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Two-dimensional (2D) materials are an excellent platform for surface-enhanced Raman spectroscopy
(SERS). For ReS,, the Raman enhancement effect can be highly improved through the dipole—dipole inter-
actions and synergistic resonance effects in the phase-engineering ReS; films. However, the performance
of the substrate can be improved further through regulating the electronic interaction between the ReS,
and probe molecules. Herein, a dynamic coulomb repulsion strategy is proposed to trigger an electronic
state redistribution by asymmetric electrostatic interactions. With the phase-engineering ReS,/graphene
heterostructure as a prototype, under laser excitation, the generated hot electrons in graphene and ReS;
can repel each other due to Coulomb interaction, which breaks the symmetrical distribution of hot
electrons in ReS,, and increases the electronic concentration at the interface between ReS, and the probe
molecule. With R6G as the probe molecule, the asymmetric electron distribution and synergistic
resonance effects on their interface improve the limit of detection to 107> M with an EF of 2.15 x 108.
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Meanwhile, the heterostructure also shows good uniformity, stability as well as unique anisotropy. This
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Introduction

Surface-enhanced Raman spectroscopy (SERS), which depends
on the electromagnetic mechanism (EM) and chemical mecha-
nism (CM), is an indispensable candidate method for detecting
molecules with extremely high sensitivity, and intensively
applied in cross-disciplinary fields including chemistry, biol-
ogy, agriculture and archaeology."™ The EM is attributed to the
local electromagnetic fields augmented by local surface plas-
mon resonance (LSPR) with superior SERS performance, while
the CM is mainly induced by the charge transfer associated
with complementary effects, say, molecule resonance, exciton
resonance, Mie resonance,’ etc., between the substrate and the
molecule.” " Nevertheless, the practical application of EM-
based noble metal SERS substrates is hindered by poor surface
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strategy can be generalized to other 2D heterostructures to obtain the ultrasensitive SERS substrates.

uniformity, stability and biocompatibility. In contrast, CM-based
semiconducting SERS substrates outstrip the scope of EM-based
materials and have the potential to overcome these deficiencies.”*?
However, compared with the EM, the CM usually suffers from
limited Raman enhancement. Studies have reported that two-
dimensional (2D) atomic materials including graphene'®™® and
transition metal dichalcogenides (TMDs)'”>" are particularly pro-
mising to provide CM enhancement for SERS applications. Espe-
cially, for 2D rhenium disulfide (ReS,), our previous work indicates
that the excitonic emission can be modulated gradually from the
infrared to visible region to achieve ., through the introduction of
the T phase.”” Eventually, the Raman enhancement effect can be
highly improved through the dipole-dipole interactions and syner-
gistic resonance effects in the phase-engineering ReS, (T@Td-ReS,)
films.>® However, it is still necessary to improve the performance of
the substrate further to extend its application.

As mentioned above, the CM depends on the charge transfer
between the substrate and the molecule. The high electron
concentration at the substrate surface can increase the charge
transfer probability and thus enhance the SERS performance.'***
According to Fermi’s golden rule,'® the electron transition prob-
ability rate (wy) is formulated as

2n

To(E)|Hy| (1)

Wik = 7
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where g(E) is the density of states and Hj, is the matrix element
for the LUMO-HOMO transition. Therefore, the increase of the
density of state (DOS) will elevate the charge transfer probability,
and contribute to the prominent Raman enhancement.>*>® Weng
et al. employed Au cluster intercalated bilayer metallic 2H-TaS, as
the SERS substrate, where the DOS on the surface was reinforced
by the overlapped d-d orbitals and p-d orbitals between Ta
and Au, and S and Au, respectively. The metal-like properties
with intrinsic high DOS near the Fermi surface combined
with overlapped wave function synergistically contributed to the
performance of SERS.” Lv et al. introduced Nb and/or Re doped
WSe, and it was theoretically and experimentally verified that the
Nb/Re co-doped substrate possessed an optimized SERS effect due
to the highest DOS facilitating the PICT process. Meanwhile, the
adatoms will expand the energy gap of WSe, to match laser energy,
realizing exciton resonance.** 1T’ semimetal W(Mo)Te, was utilized
by Tao et al. to obtain ultrasensitive SERS performance, featuring
the increased DOS induced by the unique phase structure of
telluride.*® The abovementioned feasible approaches, including
doping, substitution and phase engineering, have inspired
researchers to develop novel methods to obtain high DOS. How-
ever, it is still desirable to develop a simple method to achieve high
DOS for excellent SERS performance.

In this work, a new strategy is utilized to obtain large DOS at
the interface of the probe molecules and ReS, by the symmetry
breaking of the carrier spatial redistribution. Considering that
graphene has prominent electronic properties, high charge
mobility and good chemical inertness,?”° the heterostructure
with the graphene on the bottom of phase-engineering ReS, is
assembled. As shown in Fig. 1, the vertically stacked 2D T@Td-
ReS, and graphene (T@Td-ReS,/G) heterojunction is utilized to
investigate the SERS effect using rhodamine 6G (R6G) as the
probe molecule. When the heterostructure is illuminated by a
laser, the generated hot electrons in graphene and ReS, can
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repel each other due to Coulomb interaction, which breaks the
symmetrical distribution of “hot” electrons in ReS,, results in
the increase of the DOS at the interface of R6G and T@Td-ReS,,
and hence improves the electron transition efficiency to achieve
excellent SERS performance.

Materials and methods
Fabrication of the SERS substrate

The preliminarily synthesized ReS, with a mixed T phase and
Td phase, i.e. T@Td-ReS,, was mechanically exfoliated into
thinner layer films.>® Two new peaks located at 122 cm ™' and
129 cm™ ! justified the introduction of the T phase in ReS,, as
shown in Fig. S1 in the ESL{ Graphene was as well mechani-
cally exfoliated from high oriented pyrolytic graphite (HOPG),
which was purchased from Bruker. Graphene was directly
attached to a 285 nm SiO,/Si wafer. T@Td-ReS, was picked up
by polydimethylsiloxane (PDMS) and subsequently transferred to
graphene using a 2D transferring platform (MetaTest E1) to form
a vertically stacked heterostructure. The layer number of gra-
phene can be strictly determined by the shape of the 2D peak, as
shown in Fig. S2 in the ESLt

Characterization

The thickness of graphene and T@Td-ReS, was estimated by
the color contrast of the individual optical microscopic image
using the objective (Olympus) integrated in a Raman testing
device, and further confirmed by atomic force microscopy
(AFM, Bruker Multimode 8). The contact mode was used to
acquire the AFM image with 0.2 Hz and 512 lines. The effective
contact between graphene and T@Td-ReS, was confirmed by
Raman spectra (Horiba LabRAM HR Evolution) of the hetero-
structure with a 532 nm laser. UV-Vis-NIR absorption spectra
(Shimadzu UV3600) were acquired with the wavelength range of

Fig. 1 Schematic illustration of the SERS enhancement mechanism in a T@Td-ReS,/G heterostructure system.
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200 nm to 1700 nm. The photoluminescence (PL) spectra were
measured on an Edinburgh FLS-920 PL spectrometer, and the
time-resolved PL spectra were also acquired on FLS-920 with a
monochromatic light from a pulse laser.

SERS measurements

Rhodamine 6G (R6G) as well as crystal violet (CV) and methy-
lene blue (MeB) were used as the probe molecules in the
experiment. Probe molecule powder was dispersed in deionized
water and sequentially diluted to 1 x 10" M with the
concentration increment of one order of magnitude. The pre-
pared substrate was dripped by probe molecule solution with
certain concentration and then placed in a vacuum oven where
the temperature was set at 50 centigrade to completely dry it off.
The SERS performance was conducted using a confocal Raman
testing device (Horiba LabRAM HR Evolution) to collect Raman
signals. Raman spectra were acquired using a 532 nm laser with
a confocal diameter of ~700 nm under a x 100 objective lens.
The laser energy was set at 1 mW, and the acquisition time and
accumulation were 10 s and 1 time, respectively. The mapping
mode was also used with the same parameters.

Results and discussion

T@Td-ReS, was successfully transferred on graphene to
form the heterostructure, namely, T@Td-ReS,/G whose optical
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microscope (OM) is shown in Fig. 2a. The thickness of the
T@Td-ReS,/G heterostructure was further confirmed by AFM,
as shown in Fig. 2b-e, with a typical thickness of 0.4 nm and
3.5 nm for underlying graphene and T@Td-ReS,, respectively.
To verify the effective contact between graphene and T@Td-
ReS,, the Raman spectra were recorded as given in Fig. 2f,
where Raman peaks attributed to ReS,, graphene and the SiO,/
Si wafer are distinctly presented. The monolayer graphene was
features the single-peak profile of the 2D peak.’® Noticeably,
as shown in Fig. 2g, the G peak and 2D peak were upshifted by
~5 cm ' and ~25 cm ™', indicating the interlayer coupling
effect between graphene and T@Td-ReS,.>"** As mentioned
above, the “hot” electrons at the interface between graphene
and T@Td-ReS, can repel each other, which leads to the
compression of the graphene lattice.>” The lattice compression
causes phonon hardening and the frequency increase of the
Raman peak. Therefore, the blueshift of the G peak and 2D
peak indicates that the interaction between graphene and
T@Td-ReS, exists indeed.

To investigate the SERS effect of T@Td-ReS,/G, the hetero-
structure was dripped with rhodamine 6G (R6G) water solution
with different concentrations. As shown in Fig. 3a, five Raman
peaks located at 611 cm™ ' (C-C-C ring in-plane bend),
772 em™ ' (C-H out-of-plane bend), 1361 cm ', 1510 cm '
and 1650 cm ™" (aromatic C-C stretching for the last 3 vibra-
tional modes) can be distinctly observed.**** The Raman peak
at 1580 cm ™" belongs to graphene.®® Besides, no Raman peak of
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Fig. 2 Characterization of a T@Td-ReS,/G heterostructure. (a) Optical microscope of the heterostructure. (b) Atomic force microscope of the
heterostructure and (c) selected area indicated in (b). (d) and (e) The height profile of graphene and T@Td ReS, marked by a green arrow in (b) and
(c). (f) Raman spectra of the heterostructure and (g) the upshift of the G peak and 2D peak attributed to graphene (black line: pristine graphene and red

line: graphene in the heterostructure).
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Fig. 3 (a) SERS spectra of R6G molecules adsorbed on T@Td-ReS,/G with the concentration varying from 1 x 1077 M to 1 x 10~ M, where the peak
located at ~1580 cm™1is attributed to graphene. (b) Logarithmic relation of the integrated Raman intensity at 611 cm~* and R6G concentration, and the
corresponding linear fitting curve. (c) and (d) SERS spectra of CV and MeB molecules adsorbed on the heterostructure, respectively, with the LOD both

down to 1 x 10710 M.

R6G was detected on the SiO,/Si wafer at a concentration of
1 x 10~ M other than the intensive fluorescence background,
as shown in Fig. S3 in the ESI.{ The LOD was lowered to 1 X
10" M according to Fig. 3a compared to 1 x 10~° M tested on
T@Td-ReS, in Fig. S4 in the ESI.f Meanwhile, the SERS effect
hardly depends on the layer number of ReS, due to the weak
interlayer coupling.®>>® Furthermore, the curve of intensity at
611 cm™' as a function of probe molecule concentration is
plotted in Fig. 3b, indicating a linear response ranging from
1 x 107> M to 1 x 10~"* M, which enables the feasibility of
quantitative detection in low concentration.*”*® The enhance-
ment factor (EF) at 611 cm ™" and 772 em ™" was also calculated
and given as 2.15 x 10® and 5.59 x 107, respectively. The
detailed EF calculation method has been clarified in the ESIL{
The standard Raman spectra of R6G are presented in Fig. S5 in
the ESI.f Two more probe molecules, i.e. CV and MeB, were
selected to investigate the general enhancement performance
of the substrate. The LODs of CV and MeB were 1 x 10~ '° M, as
shown in Fig. 3c and d, implying the universal application
potential.

Apart from the low LOD and outstanding sensitivity of the
substrate system, homogeneity and stability play essential roles

7346 | Phys. Chem. Chem. Phys., 2024, 26, 7343-7350

in the practical application. Raman mapping was measured to
verify the homogeneity of the T@Td-ReS,/G heterojunction.
The Raman mapping presented in Fig S6b and c (ESIt) visua-
lized the outstanding spatial uniformity of the substrate.
Raman spectra of 50 separate sites inside the marked area
in Fig. Séa in the ESIt were acquired at a concentration of
1 x 10~° M, as shown in Fig. 4a. Two peaks at 611 cm ™" and
772 em™~ " were selected to calculate the relative standard
deviation (RSD) with the values of 6.35% and 11.29%, respec-
tively, as shown in Fig. 4b. Given the low concentration of the
probe molecule, the relatively low signal-noise ratio at 772 cm ™"
resulted in a high RSD compared to that at 611 cm™'. Mean-
while, our system still retained excellent SERS performance
after the exposure to air for 3 months. A robust signal justified
the time reproducibility of our substrate, as shown in Fig. 4c.
The intensity heat map presented in Fig. S6b and c in the ESIf
visualized the spatial uniformity of the substrate. In addition,
our previous works indicate that the Raman enhancement of
the probe molecules is anisotropic due to the angular depen-
dence of the charge distributions on T@Td-ReS,.>* Herein,
angle-resolved polarized Raman spectra of T@Td-ReS, and
R6G were measured when the polarization angle of the laser

This journal is © the Owner Societies 2024
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Fig. 4 (a) SERS spectra of R6G (1 x 10~° M) acquired from 50 separate spots on the heterostructure. (b) Relative standard deviation of intensity from
611 cm~* and 772 cm™. (c) Time reproducibility of the SERS activity of the heterostructure. (d) Angle-resolved SERS intensity of the substrate and R6G.

is rotated. As shown in Fig. 4d, the direction of the maximum
intensity of 212 em™* (ReS,, E,) and 611 cm ™' (R6G, C-C-C ring
in-plane bend) peaks is consistent with each other. The inten-
sity—angle relationship is depicted in Fig. S7 in the ESL.{ The
angular dependence indicates that graphene has no effect on
the in-plane anisotropic charge distributions of T@Td-ReS,.
Therefore, the T@Td-ReS,/G substrate has an additional
dimension for SERS, which is promising for new applications
in optoelectronics.

A previous study has demonstrated that the charge transfer
across the TMD/graphene vdW interface contributes to a high
SERS sensitivity."®* " To investigate the effect of charge transfer
between graphene and T@Td-ReS,, we introduced mechani-
cally exfoliated hexagonal boron nitride (hBN) as the insulation
layer to segregate graphene and T@Td-ReS,. Fig. S8a in the
ESIt shows the OM of the sandwiched structure, where the
T@Td-ReS, layer marked by a dashed line exhibits varied
thickness and can be estimated by the transparency. The
AFM images shown in Fig. S8b and c (ESIf) illustrate the
morphology of hBN and T@Td-ReS, with a typical thickness
of 60 nm and 12 nm, respectively. The Raman spectra of T@Td-
ReS,/hBN/G reveal the coexistence of the characteristic peaks of
respective layers. The sandwiched structure enables the LOD of
R6G molecules adsorbed on T@Td-ReS, to lower to 1 X
107'® M, as shown in Fig. S9 in the ESL} one order of

This journal is © the Owner Societies 2024

magnitude superior to 1 x 10~° M on pristine T@Td-ReS,.”?
Because the insulating hBN layer can totally block the charge
transfer between graphene and T@Td-ReS,, the improved SERS
performance is attributed to the Coulomb interaction between
graphene and T@Td-ReS,. The introduction of the insulating
hBN layer reduces the electric field at the interface between
graphene and T@Td-ReS,, which results in a slightly lower
sensitivity compared with T@Td-ReS,/G. Therefore, the Cou-
lomb interaction between graphene and T@Td-ReS, results in
an improved SERS performance indeed.

The Coulomb interaction between graphene and T@Td-ReS,
which contributes to the extraordinary SERS performance is
further verified by absorption spectra and photoluminescence
(PL) spectra. As shown in Fig. 5a, no new absorption peak
present in the UV-Vis-NIR absorption spectra of T@Td-ReS,
and T@Td-ReS,/G indicates that there is no charge transfer
pathway between graphene and T@Td-ReS,. The results confirm
that the improved SRES performance of T@Td-ReS,/G don’t
result from the charge transfer between graphene and T@Td-
ReS,. Additionally, compared with T@Td-ReS,, the PL intensity
is weakened by nearly 36% in the T@Td-ReS,/G heterostruc-
tures, as shown in Fig. 5b. However, the peak position remains
unchanged, indicating that the introduced graphene does not
change the electronic structure of T@Td-ReS,. Hence, the band-
gap of T@Td-ReS, in the heterostructures can still match the

Phys. Chem. Chem. Phys., 2024, 26, 7343-7350 | 7347
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Fig. 5 (a) UV-Vis-NIR absorption spectra, (b) PL spectra and (c) time-resolved PL spectra of T@Td-ReS, and T@Td-ReS,/G. (d) Intensive PL process in
T@Td-ReS, and (e) significantly inhibited PL due to repulsive interaction in T@Td-ReS,/G.

laser photonic energy. Meanwhile, the decay time of the PL
emission increased to 1.68 ns in the T@Td-ReS,/G films from
the previous 1.45 ns in theT@Td-ReS, films, as shown in Fig. 5c.
For T@Td-ReS,, the electrons in T-ReS, can easily transfer to Td-
ReS, under illumination owing to the small potential barrier in the
phase interface, and then the electron-hole recombination process
generates the robust excitonic emission in the visible region
(Fig. 5d). The achieved exciton resonance can effectively magnify
the Raman signals. When the graphene is introduced to form the
T@Td-ReS,/G heterostructure, under laser excitation, “hot” elec-
trons can be generated in graphene and T@Td-ReS,, respectively.
The dynamic repulsive interaction between the “hot” electrons can
facilitate the separation of electron-hole pairs in T@Td-ReS,, and
the electrons and holes in T@Td-ReS, will migrate to the opposite
surfaces (Fig. 5e). Therefore, the probability of electron-hole
radiative recombination reduces, which leads to the reduction of
the PL intensity as well as the increase of the decay time.

The SERS enhancement mechanism is illustrated by the
schematic energy level diagram in Fig. 6. When the T@Td-
ReS,/G substrate is excited by a 532 nm laser, the “hot” electrons
generated in graphene and T@Td-ReS, repel each other. The
dynamic repulsive interaction breaks the vertical symmetrical
distribution of hot electrons in T@Td-ReS,, and increases the
electron occupation at T@Td-ReS, interfaces between R6G mole-
cules and this Raman substrate. In this case, the electron migra-
tion can be effectively driven from the T@Td-ReS,/G substrate to
the R6G molecules, leading to an excellent SERS enhancement.'"*®

7348 | Phys. Chem. Chem. Phys., 2024, 26, 7343-7350

In addition, the energy difference of the conduction band mini-
mum (CBM) and valence band maximum (VBM) of T@Td-ReS,
can match the 532 nm laser, and hence the exciton resonance (fiey)
can be achieved.”® Additionally, the highest-occupied molecular
orbital (HOMO) and the lowest-unoccupied molecular orbital
(LUMO) of R6G located at —5.70 eV and —3.40 eV can induce
molecular resonance (iyo)."*° The efficiency of the photo-
induced charge transfer (PICT) process between the HOMO and
CB as well as the CB and LUMO can be further significantly
improved by borrowing intensity from g, and fime.””° Eventually,
the high DOS and the synergistic resonance contribute to the
ultrahigh SERS sensitivity. A 633 nm laser mismatching energy gap
of the substrate and R6G was adopted afterwards to investigate the
laser wavelength dependent effect. It is presented in Fig. S10 (ESIT)
that the LOD dramatically decreased to 1 x 10~ ° M, indicating the
absence of dual resonance augment discussed above.

Conclusions

In summary, we fabricated a 2D vertically stacked TMD and
graphene heterostructure SERS substrate to lower the LOD of
the R6G molecule to 10°'* M owing to the PICT process
combined with pe, and um Synergistic resonance. Additionally,
the heterostructure was proved to have great application
potential owing to space and time reproducibility and versati-
lity as well as the anisotropic SERS enhancement feature.
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Furthermore, the dielectric layer was utilized to exclude the CT
process between graphene and T@TdReS, thus suppressing the
Coulomb repulsion effect originating from photoinduced
charge aggregation, which further facilitates the CT between
T@Td-ReS, and the probe molecule. Our results demonstrated
a facile method of fabricating a SERS substrate and practical
application potential, while in association with a novel con-
tribution factor in the enhancement mechanism.
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