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SUMMARY

Development of highly sensitive, stable, and repeatable surface-
enhanced Raman scattering (SERS) substrates is crucial for analytical
detection, which is a challenge for traditional metallic structures.
Here, by exploiting the high surface activity of the 1T0 transition
metal telluride, we fabricate high-density gold nanoparticles
(AuNPs) that are prepared spontaneously in situ on the 1T0 MoTe2
atomic layers, forming a plasmonic-2D material hybrid SERS sub-
strate. This AuNP formation is unique to the 1T0 phase, which is
repressed in 2H MoTe2 with lower surface activity. The hybrid struc-
ture generates coupling effects of electromagnetic and chemical
enhancements, as well as excellent molecule adsorption, leading
to ultrasensitive (4 3 10�17 M) and reproducible detection. Flexible
SERS tapes are demonstrated in practical applications. Our
approach facilitates ultrasensitive SERS detection by a facile
method, as well as an enhanced mechanistic understanding of
SERS beyond plasmonic effects.

INTRODUCTION

Surface-enhanced Raman scattering (SERS) has been investigated intensively as a

promising analytical tool for non-destructive and label-free fingerprint molecular

detection.1 Metallic plasmonic nanostructures are widely studied as sensitive SERS

platforms because of the largely augmented electromagnetic field generated by

localized surface plasmon resonance (LSPR) at hotspots, known as the electromag-

netic mechanism (EM).2 However, the noble metal structures for SERS suffer from

significant limitations, including (1) a complicated and delicate fabrication process

with design constraints, (2) low reproducibility and uniformity, (3) large analyte fluo-

rescence (FL) backgrounds, and (4) metal-catalyzed side reactions and photobleach-

ing effect.3 In recent years, graphene and other 2D layered materials have drawn

great attention as new types of SERS substrates.4–7 The atomic flat 2D materials uni-

formly adsorb the analytes, forming strongly interacting interfaces. In contrast with

the plasmonic structures, the SERS effect on 2D material substrates relies on the

chemical mechanism (CM) that stems from the photo-induced charge transfer in

the analyte-2D material interface.8–10 The CM-based 2D material substrates show

advantages over the noble metal SERS structures in terms of stability, reproduc-

ibility, quenched FL signals, etc. Recently we reported novel 1T0 transition metal

telluride (TMT) atomic layers as ultrasensitive CM-based SERS platforms.11 The

semi-metallic tellurides generate strong coupling with the adsorbed molecules

and provide a high density of states for the charge transfer, delivering much better

SERS performance over graphene. Other semi-metallic 2D materials with abundant

low-energy states, such as NbS2 and ReOxSy, have been demonstrated to exhibit

superior SERS sensitivities.12,13
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Hybrid SERS platforms consisting of plasmonic structures and 2D materials are pro-

posed to be promising candidates for next-generation molecular sensors because

they allow a combination of advantages of EM and CM.14 Previous studies have

shown that 2D graphene and hexagonal boron nitride (hBN) films hybridized with

thermally deposited noble metal nanoparticles can efficiently enhance SERS sensi-

tivity and partly solve the abovementioned challenging issues of noble metals.15–21

The 2D materials serve as a shield for noble metals, provide additional chemical

enhancement, and reduce the molecular FL. However, chemical enhancement of

graphene and hBN is limited, and thermal deposition of noble metal nanoparticles

involves additional costly fabrication processes. In addition, depositing noble metal

nanoparticles on 2D materials causes potential damage to the 2D materials,22 and

covering pre-deposited noble metal nanoparticles with 2D materials introduces

interface quality degradation during the transfer processes.

2D TMT can effectively enrich the adsorbed probe molecules and generate signifi-

cant chemical enhancement. More importantly, the low-symmetry atomic structure

of 1T0 TMT makes its surface highly active, which ensures a strongly interacting an-

alyte-TMT interface, leading to coupled electromagnetic and chemical enhance-

ments for SERS in the plasmonic-TMT hybrid structure. In the present study, we

report facile and high-throughput fabrication of the hybrid structure of MoTe2
atomic layers and gold nanoparticles (AuNPs) as a high-performance SERSmediator.

In contrast with thermal deposition, the uniformly distributed AuNPs are fabricated

spontaneously in situ on the MoTe2 surface by a redox reaction with the gold precur-

sor. The unique large surface activity of the 1T0-phase MoTe2 plays a key role in for-

mation of AuNPs, as evidenced by comparative investigation of MoTe2 with different

phases. The plasmonic-MoTe2 hybrid structure exhibits an ultralow detection limit of

4 3 10�17 M for the Rhodamine 6G (R6G) probe, which is four orders of magnitude

improved in comparison with the individual MoTe2, and the SERS signals are repro-

ducible, stable, uniform, and clean. Practical application, including food safety con-

trol, is demonstrated in the AuNPs-MoTe2 platform, showing great potential for

highly sensitive and reliable SERS detection.
RESULTS

Fabrication of the plasmonic-MoTe2 hybrid platform

Large-scale and highly crystalline trilayer (3L) MoTe2 samples synthesized by salt-assis-

ted chemical vapor deposition (CVD) method were adopted for the experiments, as

shown in Figure 1A. The highly crystalline and atomic flat features of the as-grown 1T0

MoTe2 were confirmed by Raman spectroscopy, atomic force microscopy (AFM), and

high-resolution transmission electronmicroscopy (HRTEM) (Figure S1). In situ formation

of AuNPs on 1T0 MoTe2 atomic layers was realized by simply immersing the sample in

HAuCl4 solution in ethanol (1 mM) for 30 s (Figure 1B), followed by gentle drying with

nitrogen flow. Scanning electronmicroscopy (SEM) images of 1T0 MoTe2 before and af-

ter treatment (Figures 1C and 1D) reveal the dense and uniform morphology of AuNPs

decorated on the MoTe2 surface with diameters of �20 nm. Importantly, the AuNPs

were found exclusively on MoTe2, whereas the SiO2 regions remained intact. 2D 1T0

MoTe2 has considerable surface activity associatedwith thedistortedoctahedral lattice,

leading to spontaneous in situ transition from [AuCl4]
– intoAuNPs in theHAuCl4 solution

without an additional reduction agent.23,24 In contrast, reduction agents such as triso-

dium citrate or pretreatments such as laser processing are required for growing AuNPs

on other less active 2Dmaterials, such as graphene andMoS2, in most synthetic strate-

gies.25–27 Theatomic structureof theAuNPs-MoTe2hybridwas investigatedbyHRTEM,

as shown in Figure 1E. MoTe2 at the nanogaps between the AuNPs exhibited an
2 Cell Reports Physical Science 2, 100526, August 18, 2021



Figure 1. Spontaneous formation of AuNPs on 1T0 MoTe2 for SERS with EM-CM coupling

(A) Lattice structure and optical images of 1T0 MoTe2 atomic layers.

(B) Schematic of spontaneous in situ formation of AuNPs on the surface of 1T0 MoTe2.

(C and D) SEM images of 1T0 MoTe2 before and after decoration of AuNPs.

(E) HRTEM image of the AuNPs-MoTe2 structure. Inset: a lower-magnification image. Scale bar in

the inset, 20 nm.

(F) HAADF image and the corresponding elemental maps of the AuNPs-MoTe2 structure.

(G) Illustration showing the coupling of EM and CM in the AuNPs-MoTe2 hybrid SERS structure.

(H) Simulated electrical field distribution of the AuNPs-MoTe2 structure (front view). Diameter of

the AuNPs, 20 nm; gap between the AuNPs, 3 nm.
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excellent 1T0 octahedral lattice, indicating that the MoTe2 was well preserved after

HAuCl4 treatment. Additional TEM images are available in Figure S2A and S2B. Fig-

ure 1F shows a high-angle annular dark field (HAADF) image of AuNPs-MoTe2 and

elemental maps collected by energy-dispersive X-ray spectrometer. The Au map fits

well with the bright areas in the HAADF image, whereas the uniformly distributed Mo

andTeelements reveal the intactMoTe2filmunderneath.X-rayphotoelectron spectros-

copy (XPS) investigation of the MoTe2 flake shown in Figures S2C–S2G revealed the

emergence of Au 4f5/2 and Au 4f7/2 peaks derived from the AuNPs after HAuCl4 treat-

ment, whereas the positions and shapes of Te 3d andMo 3d peaks were unchanged af-

ter treatment.

Coupling of EM and CM in the hybrid platform

Themetallic plasmonic structure creates hotspots where significantly enhanced field

intensity lies, but the limited adsorption capability of some probe molecules makes

the hotspots in bare noble metallic structures fail to function fully. 1T0 MoTe2 as a 2D

material, on the other hand, allows excellent surface adsorption of probes because

of its low-symmetry 1T0 phase and the p-p interaction at the analyte-MoTe2
Cell Reports Physical Science 2, 100526, August 18, 2021 3



Figure 2. Formation of AuNPs on 1T0 and 2H MoTe2: The phase matters

(A) SEM image of 2H MoTe2 (3L) after HAuCl4 treatment for 30 s. Scale bar, 400 nm.

(B and C) AFM images of 1T0 (B) and 2H (C) MoTe2 after HAuCl4 treatment. Scale bars, 2 mm.

(D and E) Dark-field optical images of 1T0 (D) and 2H (E) MoTe2 after HAuCl4 treatment. Scale bars,

10 mm.

(F and G) The minimum energy pathways, including the initial state (IS), transition state (TS), and

final state (FS), for dechlorination of the [AuCl4]
– ion on 1T0 (F) and 2H (G) MoTe2 surfaces.
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interface. As a result, the AuNPs-MoTe2 hybrid delivers a superior platform with

increased SERS sensitivity. MoTe2 not only augments the number of analytes ad-

sorbed at hotspot regions but also introduces coupled chemical enhancement.

The charge transfer resonances between analytes and MoTe2 are largely promoted

by leveraging the nearby molecular transition under resonance conditions via a vi-

bronic coupling process28 and can be enhanced by the strong electromagnetic field

generated by the high-density hotspots between AuNPs. The promising SERS effect

of AuNPs-MoTe2 hybrids results from cooperative and coupling effects of plasmon

at hotspots, chemical enhancement because of efficient charge transfer, and en-

riched molecular adsorption (see the illustration in Figure 1G and discussion in

Note S1).29 Figure 1H depicts the electric field distribution of AuNPs on the

MoTe2 surface under 532-nm illumination, simulated by the finite difference time

domain (FDTD) method. A highly localized electromagnetic field distributes in the

nano-gaps between AuNPs and at the touchpoint between AuNPs and the MoTe2
sheet, consistent with the analysis above. The AuNPs-MoTe2 hybrid exhibits an

LSPR peak around 530 nm, as shown in the extinction spectrum in Figure S3.

Effect of the MoTe2 phase on AuNP formation

As discussed above, spontaneous in situ formation of AuNPs can be realized on 1T0

MoTe2, but it is not applicable to 2HMoTe2 with low surface activity.30 SEM and AFM

images of MoTe2 possessing different phases after HAuCl4 treatment are shown in

Figures 1D and 2A–2C. Further, we investigated the morphologies of AuNPs on

MoTe2 using a dark-field microscopy technique that enables high-contrast imaging

of plasmonic nanoparticles (Figures 2D and 2E).31 The characterization results show
4 Cell Reports Physical Science 2, 100526, August 18, 2021



Figure 3. SERS performance and FL quenching

(A) SERS signals of R6G (4 3 10�7 M) on bare MoTe2 and the AuNPs-MoTe2 hybrid structure.

(B) Raman-FL spectra of R6G on bare SiO2 and MoTe2 and the AuNPs-MoTe2 hybrid structure.

(C) SERS signals collected on AuNPs-MoTe2 with various concentrations of R6G coating.

(D) Histograms of the SERS intensities of the R6G 1,646 cm–1 feature peak on the AuNPs-MoTe2 hybrid with R6G coating (4 3 10�7 M). The derived

relative standard deviation (RSD) is 8.5%.
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that high-density AuNPs are formed on the surface of 1T0 MoTe2, whereas only few

large Au aggregates are detected on 2H MoTe2. As shown in Figure S4, HAuCl4
treatment does not result in measurable improvement of the SERS sensitivity of

2H MoTe2. The significant difference between the morphologies of the HAuCl4-

treated 1T0 and 2HMoTe2 can be illustrated by density-functional theory (DFT) calcu-

lation, as shown in Figures 2F and 2G. The DFT results show that the energy barrier

(Eb) for the dechlorinating of [AuCl4]
– ion on the 1T0 MoTe2 surface is only 11.23 kcal/

mol, whereas Eb reaches 25.62 kcal/mol on the 2HMoTe2 surface. Thus, we can draw

an intuitive scenario of the reaction rate k for [AuCl4]
– ion dechlorination on the 1T0

and 2H MoTe2 surface through a simple unimolecular reaction model,32

k =
kBT

h

�
RT

P0

�Dn

exp

�
� Eb

kBT

�
; (Equation 1)

where kB is the Boltzmann constant, h is the Planck constant, T is the thermodynamic

temperature, R is the universal gas constant, and P0 is the standard atmosphere, and

for a unimolecular reaction,Dn = 0. From Equation 1, it can be obtained that, at room

temperature (T = 298.15 K), the half-life of the [AuCl4]
– ion on the 1T0 MoTe2 surface

t(1/2) = ln(2/k) is much less than 1 s. However, on the 2H MoTe2 surface, the half-life

of the [AuCl4]
– ion is �190 h. From such a remarkable difference of [AuCl4]

– ion half-

lives on the 1T0 and 2H MoTe2 surface, we can conclude that, on the surface of 1T0

MoTe2, the [AuCl4]
– ion can be fleetly reduced to AuNPs at room temperature,

whereas on the surface of 2H MoTe2, dechlorination of the [AuCl4]
– ion cannot pro-

ceed spontaneously unless on the defective sites. The 1T0 phase possessing high sur-

face activity largely facilitates AuNP formation. Thus, in stark contrast to the 2H

counterpart, 1T0 MoTe2 not only has considerably larger CM-based SERS sensi-

tivity11,33 but also benefits spontaneous formation of plasmonic nanoparticles, mak-

ing the AuNPs-MoTe2 hybrid an ultrasensitive and easily fabricated platform for

SERS with EM-CM coupling.
SERS performance of the hybrid platform

Figure 3A shows a direct comparison of the SERS signals (with baseline correction) of

a typical probe, R6G, with a 4 3 10�7 M concentration drop casted on bare 1T0

MoTe2 and AuNPs-MoTe2 hybrid substrates (532-nm excitation). The detected

R6G Raman-active peaks on the hybrid structure are much stronger than those on
Cell Reports Physical Science 2, 100526, August 18, 2021 5



ll
OPEN ACCESS Article
pure 1T0 MoTe2, although 1T0 MoTe2 has been demonstrated to present a much

more sensitive SERS effect than the intensively studied graphene, hBN, and

MoS2.
11 We also found that the SERS sensitivity of few-layer WTe2 as another 1T0

TMT material is much enhanced after HAuCl4 treatment, similar to the case of 1T0

MoTe2 (Figure S5). Additionally, 1T0 MoTe2 acts as a promising analyte FL quencher,

delivering clean SERS signals, whereas the large FL background is a major hurdle of

resonance SERS on metallic plasmonic substrates.34,35 As shown in Figure 3B, the

SERS outputs on AuNPs-MoTe2 are of high signal-to-background ratio, whereas

the signals on bare SiO2 performs large FL background of R6G with no detectable

analyte Raman peaks. The FL quenching effect is a consequence of charge transfer

and energy transfer between R6G and MoTe2.
11,25 The formation procedure of

dense and self-assembled AuNPs on MoTe2 is simple and efficient within 30 s,

and a further increase in immersion time in HAuCl4 solution does not result in

more effective SERS performance of the fabricated AuNPs-MoTe2 (Figures S6A

and S6B). This is attributed to the aggregation of AuNPs with prolonged reaction

time, which decreases the density of hotspots (see SEM images in Figures S6C–S6F).

We also investigated the influence of Raman excitation wavelength on SERS sensi-

tivity. As shown in Figure S7, the dye Raman features exhibit larger enhancement

when the excitation is resonant with the probes, under which condition the charge

transfer resonance can be maximized. Nevertheless, the dyes coated on AuNPs-

MoTe2 show acceptable SERS sensitivities with non-resonance excitation wave-

lengths because of the incorporation of EM. On the other hand, the SERS effect

can be barely observed on substrates based solely on CM when the excitation

does not resonate with the probes.11,36

By taking advantages of plasmonic localized field enhancement and chemical

enhancement, the novel AuNPs-MoTe2 hybrid is expected to detect analytes at ul-

tra-low concentrations. Figure 3C presents the SERS spectra of R6G coated on

AuNPs-MoTe2 with various concentrations from 4 3 10�7 to 4 3 10�17 M. Distinct

Raman fingerprint peaks of R6G are clearly detected. At an ultra-low R6G concentra-

tion of 43 10�17 M, the SERS signals are still detectable, giving rise to the capability

of detecting trace amount of analytes on the AuNPs-MoTe2. This ideal limit of detec-

tion (LoD) is four orders of magnitude improved in comparison with the individual 1T0

MoTe2 substrates11 and far surpasses the previously reported results of metal

nanostructures hybridized with graphene, hBN, MoS2, and other 2D materials,

whose fabrication processes are much more complicated, costly, and time

consuming.16,17,37,38 A detailed comparison between the present work and other

plasmonic-2D material based SERS substrates is listed in Table S1. The intensity of

the R6G 609 cm–1 feature peak and concentration of coated R6G shows a linear rela-

tionship in log scale (Figure S8), suggesting that the AuNPs-MoTe2 platform is prom-

ising for quantitative molecular detection.

The SERS intensities collected on AuNPs-MoTe2 are uniformly distributed, as evi-

denced by the Raman intensity map of the R6G 609 cm–1 peak in Figure S9A. The

SiO2 areas shows no appreciable R6G Raman signals because the AuNPs cannot

be formed on bare SiO2. SERS spectra collected from 20 randomly selected spots

on AuNPs-MoTe2 are shown in Figure S9B, and the corresponding histograms of

the R6G Raman intensity depicted in Figure 3D reveal a small relative standard de-

viation of 8.5% in the SERS signals. This high homogeneity of the SERS signals is

attributed to the atomic flat surface of the 2D MoTe2, which uniformly adsorbs ana-

lytes, and the uniform morphology of the in situ self-assembled AuNPs. This feature

gives rise to the reproducible and quantitative molecular detection on the hybrid
6 Cell Reports Physical Science 2, 100526, August 18, 2021



Figure 4. SERS stability under illumination

(A and B) SERS signals of the R6G 1,646 cm–1 feature peak on the AuNPs-MoTe2 hybrid structure (A)

and bare AuNPs (B) under continuous laser illumination. Each spectrum was collected with 10-s

acquisition time and a 10-s interval before the next measurement.

(C) SERS intensities of the R6G 1,646 cm–1 peak with increasing numbers of spectral acquisitions.
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SERS platform, which is of technical importance in real-world applications. The pho-

tobleaching effect of dyes on metallic nanostructures is another factor that leads to

low reproducibility in conventional SERS detection. Even for some semiconductor

SERS substrates, photocatalytic degradation of the analyte is non-negligible.39

The AuNPs-MoTe2 hybrid can greatly eliminate the unwanted degradation of

probes upon illumination. To conduct a comparative investigation of photostability,

a control substrate of AuNPs on SiO2/Si was fabricated by depositing 10-nm gold

film on SiO2, followed by vacuum annealing at 300�C. As shown in Figure 4, the

R6G Raman intensities on AuNPs-MoTe2 remain mostly stable with prolonged laser

illumination, whereas those on the conventional substrate (AuNPs) present a signif-

icant decrease with increasing acquisition time. The highly improved stability against

illumination on AuNPs-MoTe2 can be attributed to the large charge transfer between

the analytes and MoTe2, which promotes relaxation of analyte excitation states and

dissipation of hot electrons.40

The AuNPs-MoTe2 hybrid structure is suitable for various analytical applications,

such as detecting risky chemicals in food. We tested trace amounts of the Sudan

III and crystal violet (CV) dyes on the hybrid SERS platform, which are a category 3

carcinogen classified by IARC and a harmful fish drug, respectively. The SERS signals

of Sudan III and CV coated on AuNPs-MoTe2 are plotted in Figures S10A and S10B.

The analyte fingerprint peaks are clearly detected, even at an ultra-low analyte con-

centration of 4 3 10�15 M, showing the potential of the AuNPs-MoTe2 hybrid for

food safety and environmental pollutionmonitoring with high sensitivity. The feature

peak intensities of the analytes as functions of the analyte concentrations are given in

Figures S10C and S10D.

Flexible SERS tapes for real-world applications

To realize real-time, in situ and reliable SERS detection for daily life applications, we

fabricated flexible and transparent SERS tapes based on AuNPs-MoTe2 that can be

applied on arbitrary surfaces. As shown in Figure 5A, a large-area continuous thin
Cell Reports Physical Science 2, 100526, August 18, 2021 7



Figure 5. Flexible SERS tape for practical applications

(A) Optical image of the large-area continuous thin film of 1T0 MoTe2.

(B) Image of the flexible AuNP/MoTe2/PDMS SERS tape. Inset: a schematic showing that the SERS tape can be applied to target surfaces for various

applications.

(C) SERS detection with and without SERS tape floating on the R6G aqueous solution.

(D) SERS detection with and without SERS tape stuck on the apple surface with adsorbed Sudan III dye.
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film of 1T0 MoTe2 was synthesized on SiO2/Si by tellurization of a 2-nm pre-depos-

ited Mo film (the Raman spectrum and intensity map in Figure S11 show the high

quality and uniformity of the MoTe2 film).41 The MoTe2 film was then transferred

onto a polydimethylsiloxane (PDMS) stamp, and the AuNP/MoTe2/PDMS SERS

tape was obtained after HAuCl4 treatment (Figure 5B). The fabrication process of

the SERS tape is detailed in the Experimental procedures. Here we show two typical

application scenarios. As shown in Figure 5C, the SERS tape can float on an aqueous

solution of analyte (10�6 M R6Gwas used as an example), and the analyte Raman sig-

nals can be clearly detected with the SERS tape. Figure 5D shows another applica-

tion where the SERS tape sticks to an apple surface. The apple was immersed in

Sudan III solution (10�6 M) for 20 min before adhesion of the SERS tape. Distinct

Raman signals from the analyte molecules adsorbed on the apple surface are

observed in situ on the SERS tape-covered area, whereas no analyte signal is

collected on the area without SERS tape. The detection sensitivity of the SERS

tape is expected to be improved by optimizing the growth process used to obtain

the MoTe2 continuous film with higher crystallinity because grain boundaries would

impede the charge transfer.

DISCUSSION

We demonstrated that uniform and high-density AuNPs can be prepared in situ on

2D 1T0 MoTe2 via facile and fast chemical treatment without design constraints,

spontaneously forming a hybrid structure for SERS. The high surface activity of the

1T0 phase is not only crucial for formation of AuNPs but also leads to a strongly inter-

acting analyte-MoTe2 interface. The AuNPs-MoTe2 SERS platform generates

coupling effects of plasmonic enhancement and chemical enhancement, providing

ultrasensitive molecular detection. Additionally, the hybrid structure delivers uni-

form, reproducible, and clean SERS signals, and the SERS signal intensities remain

stable under prolonged laser illumination. Our work demonstrates that the easily

fabricated hybrid SERS substrate is promising for practical applications such as
8 Cell Reports Physical Science 2, 100526, August 18, 2021
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food safety control and enhances our understanding of electromagnetic and chem-

ical enhancements of SERS.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-

filled by the lead contact, Li Tao (taoli@link.cuhk.edu.hk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All of the data associated with this study are included in the article and Supplemental

information. Additional information is available from the lead contact upon reason-

able request.

Material growth and characterization

MoTe2 atomic layers were synthesized in a home-built CVD system using a space-

confined strategy.42 20 mg ammonium molybdate tetrahydrate was placed in a

quartz boat as the precursor. 2 mg NaCl was added to the same boat as the growth

promoter.43 SiO2/Si substrate cleaned with acetone sonication was put on the boat

with a face-to-face configuration. Another boat containing 50 mg tellurium powder

was placed in the upstream region of the CVD chamber close to the growth substrate

(1 cm). Growth was conducted at atmospheric pressure with an Ar/H2 (250/20 sccm)

carrier gas environment. The furnace was heated to 810�C in 15 min and kept for

10 min for growth of 1T0 MoTe2. The growth temperature was decreased to 650�C
to produce 2H MoTe2. In the main text, the MoTe2 is of 1T0 phase unless specified

otherwise. SEM images were obtained by SUPRA 60 with 10-kV accelerating voltage,

and TEM images were taken by a Titan3 G2 60-300 (FEI). AFM (NTEGRA, NT-MDT)

was used to characterize the surface morphology. XPS measurements were conduct-

ed by ESCALAB 250Xi. Raman/FL spectra were acquired with a Horiba LabRAM HR

Evolution Raman system using 532-nm excitation unless specified otherwise.

FDTD simulation

A commercial FDTD simulation package (FDTD Solutions, Lumerical) was used with 3D

simulation for calculating the near field profile and scattering/absorption spectrum of

the AuNPs/1T0 MoTe2 hybrid structure. Two AuNPs with a diameter of 20 nm and a

gap of 3 nm were set on 1T0 MoTe2 with a thickness of 3 nm; the structure was on

the SiO2 substrate, and the simulation background was air. A normal incident total

field-scattering field (TFSF) source was used with polarization along the line of the

two nanospheres centers. The antisymmetric and symmetric boundary conditions

were used accordingly for reducing the simulation time and resource requirements;

the others were set to be perfectly matched layers. The mesh sizes for the regions of

the two nanospheres and 1T0 MoTe2 were set to be 0.5 and 0.25 nm, respectively.

Two optical power analysis groups inside and outside of the TFSF source region

were used for calculating the absorption and scattering spectrum.

DFT calculation

DFT calculations were performed using the Perdew-Burke-Ernzerhof (PBE) functional

within the generalized gradient approximation (GGA) used to describe the ex-

change-correlation interactions. Projector-augmented wave (PAW) pseudopoten-

tials were used to describe the core electrons. All calculations were done using
Cell Reports Physical Science 2, 100526, August 18, 2021 9
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VASP code.44 The wave functions were expanded in plane waves up to a cutoff of

400 eV. The Brillouin zone integration was sampled by a 2 3 2 3 1 k mesh. The sys-

tems were simulated with a periodic boundary condition by placing a [AuCl4]
– ion on

the surface of 72-atom 1T0 MoTe2 (Mo:24 and Te:48) and 75-atom 2HMoTe2 (Mo:25

and Te:50), respectively. We performed full geometry optimizations until the resid-

ual forces were less than 0.01 eV/Å. To compute the reaction barriers, we used the

NEB method with the ‘climbing image’ algorithm.45 Activation barriers obtained

with the NEB method refer to a temperature of 0 K. The reaction pathway by means

of NEB calculations was based on the constrained geometry optimizations. There-

fore, all intermediate states were identified by a series of constrained geometry op-

timizations. After a constraint is defined (e.g., the forces between atoms), geometry

optimization is performed to force the constraint to preserve a given value.
SERS measurements

A sequential dilution process was performed for obtaining an aqueous solution

of the analytes (R6G, CV, and Sudan III) with various concentrations. The SERS

substrates were immersed in the analyte solution for 20 min to coat the analyte mol-

ecules. SERS spectra were collected using a Horiba LabRAM HR Evolution Raman

system with a 532-nm excitation laser (unless specified otherwise) and 1003 objec-

tive lens. The laser spot size was around 1 mm. For each spectral acquisition, the laser

power was 3.2 mW, and the integration time was 2 s (unless specified otherwise). For

SERS measurements with an analyte concentration lower than 10�14 M, the signal in-

tensities were averaged from five individual acquisitions to enhance the signal-to-

noise ratio. Baseline correction was performed in the SERS spectra, expect for the

Raman-FL spectra in Figure 3B.
Flexible SERS tape fabrication

Mo film of 2-nm thickness was deposited on SiO2/Si substrate via electron beam

evaporation. The Mo film was then tellurized into a 1T0 MoTe2 continuous film in

the CVD furnace at 810�C. After growth, the SiO2 substrate was etched in HF

aqueous solution (10%), and the 1T0 MoTe2 film was then transferred onto a PDMS

film (Gel-Pak). A supporting polymer, such as poly(methyl methacrylate), was not

applied during the transfer because the 1T0 MoTe2 film is of excellent robustness.

After gentle drying and baking (80�C for 10 min), the MoTe2/PDMS stack was

immersed in HAuCl4 solution (1 mM) for 30 s for formation of dense AuNPs on the

MoTe2 surface. Then the fabricated AuNP/MoTe2/PDMS flexible SERS tape was

ready for application to target surfaces for various applications.
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Rümmeli, M.H., Tully, C.G., Li, Z., Yin, W.-J.,
Yang, L., et al. (2019). Plasmon-Free Surface-
Enhanced Raman Spectroscopy Using Metallic
2D Materials. ACS Nano 13, 8312–8319.

13. Seo, J., Lee, J., Kim, Y., Koo, D., Lee, G., and
Park, H. (2020). Ultrasensitive Plasmon-Free
Surface-Enhanced Raman Spectroscopy with
Femtomolar Detection Limit from 2D van der
Waals Heterostructure. Nano Lett. 20, 1620–
1630.

14. Tao, L., Chen, Z., Li, Z., Wang, J., Xu, X., and Xu,
J.-B. (2021). Enhancing light-matter interaction
in 2D materials by optical micro/nano
architectures for high-performance
optoelectronic devices. InfoMat 3, 36–60.

15. Xu, W., Ling, X., Xiao, J., Dresselhaus, M.S.,
Kong, J., Xu, H., Liu, Z., and Zhang, J. (2012).
Surface enhanced Raman spectroscopy on a
flat graphene surface. Proc. Natl. Acad. Sci.
USA 109, 9281–9286.

16. Xu,W., Xiao, J., Chen, Y., Chen, Y., Ling, X., and
Zhang, J. (2013). Graphene-veiled gold
substrate for surface-enhanced Raman
spectroscopy. Adv. Mater. 25, 928–933.

17. Cai, Q., Mateti, S., Yang, W., Jones, R.,
Watanabe, K., Taniguchi, T., Huang, S., Chen,
Y., and Li, L.H. (2016). Boron Nitride
Nanosheets Improve Sensitivity and Reusability
of Surface-Enhanced Raman Spectroscopy.
Angew. Chem. Int. Ed. Engl. 55, 8405–8409.

18. Cai, Q., Mateti, S., Watanabe, K., Taniguchi, T.,
Huang, S., Chen, Y., and Li, L.H. (2016). Boron
Nitride Nanosheet-Veiled Gold Nanoparticles
for Surface-Enhanced Raman Scattering. ACS
Appl. Mater. Interfaces 8, 15630–15636.
Cell Reports P
19. Lu, R., Konzelmann, A., Xu, F., Gong, Y., Liu, J.,
Liu, Q., Xin, M., Hui, R., and Wu, J.Z. (2015).
High sensitivity surface enhanced Raman
spectroscopy of R6G on in situ fabricated Au
nanoparticle/graphene plasmonic substrates.
Carbon N. Y. 86, 78–85.

20. Yang, L., Lee, J.-H., Rathnam, C., Hou, Y., Choi,
J.-W., and Lee, K.-B. (2019). Dual-Enhanced
Raman Scattering-Based Characterization of
Stem Cell Differentiation Using Graphene-
Plasmonic Hybrid Nanoarray. Nano Lett. 19,
8138–8148.

21. Wang, Y., Ni, Z., Hu, H., Hao, Y.,Wong, C.P., Yu,
T., Thong, J.T.L., and Shen, Z.X. (2010). Gold on
graphene as a substrate for surface enhanced
Raman scattering study. Appl. Phys. Lett. 97,
163111.

22. Liu, Y., Guo, J., Zhu, E., Liao, L., Lee, S.J., Ding,
M., Shakir, I., Gambin, V., Huang, Y., and Duan,
X. (2018). Approaching the Schottky-Mott limit
in van der Waals metal-semiconductor
junctions. Nature 557, 696–700.

23. Seok, J., Lee, J.-H., Cho, S., Ji, B., Kim, H.W.,
Kwon, M., Kim, D., Kim, Y.-M., Oh, S.H., Kim,
S.W., et al. (2017). Active hydrogen evolution
through lattice distortion inmetallic MoTe2. 2D
Mater. 4, 025061.

24. McGlynn, J.C., Dankwort, T., Kienle, L.,
Bandeira, N.A.G., Fraser, J.P., Gibson, E.K.,
Cascallana-Matı́as, I., Kamarás, K., Symes,
M.D., Miras, H.N., and Ganin, A.Y. (2019). The
rapid electrochemical activation of MoTe2 for
the hydrogen evolution reaction. Nat.
Commun. 10, 4916.

25. Chen, P., Yin, Z., Huang, X., Wu, S., Liedberg,
B., and Zhang, H. (2011). Assembly of
Graphene Oxide and Au0.7Ag0.3 Alloy
Nanoparticles on SiO2 : A New Raman
Substrate with Ultrahigh Signal-to-Background
Ratio. J. Phys. Chem. C 115, 24080–24084.

26. Shi, Y., Wang, J., Wang, C., Zhai, T.-T., Bao,
W.-J., Xu, J.-J., Xia, X.-H., and Chen, H.-Y.
(2015). Hot electron of Au nanorods activates
the electrocatalysis of hydrogen evolution on
MoS2 nanosheets. J. Am. Chem. Soc. 137,
7365–7370.
hysical Science 2, 100526, August 18, 2021 11

http://refhub.elsevier.com/S2666-3864(21)00235-6/sref1
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref1
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref1
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref1
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref2
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref2
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref2
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref2
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref3
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref3
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref3
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref3
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref3
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref3
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref4
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref4
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref4
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref4
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref5
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref5
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref5
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref5
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref5
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref6
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref6
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref6
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref6
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref6
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref6
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref7
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref7
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref7
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref7
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref8
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref8
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref8
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref8
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref9
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref9
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref9
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref9
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref10
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref10
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref10
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref10
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref10
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref10
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref11
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref11
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref11
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref11
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref11
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref11
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref11
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref12
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref12
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref12
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref12
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref12
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref13
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref13
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref13
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref13
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref13
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref13
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref14
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref14
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref14
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref14
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref14
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref14
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref14
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref15
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref15
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref15
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref15
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref15
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref16
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref16
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref16
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref16
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref17
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref17
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref17
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref17
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref17
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref17
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref18
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref18
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref18
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref18
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref18
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref19
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref19
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref19
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref19
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref19
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref19
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref20
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref20
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref20
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref20
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref20
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref20
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref21
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref21
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref21
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref21
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref21
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref22
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref22
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref22
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref22
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref22
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref23
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref23
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref23
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref23
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref23
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref24
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref25
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref25
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref25
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref25
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref25
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref25
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref26
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref26
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref26
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref26
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref26
http://refhub.elsevier.com/S2666-3864(21)00235-6/sref26


ll
OPEN ACCESS Article
27. Lu, J., Lu, J.H., Liu, H., Liu, B., Gong, L., Tok,
E.S., Loh, K.P., and Sow, C.H. (2015).
Microlandscaping of Au nanoparticles on few-
layer MoS2 films for chemical sensing. Small 11,
1792–1800.

28. Lombardi, J.R., Birke, R.L., Lu, T., and Xu, J.
(1986). Charge-transfer theory of surface
enhanced Raman spectroscopy: Herzberg–
Teller contributions. J. Chem. Phys. 84, 4174–
4180.

29. Lombardi, J.R. (2017). The theory of surface-
enhanced Raman scattering on semiconductor
nanoparticles; toward the optimization of SERS
sensors. Faraday Discuss. 205, 105–120.

30. Lukowski, M.A., Daniel, A.S., Meng, F.,
Forticaux, A., Li, L., and Jin, S. (2013). Enhanced
hydrogen evolution catalysis from chemically
exfoliated metallic MoS2 nanosheets. J. Am.
Chem. Soc. 135, 10274–10277.

31. Liu, M., Chao, J., Deng, S., Wang, K., Li, K., and
Fan, C. (2014). Dark-field microscopy in
imaging of plasmon resonant nanoparticles.
Colloids Surf. B Biointerfaces 124, 111–117.

32. Fernández-Ramos, A., Ellingson, B.A., Meana-
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