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Abstract: Two-dimensional layered material Molybdenum disulfide (MoS;,) exhibits a flat surface
without dangling bonds and is expected to be a suitable surface-enhanced Raman scattering (SERS)
substrate for the detection of organic molecules. However, further fabrication of nanostructures for
enhancement of SERS is necessary because of the low detection efficiency of MoS,. In this paper,
period-distribution Si/MoS, core/shell nanopillar (NP) arrays were fabricated for SERS. The MoS,
thin films were formed on the surface of Si NPs by sulfurizing the MoOj thin films coated on the Si
NP arrays. Scanning electron microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy
were performed to characterize Si/MoS, core-shell nanostructure. In comparison with a bare Si
substrate and MoS, thin film, the use of Si/MoS; core-shell NP arrays as SERS substrates enhances
the intensity of each SERS signal peak for Rhodamine 6G (R6G) molecules, and especially exhibits
about 75-fold and 7-fold enhancements in the 1361 cm ™! peak signal, respectively. We suggest that the
Si/MoS; core-shell NP arrays with larger area could absorb more R6G molecules and provide larger
interfaces between MoS; and R6G molecules, leading to higher opportunity of charge transfer process
and exciton transitions. Therefore, the Si/MoS, core/shell NP arrays could effectively enhance SERS
signal and serve as excellent SERS substrates in biomedical detection.

Keywords: MoS,; Si nanopillar; SERS; core-shell; charge transfer; 2D material

1. Introduction

Surface-enhanced Raman scattering (SERS) is a technique for microanalysis and
biomedical detection based on the interaction between light and matter [1-4]. The two
widely accepted mechanisms for the SERS effect are the electromagnetic mechanism (EM)
and the chemical mechanism (CM). For the EM effect, noble metals are widely used in SERS
method because of significant enhancement in signal due to high electromagnetic fields
around metallic structures [5-8]. The presence of metallic structure could provide a boost
of several orders of magnitude to SERS signals. On the other hand, the CM effect means
the chemical interaction between the analyte molecule and the substrate [9-11]. In general,
the SERS signal of the CM effect is extremely lower than that of the EM effect. However,
using metal substrate has several disadvantages in detecting molecules. For example, the
metal catalytic effect would affect the analyte molecule [12], the strong interaction between
the metal and the molecule deforms the molecule structure easily [13,14], and the metal
surface is prone to produce carbonization effects causing additional strong background
signals generated during analysis [15]. In recent years, many studies have demonstrated
that 2D materials, such as graphene, boron nitride, and molybdenum disulfide (MoS;),
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could be utilized as SERS substrates for biomedical detections [16,17]. Among the above
materials, the MoS; thin film has a flat surface without dangling bonds, which possesses
a close proximity to the analyte molecule. Meanwhile, the feature of clean and uniform
surface in MoS; is difficult to damage the molecule [18]. Hence MoS; has quite potential in
the application of SERS.

To improve the SERS signal of MoS, in detecting the molecule, the fabrication and
development of the nanostructure of MoS, for application of biomedical detection is
worthy to investigate. Despite that many different types of MoS, nanostructures, such
as nanopatterns, nanosheets, and nanospheres, have been reported and proven to be
used to enhance photocatalytic reactions by several researchers [19-21], little literature is
available on the application of MoS; nanostructures to the enhancement of SERS signals.
Furthermore, no research has been published regarding Si/MoS, core-shell nanostructure.
Since the core-shell nanostructure could affect a larger surface with the analyte molecule
during detection [22], the fabrication of a Si/MoS; core-shell nanostructure with a high
surface-to-volume ratio is expected to improve the detection signal for the applications of
SERS biomedical detection.

In this work, we utilized standard semiconductor process to fabricate periodically
distributed Si nanopillars (NPs) with a diameter of about 240 nm over large area. A MoO3
layer was deposited on the Si NP arrays using an evaporation system, and then the sample
was placed in a high-temperature furnace for sulfurization reaction to form Si/MoS; core-
shell NP arrays. We further implemented scanning electronic microscopy (SEM), Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS) to analyze material properties
related to the core-shell structure. The Si/MoS; core-shell NP array was used as a SERS
substrate to detect the signal of rhodamine 6G (R6G) dye molecules. Raman results show
that the SERS signal intensity of R6G molecules detected by the Si/MoS, core-shell NP array
can be increased to 75 times that of the Si substrate and 7.5 times that of the MoS, thin film.
We will further discuss and explain the possible mechanism in this article. The technique
presented here may facilitate the development of MoS, nanostructure. Meanwhile, our
results could be able to provide a reference for the use of 2D material nanostructures as
SERS substrates in the future.

2. Materials and Methods
2.1. Fabrication of Ordered Si NP Arrays

At first, planar p-type Si wafers with resistivity of ~10 ohm-cm were cleaned by a
standard wafer clean process. Consequently, we grew thermal oxide with a thickness of
~150 nm as hard mask by using an oxidation system. The as-grown samples were coated by
a positive photoresist (PR) layer, exposed to I-line stepper (Canon FPA-3000 i5+) through a
mask, and then developed in regular sequence. Afterward, the CF4 plasma was applied to
etching the exposed area of the SiO; area for 120 s. After the PR layer was removed, we
utilized Cl, /HBr plasma to etch Si for 250 s and the etch depth was controlled to be about
1000 nm. Eventually, the top oxide hard mask was removed by a plasma asher and buffer
oxide etch progress.

2.2. Fabrication of Ordered Si/MoS;, Core-Shell NP Arrays

In order to understand the effect of using Si NP arrays for SERS, we prepared both
bare Si and Si NP arrays as MoS; substrates for comparison. We adopted the same growth
procedure of MoS; for both substrates as the following. The schematic of flowchart is shown
in Figure 1. The synthesis procedures of crystal MoS; started with MoOj3 thin film coated on
the Si substrates by an evaporator. Both Si and Si NP arrays substrates were pasted on the
ceiling of evaporator and faced downward a tungsten boat inside the chamber. A 500 mg
MoOj tablet was placed on the tungsten boat and heated around 1000 °C for 30 s. Chamber
pressure is about 5 x 102 torr. Then the samples were sent to a two-zone vacuum furnace
for further sulfurization process to grow MoS;. The samples were fixed and inserted into
a customized quartz plate with 3 mm depth grooves and faced to upstream to ensure
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MoOj3 coated on the cylindrical sides of the Si NP arrays could fully sulfurized during the
process. In the two-zone vacuum furnace heated with two different temperatures, the 8 g
sulfur powders were placed at the upstream source zone while the both kinds of substrates
were placed at the downstream reaction zone. We only kept the temperatures at 700 °C
for 300 s in the reaction zone. The temperature in source zone reached about 500 °C when
the temperature in reaction zone was 700 °C. The temperature ramping rate was set to
be 5 °C /min for heating and cooling procedures. The argon with fixed flow of 200 sccm
was used as the carrier gas and the pressure was around 0.1 torr. The source vapor was
transported from the source zone by the carrier gas and condensed on the substrates in the
reaction zone to trigger a sulfurization reaction.

MoO,

Evaporated

Si NP arrays MoO; coated on Si NP arrays

Sulfurized @ //
O 0" cH,

MoS,

Dropped
R6G solution

R6G on Si/MoS,

Si/MoS, core/shell structure core/shell structure

Figure 1. Schematic illustration of the fabrication of Si/MoS, core/shell NP arrays.

2.3. Preparation of R6G Molecules

R6G dye (ACROS Organics, 99%) was dissolved in water (1 mM and 10 mM) and was
dip-coated onto substrates including Si, MoS, thin films on Si, and Si/MoS, core-shell NP
arrays. The substrates were then dried by a hot plate with setting 70 °C.

2.4. Characterizations

SEM (FEI Helios 1200+) was used for investigation of the morphology and nanos-
tructure of the as-grown samples. The chemical configurations of the samples related to
MoS, were determined by X-ray photoelectron spectroscope (ULVAC-PHI Phi V5000),
performed with an Al K« X-ray source on the samples. The Raman spectra and SERS
analyses were recorded from a confocal Raman microscopy system (Tokyo Instruments,
Inc., Nanofinder 30) with a He-Ne laser excitation (laser power: 0.05 mW). The laser beam
was focused in a spot of 1 pm diameter by a microscope objective with a magnification of
100 X and NA of 0.9. The acquisition time was set to 20 s for the laser measurement. The
grating in spectrometer is 300 line/mm. A charge coupled device mounted in the spec-
trometer was cooled down about -50 °C by using a thermoelectric cooling chip to reduce
noise during measurement. The spectra were calibrated by Si peak position (520 cm~1)
from bulk Si substrate.

3. Results and Discussion

Figure 2a—c shows the tilt SEM images of the Si NP arrays before and after deposition
of MoQOj as well as the S5i/MoS, core-shell NP arrays after sulfurization progress. From
Figure 2a we observed that the diameter of a Si NP is about 240 nm. After MoO3; was
deposited, the diameter of the NP is slightly increased to about 255 nm, as shown in
Figure 2b. Subsequently, we found that the diameter of the NP is about 287 nm when
the outer MoOj3; was transformed into MoS, and formed Si/MoS, core-shell NP structure
after sulfurization, as shown in Figure 2c. From above SEM results, we could estimate
that the thickness of the MoOjs layer is about 7-8 nm, while the thickness of the MoS; is
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about 23 nm formed on the lateral sides of Si NP. Note that the thickness of the MoS; is
about 3—4 times thicker from the conversion of the MoOj layer, which is similar to the
previous studies [23,24]. Moreover, we analyzed the molecule vibration modes for the
planar MoS; formed on Si and Si/MoS; core-shell NP arrays substrates under the same
MoS; growth conditions using Raman spectroscopy. The Raman spectra and corresponding
Gaussian fitting results for both planar MoS,; and Si/MoS; core-shell NP arrays are shown
in Figure 2d, which show that both samples exhibit E! 2¢ and Al typical vibration mode
peaks of MoS,, suggesting the MoOj3 layer had been successfully sulfurized into MoS;. It
is well known that the difference in wavenumber between the two modes would decrease
with decreasing thickness of MoS; from bulk to a few monolayers [25,26]. Since our
Gaussian fitting results reveal that the difference in wavenumber between the two peaks is
about 26.25 cm ! for the planar MoS, and 26.2 cm ™! for the Si/MoS, core-shell NP arrays,
we could further confirm that the thickness of the MoS, thin film formed on the Si NP is
bulk, which is consistent with above SEM observation.

(d) —— MoS, on Si sub

MoS, on Si NPs
— = MoS, on Si sub (fitting)
— — MoS, on Si NPs (fitting)

Intensity (a. u.)

: : : : :
350 375 400 425 450
Raman Shift (cm™)

Figure 2. SEM images of (a) Si NP arrays, (b) MoOj thin films deposited on Si NP arrays, and (c) Si/MoS,
core/shell NP arrays. (d) Raman spectra and corresponding Gaussian fitting results of planar MoS, thin
film and Si/MoS, core/shell NP arrays.

Figure 3 shows the XPS results of the planar MoS, and the Si/MoS; core-shell NP
arrays. The chemical composition and structural information can be further confirmed
through bonding energy analysis. In Figure 3a, both XPS spectra of the planar MoS; and
the 5i/MoS, core-shell NP arrays display Mo 3d3/;, 3d5,, and S 2S located at the energy
positions of 231.6, 228.5, and 225.7 eV. Figure 3b shows that S 2p; /; and S 2p3; are located
near the energy of 162.2 and 161.2 eV, respectively. These peak positions are in good
agreement with the results of previous relevant reports, which also determine the MoS,
is in 1T stacked structure in this study [27-29]. On the other hand, all peaks of the planar
MoS, are slightly lower than that of Si/MoS; core-shell NP arrays. Mahatha et al. found
that the more dislocation defects and higher surface step density in MoS; structure would
reduce the relevant bonding energies of Mo and S atoms [30]. Based on this result, we infer
that the use of Si NP arrays could effectively reduce defects. In addition, our XPS results
did not show relevant bonding energy related to MoOs [31], indicating that the MoOj3 layer
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has fully reacted with sulfur vapor and transferred into MoS; on either on the planar Si or
the Si NP arrays after the sulfurization process.

1(a) ——MoSz on Sisub Mo3d , 1(b) MoSzonSisub  §2p
MoS2 on Si NPs ——MoS2 on Si NPs

Mo3d ,

Intensity (a. u.)
Intensity (a. u.)

T T T T T T T T T T T
236 234 232 230 228 226 224 166 164 162 160 158
Binding Energy (eV) Binding energy (eV)

Figure 3. Mo 3d (a) and S 2p (b) core level XPS spectra of planar MoS; thin film and Si/MoS, core/shell
NP arrays.

We selected R6G molecules (1 mM) for the Si substrate, MoS, thin film, and Si/MoS,
core-shell NP arrays to compare the sensitivity of SERS application. Figure 4 shows the
SERS signals of the substrates obtained by Raman spectroscopy for R6G detection. It is
obvious that the Raman intensity is significantly enhanced when R6G molecules are covered
on the S5i/MoS, core-shell NP arrays. The intensity of all molecular vibration modes related
to R6G is much higher than that of covering the MoS, thin film and Si substrate [32]. The
peak intensity of using the Si/MoS; core-shell NP arrays is 7.5 times that of using the MoS;
thin film and 75 times that of using the Si substrate for the peak 1361 cm~!. The surface
area ratio of the two substrates 5i/MoS, core-shell NP arrays and MoS, was estimated to
be about 5.22 based on the SEM observation. Therefore, the higher enhancement of the
SERS signal is related to the higher surface-to-volume ratio of the Si/MoS, core-shell NP
arrays. It is worth mentioning that the Si NP array is a superhydrophilic substrate [33]. This
superhydrophilic characteristic would cause the dropped R6G molecular solution to spread
rapidly. In general, the larger spread R6G solution area leads to lower surface distribution
density of R6G molecules. Instead, the NP arrays structure additionally provides nearly
5 times area comparing to the planar thin film, making it difficult for the R6G molecules to
stack with each other. As a result, more R6G molecules could directly attach to the MoS,
thin film on Si NP and thus improve SERS signals.

33,0001 —— R6G on MoS2/Si NPs 1361~ 1504
1 — R6G on MoS2/Si Sub
32,0004 — R6G on Si Sub 1574
1 937 v
31,000 + 764 1647

30,000

Intensity (cts

29,000 ~
28,000 =
80004 g, S
3,000 WAWJ“*
2,000
1,000 Ww
O_M'. :“"."‘M poven | P .l b Im,...l.. o]
600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

Figure 4. Surface-enhanced Raman scattering (SERS) signals of the R6G molecules (1 mM) on the Si,
MoS, thin film, and Si/MoS; core-shell NP arrays substrates.
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In addition to R6G molecule vibration modes, the SERS result of the Si/MoS, core-
shell NP arrays also exhibit a broad band feature. Since whole measurements were carried
out on almost the same period and under the same conditions, we believe that the broad
band of SERS signal for the R6G on the Si/MoS, NP arrays could not originated from
relevant R6G molecule vibrations. Instead, because we used the He-Ne laser (~633 nm) as
excitation source for SERS measurement, the wavenumber range 600-1800 cm ™! could be
converted to the corresponding wavelength range 658-714 nm, which is very close to R6G
original red-orange color. Therefore, we could suggest that the original color of R6G caused
the broad band feature, which would not conflict with the idea that the Si/MoS, core/shell
NP arrays with larger area could absorb more R6G molecules. In spite of the board
band feature, we still could distinguish molecule vibration modes of R6G labeled using
arrow marks from the SERS signals of using the Si/MoS; core/shell NP arrays in Figure 4.
The intensities of these modes by using the Si/MoS; core/shell NP arrays are actually
stronger than that using either the planar MoS, thin film or the Si substrate. In order to
confirm the reproducibility and accuracy for the SERS result, we measured additional
SERS signals from the different positions of the Si/MoS, core/shell NP arrays, which is
shown in Figure Sla—d of Supplementary Materials. We also measured an additional SERS
signal of the R6G molecules (10 mM) on a Si substrate for comparison. Even though the
random distribution of R6G molecules introduce the different SERS profiles, obviously
the SERS results at the different positions indicate that the enhancement of the Si/MoS,
core-shell NP arrays as SERS substrates for R6G molecules is actually stronger than that
of the planar MoS, thin film and the Si substrate. Meanwhile, the results of the vibration
modes are consistent with the spectrum of the R6G (10 mM) on the Si substrate. Figure S1d
shows a relative low intensity in comparison to Figure Sla—c, probably due to low R6G
concentration at the position where the drop point of the R6G droplet is far away.

To date, many studies have demonstrated that the SERS mechanism of using 2D
semiconductor material is CM and mainly due to charge transfer (CT) process happening
on the interface between the molecule and the semiconductor [34-37]. There are two
CT paths between molecule and semiconductor. One is that the electrons in the highest
occupied molecular orbital (HOMO) of the molecules absorb enough light energy and
then jump to the adjacent semiconductor conduction band to form free electrons, leaving a
hole in the HOMO and forming an electron-hole pair, so called exciton. The other is that
the electrons in the valence band of the semiconductor transit to the lowest unoccupied
molecular orbital (LUMO) of the molecules. A schematic band diagram of the CT process
between the R6G and the Si/MoS; core-shell NP arrays is presented in Figure 5. The
figure suggested that the electrons excited were transferred to a higher energy state upon
absorption of light with a photon energy exceeding the energy differences via the possible
transition paths (1)—(6), including (1) the HOMO of R6G to the conduction band of MoS,,
(2) the valence band of MoS, to the LUMO of R6G, (3) the HOMO of R6G to conduction
band of the Si NP, (4) the valence band of Si NP to the LOMO of R6G, (5) the indirect
energy gap of MoS,, and (6) the indirect energy gap of the Si NP. The corresponding
energy difference is (1) 1.2 eV, (2) 2.5 eV, (3) 1.65 eV, (4) 1.75 eV, (5) 1.4 eV, and (6) 1.1 eV,
respectively. Since the energy difference in path (2) is about 2.5 eV, which is larger than the
photo energy 1.96 eV of the excited laser (~633 nm) we used in this study, the transition
through path (2) could not happen. We believe that the opportunities of the transition
path (3) and (4) are extremely low because the electrons excited via the paths have to
spend much energy to pass through the thickness of MoS; except for the R6G molecule
that directly contacts the Si NP through the cracks on the surface of MoS,. Furthermore,
the laser energy could penetrate either the R6G or MoS; layers to excite electrons in the
MoS; thin film and Si NP during the SERS measurement process, leading to the path
(5) and (6) related to the internal transition of indirect band gap. Therefore, the main
reasons for the SERS enhancement mechanism of the Si/MoS, core-shell NP arrays in the
detection of R6G molecules may be attributed to CT process of path (1) and the exciton
transitions of path (5) and (6). In comparison with the planar MoS; thin film, we suggest
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that the Si/MoS; core-shell NP arrays with higher surface-to-volume ratio could absorb
more R6G molecules effectively and increase larger interface area between MoS, and R6G.
The larger interface area would further promote higher opportunity in CT and exciton
resonance, leading to the enhancements R6G signals in SERS analysis. In the future, we
would arrange systematically further optical experiments based on this result to understand
the contribution and proportion in the SERS enhancement in terms of CT process and
exciton transitions.

259 Shell Core Shell
= 397 Lumo LUMO
% 3.5 —
~ 40— Ec
> ’ / 1 1.85eV Ec

23eV

E., 4.5+ € © jaev | T T 2sev
8 -5.0 laev |,
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HOMO | i | 0.2 eV HOMO
-6.0— Ev Ev
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..] R6G MoS, SiNP MoS, R6G

Figure 5. Band diagram schematic of charge transfer (CT) process between R6G molecule and
Si/MoS, core-shell NP.

4. Conclusions

In conclusion, we fabricated the Si NP arrays with a diameter of about 240 nm by using
the standard semiconductor process. A MoQOj3 layer was deposited on the Si NP arrays in an
evaporation system and placed in a high-temperature furnace tube for sulfurization. Raman
and XPS results confirm that the MoOj3 layer around the Si NP completely transferred
into MoS, layer with a thickness of 23 nm and formed the Si/MoS, core-shell NP arrays
structure. Raman results show that using the Si/MoS, core-shell NP arrays as a SERS
substrate could enhance the R6G signals. In comparison with the planar MoS, thin film,
the superhydrophilic Si/MoS, core-shell NP arrays with larger area could not only absorb
more R6G molecules, but also cause R6G molecules difficult to stack with each other. Hence
the core-shell NP arrays provide larger interface area between R6G and MoS,, leading
higher opportunity of CT process and exciton transitions. The effect could enhance the
SERS signals of R6G molecules. Our work indicates that the Si/MoS; core-shell NP arrays is
an excellent SERS substrate with great potential. Meanwhile, we believe this discovery will
expand the application of 2D material core-shell nanostructure to the biomedical detection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2079-499
1/11/3/733/s1, Figure S1. SERS signals of the R6G molecules on the Si, MoS2 thin film and Si/MoS2
core-shell NP arrays substrates. An additional SERS signal of the R6G molecules (10 mM) on a
Si substrate is included for comparison. The red SERS curves in (a)-(d) were measured from the
different positons of the R6G molecules on the Si/MoS2 core-shell NP arrays substrates.
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