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Abstract: A facile approach was developed for the decoration of monolayer tungsten disulfide(WS,) and
molybdenum disulfide(MoS,) nanosheets with uniform gold nanoparticles with precisely controlled sizes,
and their plasmonic properties were examined at different laser excitation wavelengths for trace detection
of Rhodamine 6G(R6G) using surface-enhanced Raman scattering (SERS). Homogeneous deposition of
gold nanoparticles on WS, and MoS, nanosheets was achieved by the reduction of hydrogen
tetrachloroaurate via a seed-mediated growth method. The as-prepared heterostructures were characterized
using scanning electron microscopy and Raman spectroscopy. Several substrates exhibited a Raman
enhancement factor on the order of ~10°,which is almost sufficient for the detection of single molecule.
Our results demonstrate that controlled decoration of noble metal nanoparticles is a feasible and general
strategy for structural modification of ultrathin transition metal dichalcogenides to develop highly-efficient
and flexible substrates for next generation of SERS-based chemical and biological sensors.
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Introduction

The ability to detect trace amounts of target analytessuch as environmental pollutants, explosive hazards,

[-3] Surface

and specific disease biomarkers has garnered enormous attention among the scientific community
enhanced Raman scattering(SERS) is a potential technique to achieve minuscule level detection with specificity
for choice analytes,it has been utilized for reproducible analyte detection of single-molecule quantities-* *!. SERS
was first discovered over 40 years ago when it was shown to enhance an analyte’s Raman signal on a roughed
silver electrode™™. Since then, two contributing mechanisms for SERS have been developed, electromagnetic
enhancement and chemical enhancement"”*, This work is aimed to build upon the efforts to develop novel SERS

substrates. Using the well-known electromagnetic enhancement of gold on flexible opto-electronic transition
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metal dichalcogenides (TMDs) to create flexible substrates for SERS applications and study how varying
parameters affect the enhancement seen from these hybrid materials™® .

Two-dimensional (2D) layered materials have become an increasingly promising potential building block for
chemical sensing. TMDs, and other 2D layered materials owe this potentiality to their tunable and intriguing

H2l - As a result, 2D materials can exhibit plasmonic properties which is one

electrical and optical properties
application to pursue SERS-based sensing technology. 2D materials such as TMDs and graphene owe their SERS
properties mainly to the chemical enhancement theory. By which the 2D material acts as charge donors and the
analyte acceptors to increase the observed Raman signal from the analyte™® ™). A large area of research on TMDs
materials is focused on the future prospect of optimizing these atomically thin layered materials for transistors,
semiconductors,and other opto-electronic devices. Due to their size and thickness this will allow for these devices
to be nano scale, flexible, stretchable and transparent '"'""' The fact that TMDs nanosheets can display SERS
characteristics makes them an optimal choice for decorating with SERS active noble metal nanoparticles, beyond
just providing a flexible substrate.

Gold nanoparticles(AuNPs) have been studied extensively for SERS since its discovery. AuNPs have been
shown to provide remarkable Raman enhancement of up to 10", Gold has been employed for SERS through a
variety of means. It has been utilized as a nanoscale gold tip above the substrate, AuNPs, AuNP coated in other

metals or nonmetallic materials, surface-decorated substrates, and thin films '

. The strong Raman
enhancement observed combined with the versatility and ease of synthesis makes gold moieties an attractive
SERS substrate or substrate component.

This work aims to open the door to the creation of reusable flexible SERS substratesconsisting of AuNP-
decorated TMDs heterostructures. Herein we report the SERS effectiveness of these substrates and their
comparative efficacy under varying conditions such as nanoparticle size, laser frequency, and TMDs substrate
used. AuNPs were created of various sizes with a seed mediated growth for comparison. Decoration was achieved
through spin coating AuNP solutions onto as-grown TMDs substrates. The SERS effectiveness was measured

through the detection of a model dye Rhodamine 6G(R6G).

1 Experimental

1.1 Apparatus and Materials

A Horiba LLabRam HR Evolution was used to determine the number of layers for as grown TMDs along
with carry out the SERS study after AuNPs decoration. A Fei Nova NanoSEM 630 was used to further
characterize TMDs,observe AuNP size and decoration of the TMDs substrates.

Sulfur powder 99. 5% and WO, powder 99. 999% were purchased from Alfa Aesar, 99% R6G was
purchased from Acros Organic. NaBr 99%, MoO, 99%., Gold CIll ) chloride trihydrate > 99. 9%,
Hexadecyltrimethylammonium bromide(CTAB) >>99%,2.5% AgNO; solution,99% L-ascorbic acid,>>99. 0%
sodium citrate tribasic dehydrate,and 98% sodium borohydride were purchased from Sigma Aldrich. All aqueous
solutions were prepared by deionized(DI) water unless specified otherwise.

1.2 Growth of MoS, and WS, Nanosheets

MoS, and WS, samples were grown in a Thermo Scientific Lingberg Blue M chemical vapor deposition
(CVD) furnace. MoS, growth was done on SiO,/Si wafers. The wafers were placed polished side down over the
sample boat in the center of the tube furnace. The sample boat contained 1 mg of a 10:1 mixture of MoQO, and
NaBr by weight. 100 mg of sulfur powder was placed in a sample boat just outside the tube furnace with this
portion of the tube covered with a heating rope. The Furnace was heated to 800 °C over the course of 20 min and
held at this temperature for 5 min. Sulfur was heated to 220 ‘C and carried downstream by 100 standard cubic
centimeters per minute(sccm) of Ar. After 5 min, the furnace is cracked open to increase the cooling rate. The
WS, growth followed a similar procedure. The inner furnace sample boat held 10:1 ratio of WO, and NaBr for

the tungsten precursor. The furnace was ramped to 825 °C over the course of 20 min and held for 10 min. The
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heating rope was set to heat the sulfur at 220 °C and carried through the tube by a flow of 200 scem Ar.
1.3 Growth of Gold Nanoparticles

AuNPs were grown via a seed mediated growth. The seed solution was created by first placing a 0. 1 mol/L
solution of NaBH, on ice. A 25 mL reaction vial was filled with 18 mL of DI water to which 50 pL of 0. 1 mol/
L HAuCl,,50 pL of 0. 1 mol/L sodium citrate, 600 pL. of the chilled NaBH, , and sonicated until thoroughly
mixed. The growth solution to which the seed solution would be added was made with 10 mL 0. 1 mol/L CTAB,
350 pL 0. 1 mol/L L-ascorbic acid,250 pl. 0. 1 mol/L. HAuCl, ;and 50 pL 0. 1 mol/L. AgNO;. Three separate
solutions of this growth solution were created to which different quantities of seed solution were added. 25,5,0.
5 pl. were added to one of the three solutions with DI water so the total amount of added liquid to the solution
was 25 pl. Each solution was centrifuged at 4 750 r/min for 1 h. the precipitate was resuspended in DI water and

the process was repeated several times to wash the grown particles.

2 Results and Discussion

2.1 Synthesis and Characterization of MoS, and WS, Nanosheets

MoS, and WS, nanosheets were grown according to the aforementioned procedure to optimize the growth of
monolayer island samples. TMDs such as MoS, and WS, have indirect band gaps in their bulk form. As
monolayers these structures have sizable direct band gaps. This gives them interesting optoelectronic properties
for sensing and potential nanoelectronics, making them the ideal form for the heterostructure SERS

substrates "

. Fig. 1 shows the E}, and A,, stretching modes of the grown MoS, and WS, nanosheets. Monolayer
WS, has these streching modes in at 356 and 417. 5 cm ', which is good agreement with our experiment
results? . Like with WS, observing the change in the difference between these two stretching modes for MoS,
gives insight into the number of layers in the sample. Sub 20 em ' difference between these modes is an indicator

[23]

of monolayered material, which is observed in the grown sample*”. The Raman data indicates the substrates

used were monolayer MoS, and WS, ,respectively.
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Fig. 1 Raman spectra with a 488 nm laser excitation of as grown TMDs to confirm monolayer growth
(A)WS, was observed to have Raman shifts at 356. 57 and 418. 28 em™ ' ; (B) MoS; was observed to have Raman shifts of 383. 43 and 402. 69 cm .
1 A 488 nm A HEZ THHMN S XIERFANEEEK
(A WS, #£ 356. 57 il 418. 28 cm ™ ' AT 2 (5 ; (B) MoS, #£ 383. 43 Fl 402. 69 cm ™' b AT Hi 2 (i %5,

2.2 Synthesis and Characterization of AuNPs

AuNPs weresynthesized via two different methods discussed above. The AuNPs solutions were then spin
coated onto the SiO, /Si wafers that the TMDs were grown on for SERS applications. Fig. 2 shows a standardized
size comparison between the particles and their coverage. After drying the applied AuNPs solution onto the
TMDs substrates 1. 02X 10~ ° mol/L R6G solution was spin coated onto the surface for SERS. These as prepared
substrates were analyzed under two different laser frequencies to compare size of AuNPs, type of substrate,and
frequency dependence.
2.3 SERS Characteristics of AuNPs-Decorated MoS, and WS, Nanosheets

Fig. 3 shows the spectra that were obtained when probing SERS effectiveness of the created substrates at
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Fig.2 SEM images of as-grown AuNPs on MoS, and WS, nanosheets
(A) 25 nm,(B) 35 nm,and (C) 400 nm prior to SERS study or addition of R6G. Scale bar:500 nm.
2 KTE MoS, 1 WS, 433K B _E B9 AuNP, BO$346 T B 34088 (SEM) B &
(A) 25 nm;(B)35 nm; (C) 400 nm.

different laser frequencies for the spectra of R6G obtained at 5% laser power'?"!. Immediately upon observation a
size contingency is observed across the samples which is to be expected based on previous SERS studies of
AuNPs size'”’, The largest AuNPs exhibited little to no SERS on the detection of the choice analyte,and the 25
nm sized AuNPs containing substrates had the best enhancement. The 35 nm AuNPs substrates produced
enhancement to a lesser degree than the 25 nm samples in every sample that enhancement could be observed. 10
nm sized AuNPs proved difficult to acquire spectra with any enhancement at all except for on the WS, substrate

under the 488 nm laser excitation.
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Fig.3 Surface-enhanced Raman spectra of 1. 0X 10~° mol/L R6G on AuNP decorated TMDs substrates. WS, under 488 nm
(A) s MoS, under 488(B) , WS, under 633 nm(C) ,and MoS, under 633 nm(D)

3 REEEA SR
1.0X107% mol/L R6G HYFE& BURLAE MY WS, 1-,488 nm BOGHIK (A) s 7 & FURLIE i i) MoS; » 488 nm #OG I K (B) ; 4 FURLAE i (Y
WS, I, 633 nm BOGEE (O s & BRLE M MoS, I+, 633 nm HOGHA (D)

The spectra of the MoS; substrate under the 488 nm laser excitation were dominated by fluorescence of the
R6G. As a result,R6G peaks were unable to be resolved from this. This was seen across all the spectra obtained
for this substrate under these parameters and is surprising since AuNPs have fluorescence quenching properties

1%, Potentially indicating a

and the fluorescence was not seen on any of the other test conditions to this leve
parameter of the substrate or test is at play.
The best performing substrate for SERS for the two TMD substrates was not under the same laser

frequency,though it was with the same size AuNPs. The use of the 488 nm laser produced the strongest
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enhancement with WS, across all substrate conditions that exhibited any enhancement. While with MoS, the
strongest enhancement came under the 633 nm laser excitation,as fluorescence dominated the spectrum under the
488 nm laser excitation. Upon 633 nm laser excitation, MoS, nanosheets decorated with 25 nm and 35 nm AuNPs
exhibited an analytical enhancement factor(AEF) on the order of 10"-10°, which is comparable to other SERS

I SERS / CSERS
IRS / (:RS

Isers and Csgrs are the intensity and concentration of the dye on the SERS samples and Izs and Cgs are the

substrates and sufficient for the detection of single molecule. AEF was calculated by AEF= , where

[1,27]

intensity and concentration on samples containing only dye . This may point to some specificity in the laser

frequency choice which could be selected to detect certain analytes over others utilizing the differing substrates.

3 Conclusion

AuNPs-decorated MoS, and WS, nanosheets were synthesized for potential use as flexible SERS substrates.
Their SERS properties were studied at different laser excitation wavelengths. It was discovered that the degree of
Raman enhancement is contingent on the size of AuNPs. Additionally, the different substrates used performed
best under different laser frequencies, allowing for some potential specificity in detection based on fabrication.
Among all the substrates tested, MoS, nanosheets decorated with 25 nm and 35 nm AuNPs exhibited the best
AEF(~10"-10°) under the 633 nm excitation for the detection of R6G. This work points to some potential
application for decorated TMDs as novel substrates for SERS-based sensing. L.ooking into the specificity of these
fabricated substrates and shape related contingencies of the AuNPs used, reliable flexible 2D sensors could be

utilized to detect trace amounts of specific analytes.
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