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A large-scale Si nanowire array (SiNWA) is fabricated with gold (Au) nanoparticles by simple metal-assisted chemical
etching and metal reduction processes. The three-dimensional nanostructured Au/SiNWA is evaluated as an active substrate
for surface-enhanced Raman scattering (SERS). The results show that the detection limit for rhodamine 6G is as low as
10−7 M, and the Raman enhancement factor is as large as 105 with a relative standard deviation of less than 25%. After the
calibration of the Raman peak intensities of rhodamine 6G and thiram, organic molecules could be quantitatively detected.
These results indicate that Au/SiNWA is a promising SERS-active substrate for the detection of biomolecules present in
low concentrations. Our findings are an important advance in SERS substrates to allow fast and quantitative detection of
trace organic contaminants.
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1. Introduction
Surface-enhanced Raman scattering (SERS) has attracted

much attention because of its high sensitivity and potential
application in chemical and biomedical analysis.[1–4] Raman
signal enhancement of the order of 108–1014 can be achieved
by SERS, and it has the unique ability to recognize an ana-
lyte at a very low concentration in aqueous solution. These
merits make SERS a unique technology for ultrasensitive bio-
logical and chemical analysis and environmental sensing.[5–10]

In addition, another important feature of SERS is that a high
level of detection selectivity can be achieved by controlling
the chemical properties around the metal surface. SERS can
detect a single species in a complex mixture in a wide range
from a nano- to micro-molar level.[3,7–12] Because of the high
selectivity and sensitivity of SERS as well as the highly infor-
mative characteristics of Raman spectroscopy, SERS has be-
come an increasingly more common and feasible alternative
to other optical methods. The enhancement effects observed
in SERS have been attributed to two models, i.e., the chemi-
cal mechanism and the electromagnetic mechanism (EM).[13]

The EM, which results from an increased local electromag-
netic field (hot spot) at a metallic nanoparticle (NP) surface
arising from the interaction of the incident laser with the
electrons of the metallic surface, is the commonly accepted
origin of SERS.[14] At present, surface plasmon resonance

(SPR) is believed to be the major contribution to electro-
magnetic enhancement, so many researchers have fabricated
various metal colloids to examine the function of SPR.[15,16]

For wide application of SERS, an effective substrate needs
to be developed.[17] An ideal substrate should possess excel-
lent stability, repeatability, low cost, and also should be easy
to fabricate and handle. Various methods to fabricate SERS
substrates have been developed to date. For example, pure
metal may be used as the material to fabricate SERS sub-
strates, which can be fashioned into NPs,[18] nanorods,[19,20]

nanowires (NWs),[21,22] nanoflowers,[23] core–shell struc-
ture, and nanofilms.[24,25] These materials are fabricated
by methods including vapor–liquid–solid growth,[26] ther-
mal evaporation decomposition,[27] supercritical fluid–liquid–
solid synthesis,[28] molecular beam epitaxy,[29] solution
growth, and template-based lithography.[30,31] Although these
preparation methods can readily produce functional SERS
substrates, the procedures are complicated and expensive,
which limits batch production on a large scale. Recently,
metal-assisted etching of silicon wafers to produce nanowires
at room temperature has attracted widespread interest.[32,33]

Considering that the reductive nature of silicon (Si) substrate
could effectively improve the long-term stability of SERS sub-
strate by inhibiting noble metal oxidization, and the noble
metal silver (Ag) is one of the best materials for making SERS-
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active surfaces, the simple preparation of Ag/Si nanostruc-
tured arrays each with long-term stability and high sensitivity
is highly desirable.[34–36] Unfortunately, such structures are
unstable and readily oxidized under ambient conditions. An
alternative to Ag is gold (Au), which possesses not only high
stability in the atmosphere, but also strong SERS activity in
the visible light wavelength region. Au-prepared Si NW array
(SiNWA) nanostructures are therefore excellent candidates for
molecular sensing with high SERS sensitivity, reproducibility,
and stability. Therefore, we combine Au NPs with SiNWAs to
produce SERS-active substrates.

In this paper, Au/SiNWA substrates are fabricated in three
steps by noble metal-assisted chemical etching. Rhodamine
6G (R6G) is used to characterize the SERS performances of
the substrates, including uniformity and sensitivity. The re-
sults indicate that each of the substrates possesses good uni-
formity with a relative standard deviation (RSD) of less than
0.25. Simultaneously, a detection level as low as 10−8 M is
achieved, which is sufficient for practical application.

2. Experiments
N-type (100) Si wafers (1 Ω·cm–10 Ω·cm) purchased

from the Tianjin Semiconductor Technology Research Insti-
tute were used as the substrate material. Acetone, alcohol, HF
(≥ 40%), H2O2 (30%), nitric acid (98%), sodium hydroxide,
silver nitrate, and deionized water were purchased from the
Beijing Chemical Works. HAuCl4·3H2O, R6G, and thiram
were obtained from Aladdin. First, a Si wafer was cut into di-
mensions of 1 cm×3 cm. The cut Si wafer was sequentially
cleaned in water, acetone, and alcohol for 5 min each. The
clean Si wafer was then dried in air. The wafer was placed in a
mixture of 4.6-M HF and 0.005-M AgNO3 for 1 min, and then
washed with deionized water multiple times to remove excess
Ag particles. Ag NPs were then deposited on the surface of
the Si wafer by placing the wafer in a mixture 4.6-M HF and
0.5-M H2O2 at room temperature for 60 min.

In the procedure used to prepare the SiNWAs, Ag was
used as an assistant material, but the final aim of the exper-
iment was to form a Au/Si composite structure. Therefore,
the formed SiNWAs were immersed in nitric acid (48%) for
10 min to remove the Ag NPs. However, this method of re-
moving Ag could result in the nitric acid oxidizing the Si.
Therefore, SiNWAs immersed in nitric acid solution were then
placed in HF (98%) for 10 min to eliminate any possible ox-
idation of silica. The SiNWAs were now ready for the next
procedure.

HAuCl4.3H2O (1 M) and methanol (3 mL) were added to
water (50 mL). Sodium hydroxide solution was added drop-
wise until the pH of the solution was 7–8. The SiNWAs were
added to this slowly stirred solution, which was then heated
and maintained at 120 ◦C for 2 h. A solution of R6G (10−3 M)

and other prepared solutions were successively diluted by a
factor of 10 to give a final concentration of 10−9 M. Thiram
is poorly soluble in water. Therefore, we dissolved thiram in
alcohol to give a solution with a concentration of 10−3 M. So-
lutions of thiram with a concentration of 10−4–10−9 could be
obtained via the above dilution method with deionized water.

The morphology, microstructure, and chemical compo-
sition of the as-fabricated SiNWAs and Au/SiNWAs were
characterized by field-emission scanning electron microscopy
(FE-SEM) (JEOL JSM-6700F) with energy-dispersive spec-
troscopy (EDS) and x-ray diffraction (XRD) (Rigaku Ultima
III). SERS measurements were performed at room tempera-
ture on a LabRAM ARAMIS Raman system using a 632.8-nm
helium–neon laser line for excitation. The laser spot size was
∼ 1 µm with an incident power of 0.325 mW and acquisition
time of 24 s. The same accumulation times and laser power
were used to obtain all Raman spectra.

3. Results and discussion
Figure 1 shows the top and cross-sectional FE-SEM im-

ages of SiNWA and Au/SiNWA, which clearly show that Au
NPs are successfully deposited on the surface of the SiNWA.
Comparing the enlarged images in the insets of Figs. 1(a) and
1(c) further confirms that Au NPs are present on the SiNWA
surface. Figures 1(b) and 1(e) show the cross-sectional images
of the SiNWA and Au/SiNWA, which reveal that the diame-
ters and lengths of the SiNWs are about 100 nm–500 nm and
their lengths are all 35 µm, and the average distance between
SiNWs is ∼ 200 nm. The SiNWs are well aligned over a large
area. The top-view FE-SEM images indicate that the diame-
ters of Au NPs range from 100 nm to 400 nm, with an average
diameter of approximately 150 nm, and Au NPs are stacked in
layers on the Si NWs. Judging from the inset in Fig. 1(c) and
magnified image in Fig. 1(d), the diameters of Au NPs on the
sidewalls of SiNWs are much smaller than those on the top of
Si NWs. Moreover, Au NPs only cover the upper half of each
Si NW, which is further confirmed by EDS analysis. As shown
in Table 1, the atomic percentages of Au are greatly different
in the four different areas of the Au/SiNWA. This phenomenon
could be explained by the structure of the Si substrate as fol-
lows. At the beginning of the Au reduction process, the Au
NPs are small and can enter into the gaps between SiNWs and
adsorb onto their surface. However, the Au NPs readily coa-
lesce, which will lead to the formation of the layered structure
of most of the NPs on the top of the SiNWs. At this point, few
Au NPs could enter into the gaps between SiNWs. Further-
more, the coalescence of Au NPs would fill the gap between
SiNWs, which further restricts the formation of Au NPs on the
surface of SiNWs. The SiNWs are about 35-µm long, so they
are unable to be covered entirely by the Au NPs.
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Fig. 1. FE-SEM images of the SiNWA and Au/SiNWA. Panels (a) and (b) show the typical top and cross-sectional views of the SiNWA, panels
(c) and (d) show the top views of the Au/SiNWA at different magnifications, panels (e) and (f) show the cross-sectional views of the Au/SiNWA at
different magnifications, and panel (f) shows a magnified image of panel (e). Insets in panels (a) and (c) show locally magnified FE-SEM images.

Table 1. Atomic percentages of Si, Au, and O in different areas of an
Au/SiNWA.

Si Au O

Zone 1 34.25 60.99 4.76

Zone 2 78.51 2.94 18.55

Zone 3 81.79 0.93 17.28

Zone 4 85.05 0.00 14.95

A crystal of the Au/SiNWA is investigated by XRD anal-
ysis. Figure 2 shows that the SiNWA is crystalline with a
major (400) diffraction peak, which confirms that Si has a
(400) growth direction. Moreover, all spectra show two sets
of diffraction peaks, indicating that synthesized products are
all composite materials. The peaks marked with Si (400) can
be indexed to the diamond structure of Si, while the remainder
can be indexed to the face-centered-cubic structure of Au. No
other crystalline impurities are observed.

20 30 40 50 60 70 80

S
i 
(4

0
0
)

A
u
 (

3
1
1
)

A
u
 (

2
2
0
)

A
u
 (

2
0
0
)

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

A
u
 (

1
1
1
)

2θ/(Ο)

Fig. 2. XRD image of the Au/SiNWA composite structure.

The ability for Au/SiNWA to enhance the Raman signal
of analytes is investigated using R6G as the probe molecule.
R6G has been used extensively for SERS studies since the
early development of this technique and has well-established
vibration features. Figure 3(a) shows the SERS of different
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concentrations of R6G solution dispersed on the Au/SiNWA
in a range of 10−3 M–10−7 M. The SERS detection level of
R6G for Au/SiNWA is 10−7 M. Because the SERS of Si is
very strong, which seriously affects the results obtained for
solutions with low concentrations, the second peak of Si be-
tween 900 cm−1 and 1050 cm−1 is eliminated. The strong and
medium-strong Raman bands at 612, 775, 1189, 1311, 1361,
1508, 1571, and 1646 cm−1 are assigned to carbon ring vibra-
tion, ethylamine group wagging, and carbon–oxygen stretch-

ing of the R6G molecule.[37] To investigate the change of Ra-

man spectrum of R6G with its concentration, the Raman spec-

trum is fitted and a curve showing the logarithmic relationship

between the area of the peak around 612 cm−1 and concentra-

tion is obtained, which is presented in Fig. 3(b). The curve

is close to a straight line, indicating that the Raman signal

strength increases proportionally with concentration increas-

ing.
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Fig. 3. (color online) (a) SERS of R6G solutions with concentrations of 10−3 M–10−7 M with Au/SiNWA, (b) quantitative relation between
the SERS band at 612 cm−1 and concentration, (c) SERS of 10−3 M R6G on three different substrates: Si wafer, SiNWA, and Au/SiNWA, (d)
SERS of 10−5 M R6G at 100 different points on the Au/SiNWA; the RSD is less than 0.25, (e) SERS mapping (step size = 3 µm, 10×10 = 100)
of the Au/SiNWA substrate, and (f) SERS of thiram with concentrations of 10−3 M–10−6 M on a Au/SiNWA. The inset image is the quantitative
relation between the SERS band at 1380 cm−1 and concentration.
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To understand the ability for the Au/SiNWA composite
structure to enhance the Raman signal, several tests are car-
ried out using three different substrates to detect 10−3 M R6G.
To determine the enhancement factor (EF) of the Au/SiNWA
composite structure, a Si substrate without Au NPs is used
as a reference along with the following standard equation:[38]

EF=(ISERS/IRaman)× (NRaman/NSERS), where ISERS and IRaman

are the integrated Raman intensities of a specific SERS
peak observed for the solutions adsorbed on Au/SiNWA and
SiNWA, respectively; NSERS and NRaman are the numbers of
molecules adsorbed on the surface of the corresponding sub-
strates. Figure 3(c) shows the results of this experiment, which
indicate that the enhancement of the planar Si wafer is close to
that of the SiNWA, where the relative intensities of the Raman
signal at 1361 cm−1 are 76 and 92, respectively. There is a
marked change of the intensity of Raman peak at 1380 cm−1

using the Au/SiNWA substrate, with the relative intensity
reaching about 3000. Therefore, the calculated values in in-
tensities from Au/SiNWA to SiNWA are about 32.6 (3000/92).
Considering that NSERS and NRaman are mainly determined by
the concentrations of molecules in a given volume and area,
and the surface geometries of Au/SiNWA and SiNWA are also
similar, it is reasonable to say that the ratio of R6G concentra-
tions is a reasonable estimation of the ratio of NRaman to NSERS.
As a result, NRaman/NSERS is about 104. Therefore, the EF of
Au/SiNWA is as high as 3.26×105, which is about ten times
higher than the values reported elsewhere.[39–41] The marked
Raman enhancement of organic molecules is mainly attributed
to the Au/SiNWA possessing two kinds of hot spots, one is on
the side surface of the same NW and the other is on the side
surface of two neighboring NWs. The high density of hot spots
on the sidewall of the SiNWA may also increase the number
of adsorbed probe molecules within a detection volume, which
further enhances the Raman signal. These features make the
Au/SiNWA a promising material to be used as a substrate for
SERS.

According to the above analyses of the morphology and
structure of the Au/SiNWA, some following factors may con-
tribute to the strong local electromagnetic field that results
in strong Raman enhancement. (i) The Au/SiNWA is of a
three-dimensional (3D) structure, so the SiNWs could pro-
vide a large surface area to adsorb Au NPs compared with
a traditional planar structure, so more analytes can combine
with the substrate.[42] (ii) The length of each Si NW is about
35 µm (Fig. 1(c)). Meanwhile, a great number of Au NPs
are deposited on the surface of the Si NWs. These Au NPs
would be captured if the excitation light enters into the gap
between Si NWs, increasing the interactions of the light with
Au NPs. Light could be scattered multiple times between
Au NPs, which will improve the use of excitation light and
enhance the local field. (iii) The distance between Au NPs

is short, which facilitates the formation of hot spots. It has
been shown that the spaces between metallic particles can act
as hot spots where the intensity of the optical field is much
higher than at other sites. This results in a strong Raman sig-
nal from locally adsorbed probe molecules.[42–44] For exam-
ple, it has been theoretically demonstrated that the effective
Raman cross section for a molecule placed between two metal
NPs can be enhanced by more than 7–12 orders of magnitude
because of the strong electromagnetic coupling between two
adjacent metallic objects. This enhancement dominates the
SERS response in nanostructure arrays.[42,43,45] Several theo-
retical calculations have also confirmed that the field enhance-
ment originating from gaps between NPs play an important
role in SERS.[44,46] For instance, Choi et al.[47] suggested that
higher SERS enhancement for metal NPs could be achieved
by restricting the gap between them to less than 30 nm. The
signal enhancement arises from not only the local electromag-
netic effect of Au NPs on a single Si NW, but also that between
Si NWs. (iv) Besides these geometrical features, the interac-
tions between Au and Si can also contribute to the increase in
EF through the excitation of surface plasmons in the metal.

Figures 3(d) and 3(e) display the uniformity of
Au/SiNWA substrate via mapping of 10−5 M R6G. One hun-
dred points are selected in a rectangular area of the substrate
to detect the signal from R6G, and the RSD of each data point
for these 100 randomly selected positions is calculated using
the same Raman band as shown in Fig. 3(d). In this case,
the RSD values of the signal intensities of major SERS peaks
for 10−5 M R6G are all below 0.25, and the intensities of the
peaks are similar to those at the other points. This conclusion
is further confirmed in Fig. 3(e), in which the brightness of
the rectangular region is proportional to the signal integral in-
tensity centered at 612 cm−1. It is obvious that the brightness
is close to each other, which indicates that the uniformity of
the Au/SiNWA substrate is good to some extent over its entire
area.[48]

Food safety has attracted wide concern in recent years, es-
pecially the effects that pesticide residues have on the human
body. Traditional methods of testing pesticide residues in food
are time consuming, and the available resources and detection
limit are not satisfactory. SERS is a favorable method for this
usage because of advantages including rapid response, non-
destructive nature, trace detection limit, and easy operation.
Thiram is commonly used as a seed dressing, and is present as
a trace residue in crops. Theoretically, the C=S and S–S bonds
in thiram will break when it reacts with a metal.[49] Then, two
Au–S bond are formed, which are easy to detect by SERS.
Therefore, we decide to detect thiram using the Au/SiNWA
substrate. The results of this experiment are shown in Fig. 3(f).
A detection limit of 10−6 M is achieved. The Raman spec-
trum is also fitted and a curve of the logarithmic relation-
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ship between the area of peak at 1380 cm−1 and concentra-
tion is obtained (see the inset in Fig. 3(f)). This curve is close
to a straight line, indicating that the Raman signal strength

increases proportionally with concentration increasing. The
ability for Au NPs to enhance the Raman signal is sufficient
for practical applications.

(a) (b) (d)

(c)

5.5106 V/m

12.0682 V/m

E

k

Fig. 4. (color online) Simulation of the EM field distribution in a model of the Au/SiNWA using 3D finite-difference time domain
software. Here, the polarization of incident light is indicated by arrows. Panel (a) shows the shape of the model Au/SiNWA nanostruc-
ture and the wave vector; panels (b), (c), and (d) show the calculated spatial distributions of the electric field intensity for the vertical,
middle, and top horizontal planes, respectively.

To better understand these experimental results, a 3D
finite-difference time domain (3D-FDTD) software is used to
simulate a model of the Au/SiNWA to further investigate the
mechanism of SERS following excitation at λ = 633 nm. The
essence of the FDTD method is to solve the Maxwell equa-
tions to determine the space distribution of an electromagnetic
field as a function of time. To accord with the actual structure
of the Au/SiNWA, the model is built on the basis of the SEM
images in Figs. 1(b) and 1(d). The final structure is shown
in Fig. 4(a), in which the average diameters of Si NW are
both ∼ 300 nm and the gap between them is ∼120 nm. Au
and NPs are overlapping on the top of the Si and NWs and
their diameters are in a range of 100 nm–400 nm as shown in
the top-view SEM image in Fig. 1(b). We must use Si NWs
with a length of 1000 nm because of the computation limita-
tion of the computer hardware. Figures 4(b)–4(d) show the
E-field distributions around the Au/Si nanostructures excited
at λ = 633 nm, and the orientation and polarization of the ex-
citation light are also indicated. The maximum electric field
intensity is about 20.5 V/m and the corresponding EF is ap-
proximately 105. This theoretical calculation result is smaller
than the value obtained experimentally, which is attributed to
the following causes. Only two Si NWs are simulated, and
the Au NPs on the surface of one Si NW only interact with
those on the other. However, they will also be affected by the
Si NWs around them, so a higher electromagnetic field will
be obtained in the actual arrays. In addition, Au NPs are or-
dered in this model, with a smooth surface. These characteris-
tics do not correspond with the actual situation. Overall, these

discrepancies result in the difference between theoretical and
experimental EF for the Au/SiNWA.

4. Conclusions
In this paper, vertically aligned Au/SiNWA that gener-

ates high-density SERS hot spots within a detection volume is
fabricated by a simple, inexpensive method. This 3D SERS
substrate yields extremely high SERS activity with a calcu-
lated EF of up to 105 and detection limits of 10−7 M for R6G
and 10−6 M for thiram. The linear dependence of the loga-
rithmic integrated intensity on the logarithmic concentration
of the target molecules provides a new method of rapidly and
quantitatively detecting organic molecules. Moreover, the en-
hancement mechanism of the Au/SiNWA is examined in de-
tail. 3D-FDTD simulations confirm the authenticity of exper-
imental results. This fabrication strategy, which is compati-
ble with well-established Si technology, may be easily inte-
grated into lab-on-chip sensing devices for label-free chemi-
cal/biomolecule detection.
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