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Gold nanorods with aspect ratios of from 1 (particles) to 31.6 were synthesized by the seed-mediated method and

packed in a highly ordered structure on a large scale on silicon substrates through capillary force induced self-assembly

behaviour during solvent evaporation. The gold nanorod surface exhibits a strong enhancing effect on Raman scatter-

ing spectroscopy. The enhancement of Raman scattering for two model molecules (2-naphthalenethiol and rhodamine

6G) is about 5–6 orders of magnitude. By changing the aspect ratio of the Au nanorods, we found that the enhance-

ment factors decreased with the increase of aspect ratios. The observed Raman scattering enhancement is strong and

should be ascribed to the surface plasmon coupling between closely packed nanorods, which may result in huge local

electromagnetic field enhancements in those confined junctions.
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1. Introduction

Gold and silver nanostructures show excellent
surface plasmon resonance (SPR) properties, which
make them very promising for optical biosensors,[1−3]

surface-enhanced Raman scattering (SERS)[4−6] and
photothermal therapy.[7,8] Among these, SERS, using
Au or Ag nanostructures as substrates, is a powerful
analytical tool for collecting the molecular chemical
information.[9] Many studies have revealed that SERS
can be observed for molecules adsorbed on the sur-
face of isolated metal nanostructures.[10−15] However,
strong SERS behaviour occurs only when the metal
nanostructure is packed closely. An enhanced elec-
tric field occurs at the gap between closely packed
nanostructures when the nanostructures are illumi-
nated with light at their SPR wavelength, and those
gaps where nanostructures contact are more effec-

tive locations for SERS.[16] Therefore, the packing of
nanostructures plays a crucial role for strong SERS
signals and much effort has been made to build highly
ordered Au or Ag packing nanostructures in order to
increase SERS sensitivity.[17−22]

Recently, one-dimensional nanostructures, such
as gold nanorods and nanowires, have attracted great
attention due to their tunable longitudinal plas-
mon absorption and scattering properties.[23−28] Some
studies have demonstrated that one-dimensional Au
and Ag nanostructures can be used as substrates in
order to improve SERS sensitivity.[29,30] They were
also used to enhance the SERS in an aqueous solu-
tion via the overlap of longitudinal plasmon resonance
with the excitation source.[31] A sandwich architec-
ture structure with molecules immobilized between
the plane substrate and the Au nanostructures shows
high enhancement effect.[32] Compared with those
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works, there are few reports on the SERS behaviours
of highly ordered closely packed Au nanorods. In this
paper, we study the dependence of the SERS effect
on the aspect ratios of highly ordered Au nanorod as-
semblies, which were synthesized and packed on sil-
icon substrate. The SERS-enhancing properties of
these nanorod assemblies were investigated using 2-
naphthalenethiol (2-NAT) and Rhodamine 6G (R6G)
as model molecules. We found that the assembly of Au
nanorods with the aspect ratio of 7.8 is most effective
for SERS-enhancement, even at low concentrations of
model molecules.

2. Experiment

2.1.Materials

Silver nitrate, cetyltrimethylammonium bromide
(CTAB), ascorbic acid, sodium borohydride and
2-naphthalenethiol (2-NAT) were purchased from
Aldrich. Chloroauric acid, Rhodamine 6G (R6G) and
tri-sodium citrate dihydrate were purchased from the
Beijing Chemical Reagent Company. All chemicals
were used without further purification.

2.2. Synthesis of different aspect ratio

Au nanorods

Gold nanorods were synthesized by the seed me-
diated method developed by Jana’s group.[33,34] For
seed preparation, a 20-mL aqueous solution contain-
ing 2.5×10−4 M AgNO3 and 2.5×10−4 M tri-sodium
citrate was prepared. Then 0.50 mL of ice cold 0.10 M
NaBH4 solution was added with stirring. The solution
colour turned to orange immediately and stirring was
continued for 20 s after adding NaBH4, and the seed
solution should be used within 2–8 h after prepara-
tion. For the nanorod growth, a one-step procedure
is employed here. Four conical flasks, each contain-
ing 10 mL growth solution consisting of 2.5×10−4 M
HAuCl4 and 0.10 M CTAB, were mixed with 100 µL
0.05 M of freshly prepared ascorbic acid aqueous solu-
tion. Ascorbic acid as a mild reducing agent changing
the growth solution colour from brown-yellow to color-
less signifies that gold has been reduced from Au (III)
to Au (I)-CTAB complex. Next, a series of seed solu-
tions in different volumes, 1.0, 2.5, 5.0 and 20.0 µL,
were added into the four conical flasks, respectively.
While for the fourth conical flask, stirring was contin-
ued until the reaction was stopped by removing the
growth solution through centrifugation. After half an
hour, all the solutions were dark wine red in color. For
the rod sample, the resulting supernatant was care-
fully removed and the film on the bottom was care-

fully rinsed with a small portion of double distilled wa-
ter to remove the residual amount of the supernatant.
While, for the particles, centrifugation at 6000 rpm
for 10 min was needed to remove excess surfactant.
The as-prepared sample was washed three times us-
ing double distilled water and redispersed into 1 mL
water.

2.3. Fabrication of nanorod assemblies

and preparation of SERS samples

The highly ordered Au nanorod assemblies were
fabricated as in our previous work.[35] A 10-µL aque-
ous dispersion of Au nanorods was dropped onto
cleaned 0.50 cm×0.50 cm silicon wafers, which were al-
ready positioned in a closed vessel. A small flask with
water was placed in the same vessel to slow down the
solvent’s evaporation. The dried samples were investi-
gated by a field emission scanning electron microscope
and were used as SERS substrates. Then 20 µL of
model-molecule ethanol solutions were dropped onto
the assembled nanorod substrates for SERS measure-
ment after the solvent had evaporated. All the sam-
ples were rinsed three times with absolute alcohol to
wash away the remnant molecules.

2.4.Characterizations of Au nanorods

A field emission scanning electron microscope
(FE-SEM, XL30 S-FEG, FEI Corp. at 10 kV) was
used to observe the morphology of the samples. Trans-
mission electron microcopy (TEM) images were ac-
quired with a Tecnai-20 (PHILIPS Cop) at 200 kV.
The UV-Vis absorption spectra of the samples were
recorded by a Cary IE UV-Vis spectrometer. X-
ray diffraction patterns were collected on a Rigaku
D/MAX 2400 X-ray diffractometer with CuKα1 radi-
ation (λ = 1.5406 Å). The surface-enhanced Raman
spectra and Raman mapping were recorded on a Ra-
man system YJ-HR800 with confocal microscopy. A
solid-state diode laser (785 nm) was used as the exci-
tation source and the laser power on the samples was
kept at 0.7 mW.

3. Results and discussion

3.1. Synthesis of gold nanorods and their

assemblies

Figure 1 shows typical SEM images of gold
nanorod assemblies with different aspect ratios. The
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Fig. 1. SEM images of gold nanorod self-assemblies with different aspect ratios: (a) about 29 nm in diameter

and about 227 nm in length, (b) about 27 nm in diameter and about 400 nm in length, (c) about 27 nm in

diameter and about 850 nm in length. (d) Gold nanoparticles with a diameter of about 30 nm. The SEM images

show that the Au nanorod sample forms highly ordered self-assemblies on a large scale through capillary force.

diameter of the obtained nanorods was between 27 nm
and 30 nm, and the length ranged from 850 nm to
227 nm. By providing a humid environment, the
evaporation rate of the Au nanorod solutions was
slowed effectively in order to allow the formation of
ordered packing structures of Au nanorods. These Au
nanorods aligned side by side in a highly ordered rib-
bon structure and the ribbon structures were packed
closely with each other, forming Au nanorod assem-
blies in a large area with high density. The assembly
of nanorods on the silicon substrate was probably due
to the shape-selective packing effect induced by capil-
lary force during solvent evaporation.[35] The superi-
ority of side-by-side aligned Au nanorods over end-to-
end tubes can be attributed to the transverse capillary
force exceeding the longitudinal capillary force.[35] Ad-
ditionally, the rods’ transverse capillary force is much
stronger than the spherical particle’s lateral capillary
force, preventing spheres from intermixing in a trans-
verse direction.

Metal nanorods exhibit both transverse and lon-
gitudinal surface plasmon (TSP and LSP) resonances
that give both transverse and longitudinal plasmon
absorption.[23] Figure 2 shows the UV-Vis spectra of
gold nanorod solutions with different aspect ratios.
For the nanorod samples, two absorption bands are
observed. The first absorption band appears at about
520 nm, which should be attributed to the TSP ab-

sorption. The other band caused by the LSP reso-
nance red-shifts from 746 nm to a high wavelength
region with the increase of aspect ratio. For nanorods
with aspect ratio of 31.6, no LSP absorption band
was observed in UV-Vis regions because the LSP ab-
sorption band fell in the near-infrared regions. Note
that the surface plasmon absorption of the spherical
particles (aspect ratio 1) shifts from about 520 nm to
531 nm. The red-shift of the surface plasmon adsorp-
tion band for spherical nanoparticles can be attributed
to the aggregation of the nanoparticles.

Fig. 2. UV-Vis spectra of as-prepared gold nanorod so-

lutions differing in aspect ratio: (a) 31.6, (b) 14.8, (c) 7.8,

(d) 1, indicating that the nanorod exhibits TSP and LSP

absorption bands and the LSP absorption band red-shifts

with the increase of aspect ratio.
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The crystal structure of the Au nanorods was
characterized by X-ray diffraction (XRD). Figure
3 shows the XRD patterns of Au nanorods self-
assembled on the Si substrate. The Au nanorods were
14.8 and 7.8 in aspect ratio, respectively. The XRD
patterns show typical fcc structured crystalline struc-
tures of Au that are consistent with the standard XRD
pattern of Au (JCPDS No. 04-0784). It is worth not-
ing that the ratios between the intensities of the (111)
and (200) diffraction peaks for nanorods with aspect
ratios of 14.8 and 7.8 are 4.3 and 5.0, respectively,
which is much higher than the conventional value of
2.5, indicating that the nanorods have abundant {111}
facets. This is consistent with the fact that their {111}
planes tend to be orientated parallel to the surface of
the supporting substrate.[36]

Fig. 3. XRD patterns of gold nanorods with aspect ratios

of 7.8 and 14.8. The intensity of (111) and (200) diffraction

peaks for Au nanorods is much higher than the standard

value, indicating that the nanorod samples have abundant

(111) facets.

3.2. Effect of varying aspect ratios of

gold nanorods on SERS

The SERS spectra of ordered gold nanorod ar-
rays with different rod aspect ratios were investigated
using 2-NAT and R6G as model molecules. The two
molecules were chosen because they have a high affin-
ity to the gold atom and each of these molecules has
a large Raman cross section, which gives a large con-
tribution to SERS.[37] Figures 4(a) and 4(b) show the
SERS spectra of 2-NAT and R6G molecules adsorbed
on ordered gold nanorod arrays with different aspect
ratios, and the Raman scattering (RS) spectrum of the
corresponding powder samples. Compared with the
RS spectra of powders, the Raman signals for the two
molecules adsorbed on Au nanorod array substrate
are dramatically enhanced. In Fig. 4(a), the vibration
bands at 1380 cm−1 (ring stretching) and 767 cm−1

(ring deformation) are observed in both SERS and RS

spectra for 2-NAT, indicating that 2-NAT molecules
have been adsorbed on the Au/Si substrate.[13,38]

Moreover, three obvious differences in SERS and RS
spectra are also found in Fig. 4(a). First, all Raman
signals of 2-NAT molecule on Au nanorod arrays and
Au NPs substrate show great enhancement. Second,
a C–H bending mode at 1083 cm−1 in the RS spec-
trum shifts to 1066 cm−1 in all the SERS spectra.
This can be explained by the fact that 2-NAT binds
perpendicularly to the metal surface, thereby prefer-
entially enhancing and shifting the vibration mode at
1066 cm−1. Finally, the C–S stretching mode over-
lapped with ring deformation shifts from 355 cm−1

to 367 cm−1 (not shown), which can be attributed to
the formation of S–Au bond. In addition, the signal
intensity change for the peak at 1566 cm−1 was dif-
ferent from that at either 1582 or 1619 cm−1. The
signal intensities for bands at 1582 and 1619 cm−1

were obviously enhanced in SERS, while for the
peak at 1567 cm−1, almost no increase was ob-
served, which are in good agreement with Aroca’s
results of A.[9] Assuming that the 2-NAT molecular

Fig. 4. SERS of (a) 2-NAT and (b) R6G at 1×10−3 M us-

ing gold nanorods with different aspect ratios, 31.6, 14.8,

7.8 and 1. Raman spectra of 2-NAT and R6G powders

were also recorded (the bottom curve). Gold nanorods

show an enhancing effect on both molecules.

plane was perpendicular to the substrate surface could
explain this difference. The elongation of the C=C
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stretching was normal to the substrate surface for the
1619 cm−1 band and also, although to a less extent,
for the 1582 cm−1 mode. The mode at 1567 cm−1

was attributed to C=C stretching almost parallel to
the substrate surface.

The SERS spectrum for R6G on Au nanorods
with different aspect ratios and the RS spectrum for
R6G are shown in Fig. 4(b). Similar to that of 2-NAT,
Raman signals for R6G were dramatically enhanced
on the nanorod substrates. The characteristic bands
for R6G were all observed on the SERS spectrum. The
strong bonds in Fig. 4(b) at 1360, 1507 and 1646 cm−1

correspond to the aromatic C=C double bond stretch-
ing modes. The obvious band at 1278 cm−1 in all the
SERS spectra being attributed to the C–O–C stretch-
ing vibration was observed,[39,40] indicating that R6G
molecules are adsorbed on the nanorod substrate.

It is interesting that different signal intensities
of SERS from nanorods are found with different as-
pect ratios (Fig. 4). The Raman signal intensity of
SERS increases with decreasing aspect ratio. The
best substrate for SERS for both target molecules was
found to be the Au nanorods with the aspect ratio
of 7.8. The signal intensity of SERS from spherical
nanoparticles was the weakest of all samples. For
a better understanding of the aspect ratio depen-
dence of enhancement effect for highly ordered self-
assembled nanorods, we calculated the surface en-
hancement factors (fe) for nanorods of different aspect
ratios using:[32]

fe =
ISERS

IRaman
× Mbulk

Mads
,

where Mbulk is the number of molecules sampled in the
bulk, Mads is the number of molecules adsorbed and
sampled on the SERS active substrate, ISERS is the in-
tensity of a vibrational mode in the surface-enhanced
spectrum and IRaman is the intensity of the same
mode in the Raman spectrum. For the spectra of 2-
NAT, the symmetric C–H bending vibration mode (∼
1066 cm−1) was preferentially enhanced and employed
to calculate fe values. In addition, for R6G, aromatic
C=C double bond stretching modes (1646 cm−1) were
selected in order to calculate surface enhancement fac-
tor values. Mbulk was estimated by using the bulk den-
sity and the molecular weight of the model molecule:
for 2-NAT the bulk density was 1.1 g·cm−3 and the
molecular weight was 160.2 g·mol−1, and for R6G they
were 0.87 g·cm−3 and 479.02 g·mol−1, respectively.
The number of molecules sampled in the SERS exper-
iments was determined by calculating the total two-
dimensional area occupied by the nanoparticles in the

illuminated laser spot on the surface.[31] This number
is calculated using the number of nanoparticles in the
illuminated surface, the surface area of each nanopar-
ticle (dependent on the particle size and aspect ratio)
to give the total SERS surface area sampled, which is
multiplied by the bonding density of model molecules
in a SAM, ∼ 0.5 nmol/cm−2.[41]

Table 1. Surface enhancement factors for analytes

(10−3 M) on assemblies of Au nanorods with different

rod aspect ratios.

Aspect ratios 2-NAT R6G

31.6 3.7×105 2.1×105

14.8 3.8×105 3.7×105

7.8 5.3×105 3.9×105

1 (spheres) 6.8×104 1.2×104

The estimated surface enhancement factors for
each of these substrates are shown in Table 1. Spher-
ical nanoparticles with a diameter of about 30 nm
show the smallest enhancement factor, about an or-
der of magnitude lower than the rod samples, agreeing
well with a previous result.[32] This must be caused by
the lightning rod effect. That is, particles with sharp
edges have a stronger enhancement effect than those
without sharp edges. Another result is that the en-
hancement factor for nanorods decreases with increas-
ing aspect ratio. Presently, it is well established that
noble metal nanostructures exhibit locally enhanced
electric fields when illuminated at their localized sur-
face plasmon wavelength [16] and the main contribu-
tion to the SERS enhancement effect arises from this
local electromagnetic field. If noble metal nanostruc-
tures are assembled in close proximity, their surface
plasmon resonances are coupled together, resulting in
larger electric-field enhancements in the small gap be-
tween neighboring nanoparticles.[17,18] When the as-
sembled metal nanoparticles are used as SERS sub-
strates, dramatic variations in the degree of enhance-
ment, often by many orders of magnitude, have been
observed. Based on Mie theory, Voshchinnikov and
Farafonov[42] have developed a numerical implemen-
tation of the extinction and scattering cross-sections,
providing a useful tool for understanding nonspherical
nanoparticles. When the aspect ratio increases, the
longitudinal dipole plasmon resonance red shifts.[43]

This result has been confirmed by UV-Vis measure-
ments. The plasmon resonance wavelength was grad-
ually away from the exciting wavelength and the lo-
cal electromagnetic field becomes smaller when illu-
minated by the 785 nm laser line. Therefore, the
Raman signal intensity decreases with the increase
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of aspect ratios. In order to verify the applicabil-
ity of SERS to trace analysis, we used different con-
centrations of model molecules as analytes, adsorbed
on the substrate with an aspect ratio of 7.8. Fig-
ures 5(a) and 5(b) show the SERS spectroscopy for
the two molecules at various concentrations. SERS
vibrational spectra were quite consistent at different
concentrations of the model molecules. The data show
an enhancement effect at low molecule concentrations:
2-NAT concentration was 1.0×10−9 M and for R6G,
1.0×10−7 M. This suggests that the Au substrate is
promising for applications in ultrasensitive analysis
and detection.

Fig. 5. SERS of (a) 2-NAT and (b) R6G at different

concentrations with nanorods of aspect ratio 7.8 as sub-

strate. Raman spectra of 2-NAT and R6G powders were

also recorded (the bottom curve). The nanorod substrates

exhibit an enhancement effect on the molecules in low con-

centrations.

4. Conclusion

SERS spectra of 2-NAT and R6G on highly or-
dered self-assembled gold nanorod arrays were investi-
gated with samples differing in rod aspect ratio. It was
found that the enhancement factor decreases with the
increase of aspect ratio. The model molecules show an
enhancement attributed to the Au nanorods, even at
very low concentration, and the enhancement factor
at low concentration for either molecule was several

orders of magnitude higher than that at high concen-
trations. These Au nanorod assemblies can serve as
high performance SERS substrates.
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