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ABSTRACT 
Anisotropic two-dimensional (2D) materials exhibit lattice-orientation dependent optical and electrical properties. Carriers doping of such 
materials has been used to modulate their energy band structures for opto-electronic applications. Herein, we show that by stacking monolayer 
rhenium disulfide (ReS2) on a flat gold film, the electrons doping in ReS2 can affect the in-plane anisotropic Raman enhancement of 
molecules adsorbed on ReS2. The change of enhancement factor and the degree of anisotropy in enhancement with layer number are sensitively 
dependent on the doping level of ReS2 by gold, which is further confirmed by Kelvin probe force microscopy (KPFM) measurements. These 
findings could open an avenue for probing anisotropic electronic interactions between molecules and 2D materials with low symmetry using 
Raman enhancement effect. 

KEYWORDS 
ReS2, anisotropy, charge transfer, Raman enhancement, electrons doping 

 

1 Introduction 
Anisotropic two-dimensional (2D) materials, such as black 
phosphorous (BP) [1–3], stannic selenide (SnSe) [4, 5] and rhenium 
disulfide (ReS2) [6–8], have drawn enormous attention due to not 
only their advantageous electrical and optical properties but also 
their unique anisotropy. For example, owing to the different effective 
mass of the electrons and holes, the carrier mobility and conductivity 
along different crystalline axes are different [9, 10]. The optical and 
spectroscopic characteristics, including absorption [11–14], photo-
luminescence [15, 16], and Raman scattering [17–21], are also 
sensitively dependent on the direction of light polarization with 
respect to the crystalline orientation. Such anisotropic properties 
have been extensively studied and are beneficial for polarization- 
dependent optoelectronic detectors [22–27].  

ReS2 is a low-symmetrical 2D crystal with triclinic crystal structure 
where the neighboring Re atoms are linked along the b [010] axis to 
form Re diamond-shape (DS)-chains [6, 28–30]. Unlike vulnerable 
BP, it exhibits good stability in air [31]. It maintains direct bandgap 
from monolayer to bulk [32], and has shown great potential as field 
effect transistors, digital inverters and photodetectors [22, 33, 34]. 
Besides, ReS2 can enhance the Raman scattering of molecules 
adsorbed on the surface, which exhibits anisotropic enhancement 
depending on the lattice orientation of ReS2 [35, 36].  

A number of studies reported the doping of anisotropic 2D 
materials either by heteroatoms [37–39], molecules [40] or another 
2D material [41, 42]. For example, heteroatom doping was performed 
to tune BP from a moderate-gap semiconductor to a band-inverted 
semimetal [38]. The doping from electron-donor and electron-  

acceptor molecules could remarkably affect the electronic and optical 
properties of BP [40]. A chloride molecular doping technique of the 
few-layer WS2 and MoS2 was also reported, which greatly reduced 
the contact resistance in transition metal dichalcogenides (TMDs)- 
based nanoelectronic devices [43]. It was also reported that in BP/ReS2 
van der Waals heterostructures, a highly doped n+/p+ heterojunction 
formed and was used as a negative differential resistance (NDR) 
device [41].  

Herein, we report that by depositing a thin gold film on layered 
ReS2 of different layer numbers, in-plane anisotropic Raman 
enhancement of probing molecules on the surface of ReS2 disappeared 
due to the electrons doping of ReS2 by gold. The enhanced Raman 
scattering of molecules by intrinsic ReS2 was angular dependent 
due to the different charge transfer probabilities between ReS2 and 
molecules oriented along different crystalline directions [35]. However, 
the angular dependence of Raman enhancement disappeared when 
ReS2 was in contact with the gold film, and the enhancement factor 
decreased, indicating isotropic probability of charge transfer between 
molecules and doped monolayer ReS2, that is, the decrease probability 
of charge transfer from highest occupied molecular orbital (HOMO) 
of copper phthalocyanine (CuPc) to the conduction band of  
ReS2 due to the electrons doping by gold. Furthermore, with the 
increasing layer number of ReS2, the angular dependence gradually 
appeared and recovered to that of intrinsic ReS2. Kelvin probe force 
microscopy (KPFM) confirmed the different degree of doping in 
monolayer and few-layer ReS2 on gold. Monolayer ReS2 was also 
transferred onto monolayer graphene, and the decrease of anisotropy 
of Raman enhancement was also observed. 
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2 Results and discussion 
Monolayer ReS2 was prepared by mechanical exfoliation onto a 
clean 300 nm SiO2/Si substrate. Figures 1(a) and 1(b) show the 
optical microscopy (OM) and atomic force microscopy (AFM) 
images. The thickness was measured to be 1.2 nm, corresponding 
to monolayer of ReS2 [44]. CuPc molecules were deposited on the 
sample using thermal vacuum deposition (see the Experimental 
section). The enhanced Raman scattering of CuPc was clearly observed 
in Fig. 1(c), where the enhancement factor was ~ 8 when the laser 
polarization was parallel to b-axis. The dominant enhancement  
of nontotally symmetric modes (B1g modes at 748, 1,343, 1,530 cm−1) 
strongly indicates the occurrence of charge transfer [45]. Angle- 
resolved polarized Raman spectroscopy (ARPRS) was performed 
under parallel polarization configuration to study the polarization 
dependence of the enhanced Raman spectra. As shown in Figs. 1(d)– 
1(h), the Raman intensities of both ReS2 (Fig. 1(d)) and CuPc 
(Fig. 1(e)) change periodically with sample rotation angles, and the 
polar plots of the Raman intensity of both the Ag-like mode of ReS2 

at 212 cm−1 (Fig. 1(f)) and Raman modes of CuPc at 1,450 cm−1 (B2g, 
Fig. 1(g)) and 1,530 cm−1 (B1g, Fig. 1(h)) showed periodicity of 180° 
and 90°, respectively [46–49]. It is also seen that the corresponding 
angle of maximum intensity of ReS2 (212 cm−1) coincides with the 
B1g mode of CuPc at 1,530 cm−1, which indicates that the molecules 
with major axes parallel to the b-axis of ReS2 contributed to the 
majority of Raman enhancement with the highest probability of 
charge transfer [35, 36, 45, 50, 51]. 

By depositing a thin film of gold on ReS2, the doping of electrons 
in ReS2 can lead to charge redistribution, which can be probed  
by the in-plane anisotropic Raman enhancement of ReS2 to CuPc 
molecules. Figure 2 illustrates the preparation of monolayer ReS2 on 
the top of a gold film of 40 nm thickness (see Experimental section). 
Sub-monolayer of CuPc molecules was then deposited on the 
as-prepared sample for Raman measurements.  

Figure 3(a) shows the AFM image of monolayer ReS2 on mica 
substrate. After the deposition of 40 nm Au on ReS2, it is seen that  

 
Figure 1 OM image (a) and AFM image (b) of a monolayer ReS2 flake.      
(c) Raman spectra of CuPc molecules on a 300 nm SiO2/Si substrate with (red) 
and without (black) monolayer ReS2. Angular dependence of the normalized 
Raman spectra of ReS2 (d) and CuPc molecules on ReS2 (e), respectively. (f)–(h) 
Polar plots of the normalized intensities of 212 cm−1 (ReS2, Ag), 1,530 cm−1 
(CuPc, B1g), 1,450 cm−1 (CuPc, B2g) modes as a function of sample rotation angle 
on ReS2. 

 
Figure 2 Schematic illustration of the sample preparation procedure of gold/ 
ReS2/CuPc molecules. 

 
Figure 3 AFM (a) image of a monolayer ReS2 flake with gold film underneath. 
The insert is the optical image of it. (b) Raman spectra of CuPc molecules on a 
Au/300 nm SiO2/Si substrate with (red) and without (black) monolayer ReS2 on 
top. (c) Angular dependence of the normalized Raman spectra of ReS2. (d) Raman 
spectra of CuPc molecules on ReS2. (e)–(h) Polar plots of the normalized intensities 
of 212 cm−1 (ReS2, Ag), 1,530 cm−1 (CuPc, B1g), 1,450 cm−1 (CuPc, B2g) modes as a 
function of sample rotation angle measured on ReS2. 

the surface of the gold film is rather flat with RMS of less than 1 nm 
(Fig. S1 in the Electronic Supplementary Material (ESM)) [52]. ReS2 
on the gold film also exhibited Raman enhancement to CuPc 
molecules, as shown in Fig. 3(b). The black curve shows the Raman 
spectrum of CuPc on gold film, and the intensity was slightly  
lower than that on SiO2/Si substrate (Fig. S2 in the ESM), indicating 
negligible electromagnetic enhancement from gold due to the 
smoothness of the surface [53]. The Raman spectrum of CuPc on 
ReS2 (red curve) shows higher intensity. The enhancement factor 
(the ratio of intensity of CuPc molecules on ReS2/Au/SiO2/Si compared 
with that on Au/SiO2/Si, ~ 2.3) is lower than that on SiO2/Si substrate 
without gold film. This can be attributed to the modulation of energy 
band of ReS2 by gold, and the energy band alignment between ReS2 
and CuPc molecules, which will be discussed later. From the angular 
dependence of Raman spectra of ReS2 in Figs. 3(c) and 3(e), it can 
be inferred that ReS2 remained its crystalline anisotropy, that is, the 
structure of ReS2 was not changed by the deposition of gold. The 
intensity was lower than that on SiO2/Si substrate due to the lack of 
interference enhancement from SiO2. Nevertheless, the polar plot 
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clearly identified the b-axis of ReS2. However, the Raman spectra  
of CuPc did not change with sample rotation angles, as shown in 
Figs. 3(d), 3(f) and 3(g). Neither the absolute intensities nor the 
relative intensities between different modes changed. The polar plots 
in Figs. 3(f) and 3(g) explicitly show circular patterns, in stark contrast 
to Figs. 1(g) and 1(h). 

The electrons doping of ReS2 by gold was evidenced by the change 
of the peak positions and peak widths of the Raman scattering 
(Fig. S3 in the ESM) [54]. All Raman characteristic peaks showed 
slight blueshift owing to the electrons doping [55]. The new peak at 
157.0 cm−1 was attributed to the activation of the infrared-active 
modes due to the breaking of inversion symmetry caused by Au 
deposition, while the peak at 228.4 cm−1 could be attributed to double 
resonance processes involving M- or K-point phonons [56]. The peak 
around 200.0 cm−1 has not been reported and could be an indication 
of strong interaction between S and Au atoms. All the Raman 
characteristic peaks were broadened due to the modulation by gold, 
which is attributed to the injection of electrons in conduction band 
minimum (Ec) of ReS2, which complicates the electron–photon 
interaction in Raman scattering process [57]. 

The doping was found to be layer-number dependent. For a bilayer 
ReS2 on gold film, the Raman enhancement effect also occurred 
with slightly higher enhancement factor, as shown in Fig. 4(a). More 
importantly, Fig. S5 in the ESM showed that the angular dependence 
of the Raman enhancement also appeared but with weak anisotropy. 
With increasing layer number to trilayer (Fig. S6 in the ESM) and 
fewlayer (~ 5 nm) (Fig. S7 in the ESM), the Raman enhancement 
factor increased further (Fig. 4(a)), and the anisotropy became more 
apparent. The degree of anisotropy in enhancement, defined by the 
ratio of maximum and minimum intensities of the vibrational mode 
of CuPc at 1,450 cm−1, is plotted in Fig. 4(b), which shows an increase 
with layer number.  

KPFM measurement was performed to obtain the surface potential 
of ReS2 on gold. The contact potential difference (ΔVCPD) was defined 
as the difference between the substrate and the aluminum-coated 
tip. The tip was calibrated on a highly oriented pyrolytic graphite 
(HOPG) surface (work function 4.6 eV ) [58], and the work functions 
of the tip and the gold surface were found to be 4.816 and 4.647 eV, 
respectively. The Ec, valence band maximum (Ev) and Fermi level 
(Ef) of ReS2 were reported to be −4.05, −6.75 and −4.82 eV [41, 59], 
respectively, so the Fermi level was expected to be slightly lower than 
that of vacuum-deposited gold films [60, 61]. Figure 4(c) exhibits the 
three-dimensional KPFM mapping of the as-prepared ReS2/gold 
heterostructure, and ΔVCPD histograms extracted from the mapping 
image marked by arrow were plotted in Fig. 4(d), which show 160.5 
and 142.4 mV for fewlayer (~ 5 nm) and multilayer (> 10 nm) ReS2 
flakes, respectively. It can be figured that the work function of 
fewlayer ReS2 (4.809 eV, see Experimental section) was lower than 
that of multilayer ReS2 (4.827 eV), and the latter held almost the 
same value as pristine ReS2 [59]. Accordingly, Fig. 4(e) shows the 
energy band structure of ReS2/gold, where electrons transferring 
from the Fermi level of gold to Ec of ReS2 can be seen and leads to 
increased electrons density in Ec. Since the charge transfer occurs 
between the HOMO of CuPc (−5.2 eV) and Ec of ReS2 [62], the 
increase of electrons density in Ec decreased the probability of 
charge transfer from CuPc molecules with major axes parallel to the 
b-axis of ReS2. As a result, the average enhancement factor (~ 2.3 vs. 
~ 8.0 for monolayer ReS2 on gold vs. silica) was decreased, and at the 
same time, the angular dependence also disappeared. The increase of 
work function of ReS2 with increasing layer number also suggested 
energy alignment with CuPc molecules and larger enhancement 
factor. On the other hand, less electrons doping in Ec of ReS2 and 
larger probability of charge transfer led to the increase of degree of 
anisotropy, as shown in Fig. 4(b). This is consistent with the ground- 
state coupling between CuPc molecules and ReS2 [45, 51], as shown 

in Fig. 4(f). 
By replacing gold film with monolayer graphene (schematics in 

Fig. 5(a)), the Raman enhancement of CuPc molecules by ReS2 was 

 
Figure 4 (a) Raman spectra of CuPc molecules on ReS2/gold film/PMMA/300 nm 
SiO2/Si substrate. (b) Degree of anisotropy in enhancement as a function of layer 
numbers of ReS2 on gold film. (c) Three-dimensional KPFM mapping of the 
ReS2/gold heterostructure. Fewlayer and multilayer ReS2 were indicated by green 
and blue arrows, respectively. (d) Histogram distributions of ΔVCPD of fewlayer 
(up) and multilayer (down) ReS2 extracted from the KPFM mapping image. (e) 
Energy band alignments of ReS2 and gold at equilibrium. (f) Energy band 
alignments of CuPc molecules and ReS2. 

 
Figure 5 (a) Schematic cross-sectional view of the graphene/ReS2 contact. (b) 
Polar plots of the normalized intensities of 1,450 cm−1 (CuPc, B2g) modes as a 
function of sample rotation angle measured on ReS2 contact without (left) and 
with (right) graphene. (c) Energy band alignments of ReS2 before and after the 
contact with graphene. 
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also observed with an enhancement factor of 2.8, which is lower 
than that on pure ReS2. The degree of anisotropy of peak 1,450 cm−1 
was found to be 1.6, as shown in Fig. 5(b). The G’ band of graphene 
covered by ReS2 redshifted from 2,695.6 to 2,706.6 cm−1 (Fig. S9(b) 
in the ESM), indicating p-doping by ReS2 [63], i.e., electrons transfer 
from graphene to ReS2. The energy band alignments of graphene and 
ReS2 are shown in Fig. 5(c).The Fermi level of graphene downshifted 
as the charge transfer from graphene to ReS2 occurred. At the same 
time, the electrons doping to Ec of ReS2 also hindered the charge 
transfer from HOMO of CuPc to ReS2 (Fig. 5(a)), so the Raman 
enhancement effect was decreased, and the degree of anisotropy 
was also reduced. 

3 Conclusion 
In-plane anisotropic Raman enhancement effect can be modulated 
and even disappears by the electrons doping of anisotropic 2D ReS2. 
The probability of charge transfer from HOMO of CuPc molecules 
to the conduction band (Ec) of layered ReS2 was reduced due to  
the electrons doping to Ec by gold. Hence, the difference between 
enhancement of molecules with different orientation was diminished 
and the degree of anisotropy in enhancement disappeared. By 
increasing the layer number of ReS2, the degree of anisotropy gradually 
returned to that without gold. KPFM measurements confirmed 
the electrons doping of ReS2. Moreover, graphene was used to replace 
gold film, and the intermediate degree of anisotropy of Raman 
enhancement was observed, indicating a moderate doping level of 
ReS2 by graphene. The results indicate that, carriers doping can 
effectively change the probability of charge transfer between materials 
and molecules, and in-plane anisotropic Raman enhancement of 2D 
materials with low symmetry can sensitively reflect the doping level 
of the materials. 

4 Experimental 

4.1 Sample preparation and characterization 

4.1.1 ReS2/Au heterostructure 

ReS2 was prepared by mechanical exfoliation onto a freshly cleaved 
fluorophlogopite mica substrate. The ReS2 sample was characterized 
by optical microscopy, atom force microscopy and Raman spectroscopy. 
A gold film was then deposited onto ReS2 at a rate of about 0.1 Å/s 
and at a pressure of about 10−3 Pa by vacuum thermal evaporation. 
The typical thickness was around 400 Å. Next, the poly(methyl 
methacrylate) (PMMA) film was then fabricated by spin-coating 
and dried at 170 °C for 3 min. After that, the as-prepared PMMA/ 
Au/ReS2 sample was flipped vertically and transferred onto a SiO2/Si 
(300 nm) substrate. Owing to the hydrophilicity difference of ReS2 
and fluorophlogopite mica, water was used as the etchant to delaminate 
ReS2 monolayer from mica substrate.  

4.1.2 ReS2/graphene heterostructure 

Graphene and ReS2 were prepared by chemical vapor deposition, 
and transferred to a SiO2/Si (300 nm) substrate one by one. After 
that, the as-prepared ReS2/graphene heterostructure was annealed 
in a 300 standard-state cubic centimeter per minute (sccm) Ar and 
50 sccm H2 atmosphere at 300 °C for 1 h.  

4.1.3 Deposition of CuPc molecules 

CuPc molecules were deposited on the substrate by a standard 
thermal evaporator. The base pressure for deposition was about 
10−3 Pa. The evaporation current was about 66 A. The deposition 
thickness of the CuPc molecule was monitored by using a quartz 
crystal monitor. The typical thickness was around 3 Å. 

4.2 Raman measurements 

The Raman measurement was carried out using a Horiba-Jobin Yvon 
system with a 632.8 nm He−Ne laser line. The laser power was 
around 1 mW on the sample and a 100× objective was used to focus 
the laser. The size of the laser spot on the sample was around 1 μm2. 
The exposure time for a Raman spectrum was 10 s. To study the 
polarization dependence of the enhanced Raman spectra, ARPRS was 
performed under parallel polarization configuration (the polarization 
of the incident laser parallel to that of the scattered light). The 
Raman peaks were fitted by a Lorenzian-Gaussion function using the 
LabSpec software to obtain the Raman peak positions, intensities 
and full widths at the half-maximum.  

4.3 KPFM measurements 

The KPFM measurement was carried out using Bruker Dimension 
Icon system, and the KPFM tip (aluminum (Al)-coated Si tip) was 
calibrated on a HOPG surface (work function 4.6 eV), and the work 
functions of the tip and the gold surface were found to be 4.816 and 
4.647 eV, respectively. The average ΔVCPD values on the gold film, 
fewlayer and multilayer ReS2 flakes were obtained at 322.3, 160.5 and 
142.4 mV, respectively. Since ΔVCPD is the difference in the work 
function between the KPFM tip and the sample, the work function 
values of the BP and ReS2 can be calculated using the following 
equation:  S tip CPDΔV= - , where S  and tip  are the work 
functions of the samples (ReS2) and the KPFM tip, respectively. 
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