is 
covered by graphene, the Raman spectrum exhibits “sum” peak 
features of N1 and graphene, which is a normal signature of the 
heterostructures.

To determine the exact CDW transition temperatures in our 
graphene/NbSe2 system, the temperature dependent variations 
in Raman spectra were utilized due to the strong optical sig-
natures of CDW phase transitions. We fitted the prominent 
Raman peaks of both 2H-NbSe2 and graphene by Lorentz func-
tion. As apparent from Figure 2a, the FWHM of A1g mode from 
N1 initially increases upon cooling and reaches its maximum 
when the temperature comes close to 150 K. However, the 
linewidth in reverse decreases with the continuative cooling. 
Notably, the critical temperature of 150 K coincides with the 
CDW transition temperature determined by the soft mode 
(Supporting Information). Figure 2b shows the FWHM of A1g 
mode taken from the capped 2H-NbSe2 layer of GN1. Interest-
ingly, the maximum linewidth takes place at the temperature 
of 120 K, which is also in agreement with the evolution of soft 
mode, suggesting a lower CDW phase transition temperature 
at about 120 K when the single layer graphene is introduced 

Figure 2. CDW transition temperatures of graphene/NbSe2 heterostructures. a,b)The linewidth of A1g mode at various temperatures from the thinnest 
part of N1 (a) and the corresponding heterostructures of GN1 (b). c) Positions of graphene 2D band as a function of temperature. d) The CDW transi-
tion temperatures from the pristine and capped 2H-NbSe2 films. The error bars are estimated from the fitting uncertainties.
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onto the thinnest 2H-NbSe2 film indicated as GN1 in this work. 
It seems that the CDW order in 2H-NbSe2 film is considerably 
suppressed by the top graphene layer. It is well known that the 
electron-phonon coupling plays a significant role in contribu-
tion to the phonon linewidth.[31] Our results reveal that the A1g 
mode of 2H-NbSe2 couples more tightly with electrons, and the 
alteration in the A1g linewidth is a consequence of the CDW 
states related electron-phonon coupling. Indeed, a straightfor-
ward and accurate approach is established to experimentally 
determine the TCDW of 2H-NbSe2. Moreover, the CDW transi-
tion temperatures for other parts with different thicknesses in 
our graphene/NbSe2 heterostructures were identified in the 
same manner (Figures S2 and S3, Supporting Information). 
The uncovered 2H-NbSe2 layers always have higher TCDW than 
those of  the  corresponding heterostructures, although all the 
CDW phase transition temperatures shift towards lower values 
upon increasing the thickness of 2H-NbSe2 layer. The thickness 
dependent TCDW realizes that the major mechanism for CDW 
states in atomically thin 2H-NbSe2 is most likely attributed to 
the strong electron-phonon coupling.[6]

For the single-layer graphene, the fitting results of 2D band 
are summarized in Figure  2c due to the weak features of G 
band. The frequencies of 2D band follow a drastically redshift 
with the increasing temperature, arising from the anharmonic 
terms in the lattice potential energy.[32] Importantly, we found 
that the evolution of peak frequency as a function of temper-
ature was not a linear progress, exhibiting evident kinks at 
around 120, 110, and 80 K for GN1, GN2, and GN3, respectively. 
All these temperatures at which the kinks occur are well coin-
cident with the CDW transition temperatures. Since the posi-
tions of 2D Raman peak can be modified by electrical doping 
through electron-phonon coupling,[33] the carrier density of 
single layer graphene may be modulated by the charge transfer 
between the heterostructures. The CDW transition tempera-
tures from the various areas of heterostructures extracted using 
different criteria are listed in Table S1 (Supporting Information) 
and described in Figure 2d. The disparity of TCDW between the 
intrinsic and capped 2H-NbSe2 films becomes smaller and 
smaller with increasing the thickness of 2H-NbSe2 layers, and 
almost vanishes in thick samples.

The low temperature STM measurements were also carried 
out to analyze the CDW orders and interlayer coupling in the gra-
phene/NbSe2 systems. Figure 3 illustrates the STM/STS images 
with resolution of atomic level taken on the graphene/NbSe2 
heterostructures at a temperature of 77.8 K. Figure  3a shows a 
standard STM and corresponding 2D-Fouirer (FT) transform 
images at an isolated bulk 2H-NbSe2. It exhibits a typical metal 
phase at low temperature, in which the surface selenium atoms 
form a hexagonal lattice to display a 1  × 1 surface with lattice 
spacing of 3.44 Å. Although some Se defects or interstitials are 
visible, the density of such defects is very low, which indicates a 
best crystals preparation. When we move STM tip to image the 
thick area of 2H-NbSe2 (N3 labeled in Figure 1b), there appears 
a perfect long-range incommensurate (3 × 3) charge-ordered 
CDW phase, as shown in Figure 3b. Here, it is clearly confirmed 
that a CDW phase transition happens depending on the flake 
thickness, which is a good agreement with the previous obser-
vation that CDW phase transition temperatures shift towards 
lower values upon increasing the thickness of 2H-NbSe2 layers.

Moreover, for the purpose of exploring the effect of single 
layer graphene, we have imaged the combined junction 
between the pure graphene layer and the graphene/NbSe2 het-
erostructure (marked as G and GN3 areas in Figure 1b). After 
stacking a single layer graphene on the 2H-NbSe2 flake, the 
atom-resolved STM images were taken at GN3 area, where 
the thickness of 2H-NbSe2 is the same as N3 area. Figure  3c 
is a topographic image of graphene/NbSe2 heterostructure. The 
graphene domain and graphene/NbSe2 heterostructure domain 
are separated by an obvious grain boundary, which indicates 
that the fabricated graphene/NbSe2 heterostructure is of very 
high quality. In Figure  3d, the underneath 2H-NbSe2 flake of 
GN3 area was imaged unambiguously after changing the tun-
neling condition. In contrast to the 2H-NbSe2 flake of N3 area, 
the long-range ordered CDW state of 2H-NbSe2 were broken 
into many short-range ordered patches after introducing the 
graphene top layer. The random CDW domains incredibly 
resemble the phenomena that were observed in 2H-NbSe2 
crystals intercalated with metal atoms.[34] The results of STM 
measurements confirm that the CDW phase transition tem-
perature was lowered and the CDW phase coherence was sup-
pressed after covering a graphene layer. Figure  3e shows a 
perfect hexagonal atomic structure of the top layer graphene 
from GN3 area. The STS dI/dV spectrum taken on the top 
graphene layer is shown in Figure  3f. A gap-like feature was 
observed in the tunneling conductance spectrum, leading to 
the asymmetry of spectrum about the Femi energy (EF). This 
local conductance minimum can be attributed to the inelastic 
tunneling to the Dirac point (ED) of graphene, which is also a 
minimum in the density of states, and has been identified as 
the Dirac point.[35–38] Remarkably, the dI/dV spectrum exhibits 
the Dirac point of top graphene layer shifted to a positive value, 
which agrees well with the previous reports of single layer gra-
phene on negative gate voltage.[35,36] Such Dirac point located 
at approximately +0.3  V unambiguously manifests a strong 
p-type doping by the bottom 2H-NbSe2 layer. In consequence, 
it seems that the interplay of charge transfer occurred between 
the single layer graphene and 2H-NbSe2 layers, which has a sig-
nificant impact on the CDW instabilities.

The prominent suppression of CDW orders observed in 
our experiments may result from multiple factors, such as the 
charge transfer or the perpendicular dipole fields in the hetero-
structure system, whereby the dimensionless electron-phonon 
interaction strength (i.e., electron phonon coupling constant or 
density of states effect) is being modified. According to the pre-
vious first-principles simulations, higher magnitudes of electric  
field were observed inside thinner graphene/MoS2 heterostruc-
tures (1L MoS2) rather than thicker ones (3L MoS2).[39] The  
effect of the dipole field should mostly affect the layers close to 
the interface but diminishes for layers away from the interface. 
In our work, the 9.6-nm-thick 2H-NbSe2 layer (≈12L) still exhib-
ited remarkable decrease in CDW phase transition temperature 
by 20 K when capped by a single layer graphene. Therefore, the 
dipole field is not likely to be the main reason for the observed 
suppression effect. On the other hand, there could be a sizable 
charge transfer between graphene and NbSe2 due to their dif-
ferent work functions. Work function is an important quantity 
to describe the surface properties of a material. It plays a vital 
role in charge transfer at the interfaces when two different 
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materials are contacting together. In 2D system, charge transfer 
is the most common interlayer coupling since the layered struc-
ture of 2D materials makes it possible to fabricate various het-
erostructures. The work function of 2H-NbSe2 crystals has been 
estimated as 5.9 eV experimentally,[40] while the single layer gra-
phene is reported to have the work function in a range of 4.6 eV 
by previous studies.[41–43] Hence, the electrons are more likely to 
transfer from graphene to 2H-NbSe2 layers when TMD is cov-
ered by a proximal graphene.

To verify the direction of charge transfer in our heterostruc-
tures, the frequencies of graphene Raman peaks were analyzed 
by Lorentz fitting. It has been well identified in top-gated gra-
phene transistor that the positions of both G band and 2D band 
are highly sensitive to the electron or hole doping.[44,45] Specifi-
cally, the behavior of G band position exhibits blue-shift when 

the single layer graphene is doped by either holes or electrons, 
whereas the 2D band softens for electron doping and shows dis-
tinct stiffening for hole doping. As a result, the frequencies of 
2D band take the responsibility to confirm the charge transfer 
direction. Figure S4 (Supporting Information) summarizes the 
2D band positions from both pure graphene and heterostruc-
tures at various temperatures. Obviously, the 2D band of all the 
heterostructures displays a remarkable blue-shift compared to 
that of pure single layer graphene, which clearly demonstrates 
the p-type doping of graphene when stacked on the 2H-NbSe2 
layers.

The experimental results presented above provide a strong 
evidence that the electrons transfer from the top layer graphene 
to the bottom 2H-NbSe2 layer. To further support our pro-
posed physical picture, we have performed the first-principles  

Figure 3. STM/STS images of graphene/2H-NbSe2 heterostructures at the temperature of 77.8 K. a,b) The STM images of the isolated bulk 2H-NbSe2 
(a) and the thick 2H-NbSe2 sample indicated as the N3 area (b). The insets show the corresponding 2D-FT transform images. c) STM image from the 
interface between graphene and GN3 area. d) Close examination of STM image from GN3 area. The random CDW superlattice indicates the distinct 
suppression of CDW state due to the upper graphene layer. e,f) STM (e) and STS (f) images of the top layer graphene from GN3. The arrow represents 
the position of the Dirac point ED. Tunneling parameters: V = 0.8 V, I = 500 pA, P = 3.3 × 10−11 mbar.
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calculations on the charge transfer between graphene and 
NbSe2 substrate, and its effect on the CDW state. The graphene 
on NbSe2 heterostructure is modeled by taking a graphene 
monolayer with a 4 × 4 supercell slightly stretched to match 
the NbSe2 substrate with a 3 × 3 supercell (which is based on 
the observed CDW pattern). Here, it should be noted that the 
strain imposed on the graphene layer (to match the substrate) 
may influence the charge transfer, as reported in previous 
works.[46–48] Nevertheless, we find that the small tensile strain 
on graphene actually increases its work function and hence 
would lead to underestimation of the amount of charge transfer, 
compared to the unstrained case. Therefore, our calculation 
is expected to capture the physics in a qualitative way. Due 
to computational capability, we model the substrate by three 
layers of NbSe2. Our calculation shows that there are about 
0.1 electrons per supercell transferred from the graphene layer 
to the NbSe2 substrate, as illustrated in Figure 4a. To investi-
gate the effect of the electron transfer on the CDW state, we 
compare the degrees of lattice distortions associated with CDW 
for the two cases with and without electron doping in NbSe2. 
We fully relax the ionic position of NbSe2. Without doping, in a  
3 × 3 supercell of NbSe2, the lattice is distorted due to CDW, with 
the Nb ions displaced as shown in Figure 4b. Here, the Nb–Nb 
atom distance is changed by about 1.74% compared with the lat-
tice before relaxation. The distortion is alleviated after doping 
electrons to the structure. For example, when two electrons 
are doped for a supercell, the lattice distortion in the Nb–Nb 
distance is reduced to 0.186%. This indicates that the electron 
transfer has the effect of suppressing the CDW state of NbSe2, 
which is qualitatively consistent with our experiment results. 
As a canonical hole metal, the electron doping could dramati-
cally decrease the hole density of 2H-NbSe2, the carrier den-
sity and the electronic density of state near the Fermi surface 

as a consequence modulate the electron–phonon coupling,[8] 
resulting in the suppression of CDW transitions.

In summary, we investigated and visualized the anomalous 
CDW states in graphene/NbSe2 heterostructures. Firstly, in situ 
low temperature Raman spectroscopy demonstrates that the 
top layer graphene lowers the CDW transition temperature of 
2H-NbSe2. For the first time, the STM images exhibit a broken 
short range CDW order on the capped 2H-NbSe2 layer. First-
principles calculations of the CDW orders in graphene/NbSe2 
heterostructures indicate that the suppression of CDW states 
can be attributed to the interlayer charge transfer between the 
single layer graphene and 2H-NbSe2 layers. Our work suggests 
a more forthright and versatile method to monitor the CDW 
transitions in 2H-NbSe2, which could be expanded in analo-
gous CDW conductors. The findings of short-range order CDW 
states open up a new area to explore the collective electronic 
phases and enrich the basic understanding of CDW states in 
multiple heterostructures.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. First-principles calculations on graphene/2H-NbSe2 hetero-
structures. a) Charge transfer between graphene and NbSe2 substrate. 
The graphene on NbSe2 heterostructure is modeled by taking a graphene 
monolayer with a 4 × 4 supercell slightly stretched to match the three 
layers NbSe2 substrate with a 3 × 3 supercell. The isosurface level of 
charge density is 0.04 / 0

3e a  (a0: Bohr radius). The arrow represents the 
charge transfer from the graphene to NbSe2. b) Top view of the CDW 
lattice distortion of the three layers NbSe2 with a 3 × 3 supercell. The 
red balls are the Nb ions and the green arrows represent the Nb ions 
displaced direction, the Se ions are not displayed.
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