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One-step selective formation of silver
nanoparticles on atomic layered MoS2 by laser-
induced defect engineering and photoreduction†

Y. T. Lei,a D. W. Li, *b T. C. Zhang,a X. Huang,b L. Liub and Y. F. Lu b

Two dimensional (2D) materials decorated with noble metal nanoparticles (NPs) have attracted wide

attention due to their appealing chemical and physical properties. Herein, we have developed a novel

approach to controllable and selective decoration of silver NPs on atomic layered molybdenum disulfide

(MoS2) by using one-step laser-induced defect engineering and photoreduction. By employing a

focused micro-power laser beam, silver NPs can be rapidly (in seconds) anchored onto the irradiated

area of MoS2 flakes, forming 0D/2D AgNPs@MoS2 heterostructures. The mechanism for silver growth on

MoS2 flakes was based on laser-induced defect creation in a silver ion environment and silver nucleation

on laser-excited MoS2 flake surfaces, as evidenced by a combination of techniques including Raman

spectroscopy, atomic force microscopy and second-harmonic generation. We also found that the

morphology and the growth rate of silver NPs are highly dependent on the layer thickness of MoS2 and

the laser irradiation power; while the size and number density of silver NPs could be precisely controlled

by varying the irradiation time as well as the silver ion concentration. Finally, AgNPs@MoS2 heterostructure

micro-patterns have been successfully demonstrated via a programmed low-power laser scan, which

shows great potential to be used as an efficient surface enhanced Raman scattering platform for

chemical sensing.

Introduction

Recently, two dimensional (2D) semiconducting transition
metal dichalcogenide (TMD) materials, such as molybdenum
disulfide (MoS2), have received tremendous attention due to their
unique layer-dependent electrical and optical properties.1–4 Bulk
MoS2 exhibits an indirect band gap of 1.29 eV, while monolayer
MoS2 has a direct band gap of B1.90 eV with enhanced photo-
luminescence (PL).5–8 Thus far, MoS2 has achieved primary progress
in the following fields: sensing,9,10 energy harvesting,11–13 and
photoelectronic applications.14,15 On the other hand, it is well known
that noble metal nanoparticles (NPs) have broad applications in
biosensing, catalysis, and photonics due to their excellent
chemical and physical properties.16–19 Therefore, fabrication
of noble metal NPs with 2D TMDs, forming 0D/2D metal–
semiconductor heterostructures, would promote the synergistic

effect of both materials and expand their functionalities as
novel catalytic, magnetic and optoelectronic materials.20–23

Among the potential applications of noble metal NP func-
tionalized TMDs, surface enhanced Raman scattering (SERS)
active substrates is one attractive area.24–26 Traditionally, SERS
substrates were made of noble metal NPs and low-concentration
analytes were detected through the amplification of the electro-
magnetic field introduced by the surface plasma resonance
effect.27,28 Recently, 2D semiconductor materials, such as MoS2,
have been proved to have Raman enhancement effects due to
their polar Mo–S bonds.29 The low concentration of cytidine and
adenosine molecules could be detected by few-layer MoS2 due to a
combination of the fluorescence quenching effect and modifica-
tion of the local environment.30 To date, several studies have been
focused on the fabrication of noble metal NPs onto 2D MoS2,
forming 0D/2D NPs@MoS2 heterostructures.24–26,31–38

In general, different methods have been explored for
decorating noble metal NPs onto 2D materials, including
physical deposition,34,39,40 chemical reduction using different
reducing agents,31,36,37,41–44 light-induced reduction,35,45–48 electro-
chemical method,49,50 solvothermal method,51,52 self-assembly
method,53,54 and wave-assisted reduction.33,55,56 Among them,
light-induced silver reduction on MoS2 flakes represents a green
and simple method as no additional chemical reagents need to
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be added except silver nitrate itself, where MoS2 acts as a
photocatalyst and silver ions could be directly reduced and
deposited on the photo-excited MoS2 surfaces.35 However, the
growth rate of silver NPs on MoS2 surfaces was slow via light
exposure. In addition, selective and controlled decoration of
silver NPs on MoS2 surfaces could not be realized by the above
method. Recently, a two-step approach for selective decoration
of gold NPs on few-layer MoS2 films has been reported, which is
based on the self-assembly of Au NPs on premodified MoS2

films with a focused laser beam.26 However, a laser with a power
greater than 20 mW is required for MoS2 surface modification.
Besides, the mechanism for the self-assembly process of Au on
laser-modified MoS2 surfaces was different from that of light-
induced photo-reduction, since no laser was used during Au
reduction. Considering the multi-step process and high-energy
laser required in the above approach, it is promising to explore
a simple, more efficient, cost-effective approach to realizing
the selective and controllable decoration of noble metal NPs on
2D TMD surfaces. Meanwhile, an in-depth understanding of
the noble metal NP growth mechanism on 2D materials is
essential for practical applications.

In this work, we have developed a facile, one-step approach
to selectively anchor silver NPs onto 2D MoS2 sheets by a micro-
power laser-induced defect engineering and photoreduction
technique. The silver NP growth rate was fast, which could be
realized in seconds with a micro-power laser in the presence of
silver ion solution. We found that MoS2 not only played the role
of a photocatalyst but was also defected/consumed during the
silver growth process, as evidenced by Raman spectroscopy,
atomic force microscopy (AFM), and second harmonic genera-
tion (SHG). Based on these experimental results, we proposed a
two-step silver growth mechanism on the MoS2 surface using
laser irradiation, which involves laser-induced surface defect
creation in a silver ion solution and silver nucleation on laser
excited MoS2 surfaces. To the best of our knowledge, this is the
first clear illustration of MoS2 being defected/consumed during the
silver growth process. Besides, the major parameters impacting
the size, shape, and number density of the deposited silver NPs
were identified and evaluated. Moreover, the as-prepared 0D/2D
AgNPs@MoS2 heterostructures were free of any capping agents
and exhibited good SERS activity, showing great potential for
chemical sensing application. Our work thus provides a new
avenue for selectively functionalizing MoS2 with noble metal
NPs in a simple, rapid, green and cost-effective way.

Materials and methods
Reagents and materials

Silver nitrate (purity 4 99%), gold(III) chloride trihydrate
(499.9% trace metal basis) and Rhodamine 6G (R6G) (R4127,
B95%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without further purification. SiO2/Si wafers
(285 nm, PC lot # O-9086, SQI, San Jose, CA, USA) were cut
into 6 mm � 8 mm substrates and used for MoS2 flake transfer.
High purity grade methanol purchased from Fisher Scientific

(Fair Lawn, NJ, USA) was used as a solvent for R6G solution
preparation. Deionized water (electrical resistivity = 18 MO cm)
used for silver nitrate solution preparation and washing was
made with the Millipore Simplicity System (Thermo Fisher
Scientific Inc., US). The mechanically exfoliated MoS2 was chosen
to get high-quality MoS2 flakes with fewer defects. MoS2 flakes
were obtained by microcleavage of natural bulk crystals (Graphene
Supermarket) using Scotchs transparent tape.

Experimental design

Silver NP decorated MoS2 composites were first synthesized by
immersing the exfoliated multiple layered (M L) MoS2 sub-
strates in silver nitrate solution (1 mM) and irradiated with a
focused laser beam (633 nm, 25 mW) for a certain time (e.g., 7 s)
using a 50� objective. The spot size for a 633 nm laser focused
onto the sample is B1.5 mm. After laser irradiation, the substrates
were taken out and washed in deionized water. At the same time,
a control experiment was conducted under the same conditions
except that no external laser source or MoS2 flakes were provided.
In order to investigate the mechanism of laser-induced silver
growth on the MoS2 surfaces, lasers with different wavelengths
(514.5, 633, and 785 nm) were tested for silver NP growth. To
realize the controllable preparation of silver NPs by size, shape
and number density, the impact of process parameters, including
MoS2 layer numbers, laser power, irradiation time and silver
nitrate concentration, was systemically investigated in different
tests. Unless mentioned elsewhere or investigated, the monolayer
(1 L) MoS2 flake, 1 mM AgNO3, 633 nm laser with a power of
25 mW and the irradiation time of 7 s were kept constant for the
AgNPs@MoS2 heterostructure fabrication.

Characterization methods

1 L, bilayer (2 L), and few-layer (F L) MoS2 flakes were exfoliated
onto a SiO2/Si substrate and identified by optical microscopy
(Nikon ECLIPSE LV150) and Raman spectroscopy. Both Raman
and PL measurements were performed at room temperature
in the same micro-Raman system (Renishaw inVia 2000). The
Raman scattering was excited by a 514 nm Ar+ laser with a
power of B200 mW, while the PL scattering was excited by a
633 nm laser with a power of B20 mW to avoid heating.
Morphological characterization of AgNPs@MoS2 was carried
out through a field emission scanning electron microscope
(SEM, JEOL JSM-7600F). An AFM (Bruker Multimode 8 AFM)
operated in the peak-force working mode was applied to study
the morphological evolution of laser-irradiated 2D MoS2. SHG
imaging measurement was conducted using a multiphoton
nonlinear optical microscopy system according to our previous
reports.4,57 The size and density distribution of silver NPs
formed was analysed by MATLAB (2016a).

SERS study

The SERS activity of the as-fabricated AgNPs@MoS2 hetero-
structures was investigated, wherein R6G was chosen as the
probe molecule in the SERS study. 100 mL of 1 mM R6G solution
(dissolved in methanol) was dropped onto the as-fabricated
SERS substrates and dried in air at room temperature.
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Raman spectra of R6G were recorded with the micro-Raman
system using a 50� objective with a numerical aperture of 0.75.
The excitation source was a focused 633 nm laser with a power
of 0.5 to 1 mW. For comparison, Raman scattering from the
bare SiO2/Si substrate and MoS2 flakes without laser irradiation
was also collected.

Results and discussion
Formation mechanism of AgNPs@MoS2 heterostructures

In this work, silver NPs were found to be rapidly and selectively
formed on the exfoliated layered MoS2 surfaces in the presence
of silver ions upon focused laser beam irradiation. As shown in
Fig. 1a, a significant optical contrast change was obtained for

the arrowed MoS2 after focused laser irradiation (633 nm,
25 mW) for 7 s in silver nitrate solution. Both the SEM image
(Fig. 1b) and the energy dispersive X-ray spectrum (Fig. S1,
ESI†) indicated that silver NPs were formed in the laser
irradiated region. Similarly, gold NPs could be formed on the
MoS2 surface through the same route if we substitute the silver
nitrate with gold chloride (Fig. S2, ESI†), suggesting the
universality of the laser irradiation method in the synthesis of
noble metal NPs on the surface of atomic layered TMDs.

Control experiments without MoS2 flakes or laser irradiation
have been conducted to further understand the mechanism of
the reaction. In both cases, no significant change in colour was
observed through optical imaging, indicating no growth of
silver NPs (data not shown). This means that both MoS2 flakes
and focused laser beam irradiation have played important roles

Fig. 1 (a) Optical images of 1 L MoS2 flake immersed in 1 mM AgNO3 solution before and after irradiation with a focused 633 nm laser (25 mW) for 7 s. The
yellow arrowed position is the laser focus spot. (b) Enlarged SEM image of the irradiated MoS2 in the laser focus spot. (c) Normalized Raman intensity of
A1g peak of 1 L MoS2 after 633 nm laser irradiation (25 mW) in AgNO3 solution as a function of laser irradiation time. Inset shows the corresponding Raman
spectra. (d) AFM topography image of laser irradiated spot on 1 L MoS2. Inset is the enlarged yellow dashed square area in (d). The cross-sectional height
profile along the yellow dashed line shows that the average silver NP size is around 20 nm. (e) SHG image and cross-sectional intensity profile of the same
sample in (a) after laser irradiation. Scale bars: 5 mm in (a), 500 nm in (b and d) and 2 mm in (e).
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in silver growth. More interestingly, we found that MoS2 was
defected/consumed during the silver growth process (Fig. 1).
This observation is different from the previously reported light-
driven growth of silver NPs on 2D MoS2, where MoS2 only
played the role of photocatalyst for the silver reduction.35 To
check the role MoS2 played during the silver growth process in
our work, the evolution of Raman spectra for the 1 L MoS2 sheet
immersed in a silver nitrate solution and irradiated with a
633 nm laser for different times was recorded (Fig. 1c). Com-
pared with MoS2 flakes without laser irradiation, a decrease of
the peak intensity of A1g was observed for MoS2 irradiated with
laser for 7 s. With further increasing laser irradiation time,
the Raman peak intensity of MoS2 decreased exponentially and
almost disappeared when the irradiation time reached 75 s.
This revealed that the MoS2 sheet was defected and consumed
during the silver growth process.

AFM and SHG measurements were taken to further prove
MoS2 was defected during the silver growth. As shown in Fig. 1d,
silver NPs with a size of B20 nm as well as defects (Fig. 1d inset)
were clearly observed on the laser irradiated MoS2 surface. SHG
imaging is an effective tool for rapid evaluation of the crystal
quality of 1 L MoS2.4 One can see that the SHG intensity for 1 L
MoS2 vanished at the laser focus spot (Fig. 1e), revealing that the
atomic structure of MoS2 was damaged after micro-power laser
irradiation in silver ion solution. However the laser power we
employed was very low, B25 mW, which was much weaker and
not high enough to cause thermal defects on MoS2.26 Thus, we

proposed that the defects on MoS2 surface were created as a
result of both laser excitation and the presence of silver ions.
This indicated that the mechanism of silver growth on MoS2 via
laser irradiation was different from the previous report.35

The effect of the surface defects of MoS2 on silver growth was
further investigated by laser irradiation with ultralow power
(Fig. 2). Herein, two different MoS2 spots, one in the centre and
the other one on the edge, were both irradiated by a 633 nm
laser with a power as low as B0.05 mW for 20 min (Fig. 2a).
Small and low-density silver NPs as well as defects were
observed at the edge of the MoS2 sheet (Fig. 2b). In contrast,
neither defects nor silver NPs were observed in the irradiated
spot in the centre after 0.05 mW laser irradiation for the
same length of time (Fig. 2c). It is observed that the edge of
MoS2 shows more defects than the centre, which easily creates
more surface defects (or active sites) during the silver growth
upon laser irradiation, as was evidenced by Raman spectra
recorded for the irradiated spot on the edge (Fig. 2d) where
the peak intensity decreased and the peak distance between
A1g and E1

2g broadened. Thus, surface defects played an impor-
tant role for laser-induced silver nucleation and growth on 2D
MoS2 surfaces.

Based on the above experimental results, we proposed a two-
step silver growth mechanism on the MoS2 surface by laser
irradiation in silver ion solution (Fig. 2e). Upon laser irradia-
tion with an appropriate wavelength, 2D semiconducting MoS2

sheets will be photo-excited, generating electron hole pairs.

Fig. 2 (a) Optical image of 1 L MoS2 after focused 633 nm laser irradiation (0.05 mW) for 20 min in 1 mM AgNO3 solution. The two dash
circled areas represent the laser focus spots. Enlarged SEM images of the (b) green and (c) yellow dash circled areas in (a). (d) Raman spectra of
two points on 1 L MoS2 in (a). (e) Schematic illustration of laser-induced formation of silver NPs on 2D MoS2 nanosheets. Scale bars: 5 mm in (a) and 1 mm
in (b and c).
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With the presence of silver ions, surface defects in the form of
unbound sulfur are expected to be created on the laser-excited
MoS2 surface if the laser power is appropriate (micro-power).
Then, the laser-induced unbound S bonds on the defect sites
of MoS2 can reduce silver ions and act as the bonding sites for
silver nucleation,26 leading to the deposition of silver on the
MoS2 surface defects under photoexcitation. The one-step pro-
cess of laser-induced defect creation and silver growth could be
realized in seconds (within 7 s) with low laser power (B25 mW),
suggesting its potential for low-cost, large-scale fabrication of
silver NPs on 2D MoS2.

The effect of laser wavelength on silver growth on 1 L MoS2

surfaces was also investigated (Fig. 3). Fig. 3a–c compare the PL
spectra of 1 L MoS2 collected with three different excitation
laser wavelengths. The 785 nm laser has a photon energy of
1.58 eV, which is not high enough to excite 1 L MoS2 (B1.9 eV).
It was expected that no significant PL signal could be obtained
using the 785 nm laser, which was consistent with the PL
measurement (Fig. 3c). Accordingly, no silver growth was observed
under the irradiation of the 785 nm laser even with a high power
of B25 mW (Fig. 3f and i). For irradiation lasers with shorter
wavelengths, such as 633 and 514 nm, their photon energies
exceed the bandgap of 1 L MoS2, as evidenced by the PL spectral
measurement (Fig. 3a and b). Thus, the growth of silver NPs was

realized with 633 and 514 nm laser irradiation (Fig. 3d and e).
Fig. 3g–i compare the SEM images of silver NPs formed under
the irradiation of 633 and 514 nm lasers. The focus laser spot
sizes were B1 mm and B1.5 mm for the 514 and 633 nm lasers,
respectively. However, the growth area of silver NPs formed by
the 514 nm laser was bigger than that of the 633 nm, as evidently
revealed by the SEM images (Fig. 3g and h). This was attributed
to more silver ions reduced by the higher photon energy of the
laser with a shorter wavelength. These results further prove that
defect creation and silver NP growth are based on the laser
excitation of MoS2.

Besides, several silver NPs were randomly formed at the edges
or other spots, other than the laser irradiated spot (Fig. S3, ESI†).
This can be rationalized by the presence of room light during the
laser focus process and the rapid reduction of silver ions at the
surface defects during the preparation process.35,58

Silver NP growth rate and morphological control

SEM images shown in Fig. 4a–c reveal that the growth rate and
the morphologies of silver NPs were highly layer number
dependent. With the same process parameters, a focused laser
beam led to the formation of silver NPs with a growth area of
2 mm and a uniform size of B20 nm (Fig. 4a). In contrast, we
observed that bigger silver NPs with a size of around 40 nm

Fig. 3 Laser wavelength effect. PL spectra of 1 L MoS2 sheets by excitation laser with wavelengths of (a) 514 nm, (b) 633 nm and (c) 785 nm.
(d–f) Optical and (g–i) SEM images of silver NPs formed on 1 L MoS2 in 1 mM AgNO3 solution after irradiation via laser with a wavelength of (d and g)
514 nm, (e and h) 633 nm and (f and i) 785 nm for 7 s. The yellow arrowed positions in (d–f) point to the laser irradiation spots. Scale bars: 5 mm in (d–f) and
500 nm in (g–i).
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were formed on 2 L MoS2 in the laser focus spot, meanwhile
big silver flakes/platelets of up to 1 mm were developed on
the perimeters of the focus centre (Fig. 4b). When the M L
MoS2 flake was illuminated, silver dendrites of up to several
micrometres were developed on the laser focused area (Fig. 4c),
indicating a faster silver NP growth rate on thick MoS2 layers.
The high magnification SEM image (inset in Fig. 4c) shows that
each branch was composed of silver NPs with a size of around
500 nm.

The faster growth rate of silver NPs on 2 L and M L MoS2

than that on the 1 L MoS2 surface could be explained by the
transition from an indirect to a direct semiconductor. As we
know, the electrons used for silver reduction were provided by
laser-excited MoS2. Compared to M L and 2 L MoS2, 1 L MoS2

has a decreased amount of freely mobile photo-generated
electrons due to the increased exciton binding energy and
reduced lifetime of the charged carriers.59 Besides, M L MoS2

absorbed more photon energies than the few-layer/1 L MoS2.60

Therefore, more defects were created on M L MoS2 due to more
photo-generated electrons, leading to much faster nucleation
and crystallization of silver on M L MoS2 compared with
1 L MoS2.

Similar control of the growth rate and morphology of silver
NPs was also achieved by tuning the laser power intensity. In
our experiment, no silver NPs were observed on the irradiated

spots when the laser power was 0.05 mW even with a long
irradiation time of 20 minutes in silver ion solution (Fig. 2),
which was attributed to no defects being created on the 1 L
MoS2 surface with such a low laser power. When the laser
power was increased to 25 mW, significant silver NP growth was
observed with a short irradiation time of 7 s (Fig. 4d). This
reveals that there is a threshold (micro-power) for the defect
creation and silver nucleation on MoS2 by laser in the presence
of silver ions. As shown in Fig. 4d–f, by increasing laser power
from 25 to 500 mW, the diameter of the silver NP growth area
was expanded from 1 to 3 mm. This is due to the bigger impact
area introduced by the laser with a higher power intensity.
It has been reported that higher power would promote the
nucleation and growth of silver NPs due to the elevated
reduction power of the reaction system provided.61 As revealed
in Fig. 4d and e, uniformly distributed silver NPs with a size
around 20–30 nm were observed for a laser power within
250 mW, while bigger silver crystals with a size up to 1 mm were
formed when the laser power increased to 500 mW (Fig. 4f),
indicating that the growth rate of silver NPs was impacted by
laser power. Much bigger aggregates were formed when the
laser power was 25 mW (Fig. S4, ESI†). It is interesting to note
that fewer and less dense silver NPs were observed around the
bigger silver aggregates. This was considered to be due to the
Ostwald ripening, which means the growth of big aggregates
will sacrifice the surrounding small NPs.62 Thus, to get denser
and more uniformly distributed silver NPs, a smaller laser
power between 25 and 250 mW should be chosen to avoid big
aggregate formation.

To investigate the effect of temperature increase of the MoS2

sheet by laser irradiation during silver growth, the temperature
change in 1 L and M L MoS2 was measured via the shifts in
the Raman peak of the E1

2g band (Fig. S5 and S6, ESI†).63,64

We estimated the temperature change in MoS2 using eqn (1)
as follows:

DT ¼ wP
wT

P; (1)

where wP, wT and P represent the fitted linear power coefficient,
the fitted linear temperature coefficient, and the laser power,
respectively. The temperature increase for 1 L MoS2 was calcu-
lated to be B18.5 K during laser irradiation with a power of 25
mW (Fig. S5, ESI†). A similar estimation revealed that the
temperature increase for M L MoS2 was a little higher, around
41 K, with the same laser power. This temperature increase was
much lower than the temperature required for thermolysis of
silver nitrate.65 Plus, the laser power we employed for fabricating
AgNPs@MoS2 heterostructures was within 250 mW, of which
the corresponding temperature increase was less than 1 K.
Thus, the effect of temperature increase in our experiment can
be neglected.

Silver NP size and number density control

The effects of laser irradiation time, silver ion concentration on
NP size and number density were investigated. As revealed in
Fig. 5a, with a short exposure time (B3 s), the 1 L MoS2 flake

Fig. 4 SEM images of the AgNPs@MoS2 heterostructures grown in 3 mM
AgNO3 on (a) 1 L, (b) 2 L and (c) M L MoS2 with 633 nm laser (250 mW)
irradiation for 7 s. The yellow circled positions in (a–c) point to the laser
irradiation spots. The insets show high magnification images of the purple
arrowed areas. SEM images of the AgNPs@MoS2 heterostructures grown in
1 mM AgNO3 on 1 L MoS2 under laser powers of (d) 25, (e) 250 and (f) 500 mW
for 7 s. The insets show high magnification images of the yellow centered
areas. Scale bars: 2 mm in (a–f) and 500 in insets of (a–f).
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was ‘‘etched’’ into smaller nanosheets, leading to the formation
of more defect sites in the laser irradiated region, which is
consistent with our proposed laser-induced defect engineering
mechanism (Fig. 2e). When the exposure time increased to 7 s,
more and denser silver NPs formed on these defect sites
(Fig. 5b). Moreover, with a longer irradiation time (B60 s),
the silver NPs grew bigger and began to aggregate. The histo-
grams in the insets of Fig. 5b–d summarize the corresponding
size distribution of the silver NPs. The size distribution of silver
NPs formed after 7 s laser irradiation complies with the
Gaussian profile with the peak position centering at around
18 nm, which is in good agreement with AFM measurement
(Fig. 1d). As the laser irradiation time increased, more silver
NPs were formed and silver NPs with a bigger size emerged.
Fig. 5e shows the average silver NP size as a function of laser
irradiation time. We could see that the average size of silver NPs
grew from 18 to 23 nm with irradiation increasing from 7 to
60 s. This indicates that the size of silver NPs could be well
controlled by tuning the laser irradiation time.

A similar impact on the size and number density of silver
NPs was observed by tuning the silver ion concentration
(Fig. S7, ESI†). We could see that increasing of AgNO3 concen-
tration from 0.3 to 3 mM led to more and denser silver NPs
deposited onto the MoS2 surfaces. Big silver NPs aggregating
from small silver NPs were evidently shown on MoS2 hybrids

made with 10 mM AgNO3. The formation of these bigger NPs
scarified the surrounding small NPs and thus decreased the
density of silver NPs deposited on the MoS2 surface, which could
be explained using the Ostwald ripening growth mechanism.62

SERS study

Finally, we demonstrated the selective decoration of silver
NPs on the exfoliated MoS2 flakes, forming patterned 0D/2D
AgNPs@MoS2 heterostructures. Meanwhile, their SERS activities
were investigated. As shown in Fig. 6a, an area of black dots
formed at each focused laser irradiated spot. SEM images
(Fig. S8, ESI†) revealed that each black dot was a group of silver
NPs with a size of around 500 nm. A patterned AgNPs@MoS2

array was obtained in the MoS2 flakes immersed in silver nitrate
solution by using a scanning laser with a programmed pattern.
These results show that silver NPs could be rapidly and selec-
tively formed in a controllable manner on the MoS2 surface by
one-step laser irradiation in silver ion solution.

Fig. 6b shows the Raman mapping plotted for the Raman
signals measured at 1507 cm�1 for R6G on the AgNPs@MoS2

patterned array. We can see that the Raman mapping corre-
sponds well to the shape of the investigated pattern array,
which reveals that the Raman enhancement mainly originated
from the silver NPs formed on MoS2 flakes. To further prove
this, the Raman spectra of R6G on AgNPs@MoS2 and the MoS2

flake without laser irradiation were compared (Fig. 6c). No
vibration mode of R6G was observed on the MoS2 flakes itself.
In contrast, Raman signals with distinct peaks, high intensity
and a strong signal-to-noise ratio were observed on the AgNPs@
MoS2 region. A simple analytical factor, which was defined as
(ISERS/Iref)/(CSERS/Cref), was used to calculate the SERS enhance-
ment factor (EF), where Cref and CSERS represent the concentra-
tions of R6G used for obtaining the Iref and ISERS, respectively, in
measurements.66,67 Herein, we chose the Raman spectra of R6G
on bare SiO2/Si substrates with subtracted background as refer-
ences. The concentrations of R6G used for SERS and normal
reference Raman spectra measurement are 1 mM and 100 mM,
respectively (Fig. S9, ESI†). Iref and ISERS measured at 1507 cm�1

for R6G are 1.74 � 104 and 576, respectively. Therefore, the EF
was calculated to be B3 � 106, indicating a good SERS perfor-
mance for the as-fabricated AgNPs@MoS2 heterostructures
which can be further improved by optimizing AgNPs@MoS2

growth parameters.
Fig. 6d shows the Raman line mapping of R6G measured

along the green dashed lined area in Fig. 6b. A periodic change
of the Raman intensity measured at 1507 cm�1 was revealed,
which further proved that the Raman enhancement was due to
the silver NPs selectively formed on the MoS2 surfaces. Further-
more, it is clearly seen that the AgNPs@MoS2 heterostructure
has uniform Raman enhancement. The standard deviation was
calculated to be within 20%, which proves the uniformity of the
fabricated 0D/2D heterostructures and thus they could be used
as efficient and uniform SERS-active substrates. Moreover, the
stability of the as-fabricated AgNPs@MoS2 heterostructures was
examined by immersing the substrates into deionized water for a
week (Fig. S10, ESI†). No obvious change in morphology was

Fig. 5 Laser irradiation time impact. SEM images of the AgNPs@MoS2

heterostructures grown in 1 mM AgNO3 on 1 L MoS2 with 633 nm laser
irradiation (25 mW) for (a) 3 s, (b) 7 s, (c) 15 s and (d) 60 s. Scale bars: 500 nm.
The insets show the corresponding size distribution of silver NPs formed
under different irradiation times. (e) The average size of silver NPs as a
function of laser irradiation time.
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observed, indicating the stable structure of AgNPs@MoS2,
namely, good interaction between silver NPs and MoS2 surfaces.

Conclusions

We have developed a facile, rapid and one-step approach to
selective decoration of silver NPs on atomic layered MoS2 via
micro-power focused laser irradiation treatment. The mechanism
for laser-induced growth of silver NPs was based on the creation of
surface defects together with photocatalytic reduction on the laser-
excited MoS2 surface. The reaction could be realized within
seconds and with low laser power within several microwatts. Silver
NPs could be selectively formed on the MoS2 surfaces with
programmed laser irradiation. The study on the impact parameters
showed that the size, number density, and growth rate of the silver
NPs formed could be tuned. The as-fabricated 0D/2D AgNPs@MoS2

heterostructures also exhibited an efficient and uniform SERS
effect with a standard deviation of less than 20%.
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