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A B S T R A C T

Plasmonic gold nanoparticles (AuNP) with controllable dimensions have been fabricated in

situ on graphene at moderately elevated temperature for high sensitivity surface enhanced

Raman spectroscopy (SERS) of Rhodamine 6G (R6G) dye molecules. Significantly enhanced

Raman signature of R6G dyes were observed on AuNP/graphene substrates as compared to

the case without graphene with an improvement factor of 400%, which is remarkably

greater than previous results obtained in ex situ fabricated SERS substrate. Simulation of

localized electromagnetic field around AuNPs with and without the underneath graphene

layer reveals an enhanced local electromagnetic field due to the plasmonic effect of AuNPs,

while additional Ohmic loss occurs when graphene is present. The enhanced local electro-

magnetic field by plasmonic AuNPs is unlikely the dominant factor contributing to the

observed high SERS sensitivity on R6G/AuNP/graphene substrate. Instead, the p-doped

graphene, which is supported by the large positive Dirac point shift away from ‘‘zero’’

observed in AuNP/graphene field effect transistors, promotes SERS signals through

enhanced molecule adsorption and non-resonance molecular–substrate chemical

interaction.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Surface enhanced Raman spectroscopy (SERS) provides high

sensitivity and selectivity on molecule detection [1,2]. SERS

substrates play a critical role in facilitating molecule adsorp-

tion and optimizing SERS sensitivity through both electro-

magnetic and chemical mechanisms [3]. Recently, graphene

has become a promising SERS substrate material with appro-

priate chemical inertness and compatibility to biological spe-

cies [3,4]. Graphene was first reported as a substrate to
suppress fluorescence interference in Raman measurements

[5]. This prompted further exploration as well as demonstra-

tion of SERS on some commonly used Raman probe dyes on

graphene [4] and plasmonic metal nanoparticle/graphene

substrates [6]. In the nanoparticle/graphene SERS substrates,

electromagnetic mechanism was previously reported as the

dominant contribution to the enhanced SERS sensitivity

because of the remarkably enhanced electromagnetic field

in proximity of the metal nanoparticles due to the localized

surface plasmonic resonance (LSPR) of electrons on these
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nanoparticles [3]. However, more complicated chemical

mechanism also coexists and may enhance Raman scattering

by varying the coupling between molecule species and the

graphene substrate via changing the molecule–graphene dis-

tance, molecular orientation, and electronic energy level of

graphene and species, etc. [3,6]. Understanding the electro-

magnetic and chemical mechanisms in SERS sensitivity at

microscopic scales is important for development of high sen-

sitivity metal nanoparticle/graphene SERS substrates.

It should be realized that the SERS effect is strongly

affected by the morphology of metal nanoparticles and their

interface with graphene. Flat substrate geometry has advan-

tages in obtaining controllable configuration and morphology

of the metal nanoparticle/graphene substrates [3,6,7]. Since

the enhanced electromagnetic field locates primarily around

the plasmonic metal nanoparticles, an optimal SERS sub-

strate needs to have an effective inter-particle gap coverage

while maintaining the gap width on the order of a few nano-

meters. This requires controlling the metal nanoparticle

dimension small while compromising LSPR Ohmic loss [8].

In previous reports, lithographic patterning [7] and fabrication

of self-assembled metal (Au or Ag) islands were reported on

CVD (chemical vapor deposition) graphene sheets with con-

siderably enhanced molecule SERS sensitivity [6]. The former

requires complicated lithographic procedures and the resi-

dues of photoresist and other chemicals used could have det-

rimental effects to the SERS sensitivity by degrading both

electromagnetic and chemical SERS enhancement factors. In

the latter, an ex situ procedure was employed in which graph-

ene and metal islands are exposed to multiple chemicals for

graphene transfer and cleaning, and the method only pro-

vides limited control over the metal islands morphology.

Attempt to fabricate metal nanoparticles on graphene using

chemical method for DNA SERS may provide a low-cost

approach while nanoparticle density, especially achieving

high densities for optical gap size and coverage between

nanoparticles, remains a challenge [9]. Alternatively, doping

graphene has been reported to moderately enhance Raman

scattering, which is interesting if such an effect could be com-

bined with plasmonic effect from the metal nanoparticle dec-

oration [10]. This motivates us to explore controllable in situ

self-assembly of Au nanoparticles (AuNPs) on pre-cleaned

CVD graphene transferred on glass or SiO2/Si substrates, as

illustrated in Fig. 1. By selecting appropriate substrate
ChargeAuNP R6G molecule

substrate

graphene

R6G

Fig. 1 – Diagram of R6G molecules attached on AuNP/

graphene SERS substrate. Molecular structure of R6G is

illustrated. (A color version of this figure can be viewed

online.)
temperatures and Au thickness during high-vacuum deposi-

tion, the dimension of the AuNPs can be systematically varied

and the inter-AuNP gap coverage up to 69.6% has been

obtained. The unique advantage of this approach is in elimi-

nating chemical contamination during the entire AuNP/

graphene substrate fabrication and in achieving controllable

AuNP morphology on graphene in a scalable fashion. In this

paper, we report experimental results of in situ fabrication

of plasmonic AuNP/graphene substrates and investigation,

using both computational simulation and experimental char-

acterization, of the SERS sensitivity of Rhodamine 6G (R6G)

using these substrates. Significantly enhanced Raman signa-

ture of R6G dyes were observed on these AuNP/graphene sub-

strates as compared to the case without graphene with an

improvement factor of 400%, which represents a remarkable

improvement over the previous results obtained using ex situ

fabricated SERS substrates.
2. Experimental

Single layer CVD graphene sheets were transferred onto Si

(100) substrates with 90 nm thermal oxide [11,12]. A thin layer

of polymethylmethacrylate (PMMA) was spun on top of

graphene, and the Cu sheet under graphene was removed

using CE-100 copper etchant prior to transfer. After transfer,

the samples were thoroughly cleaned in acetone for multiple

times, followed with annealing in mixed Ar/H2 gas (1:1,

500 sccm each) at 400 �C for 1 h to remove residues of PMMA

and other chemicals. AuNPs were electron-beam evaporated

[13] on the heated graphene/SiO2/Si samples in high vacuum

of <5 · 10�6 Torr. Considering the eutectic temperature

between Au and Si is around 346 �C, slightly higher substrate

temperatures are usually selected to form circular shaped

AuNPs on SiO2 or similar surfaces [14,15]. However, since high

temperatures may cause graphene degradation via reaction

with residue gases such as oxygen in the vacuum chamber,

lower substrate temperatures are preferred. In this work, we

have found AuNPs can be well formed in situ during Au evap-

oration at moderate temperatures of 250–300 �C. At these

temperatures, graphene remain intact based on Raman anal-

ysis and electrical transport measurement (to be discussed

later). In order to obtain AuNPs with variable dimensions,

the nominal film thickness of the evaporated Au was selected

at 2, 4, 8 and 12 nm, respectively. Several sets of samples were

fabricated for consistency. The sample surface morphology

was characterized using a LEO 1550 field emission scanning

electron microscopy (SEM) system, and the SEM images were

analyzed using an image analysis software ImageJ (National

Institutes of Health, Bethesda, MD) [16] to quantify the

inter-particle gap coverage. Optical transmittance measure-

ments were carried out on AuNP/glass samples using a Horiba

iHR550 spectrometer and an integration sphere. Raman spec-

troscopy was performed using a WiTec Alpha 300 system with

a 633 nm laser (5 mW for AuNP/graphene samples) and a 100·
objective. Before SERS measurements, samples were

immersed into 50 lM Rhodamine 6G (R6G; R4127-5G, Sigma–

Aldrich) solution for overnight, which was followed with rinse

of methanol and baking at 150 �C for 1 h. All SERS measure-

ment conditions were kept the same with the laser power at
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a low level of approximately 1 mW to avoid damage of the

R6G molecules. Graphene field effect transistors (GFETs) with

a channel area of 20 · 20 lm2 were fabricated on SiO2 (90 nm)/

Si by following the procedures reported earlier and AuNPs

were deposited onto the GFET channel through a shadow

mask [17]. Transport properties of the GFETs with and without

AuNPs were measured both in air and high vacuum in a

home-made probe station system.

3. Results and discussion

Fig. 2 shows the SEM images of AuNPs fabricated on SiO2/Si

substrates [AuNP/SiO2/Si, (a)–(d)] and graphene/SiO2/Si

[AuNP/graphene, (e)–(h)], respectively, with different nominal

gold film thicknesses of 2 nm [(a) and (e)], 4 nm [(b) and (f)],

8 nm [(c) and (g)] and 12 nm [(d) and (h)]. A variation trend

of monotonically increasing AuNP dimension, defined as the

longest distance between any two points along the particle

boundary and also called Feret’s diameter [16], with the nom-

inal film thickness is clearly shown on both types of sub-

strates. As summarized in Table 1, the mean dimension of

AuNP is about 14.3 nm for Au nominal thickness of 2 nm,

which increases to 43.8 nm at 12 nm thickness on the SiO2/

Si substrate. Interestingly, comparable dimensions were

observed on AuNPs on graphene/SiO2/Si and SiO2/Si sub-

strates, respectively, at the same nominal Au film thickness

(Table 1). The irregular shape of the AuNPs on both kinds of
(a)  (b) (

(e) (f) (

Fig. 2 – Surface morphologies of in-situ fabricated Au NP on SiO2

Au thicknesses of: 2 nm [(a) and (e)], 4 nm [(b) and (f)], 8 nm [(c)

Table 1 – Dimension and optical properties of AuNP on bare su

Mean dimension (nm)
[±standard
deviation (nm)]

AuNP area
coverage (%)

L
k

2 nm AuNP/SiO2 14.3 ± 7.4 32.8 5
4 nm AuNP/SiO2 20.1 ± 11.9 44.6 5
8 nm AuNP/SiO2 32.4 ± 14.9 50.3 6
12 nm AuNP/SiO2 43.8 ± 19.0 52.3 6
2 nm AuNP/graphene 13.6 ± 7.2 30.4 6
4 nm AuNP/graphene 31.5 ± 16.1 45.8 6
8 nm AuNP/graphene 31.2 ± 12.9 55.0 6
12 nm AuNP/graphene 46.2 ± 26.4 64.2 6
substrates may be attributed to the lower substrate tempera-

ture employed for Au evaporation [14,18]. While the AuNPs

become more circular in shape and larger in dimension at

higher substrate temperatures due to high mobility of Au

atoms on the substrate [18,19], lower temperatures were

selected in this work to avoid degradation of graphene. The

AuNP area coverage percentage increases monotonically with

nominal Au film thickness for both sets of samples shown in

Fig. 2. This means the inter-AuNP gap coverage area percent-

age increases monotonically with decreasing AuNP dimen-

sion and reaches a maximum of 69.6% at the smallest

nominal Au thickness of 2 nm, which is considerably higher

than the Au island case fabricated at room temperature [6],

at a comparable Au thickness. Considering the enhanced

electromagnetic fields localize around the plasmonic AuNPs,

the increased gap coverage is advantageous to high SERS

sensitivity.

The LSPR of the AuNPs is clearly illustrated in the optical

transmittance spectra of AuNP/graphene/glass as well as

AuNP/glass samples as shown in Fig. 3. The LSPR wavelength

kP and the minimum transmittance at kP are summarized in

Table 1 and categorized in corresponding rows of AuNP/SiO2

and AuNP/graphene, respectively. Basically, in both cases of

either with or without graphene the kP red shifts to longer

wavelength with increasing AuNP dimension, which is con-

sistent with previous works [12,13] and is also confirmed as

result of the NP dimension effect for plasmonic resonance,
c) (d)

g) (h)

/Si [(a)–(d)] and CVD graphene [(e)–(h)] with different nominal

and (g)] and 12 nm [(d) and (h)]. Scale bar is 100 nm.

bstrate and graphene.

SPR wavelength

P (nm)
Minimum
transmittance
at kP (%)

Mean gap
width (nm)
[±standard deviation (nm)]

70 74.4 –
98 47.8 –
32 24.5 –
34 20.0 –
06 76.8 6.99 ± 2.51
48 48.1 9.03 ± 3.70
66 31.0 7.39 ± 3.24
54 33.0 8.96 ± 2.84
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Fig. 3 – Optical transmittance spectra of AuNP/glass (solid)

and AuNP/graphene/glass (dashed). (A color version of this

figure can be viewed online.)
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as indicated later in Fig. 4. In addition, the spectra of the

AuNP/graphene/glass samples show a clear red-shift and

transmittance reduction and hence broadened full width at

half maximum (FWHM) of the resonance peaks as compared

to their counterparts’ in absence of graphene, which is a clear

sign of the graphene layer induced additional Ohmic loss and

consequently lower quality factor [12].

To quantify the damping effect of the graphene on AuNP/

graphene substrates, we have performed finite-difference

time-domain (FDTD) simulation based on FULLWAVE simula-

tion package [20]. The simulation employed two ideal Au

hemispheres on the front surface of a semi-infinite SiO2 sub-

strate, and a single layer of graphene was placed in between

the AuNPs and SiO2 substrate. A plane lightwave was

launched in the surface normal direction (z-direction) with

a single polarized electrical field Ex. Although the shape of

the AuNPs shown in Fig. 2 is largely irregular, strong field
z
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Fig. 4 – Calculated Q-values of two Au nanoparticles on a SiO2 s

graphene layer on the interface. The gaps between the two Au

(triangles), separately. (A color version of this figure can be view
concentration due to plasmonic effect is often localized near

sharp edges of metal particles, thus we use two relatively

small Au hemispheres of 7 nm in diameter in the simulation

to model the interaction between them as the gap size is var-

ied. The simulation was performed in a 30 · 30 · 30 nm3 space

centered at the middle point between the two Au hemi-

spheres. Perfectly matched layer (PML) conduction was used

for the boundary of simulation window which absorbs the

energy without inducing reflections. The gap between the

two Au hemispheres was varied in the simulation to demon-

strate the impact of the interference between them.

To investigate the LSPR effect of plasmonic metal NPs,

optical power flow was integrated over a box surrounding

the Au hemispheres using the Q-calculation function of the

simulation package, and the calculated quality factor Q value

is proportional to the absorption cross section of the AuNPs.

Drude model was employed for dielectric function of Au,

and a complex refractive index ng = 2.4 + i Æ 1 was used for

graphene [21]. The solid lines in Fig. 4 show the calculated

Q-values as the function of wavelength for Au hemispheres

on SiO2 without graphene and gap between the two Au hemi-

spheres are 0.5 nm (circles), 1 nm (squares) and 3 nm (trian-

gles), respectively. When the separation between the two Au

particles is wide enough, the interference between them

becomes weak and the wavelength of resonant absorption

peak approaches that of a single Au particle. With the

decrease of separation between the AuNPs, the field interfer-

ence between them becomes stronger and introduces a red

shift of the LSPR absorption wavelength, which agrees with

our experimental results shown in Fig. 3 for larger AuNPs.

The dashed lines in Fig. 4 show the calculated Q-values when

a layer of graphene is placed on the substrate surface between

Au hemisphere and SiO2 substrate. Evidently the conductivity

of this graphene layer damps the plasmonic resonance, which

results in a broadening and slightly red-shift of the LSPR

absorption peaks. This agrees well with the measured

transmittance shown in Fig. 3 and suggests the presence of
5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

0.5nm, w/o graphene
0.5nm, with graphene
1nm, w/o graphene
1nm, with graphene
3nm, w/o graphene
3nm, with graphene

Wavelength (μm)

ubstrate without (solid lines) and with (dashed lines) a

hemispheres are 0.5 nm (circles), 1 nm (square) and 3 nm

ed online.)
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graphene causes minor degradation of the electromagnetic

field on the SERS substrates.

The Raman spectra taken on the four AuNP/graphene

samples shown in Fig. 2 are depicted in Fig. 5. The peaks are

indexed as G, 2D and D peaks for graphene. For defect-free

graphene there are two intrinsic peaks corresponding respec-

tively to G band (1585 cm�1, a primary first-order vibration

mode as a result of the doubly degenerate zone center E2g

mode) and 2D band (2685 cm�1, a second order scattering of

zone-boundary phonons) [3,22]. The D peak (1345 cm�1) is

also second order scattering process involving a defect site

and a phonon, and it is usually used for defect diagnosis [3].

The intensity of original graphene spectrum is also included

in Fig. 5 and multiplied by a factor of 10 to make a better com-

parison. While their positions are approximately the same,

the G peak and 2D peak intensities of all samples with AuNPs

shows a great enhancement by more than an order of magni-

tude as compared to original graphene’s. This enhancement

increases monotonically with the AuNP dimension and

reaches the maximum of a factor of around 40 (2D peak) to

80 (G peak) at both nominal thicknesses of 8 and 12 nm,

respectively, by comparing the peak intensity. The relative

intensity of 2D over G peak ratio is obviously suppressed

and even reversed with increasing nominal Au film thickness

due to the different enhancement factors for 2D and G peaks,

respectively. This enhancement is a result of charge doping

from metallic NPs on graphene [3,23], which significantly

affects the scattering intensity via electron–electron interac-

tion [7]. The larger increase of D peak at greater nominal Au

thickness is probably an indication of more defects generated

at the AuNP/graphene interface during the Au growth at the

elevated temperatures for longer time. Nevertheless, these

results confirm the enhanced Raman spectroscopy of AuNP/

graphene as a SERS substrate.

The SERS spectrum of R6G on a AuNP/graphene/SiO2/Si

(R6G/AuNP/graphene/SiO2/Si) sample with 8 nm nominal Au
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Fig. 5 – Comparison of Raman spectra for samples with

different nominal Au film thicknesses. The intensity of

original graphene spectrum has been multiplied by a factor

of 10 for better comparison. Curves have been shifted

without changing the magnitudes, and baselines were

removed for the comparison. (A color version of this figure

can be viewed online.)
is compared in Fig. 6 with those on three control samples of

SiO2/Si (R6G/SiO2/Si), graphene/SiO2/Si (R6G/graphene/SiO2/

Si) and AuNP/SiO2/Si (R6G/AuNP/SiO2/Si) after coating R6G

dyes. The exciting laser power was kept at a low level of about

1 mW to avoid bleaching the dyes. It was extremely difficult to

obtain clear Raman spectrum for R6G/SiO2/Si, and the spec-

trum looks like a straight line (black). For R6G/graphene/

SiO2/Si (blue), some of the R6G peaks can be observed with

low intensity and the spectrum will be used as a reference

for evaluating the SERS enhancement. Considerable enhance-

ment on the R6G signature is obtained on SERS substrates

with AuNPs, which is anticipated from the electromagnetic

enhancement due to the LSPR on the AuNPs. By comparing

the feature peak of R6G at 1363 cm�1, the enhancement by a

factor of 21 can be estimated for R6G/AuNP/SiO2/Si with

respect to the R6G/graphene/SiO2/Si reference sample by

comparing the peak intensity. Interestingly, higher R6G sensi-

tivity by further enhancement of approximately 400% (with a

factor of 86 over the R6G/graphene/SiO2/Si reference sample)

was observed on R6G/AuNP/graphene/SiO2/Si as compared to

R6G/AuNP/SiO2/Si counterpart, suggesting graphene plays an

important role in further improving the SERS sensitivity

through interactions with plasmonic AuNPs. Note a compara-

ble but slightly larger gap coverage of 49.7% is obtained on the

AuNP/SiO2/Si substrate, in contrast to 45% in the AuNP/graph-

ene/SiO2/Si (Table 1). The fact of much enhanced R6G SERS

signature observed on the latter suggests the role of graphene

is not simply limited to a geometric effect. In particular, these

enhancement factors of 21–86 achieved in this work are

remarkably greater than those of about 4.4–6.1, which are

estimated by comparing the strongest peak at 1363 cm�1 for

CuPc, on AuNP SERS substrates fabricated on SiO2/Si and

graphene using ex situ method [6]. It is also worth pointing

out that the 400% improvement of AuNP/graphene/SiO2/Si

over AuNP/SiO2/Si is about 3 times of that achieved on the

ex situ fabricated substrates with a similar configuration.
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Fig. 8 – Calculated two dimensional electrical field |Ex|

distributions on the xz-plane at y = 0 (a and b) and on the xy-

plane at z = 0 (c and d), for the Au/SiO2 interface with (a and

c) and without (b and d) a graphene layer. (A color version of

this figure can be viewed online.)
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Fig. 9 – Calculated electrical field along the x-axis (y = z = 0)

with (red) and without (black) the graphene layer on the Au/

SiO2 interface. Shaded areas indicate locations of Au

particles. (A color version of this figure can be viewed

online.)
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The Raman spectra of R6G were taken using AuNP/graph-

ene substrates with different nominal Au film thickness of 2,

4, 8, 12 nm and the results are compared in Fig. 7. Interest-

ingly, the amplitudes of the R6G SERS peaks are more or less

comparable on all samples while the highest was observed in

4 nm sample, which has the second largest inter-AuNP gap

coverage area. Since a larger gap coverage occurs at a smaller

AuNP dimension while no obvious trend could be observed in

SERS signature strength of R6G, this result raises a question

on the role of uncovered graphene surface in the gap in

enhancing the R6G SERS sensitivity.

To shed some lights on the role of graphene in the

enhanced SERS sensitivity of R6G on AuNP/graphene/SiO2/

Si, we have simulated the two dimensional distribution of

electrical field |Ex| on two different planes with respect to

the AuNP/SiO2 interface, and the stimulating source is a plane

wave with a single polarized Ex component illuminated

upward from the bottom. Fig. 8(a) and (b) show the field |Ex|

distributions on the xz-plane at y = 0, while Fig. 8(c) and (d)

show |Ex| distributions on the xy-plane at z = 0. Fig. 8(a and

c) and (b and d) were obtained with and without graphene,

respectively. The gap between the two Au hemispheres is

3 nm. In both cases, compared to everywhere else the magni-

tude of electrical field Ex is significantly higher at the edge of

AuNPs, especially in the gap region between the AuNPs. How-

ever, the comparison between Fig. 8(a) and (c), and Fig. 8(b)

and (d) indicates that the magnitude of electrical field in both

planes is slightly reduced in the presence of the graphene

layer. Fig. 9 plots the magnitude of electrical field Ex along

the x axis (y = z = 0) on the interface between AuNPs and

SiO2, which illustrates that the electrical field is reduced con-

siderably when the graphene layer is inserted between AuNPs

and SiO2. This reduced electrical field is attributed to the con-

ductivity of graphene which dissipates the near field on and

around the AuNP/SiO2 and thus causes damping of the plas-

monic resonance. This microscopic effect is consistent with
the reduced Q factor in macroscopic optical transmittance

measurement discussed earlier in Figs. 3 and 4. Fig. 9 also

indicates that the plasmonically enhanced near field only

exists in the immediate proximity of the AuNP within about

1–2 nm damping distance. The interaction between AuNPs

will not be significant when the gap width, which is in the

range of 7–9 nm as shown in Table 1, is considerably larger

than this damping distance. This means an optimal SERS sub-

strate should have both large gap coverage area and the small

gap width on the order of 2–4 nm to be covered fully with

plasmonically enhanced near field. Further reduction of the

inter-AuNP gap width will be important to further enhancing

the SERS sensitivity.

Apparently, the significant amplitude increase of localized

electromagnetic field around the plasmonic AuNPs plays a

critical role in enhancing the R6G Raman signature on both
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AuNP/SiO2/Si and AuNP/graphene/SiO2/Si substrates. How-

ever, it cannot be responsible for the further enhanced R6G

SERS sensitivity observed in the latter based on Fig. 9. To gain

some further insights on the role of graphene in the enhanced

SERS sensitivity, we have made GFETs on SiO2/Si substrates

with and without AuNPs. Fig. 10 compares four source-grain

current IDS as function of back gate voltage VBG on a represen-

tative GFET before and after AuNPs of 8 nm nominal thick-

ness were deposited on the GFET channel in air and in

vacuum, respectively. The deposition of AuNPs shifts the

Dirac point towards positive side as expected from the p-type

doping of Au to graphene whether in vacuum or in air [24]. It

should be noted that both p-type and n-type doping may be

induced by deposition of metals depending on the work func-

tion alignment of the specific metal selected with respect to

graphene’s. For example, n-type doping is typically reported

for graphene with plasmonic AgNPs [17]. In addition to the

Dirac point shift, the doping also results in enhanced conduc-

tivity of graphene as illustrated from the Dirac point shift

upwards after AuNP deposition in both cases of vacuum

and in air (Fig. 10). Comparing the IDS–VBG curves of in-vac-

uum and in-air cases, whether with or without AuNPs, a posi-

tive shift of the Dirac point from in-vacuum to in-air is clearly

revealed. This amounts a large Dirac point shift up to +30 V

from graphene only in vacuum to graphene with AuNPs in

air. Based on this result, the AuNP/graphene is heavily p-

doped in air due to the combined doping effect of AuNPs

and molecules in air. This suggests the interface to the graph-

ene is most probably negatively charged via exposure to air

and deposition of AgNPs, which stabilizes holes in graphene

and hence results in p-doping in graphene [25]. In particular,

the doping caused by AuNPs will be non-uniform and will be

stronger nearer the AuNPs where the plasmonic near field

locates. On the other hand, the R6G molecules are positively

charged in solution by losing the Cl� anions (Fig. 1) [26]. Based

on this, we hypothesize the role of graphene in enhancing

SERS sensitivity of R6G via chemical mechanism, which has
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Fig. 10 – Source-drain current IDS vs. back gate voltage VBG

measured in air and vacuum, respectively, on a GFET device

before and after AuNPs were deposited on the GFET channel.

Source-drain voltage VDS = 20 mV for all measurements. (A

color version of this figure can be viewed online.)
been recognized that the role of graphene on SERS enhance-

ment is unlikely electromagnetic type, and chemical mecha-

nisms play the dominant role instead, which may be

classified into non-resonance molecular-to-substrate interac-

tion and resonance charge-transfer or charge transfer

[5,27,28]. In the absence of plasmonic nanoparticles, SERS sig-

nature of methylene blue on graphene substrates was found

enhanced when graphene’s Fermi level is tuned by electrical

field or chemical doping and this enhancement was attrib-

uted to the possible nonresonance chemical interaction

mechanism, while the microscopic mechanism remains

unclear [28]. Compared to the case of AuNP/substrate SERS,

where electromagnetic mechanism obviously dominates the

enhancement, the further enhancements observed in our in

situ fabricated AuNP/graphene SERS substrate may be attrib-

uted to a similar mechanism of non-resonance chemical

interaction, while the involvement of plasmonic resonance

to further enhance such a chemical effect cannot not be ruled

out at this point. Further investigation is certainly important

to understand the microscopic mechanism of graphene in

enhanced SERS. In addition, the negatively charged interface

near graphene may facilitate R6G molecules adsorption to

graphene especially in the area surrounding the AuNPs. This

argument is supported by the observation of no clear trend in

R6G Raman signature sensitivity when the inter-AuNP gap

coverage area varies systematically as shown in Fig. 7, since

it is the area immediately surrounding the AuNPs that bene-

fits from the plasmonically enhanced electromagnetic field

for higher SERS sensitivity. This result therefore suggests a

higher SERS sensitivity may be achieved but further optimiza-

tion of the inter-AuNP gap width on top of the large gap cov-

erage area reported in this work.
4. Conclusion

In conclusion, an in situ process has been developed for con-

trollable self-assembly of AuNPs on CVD graphene with large

inter-AuNP gap coverage area up to 69.6% between the AuNPs.

R6G molecule SERS were investigated as an illustration on

this hybrid AuNP/graphene/SiO2/Si substrate. This AuNP/

graphene nanohybrid provides a high-sensitivity SERS sub-

strate due to both enhanced optical electromagnetic field in

the gap that resulted from the LSPR effect of AuNPs and the

strongly p-doped graphene that further promoted interaction

between R6G molecule and substrate. R6G SERS enhance-

ments, by a factor of 21 and 86, as compared to graphene/

SiO2/Si substrate have been obtained on AuNP/SiO2/Si and

AuNP/graphene/SiO2/Si substrates, separately, and are con-

siderably greater than the previous reported enhancements

on ex situ fabricate SERS substrates. The further enhancement

by 400% with implementation of graphene on the AuNP/SiO2/

Si substrate can be attributed to the chemical mechanism

through p-doped graphene, which enhances R6G adsorption

and non-resonance molecule–substrate interaction. Our

results suggest AuNP/graphene nanohybrid is a promising

SERS substrate for high sensitivity molecule detection and

an optimal SERS substrate should have both large gap cover-

age area and the small gap width that is covered with plas-

monically enhanced near field.
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