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ABSTRACT: We present a strong Raman enhancement substrate through
one-step thermal treatment of bulk MoS2. The substrate provides very efficient
hot spots by using the rhodamine 6G (R6G) molecule as a probe. Raman and
photoluminescence spectra of modified MoS2 reveal the detailed mechanism
for enhancing Raman signal of R6G. It is found that both the substrate
roughness and the slight chemical bond broken on the surface are the main
driven forces to induce the surface enhanced Raman scattering (SERS) effects.
The minimum detectable concentration of R6G on the most optimized
thermally treated MoS2 can be as low as 10−8 M. This synthetic approach is
facile, sensitive, and reliable, which shows great potential to be an excellent
SERS substrate for biological and chemical detection.

1. INTRODUCTION

Graphene has attracted enormous attention because of its
outstanding electronic,1 optical,2 and mechanical3 properties.
However, the application of graphene has been greatly
restricted in nanoelectronics fields because of the lack of
band gap. Meanwhile, other two-dimensional (2D) materials
with a natural intrinsic band gap structure have been
extensively studied, of which MoS2, as a typical transition
metal dichalcogenide, is of particular interest to scientific
community. In the bulk form, MoS2 is an indirect band gap
semiconductor with a 1.2 eV band gap. On the contrary, single-
layer MoS2 has a 1.9 eV direct band gap, which has been
extensively applied in fields such as field-effect transistors,4

photocatalysis, chemical vapor sensors,5 and lithium ion
batteries,6 and so forth. Furthermore, it is worth noting that
MoS2 is not limited only by the aforementioned applications.
For example, Shen and his co-workers first reported that
plasma-modified thin-layer MoS2 for enhancing rhodamine 6G
(R6G) molecules Raman signal intensity, which can be used as
an active substrate for surface-enhanced Raman scattering
(SERS)7. Shen attributed this enhancement effect to the
disordered surface structure of MoS2 and the band filling effect
because of the strong electronegativity of the absorbed
oxygen.7 Kong’s group reported that almost all the 2D
materials thinned down to 1 layer, such as MoS2, h-BN, and
graphene and can be served as the active substrates for

enhancing Raman signal in spite of relatively low enhancement
effects.8 Furthermore, Wang et al. reported that the
combination of the gold nanoparticle and single-layer MoS2
can form efficient SERS hot spots with an improved detection
sensitivity.9 However, the side effects such as the reaction
between noble metal and adsorbate as well as the strong
background spectrum will be formed because of the catalytic
and carbonization effects on the noble metal. Furthermore, the
expensive price of noble metal is another unavoidable factor
that has limited its wide applications in the SERS. To date, the
Raman enhancement mechanism for the 2D materials can be
summarized in terms of the following viewpoints: (1) local
dipole coupling leads to the SERS;10 (2) charge transfer
between substrate and adsorbate;5 (3) the nanocomposite of
2D materials with a high surface area combining with noble
metal exhibits synergistic effects as an effective SERS
substrate.11

Despite the fact that so many SERS papers7−9,11−16 have
been reported based on 2D materials, most of them are
focused on the thin-layer or hybrid structure. In this work, we
designed a new kind of SERS substrate referred to as a one-
step thermal-treated bulk MoS2. It is found that the thermally
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modified bulk MoS2 is an ultrasensitive active substrate for
enhancing Raman intensity of R6G molecules. Conventionally,
bulk MoS2 presents a relatively weaker Raman enhancement
effect than other 2D materials.8 However, when the R6G
deposited on the one-step thermal-treated bulk MoS2 surface,
the Raman enhancement effect will be dramatically increased
compared to that of pristine bulk MoS2. The enhancement
efficiency is even comparable to single-layer graphene and
graphene−gold nanoparticle hybrid films.12,13 This kind of
surface-modified MoS2 is proven to be a very efficient SERS
substrate with hot spots by using the dye molecule rhodamine
6G (R6G) molecule as a probe.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Rhodamine 6G (R6G,
95%) was bought from Aladdin. The MoS2 crystal was
provided by SPI. All chemicals were directly used without
further purification.
2.2. Apparatus and Measurements. Both micro-Raman

and photoluminescence (PL) measurements were carried out
by using a Horiba-JobinYvon system with an excitation laser
wavelength of 532 nm and 100X objective lens (numerical
aperture = 0.95). The laser power is strictly controlled below
0.5 mW to avoid the laser-induced thermal effect on the
sample. The size of the focused laser beam is ∼1 μm, and the
pinhole is 100 for each spectrum. To obtain the optimized

comparison of the spectra, all the spectra were collected using
the same parameters.
A laser microscope (3D& Profile Measurement KEYENCE,

VK-X200 series) was used to locate MoS2 as well as to capture
the samples’ optical images.
Atomic force microscopy (AFM, Bruker, Dimension Icon)

was used to measure the height profiles and surface
morphologies of MoS2. The scan line is 512 and the scan
rate is 0.5 Hz.
Scanning electron microscopy (SEM, Hitachi SU70) was

used to observe the morphologies of pristine MoS2 and the
treated MoS2 surface.
A tube furnace (OTF-1200X) was used for thermal

annealing treatment of MoS2.
Fabrication of pristine MoS2 and thermal annealing

treatment of MoS2: Pristine bulk MoS2 was prepared by
mechanical exfoliation from a natural MoS2 crystal (SPI
supplied) and was transferred onto a freshly cleaned Si
substrate deposited by 300 nm SiO2. The as-received samples
were then thermal-annealed in the air atmosphere, and
followed by immersing them in R6G molecule solutions with
various concentrations for 2 h.

3. RESULTS AND DISCUSSION

Figure 1 shows the optical images of exfoliated MoS2 and
thermal annealing-treated MoS2 on the SiO2/Si substrate.
Figure 1a1−f1 show the optical images of various mechanical

Figure 1. Optical images of mechanically exfoliated bulk MoS2 before (a1−f1) and after (a2−f2) thermal annealing in ambient air for 1 h at 350
(a2), 375 (b2), 400 (c2), 425 (d2), 450 (e2), and 475 °C (f2), respectively. SEM images for pristine bulk MoS2 (a3−f3) and thermal annealing in
ambient air-treated MoS2 for 1 h at 350 (a3), 375 (b3), 400 (c3), 425 (d3), 450 (e3), and 475 °C (f3).

Figure 2. AFM images with the height profile of thermal annealed MoS2 in ambient air for 1 h at 350 (A), 375 (B), 400 (C), 425 (D), 450 (E), and
475 °C (F), respectively.
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exfoliated MoS2 samples before thermal annealing. The bulk
MoS2 samples with annealing temperature not higher than 425
°C used in this work are of similar thickness as we intentionally
selected the samples with very similar optical contrast, and the
thickness are all in the range of 20−35 nm as confirmed by
AFM (Figure 2A−D). On the other hand, we have chosen
much thicker samples to be annealed at 450 and 475 °C, as the
samples with the thickness less than 35 nm normally
disappeared after annealing at these high temperatures (strong
etching effect). It is noteworthy that all the selected samples
can present the bulk properties and can fully exclude the
substrate electrostatic influence fully as they are thicker than 20
nm.17 We choose two bulk MoS2 samples with obvious
different thicknesses (thicker than 20 nm) deposited on the
same SiO2/Si substrate and annealed at 375 °C for 1 h, and it
can be seen that the SERS effect does not show observable
difference (Supporting Information, Figure S1). Then, thermal
annealing treatment was performed in ambient air for 1 h at
various temperatures (350, 375, 400, 425, 450, and 475 °C),
and the corresponding images compared to the pristine images
are shown in Figure 1a2−f2.
It is clearly seen that the surfaces of bulk MoS2 do not

present obvious change when the thermal annealing temper-
atures are 350, 375, and 400 °C (Figure 1a2−c2), though the
samples shrink a little bit (note that the sample morphology
does not show any observable change by optical microscopy
below 350 °C, and thus the lowest annealing temperature 350
°C was chosen in this work). With the thermal annealing
temperature continually increased to 425 °C or higher, the
shapes of the bulk MoS2 shrink apparently as shown in Figure
1d2−f2. Because the samples were annealed in ambient air
which contains enough O2/N2, we may ascribe this shrinking
phenomenon to the oxygen or nitrogen etching effect of MoS2
from edges,18−21 and we also identify the difference for MoS2
samples that are thermally annealed in N2 and O2, respectively.
It is found that annealed MoS2 in the N2 atmosphere can be
more easily etched than that of the MoS2 in O2 for the same
annealing temperature (Figure S2A).
It is worth noting that we have tried using 500 °C as the

annealing temperature and found that almost all the bulk
samples etched out, in this regards, the highest annealing
temperature was chosen at 475 °C throughout our experiment.
To clearly characterize the etching effect of edges and the
surfaces of the thermal annealed samples at various temper-
atures, the samples were further observed by SEM. The SEM
image (Figure S3 in the Supporting Information) of exfoliated
pristine bulk MoS2 shows that the MoS2 surface is very smooth
and the edges are very straight. From Figure 1a3−f3, we can
obviously notice that the etching effect of MoS2 at edges
becomes more prominent with the increase of annealing
temperature. On the other hand, the surface of annealed
samples is not as smooth as the ideal 2D surface that we
normally imaged, particularly that the sample annealed at 425
°C seems to have the roughest surface.
For the surface-modified bulk MoS2 by thermal annealing

treatment in ambient air, we surprisingly found that it is an
ideal substrate for SERS by using the R6G molecule as a probe
compared to the traditional single- or few-layer MoS2 reported
elsewhere,7,8 and it even performed much better enhancement
compared the MoS2 mediated with gold nanoparticles as a
synergetic reaction9,22−24 (the detailed quantitative SERS
analysis will be shown later in this paper). The influence of
enhanced Raman intensity for R6G deposited on various

substrates is shown in Figure 3A. There is no Raman signal of
the R6G molecule when it is directly deposited on the SiO2/Si

surface, as shown in Figure 3A(a). When pristine bulk MoS2 is
used as the SERS-active substrate, the detected R6G Raman
signals are too weak to be seen as shown by the black curve in
Figure 3A. On the contrary, all the annealed samples present
feature Raman peaks of R6G molecules (located at 1177, 1357,
1495, 1530, 1563, and 1639 cm−1) because of the SERS
effects.11,25 For the annealed samples, it is found that the
Raman intensity of R6G molecules varies regularly with the
thermal annealing temperature. The SERS effect increases with
the annealing temperature up to 425 °C. Then, it is noted that
the SERS effect decreases gradually with the annealing
temperature higher than 425 °C. AFM measurement was
carried out to see the modification of the structure of the
surface (Figure 2). It is also found that the roughness of the
MoS2 surface does not show obvious changes except for the
sample that annealed at 425 °C which shows a relatively larger
root mean square roughness (rms roughness) value (Figure
4A). Previously, the reported Raman enhancement mecha-
nisms are closely related to the electrical properties and
chemical bonds of the material-based substrate. In our
experiment, though the main etching in ambient air occurs
at the edges of bulk MoS2 during the annealing process, the
ambient air etching-induced damage for the surface molecular
structure is also inevitable, particularly when the sample
annealed at 425 °C presents much more obvious surface
modification in the microstructure (Figures 1d3 and 2B). It is
worth noting that the annealing temperature-dependent SERS
effect is reproducible, as we measured more than 80 samples
totally. In terms of the previous reported SERS for 2D
materials, the annealing normally gives rise to two main
features for SERS: (1), removing the surface contaminants to
effectively enhance the direct contact between the surface and

Figure 3. (A) Raman spectra of R6G molecules. (B) Raman intensity
(integrated with the peak at ∼1357 cm−1) of R6G molecules
deposited on different SERS-active substrates: (a) SiO2/Si, (b)
pristine MoS2, (c) 350 °C treated MoS2, (d) 375 °C treated MoS2,
(e) 400 °C treated MoS2, (f) 425 °C treated MoS2, (g) 450 °C
treated MoS2, and (h) 475 °C treated MoS2. (C) Raman spectra of
R6G molecules deposited on 425 °C annealed bulk MoS2 with
different concentrations: (a) 10−8, (b) 5 × 10−8, (c) 10−7, (d) 10−6,
(e) 10−5, and (f) 10−4 M. (D) Raman intensity (integrated with the
peak at ∼1357 cm−1) of R6G deposited on 425 °C annealed bulk
MoS2 at 1357 cm−1 for various R6G concentrations.
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R6G molecules;14,26 (2) the surface structural disorder can
create local dipole as well as make the adsorption of O2/N2
much stronger, giving rise to the symmetry breaking of the
contacted R6G molecules as well as the strong charge transfer
to finally realize SERS. Therefore, we further carried out the
Raman and PL measurements to analyze the corresponding
surface doping effect of MoS2, which will be shown in detail
later.
The 425 °C thermal annealing treated MoS2 substrate

presents the best SERS effect for detecting R6G molecules;
therefore, we further studied the SERS performance on
molecular detecting sensitivity using this specified substrate.
The enhanced Raman spectra of R6G with various
concentrations deposited on 425 °C thermal annealing treated
bulk MoS2 substrates are shown in Figure 3C. The R6G
Raman modes present very prominent signals for the high
concentration sample (10−4 M). The Raman signals decrease
slowly with the decreasing concentration of R6G down to 1 ×
10−7 M, and the peaks for the 5 × 10−8 M sample dropped
dramatically but can be observed clearly. To approach the
bottom limit, we found that even for the sample with the
concentration as low as 1 × 10−8 M, the Raman signal can still
be activated successfully, though the peaks are very weak
(a curve in Figure 3Ca). To quantitatively illustrate the SERS
effect, Figure 3D gives the integrated Raman peak intensity for
the mode at 1357 cm−1 as a function of the concentration of

the R6G molecule. It is clearly seen that for the concentration
of 1 × 10−8 M, the peak intensity decreases to more than one
order lower compared to that of the 10−4 M sample. The
detection of the minimum concentration of R6G as low as 1 ×
10−8 M demonstrates that the thermally treated bulk MoS2 at
the temperature of 425 °C has the most sensitivity as an active
SERS substrate compared to other MoS2-based materials as
reported elsewhere,7,9,27 and the enhancing effect is even
comparable to single-layer graphene and graphene−Au/Ag
nanoparticle28 hybrid structure.12,13,29,30 The enhancement
factor is found to be ∼1.9 × 106, and the detailed calculation
method can be found in the Supporting Information.
The formation of structural disorder due to the molecular

damage at the surface can give rise to the creation of the local
dipole, which is the driven force for the molecular symmetry
breaking-induced SERS effect. Meanwhile, the formation of
structural disorder can be the center for adsorbing O2/N2 from
the environment. In the previous work, it is found that the O2
and N2 would give rise to p-doping and n-doping to MoS2,
respectively, because of the strong/weak electron negativity of
adsorbed O2/N2.

7,19,31,32 Raman spectroscopy is proved to be
a very powerful scientific tool to study the detailed physical
and chemical properties of 2D materials, particularly for
graphene20,33 and MoS2.

19,21,34−36 For the Raman spectra of
pristine and thermal annealing treated MoS2 samples (Figure
4B), as can be seen, the thermal annealing treatments do not
shift both E2g

1 (384 cm−1) and A1g (408 cm−1) modes for
annealing temperatures not higher than 400 °C. It is also found
that the linewidths for both E2g

1 (∼1.9 cm−1) and A1g (∼2.4
cm−1) modes of these samples keep unchanged after thermal
annealing treatment, as shown in Figure 4B, which indicates
that the main crystal structure of MoS2 at the center area of
each sample does not change, though they experienced the
thermal treatment even in ambient air. The crystalline quality
of the precursor MoS2 crystal is extremely good as indicated by
X-ray diffraction (XRD) (Figure S4). This is also an evidence
to show that the bulk MoS2 is relatively thermally stable in air,
and the air-induced etching effect mainly occurs at the edges,
as the crystal structure at edges is not perfect and it can be
considered as the defect region, which is much more
vulnerable to air at high temperature.37 When the sample
annealed at 425 °C, the E2g

1 mode is still kept at the original
position, but the A1g mode shows a red shift slightly.
Traditionally, the A1g mode can be blue-shifted/red-shifted,
while the E2g

1 mode is unaffected for the O2/N2 physically
adsorbed single- and few-layer MoS2 because of the change of
electron−phonon interactions,7,19 of which the phenomenon is
very similar to that of the 425 °C annealed sample. Now, we
can confirm that the surface adsorption is mainly dominated by
N2, as it gives rise to the electron doping of MoS2;

7,31,32 as a
consequence, the A1g mode shifted to lower frequency. When
the annealing temperature continuously increases to even
higher temperatures of 450 and 475 °C, it is found that both
the E2g

1 and A1g modes show dramatic red shift. It is obvious
that both Raman modes split into two subpeaks for the 475 °C
annealed sample, indicating the extremely strong doping with
introducing a large amount of defects.38 Furthermore, as
shown in Figure 4C, the Raman spectra of the annealed bulk
MoS2 samples in the range of 730−860 cm−1 only present
three observed modes of MoS2, which are 2E2g

1 , E2g
1 + A1g, and

2A1g,
39 illustrating that the thermally treated MoS2 samples

have not been oxidized to form the MoO3 crystal phase.
40

Figure 4. (A) RMS value of bulk MoS2 as a function of the annealing
temperature. The RMS value is measured in terms of the region
marked by a white square in each image of Figure 2B Raman spectra
for pristine and thermal annealing treated-MoS2 samples. (C) Raman
spectra in the range of 730−860 cm−1. (D) PL spectra for pristine and
thermal annealing treated MoS2 samples. (a) Pristine MoS2, (b) 350
°C treated MoS2, (c) 375 °C treated MoS2, (d) 400 °C treated MoS2,
(e) 425 °C treated MoS2, (f) 450 °C treated MoS2, and (g) 475 °C
treated MoS2.
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Apart from Raman spectroscopy, PL spectroscopy has also
been extensively studied in determining the doping level of
MoS2.

19,41 To explain the mechanism of Raman enhancement
for thermal annealing treated bulk MoS2, we further carried out
the PL measurements of pristine MoS2 and thermally treated
MoS2, as shown in Figure 4C. The red-shift phenomenon of
PL peak wavelength (A-exciton) is observed for all the
annealed samples compared to that of the pristine bulk sample.
The red shift of PL is mainly ascribed to the electron doping-
induced upshift of the Fermi level, which is in accordance with
the Raman results. The shifted frequency of the peak position
increases with the annealing temperature and reaches the
maximum at 425 °C, and then the red-shifted frequency
decreases gradually with the increasing annealing temperature
up to 475 °C. To further confirm that the red-shift phenomena
for both Raman and PL of annealed MoS2 are caused by the
adsorption of N2 from ambient air,37 we carried out density
functional theory42,43 to get the band structures of MoS2,
which are performed by using the VASP package, and the core
electrons are treated with the projector-augmented wave
method.44,45 The band structures are calculated along the
high symmetry point without spin−orbit coupling. The upshift
of the Fermi level with nitrogen-doped MoS2 was found
(Figure 5B) and compared to that with the pristine MoS2

(Figure 5A). It is suggested that the electron negativity of
nitrogen is weaker compared to that of MoS2 and thus gives
rise to the N-doping effect to MoS2. Therefore, it is
theoretically explained the red-shift phenomena of both
Raman frequency and PL wavelength are indeed caused by
the nitrogen-doping effect as mentioned before.31 We also

carried out the experiments on annealing two bulk MoS2 in N2
and O2, respectively, and the detailed analysis based on PL and
Raman spectra also supported our viewpoint very well (see the
Supporting Information). It is worth noting that the SERS of
MoS2 is not only limited by nitrogen doping, and very recently,
Zhao and his co-workers also have successfully synthesized a
sensitive MoS2-based SERS substrate by oxygen incorpora-
tion.16

Moreover, PL spectra of thermally treated MoS2 by
depositing R6G are also analyzed. Compared to the PL peak
that red-shifted to higher wavelength for each annealed sample
as mentioned above, it is found that each sample’s PL peak
position underwent a blue shift after depositing R6G (Figure
6). The blue-shift phenomenon is mainly owing to the charge
transfer effect27,46 between R6G and thermally treated MoS2.
The symmetry of R6G molecules are unavoidably to be broken
because of the charge transfer reaction, and as a consequence,
giving rise to the activation of its Raman modes which are
inactive originally. It is obviously seen that compared to other
thermal annealed samples, the 425 °C annealed sample has
undergone the most blue shift (Figure 6D) compared to other
annealed samples, indicating the most effective charge transfer
in this specified sample. Therefore, the previously revealed
maximum SERS effect by using 425 °C thermally annealed
bulk MoS2 sample can be well explained, of which the most
deposited R6G molecules underwent a very efficient symmetry
breaking because of the strongest charge transfer reaction,
leading to the best SERS effect compared to other samples.
Furthermore, it is worth noting that for the samples that
underwent an even higher temperature annealing process (450
and 475 °C), the SERS effect is weaker compared to that of the
425 °C annealed sample. We can combine both Raman and PL
results to explain this phenomenon. The Raman results
illustrate that the MoS2 has been doped by electrons (N-
doping by nitrogen) effectively while it kept its crystallinity as
well for the 425 °C annealed sample, as it shows a
phenomenon similar to the results reported elsewhere.7,19,47

Despite the fact that obvious frequency shift for both E2g
1 and

A1g modes indicate the extremely strong electron doping effect
for the highest annealing temperature (475 °C), however, the
splitting of the peaks (Figure 4B-g) is the direct evidence to
show the appearance of a large amount of defects, which means
that the crystallinity of MoS2 has been damaged to some

Figure 5. Band structures of (A) pristine MoS2 and (B) nitrogen
doping case. The red line is the Fermi energy level. The zero point is
the vacuum point.

Figure 6. PL spectra for the bulk MoS2 samples: (A) 350 °C treated MoS2, (B) 375 °C treated MoS2, (C) 400 °C treated MoS2, (D) 425 °C
treated MoS2, (E) 450 °C treated MoS2, and (F) 475 °C treated MoS2. The red curves represent PL spectra for MoS2 after thermal annealing
treatment at various temperatures, and blue curves are the corresponding PL spectra of MoS2 with deposition of R6G.
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extent. Therefore, it is probably the reason why the red-shifted
wavelength of PL is also smaller compared to that of the 425
°C annealed sample, and consequently, the interaction of
charge transfer with R6G is also relatively weaker, giving rise to
the lower SERS effect.

4. CONCLUSIONS
To summarize, an efficient Raman-active bulk MoS2 is
successfully fabricated by the thermal annealing process. It is
experimentally and theoretically revealed that annealing in
ambient air would modify the surface structure properly and
introduce the effective N-doping effect to the bulk MoS2,
leading it to be an active SERS substrate. The SERS effect of
the annealed bulk MoS2 is associated with the annealing
temperature obviously. The mechanism of annealing temper-
ature-dependent SERS effect is analyzed in detail using Raman
and PL spectroscopies. It is found that 425 °C is the critical
temperature that can give the most surface structural disorder
but still keep its crystallinity by the detailed analysis using
Raman and PL spectroscopies, and thus 425 °C thermal
annealed MoS2 substrate possesses the most optimized
sensitivity, which also performs much better compared to
other MoS2-based SERS substrates as reported previously. This
work is on the basis of facile and convenient, in addition, as
bulk MoS2 is naturally existed widely, the amplification of
SERS effect by using the simply modified bulk MoS2 can be
well applied for chemical and biological molecules detection in
future, indicating a new way to expand the applications of
using bulk MoS2 through surface engineering.
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