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ABSTRACT: Raman enhancement on a flat nonmetallic
surface has attracted increasing attention, ever since the
discovery of graphene enhanced Raman scattering. Recently,
diverse two-dimensional layered materials have been applied as
a flat surface for the Raman enhancement, attributed to
different mechanisms. Looking beyond these isolated materi-
als, atomic layers can be reassembled to design a
heterostructure stacked layer by layer with an arbitrary chosen
sequence, which allows the flow of charge carriers between
neighboring layers and offers novel functionalities. Here, we
demonstrate the heterostructure as a novel Raman enhancement platform. The WSe2 (W) monolayer and graphene (G) were
stacked together to form a heterostructure with an area of 10 mm × 10 mm. Heterostructures with different stacked structuress
are used as platforms for the enhanced Raman scattering, including G/W, W/G, G/W/G/W, and W/G/G/W. On the surface of
the heterostructure, the intensity of the Raman scattering is much stronger compared with isolated layers, using the copper
phthalocyanine (CuPc) molecule as a probe. It is found that the Raman enhancement effect on heterostructures depends on
stacked methods. Phonon modes of CuPc have the strongest enhancement on G/W. W/G and W/G/G/W have a stronger
enhancement than that on the isolated WSe2 monolayer, while lower than the graphene monolayer. The G/W/G/W/substrate
demonstrated a comparable Raman enhancement effect than the G/W/substrate. These differences are due to the different
interlayer couplings in heterostructures related to electron transition probability rates, which are further proved by first-principle
calculations and probe−pump measurements.
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The Raman enhancement effect has attracted continuous
attention in both applied and academic research, due to its

significant values for microanalytical applications and funda-
mental studies of light−matter (or matter−matter) interaction.1

As a type of Raman enhancement technique, surface-enhanced
Raman scattering (SERS) enables the detection of a single
molecule via the excitation of the rough substrate or
nanostructures.2−6 Although SERS is intensively studied,
there are still many controversies regarding the pertinent
enhancement mechanism. Until now, two mechanisms have
been widely accepted for the SERS, the so-called electro-
magnetic mechanism (EM)6 and chemical mechanism (CM).6

(1) EM depends on the enhancement of the local electro-
magnetic fields (surface plasmon excited by the incident light)
around the metallic structures, which is clearly explained in
both theoretical and experimental researches. (2) CM is
induced by the charge transfer between the substrate and the

molecule, which is not well-understood. Compared with CM,
the EM effect needs noble metals as the substrate for SERS,
which has several disadvantages, including extra adsorbates on
the surface due to the catalytic effect and the strong spectral
background.7−11 Nonmetallic materials with the CM effect are
considered as an excellent candidate substrate for SERS to
overcome these disadvantages. Meanwhile, the booming
development of the two-dimensional material also provides
diverse platforms for the studying of CM effect on nonmetal
materials. Since 2010, diverse 2D materials have been reported
as Raman enhancement substrates such as graphene, Si or Ge
nanostructures, hexagonal boron nitride (h-BN), and molybde-
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num disulfide (MoS2), which have different enhancement
mechanisms.12

Due to differences in the mechanisms, diverse 2D materials
have their own merits and demerits. For instance, the graphene
depends on the ground-state charge transfer at the interface,
while the enhancement of the Raman scattering is limited by
the electronic state density of graphene.13,14 The transition
metal dichalcogenides (TMD) with three atomic layers has a
more complex band structure and abundant electronic states.
But, the intensity of the Raman scattering is weak due to the
cooperation of both the ground-state charge transfer and the
dipole−dipole coupling.12 The heterostructure provides a
potential solution for the mutual complementarity of different
2D materials.15,16

The heterostructure is assembled by stacking different 2D
crystals on the top of each other.17 Layered 2D materials are
held together via the van der Waals force, allowing the
interlayer electronic tunneling.18 Designing the sequence of
stacked layers, the electronic band structure can be artificially
built, offering 2D heterostructure unique chemical or physical
functionalities, including enhanced saturable absorption,19

ultrafast photoresponse,20 and photoluminescence.21 As the
CM effect strongly relies on the electronic structure of the
substrate, it could be predicted that the heterostructure with
artificially designed sequence can bring in new phenomenon for
the SERS.
In this work, we demonstrate the graphene-based hetero-

structure as an efficient platform for SERS. CuPc is used as the
probe molecule, due to its strong Raman scattering. The
heterostructure was constructed by the monolayer graphene
and WSe2 (tungsten-based dichalcogenide) with an artificial
sequence. Compared with the monolayer platform, the
heterostructure was proved to have stronger SRES. As the
interlayer coupling in the heterostructure increases the
electronic state density of the 2D material on the surface, it
meanwhile increases the electronic transition probability at the
contact surface of the CuPc molecule and consequently
enhances the CM effect of the heterostructure. Our work
proposes the heterostructure as a novel platform for both study
and application of the CM effect of SERS.
We produced graphene and WSe2 monolayers with

dimensions of 10 mm × 10 mm by chemical vapor deposition
on the copper and aluminum oxide (Al2O3) wafers, separately.
The heterostructure was built by the wet-chemical transfer
technique via putting graphene and the WSe2 monolayer on the
top of each other. As monolayers (graphene and WSe2) were
mechanically stacked together on the Al2O3 wafer, there are
ripples and corrugations on the transferred monolayer, and
layers are not tightly attached with each other. The measured
interlayer distance of the as-prepared heterostructure is ∼4 nm.
To compact the as-prepared heterostructure, each sample used
in this work was irradiated by the carbon ion beam with the
energy of 6 MeV and the fluence of 1 × 1013 ions/cm2. The ion
beam irradiation has recently been proved to be an efficient
technique to tailor the properties of 2D materials for diverse
purposes (see Part I in Supporting Information, SI).
Figure 1a shows the atomic force microscope (AFM)

topographic data of the heterostructure with the graphene on
the top of WSe2 (G/W). The measured thicknesses of the G/W
heterostructure and WSe2 were 1.4 and 0.7 nm, indicating the
interlayer distance of 0.4 nm referred to the monolayer
thickness of graphene (0.3 nm). The Raman spectrum of the
heterostructure was used to characterize the quality of the

stacked layers within the range of 100−400 nm (WSe2) and
1000−3000 nm (graphene). As displayed in Figure 1b, the
WSe2 monolayer has the bandwidth (W) of 7.7 cm−1 and the
position of the Raman peak at 252.6 nm, accordance with the
intrinsic structure of WSe2.

22 For graphene, the intensity ratio
of G and 2D peaks is 0.4 (IG/I2D), demonstrating the
monolayer of graphene.23,24 Besides, the tiny intensity ratio
of D and G peaks indicates the low density of the zero-
dimensional point-like defects in graphene. These measure-
ments prove that the intrinsic structures of graphene and WSe2
are well-preserved after the wet-chemical transfer and the
carbon ion irradiation. Figure 1c displays the high-resolution
transmission electron microscopy (HRTEM) image of G/W
heterostructure at the boundary region between monolayer
WSe2 and G/W bilayer. As the WSe2 and graphene have the
lattice mismatching, the heterostructure lattice forms a Moire ́
pattern.
CuPc molecules were deposited onto the Al2O3 substrate, G/

W heterostructure, WSe2 (W) monolayer, and graphene (G)
monolayer, respectively, by the Langmuir−Blodgett (LB)
technique (Figure 2a). The characterization of the CuPc LB
film is shown in Part II of the SI. Figure 2b shows the
comparison of the Ramen scattering of the CuPc LB film, using
the 632.8 nm laser as the excitation light with the power of 8
mW and exposure time of 2 s. On platforms of G, W, and G/W,
SERS of the CuPc molecule was observed. Their enhancement
factors were calculated by comparing their Raman intensity
with the one on the Al2O3 substrate. For 1528.3 cm−1 mode,
the enhancement factor of G, W, and G/W are 4.7, 9.9, and
28.6, respectively. Obviously, the G/W has the largest
enhancement factor, even larger than the sum of G and W.
Figure 2c shows the Raman mapping at the peak of 1528.3
cm−1, with the 632 nm laser as the excitation light. We further
confirmed this enhancement phenomenon on these substrates

Figure 1. (a) AFM topographic image of the heterostructure with
graphene on the top of WSe2 (G/W). The inset is the thickness along
the red dashed line. (b) Raman spectrum of the G/W heterostructure.
(c) HRTEM image of a boundary region of the WSe2 monolayer and
the G/W heterostructure, showing the Moire ́ pattern.
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by using the 4ATP as a probe and the 632.8 nm laser as the
excitation light (see Part III in the SI).
To exclude the influence from the Al2O3 substrate, we carried

out the same experiments on the suspend G/W. The
suspension sample was fabricated by transferring graphene
and WSe2 monolayer onto the surface of a transmission
electron microscopy (TEM) grid. Figure 3a displayed a
comparison of the Raman spectra of the CuPc from the G/
W with the Al2O3 substrate and the suspended G/W,
respectively. The enhancement is similar to each other,
demonstrating that the enhancement effect is an intrinsic
property of 2D materials. Table 1 lists all intensity peaks of the
CuPc Raman modes on different substrates. Raman upshifts
(679.5, 739.8, 1140.4, 1172.6, 1340.9, and 1367.9 cm−1) and
downshifts (1109.2, 1310.6, 1456.2, and 1531.5 cm−1) were
observed on 2D materials relative to the one on Al2O3
substrate. It indicates there is a tight contact of CuPc molecule
with 2D materials, where a vibrational coupling occurs between
the molecule and 2D materials. Besides, all vibrational modes of
CuPc have an enhancement with different enhancement factors,
which vary over a wide range from 1.6 to 78.2 due to different
chemical enhancement effects. The CuPc molecule has the
largest enhancement for the 1107 cm−1 mode, which is about
78.2 times on G/W and 27.7 (4.2) times on G (W). In the
following, we will explore the mechanism for this enhanced

SRES on G/W, through the comparison of the mechanisms for
graphene and WSe2.
The Raman scattering enhancements of the graphene and

WSe2 monolayers are explained by the enhanced charge
transfer (CM effect of the SERS) between the 2D material
and CuPc molecules.12 The electron transition probability rate
between materials can be expressed as below, according to
Fermi’s golden rule:

π=
ℏ

| ′ |w g E H
2

( )lk k kl
2

(1)

where the g(Ek) is the density of states and H′kl is the matrix
element for the LUMO−HOMO transition. As graphene has a
zero-band gap, there are numerical electron states around the
HOMO (highest-occupied molecular orbital) and the LUMO
(lowest-unoccupied molecular orbital) levels of the CuPc
molecule. The contact of the molecule and graphene will
increase the electronic density of states (g(Ek)) and
consequently increase the electron transition probability rate
according to eq 1. On the interface of the CuPc molecule and
WSe2, there are both interface dipole interactions (due to the
W−Se bond) and the electronic transition. The dipole
interaction can result in a local symmetryrlated perturbation,
which increases the matrix element H′kl. However, both the
electronic transition and the dipole interaction are weak, as the

Figure 2. (a) Schematic illustration of the measurement procedure
and prepared samples including graphene, WSe2, and G/W
heterostructure. (b) Raman spectra of the CuPc molecule on the
substrates of the Al2O3 wafer (black solid line), WSe2 (red solid line),
graphene (blue solid line), and G/W (cyan solid line). (c) The optical
image of G/W and the Raman mapping image for the CuPc molecule
at 1528.3 cm−1.

Figure 3. (a) Raman spectra of the CuPc molecule on the G/W (cyan
solid line) and suspended G/W (magenta solid line). The inset is the
microscope graph of the suspended G/W. (b) Electronic band
structure and DOS of G/W. The inset is the charge density difference
isosurface. (c) Schematic diagram showing electronic transitions in the
G/W heterostructure. (d) The measured time-resolved differential
reflection of the probe pulse from graphene, WSe2, and G/W.
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WSe2 is a semiconductor and a weak polar material (as WSe2
has three atomic layers with tungsten atoms in the center layer
and selenium atoms on the outside layers). Therefore, the
observed surface-enhanced Raman scattering is weak on the
WSe2 monolayer.
On the G/W, the CuPc molecule has the same surface

interaction compared with graphene. However, the electronic
state density of graphene is changed by the WSe2 monolayer
through the interlayer coupling. To demonstrate the variation
of the electronic state density, we calculated the electronic
structure of G/W by the density function theory (DFT) via the
Vienna ab initio simulation package known as the VASP
code,25−27 and the electronic−ion interaction was described by
the projector augmented wave method (PAW).28,29

The equilibrium distance between graphene and WSe2 is
determined to be 0.3 nm, which is close to the one measured in
Figure 1a, indicating the optimized combination of graphene
and the WSe2 monolayer after the carbon ion irradiation. The
calculated electronic band structure and projected density of
states (PDOS) of this heterostructure are shown in Figure 3b,
in which WSe2 is insulated by graphene, and their electronic
structure is similar to the overlapping of isolated monolayers.
However, there are two aspects should be noticed. (1) G/W
heterostructure has wave functions located in both graphene
and WSe2, allowing the electronic tunneling between
neighbored layers (inset in Figure 3b). As a result, the
electronic state density of graphene is increased due to the
coupling with WSe2 and finally increases the electronic density
of states (g(Ek)) on the interface of the molecule and graphene.
(2) At the K point, the interaction between graphene and WSe2
opens a tiny gap, tuning the graphene to a semiconducting with
a direct gap. But this narrow fundamental gap is too small to
affect the energy matching between energy levels of CuPc
molecules and the Fermi level of graphene, indicating a little
negative influence on the charge transfer. Therefore, the
enhancement factor on the surface of G/W heterostructure is
intrigued by the enriched electronic state density, due to the
interlayer coupling in the heterostructure. Figure 3c shows the
schematic diagram of electronic transitions in the G/W
heterostructure.
The above analysis is further supported by the probe−pump

measurement, which can present the charge transfer at van der
Waals interfaces. During the measurement, the differential
reflection induced by the photoexcited carriers was monitored
via the time-resolved differential reflection (ΔR/R0) of the
probe pulse by a mode-locked Yb:KGW based fiber laser (190

fs, 512 nm, 20 Hz) with the same setup in ref 29. Under the
same conditions, differential reflections of graphene, WSe2, and
G/W are measured (Figure 3d). In the individual monolayer,
the magnitude of the peak signal of graphene (0.34 × 10−2) was
almost one tenth of the WSe2 (3.8 × 10−2). Meanwhile, in G/
W, the magnitude is 1.4 times higher than the sum of
individuals, and the single-exponential decay time is 5 ps, which
is close to graphene (5 ps) and much shorter than WSe2 (150
ps). These observations imply there is the interlayer coupling
between the graphene and WSe2. In respect to the isolated
graphene/WSe2, the heterostructure exhibits a stronger
electronic density states and faster charge transfer effect.
The function of the heterostructure depends on the stacking

types of 2D materials, including the number and the sequence
of layers. In the following, we discuss the influence of the
stacked way to the Raman enhancement. In Figure 4a, the

WSe2 monolayer was put on the top of graphene (W/G), and
the CuPc was added on the surface of the WSe2 monolayer.
The Raman spectrum from W/G is much lower than the one
on G/W heterostructure and slightly higher than the WSe2
monolayer (Figure 4b). G/W and W/G have the same
composition, except for the interface with the CuPc molecule.
We believe that the difference of SERS is induced by the
layered material at the interface. For the WSe2 monolayer, both
the electronic transition and the dipole interaction are low,
leading to a weak SERS. The graphene on the bottom may
increase the electronic transition of the WSe2 and enhances the
SERS on the surface of WSe2. But the increase of the electronic
transition is limited by the efficiency of the interlayer coupling
and is not stronger than the graphene itself. As the result, the
SERS from W/G is lower than the graphene monolayer.

Table 1. Enhancement Factor of CuPc Raman Modes on Different Substrates

ωsub
(cm−1)

ωW
(cm−1)

ωG
(cm−1)

ωG/W/Al2O3
(cm−1) EFW EFG EFG/W/Al2O3 mode assignment

679.5 679.5 680.7 680.7 3.9 26.4 51.4 B1g, in plane full symmetric nonmetal bound N−M stretch and outer ring
739.8 748.1 748.1 748.1 3.3 12.9 43.6 stretches
1109.2 1107.0 1108.1 1107.0 4.2 27.7 78.2 A1g, in plane full symmetric N−M stretch
1140.4 1141.5 1142 1142.6 1.6 5.5 20.0 A1g, in plane symmetric N−M−N bend
1172.6 1198.0 1196.9 1195.8 2.7 18.5 49.7 B2g, in plane ring symmetric and outer rings breathing
1310.6 1306.3 1306.3 1306.3 4.7 29.1 77.6 A2g

1340.9 1342.0 1340.9 1340.9 3.0 10.1 23 B2g

1367.9 1367.9 1369 1368.9 0.18 2.8 3.8 B2g, in plane symmetric outer ring rotation
1456.2 1450.8 1453 1451.9 2.5 13.2 32.4 B1g, in plane full symmetric N−C stretch and ring C−C stretch
1531.5 1529.4 1528.3 1528.3 4.7 9.9 28.6 B2g, in plane ring symmetric outer ring C−C stretch

aω is the Raman shift of the CuPc molecule on the Al2O3 substrate, W/Al2O3, G/Al2O3, and G/W/Al2O3, respectively. EFSubstrate is the intensity ratio
of Raman signals on different substrates.

Figure 4. (a) Schematic illustration of the measurement procedure.
(b) Raman spectrum of the CuPc molecule on the substrate of W/G
(orange solid line). Raman spectra from G/W (cyan, yellow dashed
lines) and WSe2 (red dotted line) are shown as references.
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Figure 5a shows the interval stacked four-layer hetero-
structure (G/W/G/W) with graphene on the top. In this
configuration, the electronic structure is similar to G/W, in
which the linear dispersion bands of graphene has a tiny gap at
the K point and coupling states are discovered between layers
(Figure 5b). However, the Raman scattering of the CuPc
molecule from G/W/G/W is similar to the one on G/W
(Figure 5c). We speculate that the charge transfer between
interval layers is much weaker than the neighbor layers and the
Raman enhancement is hardly affected by the charge transfer
from 2D materials far away from the surface.
Figure 5d shows a heterostructure stacked to a sandwich

structure with two graphene layers in the center and WSe2
layers on the outside (W/G/G/W). The electronic structure of
W/G/G/W has a bigger direct bandgap between K and M
points compared with W/G, resulting in a lower Fermi level in
W/G/G/W (Figure 5e). Meanwhile, the electron density of
W/G/G/W is larger than W/G, increasing the electron
transition probability rate and enhancing Raman scattering.
As shown in Figure 5f, the Raman enhancement is stronger on
W/G/G/W than the one on W/G.
Several trends can be summarized based on previous

experimental results. (1) Interlayer interactions in the
heterostructure enhance the Raman scattering on the surface
via increasing the charge transfer at the interface. The
magnitude of the enhancement fact depends on the 2D
material on the top. (2) The Raman enhancement of the
heterostructure is a surface effect. The heterostructure with
more than two layers has a little impact on the enhancement of
the charge transfer, resulting in the similar performance of the
Raman enhancement with the bilayer heterostructure.
In this work, we propose the graphene based heterostructure

as a novel platform for the surface Raman enhancement. Via
carbon ion irradiation, the interlayer distance of the
heterostructure was decreased from ∼4 nm to ∼0.4 nm to
reach the optimized combination of graphene and the WSe2
monolayer. The interlayer coupling between layers enhances
the Raman scattering of the CuPc molecule on the surface of
the heterostructure. Furthermore, we discussed the influence of

the stacking sequence to the Raman enhancement. It was found
that the SERS intensity is a surface effect, whereas the
enhancement factors are close with the heterostructure more
than two layers. The reason for these phenomena was explained
by the first-principles calculation and the probe−pump
measurement. This work proposes a new avenue to enhance
the Raman scattering of the molecule and provides a new
platform for the analysis of the CM effect.

Methods. Sample Preparation. We produced graphene
and WSe2 monolayers by the chemical vapor deposition (CVD)
on copper and Al2O3 wafers with dimensions of 10 mm × 10
mm, respectively. Through the wet-chemistry transfer process,
graphene and WSe2 were stacked together on the substrate of
Al2O3 constituting a heterostructure. Then the heterostructure
was irradiated by 6 MeV carbon (C3+) ions at a fluence of 1 ×
1013 ions/cm2 by a 2 × 1.7 MV tandem accelerator at Peking
University.

Probe−Pump Measurement. We perform probe−pump
measurements with a mode locked Yb:KGW based fiber laser
(190 fs, 515 nm, 20 Hz). The pulse laser was divided into the
pumping and probe beams via a beam splitter. Through a
system of half plate and polarizor, the peak power of the probe
light is set to 8% of the pumping light, to avoid the nonlinear
effect induced by the probe beam. The measurements of the
probe and pumping light are 22 mm and 152 mm, respectively.
A variable delay was put into the pump path, and the variation
of the probe light intensity versus the delay time by an energy
detector was recorded after the pumping light.

DFT Calculations. The electron−ion interaction is described
by a projector augmented wave method (PAW). The energy
cutoff of the plane waves is set to 450 eV with an energy
precision of 10−5 eV. The electron exchange−correlation
function is treated using a generalized gradient approximation
(GGA) in the form proposed by Perdew, Burke, and Ernzerhof
(PBE). The Monkhorst−Pack k-point meshes for the Brillouin
zone (BZ) sampling used in structural optimization and
electronic structure calculations are 3 × 3 × 1 and 5 × 5 ×
1, respectively. A vacuum region up to 15 Å is applied to
exclude the interaction between adjacent images. Both atomic

Figure 5. Panels a and d are the schematic illustration of the measurement procedure. Raman spectra of the CuPc molecule on the substrate of (b)
G/W/G/W (green solid line) and (e) W/G/G/W (orange solid line). Electronic band structure and DOS of (c) G/W/G/W (purple solid line) and
(f) W/G/G/W (magenta solid line). Raman spectra from G/W (cyan solid line) and WSe2 (red solid line) are shown as references.
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positions are fully optimized using the conjugate gradient (CG)
algorithm until the maximum atomic forces are less than 0.001
eV/Å.
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