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Surface-enhanced Raman scattering (SERS) has become an indispensable molecular detection
technique due to its exceptional sensitivity and selectivity. However, conventional SERS methods often
rely on complex metallic nanostructures, leading to background noise and performance limitations.
This study addresses these challenges by investigating the potential of Janus MoSeS nanoscrolls as
SERS substrates based on a chemical enhancement mechanism to achieve ultrasensitive detection.
We employed a room-temperature plasma-assisted method to synthesize Janus MoSeS, followed
by the formation of nanoscroll structures to enhance Raman signal intensity. Comparative SERS
experiments revealed that Janus MoSeS nanoscrolls significantly outperformed defective MoSe,,
achieving enhancement factors of 8.04 x 10* for rnodamine 6G (R6G), 1.14 x 107 for methylene blue
(MB) and 2.12 x 10® for crystal violet (CV) detection. Findings indicate that the unique dipole
orientation of Janus TMDs contributes to enhanced SERS performance, while the nanoscroll
architecture maximizes the effective interaction area with probe molecules. This research presents an
approach for developing metal nanoparticle-free, non-plasmonic SERS substrates, thereby advancing
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1. Introduction

Driven by the enhancement of molecular vibrational modes
upon interaction with substrates, surface-enhanced Raman
scattering (SERS) has emerged as a crucial molecular detection
technique owing to its high sensitivity and selectivity.'”
Such enhancements facilitate the detection of molecules at
trace levels, including single-molecule detection. The non-
destructive nature and rapid detection capabilities of SERS
make it valuable for applications such as health monitoring,
catalytic process observation, and in situ dynamic tracking of
molecular interactions.*” SERS enhancement is generally
attributed to two mechanisms: electromagnetic (EM) and
chemical (CM). The EM mechanism involves the amplification
of local electromagnetic fields via plasmon excitation, which
significantly boosts Raman scattering signals. CM enhance-
ment arises from charge transfer and chemisorption between
molecules and substrate. However, despite the substantial
signal amplification, EM-based SERS relies on the construction
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the field of excitonic SERS technologies.

of metallic nanostructures, which are often complex to fabri-
cate and introduce background noise. This challenge has
spurred growing interest in exploring non-plasmonic excitonic
SERS substrates that do not require metal nanostructures.
Two-dimensional (2D) materials, including graphene,
hexagonal boron nitride (h-BN), and transition metal dichalco-
genides (TMDs), have attracted significant interest from acade-
mia and industry over the past decade owing to their unique
electronic, mechanical, chemical, and thermal properties.
Numerous studies have reported the applications of various
2D materials in SERS,*° with the mechanisms of Raman
enhancement varying across different experimental designs.
However, most 2D SERS substrates with high enhancement
factors still require metal nanoparticles or nanostructures,
limiting their ability to exploit intrinsic properties for cost-
effective and high-level Raman enhancement. Recently, both
the dipole-dipole interaction mechanism in h-BN'® and the
twisted octahedral structures of 1T'-WTe, and 1T’-MoTe,!
have been used as SERS substrates. Furthermore, monolayer
Janus MoSSe, which possesses out-of-plane dipoles, has been
confirmed as a viable SERS substrate.’” The dipoles in the
monolayer Janus TMDs originate from different chalcogen
atoms on either side of the transition metal layer. However,
their impact on Raman enhancement is limited by the small
electronegativity difference between the two atoms. Theoretical
studies suggest that stacking monolayer Janus TMDs into
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multilayers induces charge transfer due to their intrinsic
dipoles, leading to a stronger built-in quasi-electric field within
the multilayer structure.™® This theoretical framework offers the
potential that Janus TMDs can enhance Raman signals by
exploiting their intrinsic properties. However, efficient stacking
of multilayer Janus TMDs with clean interfaces remains a
significant challenge.

To enhance SERS efficiency by mimicking the effects
of multilayer stacking, we first synthesized monolayer Janus
MoSeS (JMSS) using a room-temperature plasma-assisted
method and then fabricated it into a nanoscroll structure via
water surface tension. Additionally, we synthesized monolayer
defective MoSe, (DMS) and similarly prepared its nanoscroll for
comparative analysis. In this study, a series of SERS experi-
ments were conducted on the aforementioned monolayers and
their nanoscrolls. Analysis of the Raman spectra of the tested
molecules revealed that the Raman enhancement of the Janus
MoSeS nanoscrolls (JMSS-NS) significantly exceeded that of the
defective MoSe, nanoscrolls (DMS-NS), with enhancement fac-
tors reaching 8.04 x 10! for Rhodamine 6G (R6G), 1.14 x
10” for Methylene Blue (MB) and 2.12 x 10% for crystal violet
(CV) detection, indicating ultrasensitive detection performance.
This experimental design not only validates the advantages of
Janus TMD nanoscroll structures for SERS applications but also
provides new insights into the distinct Raman enhancement
mechanisms of Janus TMDs compared with conventional
TMDs. These findings are expected to open new ways for
designing metal nanoparticle-free nanostructured SERS sub-
strates and for the advancement of non-plasmonic excitonic
SERS technologies driven by the intrinsic properties of
materials.
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2. Methods and characterization

2.1. Synthesis of monolayer pristine CVD MoSe,

Triangular monolayer MoSe, was synthesized on SiO,/Si
(300 nm) substrates via chemical vapor deposition (CVD), using
selenium powder as the selenium precursor and MoO; as the
molybdenum source (Fig. S1, ESIt). A quartz boat containing
5 mg of MoO; powder was positioned at the center of the
tubular furnace, with a SiO,/Si substrate carefully placed on top
of the powder. The designed temperature of selenium
(~240 °C) was controlled by adjusting its distance from the
heating center. The furnace temperature was gradually raised
to the growth temperature of 800 °C at a rate of 50 °C per
minute and held for 10 minutes to facilitate MoSe, growth with
a flow of 40 scem high-purity argon and 2 scem high-purity
hydrogen. After the reaction, the CVD system was allowed to
cool naturally to room temperature.

2.2. Synthesis of monolayer Janus MoSeS

Similar to our previous report,'* Janus MoSeS was synthesized
at room temperature by replacing selenium atoms in the top
layer of the CVD-grown monolayer MoSe, with sulfur atoms.
A commercial inductively coupled plasma system with adjus-
table RF power was used. The system featured a 2-inch quartz
tube wrapped with 16 turns of a copper inductor at one end to
generate plasma. Then, 300 mg of sulfur powder was placed in
a quartz boat upstream of the copper inductor, along with the
substrate containing the monolayer MoSe, sample, located
50 and 38 cm away from the plasma generation center,
respectively, as shown in Fig. 1a. Once the system was sealed,
a vacuum pump stabilized the pressure inside the quartz tube
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Fig. 1 (a) Schematic of the hydrogen plasma treatment. (b) OM image of
MoSe, and DMS.
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the obtained JMSS. (c) Raman and (d) photoluminescence spectra of JMSS,
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(acting as the reaction chamber) below 5 x 10~* mbar. After
multiple cycles of inert gas filling and venting, 20 sccm of
hydrogen was introduced, and the chamber pressure was
maintained at approximately 300 mbar. Hydrogen plasma was
excited using 15 W RF power, causing sulfur powder to interact
with the plasma and form various reactive radicals and charged
species. These species disrupted the Mo-Se bonds in the upper
layer of MoSe,, facilitating the formation of Mo-S bonds.
Finally, the Mo-Se bonds in the upper layer were replaced with
Mo-S bonds, thereby completing the conversion from mono-
layer MoSe, to Janus MoSeS.

2.3. Synthesis of 2D material nanoscrolls

To avoid interference from impurity signals during the SERS
test, the preparation of 2D material nanoscrolls in this experi-
ment followed a solvent-free curling method reported by Zhao
et al.™ First, the grown 2D materials were heated on a hot stage
at 80-100 °C for approximately 10 minutes. Then, 3 pL of
deionized water was dispensed onto one side of the substrate
using a pipette, and a coverslip was used to slowly drag the
water droplets across the surface. This process uses the surface
tension of water to transform 2D flakes into nanoscrolls. The
process of preparing nanoscrolls and the corresponding optical
and SEM images are shown in Fig. S2 (ESI). In particular,
during the fabrication of Janus TMDs nanoscrolls, the curling
tendency predominantly occurs toward the side with atoms of
smaller Bohr radius,"®"” meaning that when S atoms occupy
the upper layer of the Janus structure, they facilitate the
formation of stable nanoscroll configurations with S atoms
facing inside. Thus, MoSe, was selected as the precursor to
sulfurize the upper Se layer, forming the S-Mo-Se structure
from the upper surface to the bottom surface, and the Se layer
is kept in contact with the substrate, which facilitates the
formation of nanoscrolls with the S and Se atom layers facing
inside and outside, respectively.

2.4. SERS measurements

Solutions of R6G with concentrations ranging from 10~° to
107" M and MB with concentrations ranging from 10~° to
10~'" M were prepared as probe molecules for later SERS
measurements. The prepared 2D flakes and nanoscrolls were
used as SERS substrates and immersed in the solutions for
30 minutes to achieve the adsorption of probe molecules on the
surface. The SERS substrates were then removed from the
solutions and immediately dried using a nitrogen gun.
To maximize the adsorption of probe molecules on the SERS
substrate, intercalated-nanoscrolls of the probe molecules were
prepared, which required the adsorption of probe molecules on
2D flakes, followed by encapsulation of the molecules inside
the interlayer spaces of the nanoscrolls (Fig. 3a, see Section 2.3
for details). The SERS tests were performed using a 532 nm
laser as the excitation source, and the data acquisition process
was conducted with a laser power of 0.5 mW. The spectrometer
acquired Raman spectra for 30 seconds using a 600 gr mm ™"
grating.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1. Characterization of SERS substrates

Monolayer MoSe, was synthesized using a traditional CVD
method. Using MoSe, as a precursor, JMSS was subsequently
prepared by plasma-assisted deposition (Fig. 1a), and DMS was
obtained by surface plasma irradiation.'® Fig. 1b shows an
optical microscope (OM) image of JMSS, which exhibits a
morphology similar to that of pristine MoSe, and DMS
(Fig. S3, ESIt). However, the Raman spectra (Fig. 1c) show a
significant difference between pristine MoSe,, DMS, and JMSS.
The plasma irradiation-induced lattice distortions and defects
(DMS) only give a slight redshift and broadening of the typical
Ay, and E,; Raman peaks compared to those of the pristine
MoSe,, while these two peaks exhibit a blueshift after conver-
sion to JMSS. Raman spectroscopy is a sensitive probe of atomic
vibrational modes, particularly in revealing structural modifi-
cations. In samples with incomplete substitution, residual
MoSe, domains (where Mo atoms remain coordinated by Se
atoms on both sides) exhibit characteristic MoSe, Raman peaks
at ~240 cm~'. For the JMSS sample, these diagnostic peaks
disappeared, as shown by the red curve in Fig. 1c. Furthermore,
no Raman signatures corresponding to partially upper and
lower atomic layer substituted MoS,,Se,_y) alloys' appeared
in the Raman spectra of Janus MoSeS. The observed Raman
shift positions, combined with the photoluminescence spectro-
scopy (PL) spectra (Fig. 1d) features, align precisely with pre-
viously reported Janus MoSeS structures.">"* These collective
findings confirm the near-complete substitution of upper Se
atoms with S in MoSe,, resulting in the formation of JMSS.

The PL spectra of JMSS, MoSe,, and DMS are shown in
Fig. 1d. The peak of DMS was significantly weaker, with its peak
position slightly redshifted compared to that of pristine MoSe,,
indicating that a substantial number of defects had been
introduced into DMS. On the other hand, the PL peak position
of pristine MoSe, undergoes a significant blueshift from 1.57 eV to
1.74 eV after conversion to JMSS by plasma-assisted treatment,
which is due to the obvious increase in the energy bandgap. It
should be noted that the PL peak of JMSS only shows a slight
decrease in intensity and a minor broadening in full width at half
maximum (FWHM) compared with those of pristine MoSe,,
suggesting that the prepared JMSS is highly crystalized and
exhibits significantly fewer defects than DMS.

3.2. SERS performance of 2D flakes

Janus TMDs naturally possess dipoles oriented perpendicular
to the basal plane because of the different chalcogen atoms
(sulfur and selenium) on each side of the transition metal layer.
This crystallographic feature, which induces such a physical
property, represents the most significant distinction between
Janus TMD flakes and conventional TMD flakes. According to
the theory of SERS enhancement, Janus TMD flakes driven by
these vertical dipoles, as depicted in Fig. 2a, are expected to
exhibit superior SERS enhancement compared to conventional
TMDs. To investigate this, Raman spectra were acquired from
the probe molecules adsorbed on three different 2D flakes

J. Mater. Chem. C, 2025, 13, 14061-14068 | 14063
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Fig. 2 (a) SERS mechanism of monolayer Janus materials. (b) Raman spectra of R6G molecules (108 M) on different 2D flakes and SiO./Si.

(denoted as JMSS-F, MoSe,-F, and DMS-F, respectively) synthe-
sized on SiO,/Si substrates (see Section 3.1).

Using R6G at a concentration of 10 ® M as the probe
molecule, the SERS performance of these three distinct 2D
flakes is presented in the Raman spectra (Fig. 2b). The Raman
signals of R6G are almost undetectable on the pristine mono-
layer MoSe, and bare SiO,/Si substrates, whereas both mono-
layer JMSS and DMS exhibit strong Raman signals with
minimal difference in intensity. Although the Raman signals
of R6G molecules detected on J]MSS-F and DMS-F were compar-
able, the mechanisms underlying SERS enhancement are dif-
ferent. The SERS mechanism of DMS primarily originates from
the generation of local dipoles and suppression of R6G fluores-
cence due to photogenerated charge transfer between R6G
molecules and the sample.'®*® In contrast, the enhancement
effect of JMSS mainly arises from the out-of-plane dipoles
induced by the natural S-Mo-Se structure, which are distrib-
uted across the entire basal plane. This can probably be
attributed to the relatively weak dipole moment of the mono-
layer JMSS, which could explain why its Raman enhancement
signal for R6G was not significantly stronger than that of DMS.
To verify this hypothesis and to further improve the SERS
enhancement of JMSS, the nanoscroll structures of both mate-
rials were prepared for subsequent SERS measurements and
analysis.

3.3. SERS performance of the Janus MoSeS nanoscrolls

JMSS-NS and DMS-NS were prepared following the method
outlined in Section 2.3. The preparation process is illustrated
by the orange arrows in Fig. 3a. To ensure experimental con-
sistency, the concentration of the R6G solution used during
immersion was maintained at the same level as that of the
JMSS-F (10”8 M). The green and blue curves in Fig. 3b represent
the Raman spectra of R6G molecules adsorbed on the JMSS-NS
and DMS-NS SERS substrates, respectively. The intensity of the
R6G Raman peaks indicates that compared with JMSS-F, the
Raman signal of R6G molecules is enhanced when adsorbed on
the outer surface of JMSS-NS (Fig. S4a, ESIt), which may be
attributed to the curling behaviour. In contrast, DMS-NS not

14064 | J Mater. Chem. C, 2025, 13, 14061-14068

only failed to enhance the R6G signal but exhibited a lower
intensity than the DMS-F (Fig. S4b, ESIt).

To ensure the general reliability of the relative magnitudes
of the Raman signal intensities measured on the curled SERS
substrates, 20 sets of Raman spectra were collected for JMSS-NS
and DMS-NS, respectively. The intensity of the R6G Raman
peak at 1361.1 cm ' of each spectrum was selected as a
reference value and plotted as shown by the green and blue
circles in Fig. 3c. The average intensity of the R6G Raman
signals enhanced by JMSS-NS is greater than that enhanced by
DMS-NS, confirming the reliability of the result and highlight-
ing the differences in the SERS enhancement mechanisms
between JMSS-F and DMS-F. According to the literature,
when multiple monolayers of JMSS stack to form a multilayer
structure, the intrinsic dipole of multilayered JMSS induces a
stronger built-in quasi-electric field in the multilayer struc-
ture.”® When the JMSS is formed into a nanoscroll structure,
it is analogous to concentric stacking, with the nanoscroll axis
as the center, generating a stronger built-in quasi-electric field.
This stronger built-in quasi-electric field will enhance charge
transfer between JMSS-NS and R6G molecules and cause
greater SERS performance compared to that of the monolayer
JMSS (Fig. 3a). Consequently, when acting as a SERS substrate,
JMSS-NS provides further enhancement of the Raman signal
compared with JMSS-F. In contrast to DMS-NS, the local dipoles
generated in the inner defective layers of the nanoscrolls have
limited interaction with the probe molecules adsorbed on the
outer surface. Instead, only the local dipoles generated by the
defects in the outer layer dominate the interaction with the
adsorbed probe molecules, resulting in a suboptimal SERS
effect.

Although JMSS-NS had a much better SERS effect than JMSS-
F, it should be noted that the R6G molecules could only be
adsorbed onto the outer surface of the nanoscrolls during
immersion, which severely limited the number of R6G molecules
that could be adsorbable due to the restricted outer surface
area. To further enhance the capability of the nanoscroll-like
SERS substrate for detecting the limit of the probe molecule
concentration, probe molecule intercalated-nanoscrolls were

This journal is © The Royal Society of Chemistry 2025
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(a) Adsorption processes of R6G molecules on the outer surface of the nanoscroll (orange-arrow route) and encapsulation processes of R6G

molecules on the inner surface of the nanoscroll (blue-arrow route). (b) Raman spectra of R6G molecules (10~8 M) with different 2D nanoscrolls.
(c) Statistical plot of Raman intensity for the 1361.1 cm™* vibrational mode of R6G molecules with different 2D nanoscrolls.

prepared, and the preparation process is schematically shown
by the blue arrows in Fig. 3a. Notably, the Raman focusing
detection area on the intercalated-nanoscroll contains a signifi-
cantly higher density of probe molecules. This is because, in
addition to the molecules adsorbed on the outer surface of
the scroll structure, the space between the internal stack-
ing layers is fully utilized to encapsulate additional probe
molecules.

The Raman spectra of intercalated-Janus MoSeS nanoscrolls
(IJMSS-NS) and intercalated-defective MoSe, nanoscrolls
(I-DMS-NS) are shown in red and orange curves in Fig. 3b.
The Raman signals of R6G are further enhanced in I[JMSS-NS
compared to JMSS-NS (green curve). Additionally, the intensity
of the Raman peaks for R6G was also enhanced in I-DMS-NS,
although it remained weaker than that in I-JJMSS-NS. To verify
the reliability of this conclusion, 20 sets of SERS spectra from I-
JMSS-NS and I-DMS-NS were collected, and the intensity of the
R6G Raman peak at 1361.1 cm™ ' in each spectrum was used as
a reference and plotted as red and orange pentagrams, respec-
tively (Fig. 3c). The average intensity of the R6G Raman signals
detected on the IJMSS-NS was significantly higher than that

This journal is © The Royal Society of Chemistry 2025

detected on the I-DMS-NS. In addition to the stronger effect
induced by the built-in quasi-electric field of JMSS-NS, encap-
sulating probe molecules within I-JMSS-NS takes full advantage
of the inner surface space of the nanoscroll structure, effectively
increasing the detectable R6G molecular density. These syner-
gistic effects further enhanced the Raman signals of the probe
molecules. For I-DMS-NS, the encapsulation also increases
the number of R6G molecules, but because of the absence
of a built-in quasi-electric field, its SERS enhancement effect
remained lower than that of I-JMSS-NS.

To confirm the charge-transfer mechanism of these SERS
substrates, PL spectroscopy was performed on JMSS-F and
JMSS-NS, both with and without adsorbed probe molecules
(Fig. 4). The PL intensity of JMSS-F adsorbed with the R6G
molecules is significantly reduced, with the peak position red-
shifted in Fig. 4a. This phenomenon is commonly observed due
to charge transfer-induced electron doping in TMDs, causing a
lower exciton/trion ratio to decrease the PL peak intensity and
shifting it to a lower energy.>'>* Thus, changes in the PL intensity
and position of JMSS can be caused by charge transfer between
R6G and JMSS-F. The PL peak of JMSS-NS (Fig. S5, ESIt) exhibited

J. Mater. Chem. C, 2025, 13, 14061-14068 | 14065
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a redshift and a substantial reduction in intensity compared with
that of JMSS-F, which is consistent with previously reported
results.'®*” After adsorption of R6G molecules, the PL of I-JMSS-
NS exhibited further attenuation and redshift (Fig. 4b). This
phenomenon is probably attributed to the enhanced charge
transfer in IJMSS-NS driven by the builtin quasi-electric field,
which also makes a synergistic contribution together with the
higher spatial density of R6G molecules formed by the interlayer
insertion in the scrolled multi-layer structure of JMSS-NS, thus
dramatically improving the SERS performance of IJMSS-NS.

3.4. Ultra-sensitive detection of probe molecules in
intercalated-Janus MoSeS nanoscrolls

To quantify the detection capability of IJMSS-NS, we systematically
investigated its sensitivity and enhancement factors for both R6G
and MB molecules. The Raman spectra of IJJMSS-NS at various
concentrations of R6G solutions are presented in Fig. 5a. As the
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concentration of the solution decreases, fewer R6G molecules are
encapsulated within the nanoscrolls, leading to a continuous
reduction in the intensity of the Raman peaks, with some peaks
becoming undetectable. When the solution concentration was
reduced to 10~ "> M, the most pronounced vibrational mode at
1361.2 cm™ ' of R6G remained detectable, showing an extremely
low concentration detection capability. To demonstrate the broad
applicability of IJMSS-NS to other SERS molecules, MB was also
used as the probe molecule for further SERS measurements
(Fig. 5b). MB exhibited strong characteristic Raman peaks upon
adsorption on I-JMSS-NS at a concentration of 10> M. The
intensities of the MB Raman peaks gradually decreased with
decreasing MB concentration, and the peak at 1622.7 cm ™' can
also be detected even at concentrations as low as 107" M.
Furthermore, the Raman spectra of CV molecules with different
concentrations are shown in Fig. S6 (ESIT). It can be seen that
even a concentration as low as 10~"" M can be detected.
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Fig. 5 Raman spectra of (a) R6G and (b) MB molecules at different concentrations in [-JMSS-NS.
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The SERS enhancement factor (EF) represents the ratio of
the Raman signals of the probe molecules with and without the
influence of the SERS substrate:

Isgrs NV
EF — [SERS/VRS

Irs Nsgrs

where Isgrs and Irs represent the Raman intensities of the
probe molecules adsorbed on the SERS substrate and the SERS-
free substrate, respectively, and Nggrs and Nyg represent the
number of probe molecules on the SERS substrate and the
SERS-free substrate, respectively. Based on the data in Fig. 5,
the EFs of R6G MB and CV molecules encapsulated in I-JMSS-
NS were calculated to be 8.04 x 10, 1.14 x 10” and 2.12 x 108,
respectively, which are comparable to recent reports using
metal nanoparticle-free SERS substrates (Table S1, ESIt).>*>®

4. Conclusions

In this study, monolayer JMSS and DMS were successfully
synthesized, and their respective nanoscroll structures were
further fabricated to investigate their SERS performance.
Through a series of SERS experiments using R6G and MB as
probe molecules, we observed that JMSS-NS exhibited a
significantly higher Raman enhancement than JMSS-F and
DMS-NS. This enhancement is attributed to the amplification
of intrinsic out-of-plane dipoles in JMSS-NS, which is driven
by the stronger built-in quasi-electric field induced by the
multilayer stacking effect via curling the flake to form nano-
scrolls. Furthermore, by designing and experimentally
constructing a novel structure in which the 2D-JMSS surface
pre-adsorbed with probe molecules is curled to form
intercalated-nanoscrolls (I JMSS-NS), the adsorption of probe
molecules is maximized. The formation of the I-JMSS-NS
structure effectively increased the number of detected mole-
cules. Thus, these two synergistic effects effectively enhance
the SERS detection sensitivity for low-concentration mole-
cules, resulting in an ultrasensitive detection limit as low as
10" M for R6G and 10~ '* M for MB and CV. These findings
demonstrate that metal nanoparticle-free JMSS-NS can
achieve significant Raman signal enhancement without the
need for metal nanostructure-assisted hybridization, high-
lighting their potential as non-plasmonic SERS substrates
for ultrasensitive detection. This study not only highlights
the advantages of Janus TMDs-based nanoscroll structures
in SERS applications through their novel structural design
but also offers new insights into advancing non-plasmon
excitonic SERS technology by utilizing intrinsic dipoles in
two-dimensional materials. In particular, integrating the
highly sensitive molecular detection capabilities of such bio-
compatible I JMSS-NS SERS substrates with the specific identi-
fication of biological targets (e.g., proteins, DNA, pathogens,
or cells) will be crucial for future applications in biomolecular
detection.

This journal is © The Royal Society of Chemistry 2025
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