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Graphene-based plasmonic sandwiches have received considerable research
interest because of their intriguing optical, electronic and catalytic properties.
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AuNPs with an average size of ~ 17 nm is able to reach a value of over
500 um ™2, which is higher than previously reported values using other room-
temperature methods. The AuNPs/RGO/Au plasmonic nano-sandwiches offer
remarkable near-field enhancement with an enhancement factor of over 300 in
the Raman signal of graphene, which is comparable with the highest reported
values. The as-prepared AuNPs/RGO/Au nano-sandwiches can be used as
sensitive surface-enhanced Raman spectroscopy substrates. This work demon-
strates that oxygen-containing functional groups, which were commonly con-
sidered to have negative effects on graphene-based nanocomposites, can
contribute to the successful synthesis of high-loading plasmonic nano-
sandwiches.
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Introduction

Functionalizing graphene with metal nanoparticles
(NPs) has been demonstrated as an effective way to
broaden its range of applications [1-7]. Among them,
graphene-based plasmonic nano-sandwiches, which
consist of two layers of metal components with a
layer of graphene or its derivatives intercalated
between them, have drawn tremendous research
interest in the field including optoelectronics [8-10],
energy conversion/storage [11, 12] and sensing
[13-15]. In practical applications, it is of critical
importance to have the capability of tuning the size
and loading density of metal NPs [16] during the
fabrication stage, since it determines the performance
of plasmonic nano-sandwiches [1, 17]. So far, a vari-
ety of high-throughput synthetic strategies has been
proposed, which can be categorized into ex situ
hybridization and in situ crystallization [18, 19]. The
ex situ hybridization employs self-assembly of pre-
synthesized metal NPs onto the surfaces of graphene
oxide (GO) or reduced graphene oxide (RGO) in
solutions. Although ex situ hybridization has good
control over sizes and shapes of metal NPs, it has
much less control over their loading density and
distribution uniformity on the surfaces [20-22]. The
in situ crystallization provides on-site growth or
formation of metal NPs by chemical reduction or
thermal evaporation, but the toxicity of reducing
agents [23, 24] or the high temperature of thermal
annealing [15, 25] triggers its incompatibility with
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flexible optoelectronics and thus limits the applica-
tion scenarios.

Plasma technology has been demonstrated as an
efficient approach to fabricating metal or alloy com-
posites on various supports [26-29] at room temper-
ature without introducing organic impurities or
unwanted byproducts. Since the oxygen functional
groups act as the nucleation sites of the metal NPs
when GO is used as the support material [19, 30], the
quantity control of these oxygenated groups holds
the potential to achieve graphene-based plasmonic
nano-sandwiches with high metal-NPs loadings.

Inspired by this idea, we report, in this paper, a
synthetic strategy to fabricate gold nanoparticles/re-
duced graphene oxide/gold thin film (AuNPs/
RGO/ Au) plasmonic nano-sandwiches using a com-
bination of UV/ozone functionalization and argon
(Ar) plasma reduction. The large amount of addi-
tional oxygen-containing functional groups induced
by UV/ozone treatment, which were generally asso-
ciated with negative contributions, are now utilized
to modulate the nucleation and growth processes of
AuNPs on the surfaces of RGO and achieve high-
loading plasmonic nano-sandwiches. The density of
AuNPs with an average size of ~ 17 nm can reach a
value of over 500 pm 2. The AuNPs/RGO/Au plas-
monic nano-sandwiches offer significant near-field
enhancement and effectively enhance Raman signals
from graphene by over 300 fold. We further explored
the applications of the as-prepared plasmonic nano-
sandwiches as sensitive SERS substrates. Compared
with the traditional plasma reduction method
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[31, 32], our strategy offers an effective solution to
achieving much denser metal NPs, and at the same
time significantly alleviates the etching effect of
plasma.

Materials and methods
Reagents and materials

All reagents were of analytical grade and used as
received without further purification. Graphite oxide
powder was purchased from Jiangsu XFNANO
Materials Tech Co., Ltd (Nanjing, China). Chloroauric
acid (HAuCl,-3H,0, > 99.9%) and Rhodamine 6G
(R6G, 99%) were purchased from Aladdin reagent
(Shanghai, China). Acetone and isopropanol (IPA)
were supplied by Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Silicon (Si) wafers with a
300-nm-thick oxide layer (SiO,) were obtained from
Suzhou Crystal Silicon Electronic & Technology Co.,
Ltd (Suzhou, China).

Preparation of HAuCl,/GO/Au thin film
on the SiO,/Si wafer

A 50-nm-thick Au film was first deposited onto the
5i0,/Si wafer by electron-beam evaporating using a
Combinatorial Materials Science Platform (Kurt J.
Lesker Company). The substrate was then cut into
1 x1cm wafers for further processing. A
0.5 mg mL™' GO aqueous dispersion was prepared
by sonicating GO powder (15 mg) in deionized water
(30 ml) for 30 min. The Au film was firstly treated
with UV/ozone (PSD Series, Digital UV Ozone sys-
tem, Novascan Technologies, Inc) for 60 min to
improve the hydrophilicity. Then, 50 ul GO aqueous
solution was drop-casted onto the Au thin film, and
the wafers were naturally dried overnight. The GO-
coated Au thin film was again treated with UV/
ozone for 30 min, 60 min, 90 min, 120 min, 150 min
and 180 min, respectively. 118.149 mg chloroauric
acid powder was dissolved in 30 ml IPA to make a
10 mM solution. A droplet of 10 pl HAuCl, solution
was drop-casted onto each UV/ozone-treated GO-
coated Au thin film, and the solvent was evaporated
in air.

1361

Reduction of HAuCl, and GO by Ar plasma

The Ar plasma reaction was implemented in a cus-
tom-made plasma system using a radio frequency
inductively coupled plasma (ICP). The detailed con-
figuration has been reported in our previous work
[33]. The chamber was sequentially evacuated by
mechanical and turbo molecular pumps to 1.0 x 107>
Pa before the generation of Ar plasma. The flow rate
of pure Ar was controlled at 100 standard cubic
centimeter per minute (sccm) and Ar plasma was
generated at 4.0 Pa with an ICP frequency of
13.56 MHz and a power supply of 8 W. The length
of Ar plasma reduction was fixed at 15 min, which
we found is the optimal condition to obtain small and
dense AuNPs. Plasma serves as the dual “reducing
agent” for GO and Au’" [27]. The as-prepared
AuNPs/RGO/Au nano-sandwiches with UV/ozone
treatment time length of 30 min, 60 min, 90 min,
120 min, 150 min and 180 min was labeled as S1, S2,
53, 54, S5 and S6, respectively. For comparison, we
also fabricated AuNPs/RGO/Au nano-sandwiches
using pristine GO (corresponding to UV/ozone
treatment for 0 min), which was labeled as SO.

Microscopic characterization of AuNPs/
RGO/Au nano-sandwiches

The GO films before and after the UV/ozone treat-
ment were characterized by X-ray photoelectron
spectroscopy (XPS, PHI-5300, Ulvac Phi Inc.). For XPS
analyses, 50 pl GO dispersion was drop-casted onto
Au/Si0O,/Si substrates that were firstly treated with
UV/ozone for 60 min. The as-casted samples were
dried overnight in air and treated with UV/ozone for
0 min, 60 min, 120 min and 180 min, respectively.
XPS deconvolution processing was conducted on
AugerScan software. The peak positions of non-oxy-
genated carbon (C-C/C=C), hydroxyl (C-O), car-
bonyl (C=0) and carboxyl (O-C=0) were fixed at
284.6 eV, 286.1 eV, 287.3 eV and 288.7 eV, respec-
tively. The morphology of AuNPs/RGO/Au nano-
sandwiches was characterized using a field emission
scanning electron microscopy (FESEM, merlin com-
pact, Carl Zeiss, Germany). The structure of AuNPs/
RGO was analyzed using transmission electron
microscopy (TEM, Tecnai G2 20-s-twin, FEI, Amer-
ica). To prepare the sample for the TEM characteri-
zation, 50 ul GO solution was drop-casted onto a
fused silica substrate. Before the drop-casting
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process, the fused silica substrate was sequentially
cleaned by sonication in bath of acetone, IPA and
deionized water for 15 min each and the glass sub-
strate was then treated with UV/ozone for 15 min to
improve the surface hydrophilicity. The as-deposited
sample was dried overnight in air at room tempera-
ture to form a GO film, followed by UV/ozone for
120 min. Then, 10 pl HAuCl, solution was drop-cas-
ted onto the UV/ozone-treated GO film, and the
identical Ar plasma reduction process was performed
as described above. The AuNPs/RGO film separated
from the substrate by immersing the as-prepared
sample into an ethanol solution and was subse-
quently transferred onto a copper grid.

SERS measurements

Raman spectra were obtained using a Renishaw in
Via Raman system with a 633 nm laser. The laser
power was kept at 1.7 mW to avoid overheating. The
accumulation time was set as 10 s. The numerical
aperture was 0.5, and the objective was x 50. The
parameters were identical for all measurements. For
each sample, we recorded three Raman spectra in
different positions and took the average values. To
investigate the enhancement of Raman signal of
graphene in the AuNPs/RGO/Au plasmonic nano-
sandwiches, Raman spectra of GO spin-coated on
5i0,/5i, GO spin-coated on Au/SiO,/Si and
AuNPs/RGO/Au nano-sandwiches were recorded.
For assessment of the performance of our AuNPs/
RGO/Au plasmonic nano-sandwiches as SERS sub-
strates, R6G was used as the standard probe mole-
cule. Before the measurements, a droplet of 10 ul R6G
solution was dropped onto each sample, and the
solvent was evaporated in a vacuum oven at room
temperature.

Raman analyses of GO film

To investigate the structural change of GO during the
process of UV/ozone treatment, we conducted
Raman analyses of GO films treated with UV /ozone
for different time lengths. To avoid the depth-average
effect during the Raman measurements, we prepared
GO films by spin-coating the GO dispersion on Au/
5i0,/Si substrates at 2000 rpm for 30 s. Prior to the
spin-coating, the Au/SiO,/Si substrates were pre-
treated with UV/ozone for 60 min. After the spin-
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coating the GO films were treated with UV/ozone for
0 min, 60 min, 120 min and 180 min, respectively.

Results and discussion

Functionalization of GO via UV/ozone
treatment

The XPS survey spectra of pristine GO film and GO
films treated with UV /ozone for 60 min, 120 min and
180 min are shown in Fig. 1a, and the corresponding
chemical composition is listed in Table 1. It can be
seen that the ratios of C:O decreased as we prolonged
UV/ozone treatment, indicating UV/ozone treat-
ment will raise the oxidation degree of GO sheets.
Figure 1b illustrates the high-resolution Cls spectra
of GO treated with UV/ozone for 0 min (pristine),
60 min, 120 min and 180 min, respectively. The Cls
spectrum of pristine GO can be deconvoluted into
four components: non-oxygenated carbon (C-C/
C=0), hydroxyl (C-O), carbonyl (C=0O) and carboxyl
(O-C=0) [34, 35], and the peak energies are cali-
brated by assigning the major Cls peak at 284.6 eV
[36]. The changes of chemical bonding of GO during
the UV/ozone treatment process are listed in Table 2,
revealing that UV/ozone treatment can effectively
increase the oxygen-containing functional groups on
the GO basal plane. For UV/ozone-treated GO, it has
been proposed that ozone molecules can be first
physiosorbed on the graphene basal plane with a
binding energy of 0.25 eV and then be dissociated
into an epoxide group (C-O-C) and a separate oxy-
gen molecule [37]. Since C-O-C bonds typically
exhibit a binding energy of ~ 286 eV [38, 39] which
is very close to that of C-O bonds and can lead to an
almost utter overlap of these two components in the
C1s spectrum, the overall percentage of C-O/C-O-C
bonds slightly decreased during the first 60 min of
UV/ozone treatment and then steadily increased
with a much faster pace if the UV/ozone treatment
continued. In addition, the content of O-C=0 bonds
grew progressively due to UV/ozone exposure,
which agrees with previous studies [40, 41]. We
believe that they were created mainly through the
oxidation of C-O moieties into O-C=0 moieties
under the conditions of UV radiation and existence of
ozone, which explains the fact that the C-O/C-O-C
proportion decreased at first when the time length of
UV/ozone treatment was 60 min or less. This also
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Figure 1 a XPS survey
spectra, b the high-resolution
Cls deconvolution spectra and
¢ Raman spectra of GO treated
with UV/ozone for 0 min,

60 min, 120 min and 180 min,
respectively. d Schematic
illustration showing the
mechanism of functionalizing
GO by UV/ozone.
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explains why the O-C=0 proportion reached a pla-
teau when the treatment time reached 120 min or
above, while the C-O/C-O-C proportion did not: the
formation of O-C=0 moieties required the

Table 1 The compositional changes of GO with increasing UV/
ozone treatment time

® Hydrogen atom

consumption of C-O moieties and the condition of
UV/ozone, whereas the formation of C—-O-C moieties
only needed the latter.

Figure 1c demonstrates the Raman spectra of GO
treated with UV /ozone for 0 min (pristine), 60 min,
120 min and 180 min. The four spectra exhibit a
similar pattern: a D band centered at ~ 1350 cm ™"
and a G band centered at ~ 1600 cm ™. The intensity

t (min) C (%) 0 (%) Au (%) /o
ratio of D- and G-band (Ip/Ig) has been used as an
0 65.10 22.20 12.70 293 indicator of degradation degree of crystallinity of
60 63.50 28.77 7.73 2.21 graphitic materials and an increase in Ip/I; means
120 65.14 29.78 >.07 2.18 more defects on the GO basal plane [42-44]. The
180 5287 27.62 195 191 value of Ip/Ig of GO treated with UV/ozone for
0 min, 60 min, 120 min, 180 min was calculated to be
Table 2 The trend of
chemical bonding in GO with t (min) C-C/C=C (%) C-0/C-0-C (%) C=0 (%) 0-C=0 (%)
i?li:;easing UV/ozone treatment 66.9 14.1 14.4 46
60 65.8 8.9 15.7 9.6
120 63.5 14.4 11.4 10.7
180 61.9 17.0 9.1 12.0
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123 £0.03, 1.23+0.03, 1.22 £0.02, 1.22 &+ 0.03,
respectively. This indicates the process of UV /ozone
exposure did not create new defects in GO. Along
with the findings of XPS analyses, we can conclude
that the formation of oxygen functionalities during
the UV/ozone treatment process preferentially
occurred at the existing defective sites, that is to say,
O-C=0 moieties were formed at the former C-O sites
and the formation of C—O-C moieties did not require
breaking C=C/C-C bonds on the GO basal plane.
Figure 1d summarizes the proposed reaction mech-
anism of GO with ozone under UV radiation.

Morphology of AuNPs/RGO/Au nano-
sandwiches

Figure 2a—g shows the SEM images of AuNPs/RGO/
Au nano-sandwiches with UV /ozone treatment time
increasing from 0 min to 180 min, and Fig. 2h sum-
marizes the changes of particle size and density as a
function of the UV /ozone treatment time. The aver-
age size of AuNPs on the top of AuNPs/RGO/Au
nano-sandwiches was measured to be 20 & 7 nm,
22+ 6nm, 19+7nm, 16 +5nm, 17 £5 nm,
36 £ 17 nm, 78 £ 43 nm, respectively. The density of
AuNPs on the surface of RGO with 0 min, 30 min,
60 min, 90 min, 120 min, 150 min and 180 min of
UV/ozone treatment was 40 + 11 pm >,
61 £ 12 um2, 1054 12 pm™>2, 272 + 10 pm 2,
508 + 9 pm 2, 293 4+ 60 pm 2 and 143 + 127 pm 2,
respectively. It is evident that the density of AuNPs
increased significantly as the treatment time
increased from 0 to 120 min. Yet the density did not
continue to rise but declined dramatically, and the
particles tended to merge and exhibited island-like
morphology when the treatment time reached
150 min or above (corresponding to S5 and S6). This
indicates that when GO was treated with UV /ozone
for a reasonable amount of time, the increased oxy-
gen functional groups can adsorb gold ions through
physisorption, electrostatic binding, or charge-trans-
fer interactions [23] and then serve as nucleation sites
for gold ions anchoring during the subsequent argon
plasma reduction process [45]. However, the oxygen
functional groups can become over-concentrated due
to excessive UV /ozone treatment so that the spacing
between Au nuclei is narrowed, which consequently
leads to the aggregation of AuNPs and the island-like
morphology.
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The change in particle size has an impact on the
plasmonic properties of AuNPs/RGO/Au nano-
sandwiches. We measured the reflection spectra of
AuNPs/RGO/Au nano-sandwiches with UV /ozone
treatment of 0 min, 60 min, 120 min and 180 min,
respectively (corresponding to the sample of S0, S2,
54 and 56, respectively), and the peak was red-shifted
with the increased of particle size (Fig. S1). The per-
centage of AuNPs covering each AuNPs/RGO/Au
nano-sandwich is shown in Fig. 52 in the supporting
information.

To further characterize AuNPs and the elemental
distributions of AuNPs/RGO nanocomposites after
120 min UV/ozone treatment (54), TEM measure-
ment was performed. Figure 3a shows the TEM
image of AuNPs/RGO at low magnification. The
AuNPs exhibited roughly spherical shape and were
uniformly distributed on the RGO surface with a very
high loading. The high-resolution TEM (HRTEM)
image of a single AuNP is distinctly presented in
Fig. 3b, where the lattice fringes can be clearly seen.
The lattice spacing was measured to be 0.238 nm,
which coincides well with Au (111) (JCPDS 04-0784).
Electron energy loss spectroscopy (EELS) elemental
mapping (Fig. 3c) and energy-dispersive X-ray spec-
troscopy (EDS) spectrum (Fig. 3d) further confirm the
presence and uniform distribution of AuNPs on the
RGO sheets.

Under the optimal condition (ie., UV/ozone
exposure of GO for 120 min), the AuNPs/RGO/Au
plasmonic nano-sandwiches with an upper layer of
high-density, good-dispersity and aggregation-free
AuNPs were successfully prepared. More impor-
tantly, compared with other methods proposed pre-
viously for fabricating metal NP/graphene
nanocomposites at room temperature (see Table 3),
the strategy presented here offers a new route to
achieving much denser metal NPs on graphene,
while alleviate the etching effect of plasma at the
same time, which is helpful in averting severe dam-
age to graphene.

Enhanced SERS in AuNPs/RGO/Au

Enhancing the local electric field in graphene-based
plasmonic nanostructures has been demonstrated as
an effective way to improve the efficiency of various
electro-optic processes [46], and graphene is an
advantageous test bed for studying the mechanisms
of optical response in plasmonic nanostructures
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Figure 2 FESEM images of
AuNPs on the surface of RGO
that were treated with UV/
ozone for a 0 min, b 30 min,
¢ 60 min, d 90 min,

e 120 min, f 150 min and

g 180 min, respectively. The
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scale bar is 200 nm. Size-
distribution histograms of
AuNPs are shown in the insets
of (a—g). h The density and
size of AuNPs as a function of
UV/ozone treatment time.
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[10, 47-50]. We performed Raman measurements for
GO spin-coated on SiO,/Si, GO spin-coated on Au/
Si0,/Si and AuNPs/RGO/Au nano-sandwiches and
the spectra are shown in Fig. 4. The band intensities
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in pristine GO on SiO,/Si were rather weak with the
intensity of G band being less than 200 counts. While
the intensity of G band was slightly enhanced (ca.
fourfold) on Au film, a remarkable enhancement of G
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Figure 3 Structural and
elemental analyses of AuNPs/

RGO nanocomposites treated
with UV/ozone for 120 min
(S4). a Low-magnified TEM
image of AuNPs/RGO
nanocomposites. b HRTEM
image of AuNPs/RGO. ¢ The
corresponding EELS element
mapping of AuNPs/RGO.

d The EDS spectrum
measured during the TEM
analysis.
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Table 3 A NP density comparison of graphene-based metal-NPs nanocomposites fabricated at room-temperature with different synthetic

methods

Nanocomposites Synthetic methods Density (um™2) Year Ref
AuNP/graphene Chemical reduction 18 2013 [24]
AgNP—graphene—AgNP Self-assembly 120 2015 [22]
AuNPs/GO Self-assembly ~ 60 2017 [21]
AuNPs/RGO/Au UV/ozone functionalization and Ar plasma reduction 508 2020 This work

band was observed in AuNPs/RGO/Au nano-sand-
wiches with the enhancement factor for G band
exceeding 300. The significant enhancement can be
attributed to the multiple plasmonic couplings
including the AuNP-AuNP coupling and AuNP-Au
film coupling constructed by intercalating RGO as a
nano-spacer [13], and the satisfactory enhancement
ratio is comparable to the highest ones observed in
graphene-embedded  plasmonic  nanostructures
reported to date [13, 15, 51-53]. Moreover, the strong
multiple plasmonic couplings also contribute pre-
dominantly to the AuNPs/RGO/Au nano-sandwich
system when used as a sensitive analyte-detection
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platform, which will be discussed below. Besides,
compared with previous studies that achieved high-
density plasmonic NPs through annealing metal thin
film at high temperatures to gain ultrahigh
enhancement of local electric field [15, 52, 53], our
UV/ozone-assisted synthetic strategy shows its
superiority by offering satisfactory enhancement with
all the fabrication procedures being carried out at
room temperature, which makes this strategy com-
patible with flexible optoelectronics.
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Figure 4 Raman spectra of GO on SiO,/Si (black line), GO on
Au/SiO,/Si (blue line) and AuNPs/RGO/Au (red line).

SERS performance of AuNPs/RGO/Au
nano-sandwiches

R6G, one of the widely used standard probe mole-
cules for the evaluation of SERS properties, was
chosen to assess the performance of our AuNPs/
RGO/ Au plasmonic nano-sandwiches as SERS sub-
strates. The Raman spectra of R6G on substrate S0-56
are presented in Fig. 5a. The strong Raman peaks at
611cm™', 771em™', 1089 ecm™', 1124 cm™’,
1183 ecm™', 1309 em™!, 1361 cm™!, 1508 cm™',
1572 cm™!, 1597 cm™' and 1648 cm™! are in good
agreement with the literature [54]. Figure 5b indicates
the characteristic Raman shift peak intensity at
611 cm ™' as a function of UV/ozone treatment time.
The intensity of Raman signal exhibits a clear vol-
cano-type trend with the increase in treatment time,
which matches with the trend of particle density. The
overlap of these two curves is due to the positive
correlation between the particle density and the
number of “hot spots” [55, 56] for SERS. In order to
evaluate the reproducibility of Raman spectra of R6G
on our optimal sample, Raman measurements were
performed at 20 randomly selected spots on the
substrate S4, and the peak intensities at 611 cm™" are
shown in Fig. 5c. The relative standard deviation
(RSD) of peak intensities centered at 611 cm™' was
calculated to be 6.1%, demonstrating high homo-
geneity of our plasmonic substrates and good
reproducibility of Raman spectra. To assess the linear
dependence of SERS signal intensity on the concen-
tration of R6G molecules and the limit of detection of
the substrate 54, a series of Raman spectra at different
concentration were obtained. A broad range of linear

1367

response from 5 x 107° to 5 x 107® M with a detec-
tion limit of around 5 x 107® M was achieved
(R? = 0.9954) without the aid of digital mapping, as
illustrated in Fig. 5d. Furthermore, the detection limit
of R6G on the optimum AuNPs/RGO/Au nano-
sandwich (S4) was compared with that on bare SiO,/
Si, as shown in Fig. 5e, and a substantial enhance-
ment of detection limit can be seen. The peak inten-
sity of 611 cm™ ' band of 5 x 10~® M R6G on AuNPs/
RGO/Au/SiO,/Si is 461 counts and the peak inten-
sity of 611 cm™" band of 1 x 107> M R6G on SiO,/Si

is 352. We used the standard equation EF = Ifbﬁﬁ X
N

Nolk [57] to calculate the enhancement factor (EF).
Isgrs and I,k are the peak intensity of 611 cm ™! band
of 5 x 107® M R6G on the plasmonic substrate and
1 x 107> M R6G on the bare substrate, respectively,
and Nggrs and Npg are the number of R6G mole-
cules excited by the Raman laser beam on the plas-
monic and bare substrates, respectively. Since the
laser power was fixed at 1.7 mW in all measurements,
the activated volume was assumed to be identical,

which means the value of Nk equals to that of S,
Nsers Csers

In our work, ISERS/ Ibulk/ Cbulk/ CSERS equals to 461
counts, 352 counts, 1 x 1072 M and 5 x 1078 M,
respectively, and the EF is therefore calculated to be
2.6 x 10*. A comparison of the limit of detection
(LOD) and EF of Rhodamine 6G on different gra-
phene-based plasmonic nanostructures is listed in
Table 4. The LOD in our work is comparable with the
values reported in prior work, but the EF value is
limited due to the following reasons. Firstly, the
Raman laser wavelength does not match with the
resonance wavelength of our plasmonic nano-sand-
wiches. Secondly, owing to overlap between bands of
R6G and GO at ~ 1350 cm™!, we had to use
611 cm ™! band of R6G to determine the EF and LOD,
which partially results in relatively lower EF and
LOD [66]. Last but not least, because the plasmonic
coupling between two metal layers decays as the
number of graphene layer increases [53, 69], the use
of few-layer RGO instead of single-layer RGO as the
intercalation layer also leads to a decrease in EF.
The stability performance is shown in Fig. 5f. We
carried out Raman measurements of R6G on both a
fresh substrate and an aged one stored under ambi-
ent conditions for 30 days. Compared with the
Raman spectrum on the fresh substrate, the Raman
spectrum on the aged one shows identical Raman
fingerprint bands with an intensity loss at 611 cm™"
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Figure 5 a Raman spectra of R6G on SO0, S1, S2, S3, S4, S5 and
S6, respectively. b The change of characteristic Raman shift peak
intensity at 611 cm™' of R6G and density of AuNPs as a function
of UV/ozone treatment time. ¢ Variation of peak intensities of the
611 cm™' bands in Raman spectra collected from 20 randomly
selected spots on substrate S4. d The intensity of the Raman
feature peak of the R6G at 611 cm™' as a function of molecular

of only 3.7%. Since UV/ozone treatment induces
epoxide formation on the basal plane of GO, we
believe that the loss of stability is caused by
restacking of RGO due to linking of discrete RGO
layers by hydrogen bonding between oxygen atoms
of epoxides and adsorbed water molecules from
ambient air [70], which weakens the plasmonic cou-
pling between Au film and AuNPs [53, 69].

@ Springer

Raman Shift (cm™)

concentration from 5 x 107> to 5 x 10~® M using substrate S4.
e Raman spectra of 1 x 107> M R6G on SiO»/Siand 5 x 107°M
R6G on AuNPs/RGO/Au nano-sandwiches, respectively. f Raman
spectra of 1 x 107* M R6G on a freshly substrate and an aged one
stored under ambient conditions for 30 days. The symbol “blue
solid circle” and “green solid square” denote characteristic Raman
shift peaks of GO and SiO,.

Conclusions

In summary, we have developed a facile yet efficient
approach to fabricating AuNPs/RGO/Au plasmonic
nano-sandwiches with good tunability of AuNPs at
room temperature with the aid of UV/ozone treat-
ment. Combining the results from XPS and Raman
analyses, we conclude that, the oxygen-
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Table 4 A comparison of the limit of detection and enhancement factor of Rhodamine 6G on different graphene-based plasmonic

nanostructures
Structure Limit of Enhancement factor at Enhancement factor at Fabrication Year Ref
detection (M) 611 cm™" band 1361 cm™' band method
AgNPs/SLRGO' 1 x 1078 N/A N/A Chemical 2011 [58]
reduction
AgNPs/RGO 1 x 1078 N/A N/A Chemical 2013 [59]
reduction
SLG/AuNPs? 1 x 1078 ~107 N/A Self-assembly 2014 [60]
GO/Ag octahedron 1 x 107° N/A N/A Self-assembly 2014 [61]
AuNPs/SLG/ 1 x107° 2.5 x 108 N/A Vacuum 2014 [53]
AuNPs deposition
FLG/AgNPS/FLG® 1 x 107° N/A 24 x 107 Self-assembly 2015  [62]
Au 5% 107¢ N/A 8.6 x 10* Self-assembly 2016  [63]
nanorods/cysteine-
GO
AuNPs/graphene 8 x 1077 N/A N/A E-beam 2017 [64]
evaporation
AgNPs/GO 1 x 1077 4.8 x 10° N/A Chemical 2017 [65]
reduction
AuNPs/wrinkled 1 x107° 6.4 x 10° 1.2 x 107 E-beam 2017 [66]
graphene evaporation
AuNPs/graphene 5% 107° N/A N/A E-beam 2020 [67]
evaporation
Au nanodot arrays/ 1 x 1072 N/A 8.8 x 10° E-beam 2020 [68]
SLG evaporation
AuNPs/RGO/Au 5x107° 2.6 x 10* N/A Plasma 2020 This
treatment work

'SLRGO single-layer reduced graphene oxide, 2SLG single-layer graphene, *FLG few-layer graphene

functionalization of GO during the UV/ozone treat-
ment process is ascribed to the formation of epoxide
groups and oxidation of hydroxyl into carboxyl.
Notably, the oxygen-containing functional groups,
which were generally associated with negative con-
tributions, were successfully utilized to readily tune
the nucleation and growth processes of AuNPs on the
surfaces of RGO. By optimizing UV /ozone treatment
time length, the plasmonic nano-sandwiches with an
upper layer of high-density, good-dispersity and
aggregation-free AuNPs were successfully synthe-
sized. The resultant AuNPs/RGO/Au plasmonic
nano-sandwiches offer considerable near-field
enhancement with a graphene Raman enhancement
factor of over 300. The as-fabricated nano-sandwiches
exhibit good performance when used as SERS sub-
strates. It is expected that this work will not only offer
an effective strategy for the synthesis of graphene-
based plasmonic nanostructures in the field of

flexible electronics, but also holds the potential to be
extended to other areas that entail metal nanoparti-
cle/RGO such as catalysis (e.g., hydrogen evolution
reaction), fuel cells and actuators.
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