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A B S T R A C T

In this work, we report a quick and controllable method for fabricating Ag nanoparticles (NPs) and nano-as-
semblies (NAs) on silicon (Si) surface via a galvanic reaction assisted by surfactant hexadecyl-
trimethylammonium bromide (CTAB). Obtained Si substrates with high density Ag NAs serve as surface-en-
hanced Raman scattering (SERS) substrates for unlabelled molecular sensing. The addition of CTAB enables not
only the electromagnetic enhancement by controllable producing Ag NAs “hotspots”, but also the signal en-
hancement by enriching probe molecules via hydrophobic interaction. Two concentration regimes of
1.0× 10−8–1.0×10−11 M and 1.0×10−12–1.0× 10−16 M have been obtained for quantitative and qualita-
tive detection of Rhodamine 6G (R6G) in aqueous solution, respectively. As a result, for determination of R6G,
the quantitative and qualitative detection limits of 1.0× 10−11 and 1.0×10−16 M have been obtained, re-
spectively, with high reproducibility showing the relative standard deviation (RSD) of ∼7.3%. Simulation has
been carried out using finite-difference time-domain (FDTD) to evaluate the dependence of electric field on the
size and inter-gap of Ag NPs, showing good agreement with experimental results. The high sensitivity also
enables SERS characterization of non-resonant and low Raman cross-section biomolecules, for example, amino
acids. Such a fabrication process is simple, fast, cheap and reproducible; and therefore, it would be helpful to
produce high sensitive SERS substrates to broaden their applications in chemical and biological fields for mo-
lecular diagnostics to single-/multiple-molecule detection.

1. Introduction

Surface-enhanced Raman scattering (SERS) is a powerful analytic
technique offering highly sensitive and selective identification of mo-
lecules without interruption from water and no need for labelling. It has
been widely applied in analytical chemistry [1], environmental mon-
itoring [2], biomedical science [3] and trace detection for homeland
security [4]. SERS has also been proven for molecular detection with
ultrahigh sensitivity down to single-molecule level by means of
coinage-metal (for example, Au, Ag and Cu) nanostructures [5]. How-
ever, Ag or Au based SERS substrates exposed to ambient conditions
will be rapidly oxidized, result in the SERS activity loss of the substrate
in a short time. In practice, SERS substrates stored under in vacuum [6]

or coating thin oxide layer on the surface via atomic layer deposition
(ALD) [7] could prolong its lifetime by avoiding oxidation. As an ef-
fective SERS substrate, high sensitivity and good signal repeatability
should be satisfied. Moreover, wider range of applications could be
explored if a low-cost technology with good reproducibility was de-
veloped [8–10].

It has been widely accepted that the Raman signal enhancement of
SERS substrate is mainly from the local electromagnetic (EM) en-
hancement and chemical (CM) enhancement [11,12]. EM enhancement
is generated by optical excitation of localized surface plasmon re-
sonance (LSPR) around the surface of metallic nanostructures (e.g.
nano-gap [13], nano-dot [14], nano-shell [15]). These metallic nano-
spaces are named “hotspots”. CM enhancement arises from an
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electronic resonance charge transfer between absorbed molecules and
the metal surface with atomic-scale roughness features [12].

Plenty of researches have been focused on the structural optimiza-
tion of SERS substrates to improve their sensitivity [13,16–18]. Nano-
particle (NP) clusters (e.g. dimers, trimers, tetramers and linear chains)
have emerged as one of the most efficient configurations for producing
intense EM fields [19]. Typically, NP clusters could be prepared by
drying dilute Ag or Au NP dispersions on a substrate; however, the
density of clusters (dimers, trimers, etc.) and the process repeatability
are low [19,20]. In the past decades, surfactant or DNA mediated and
template-guided NP assembly have been developed to fabricate NP
clusters according to its high SERS enhancement for single-molecule
detection [12,21–25]. Sun et al. [12] prepared citrate-reduced Ag NP
clusters induced by CTAB. Prinz et al. [22] prepared Au-Ag-core-shell
NP dimers using triangular DNA origami substrates to achieve SERS
enhancement factor (EF) up to 1010 which is sufficient to achieve
single-molecule detection level. Yan et al. [23] fabricated Au NP clus-
ters by using electron-beam lithography (EBL) to define binding sites on
which dielectrically coated NPs could assemble. Such nanofabrication
techniques can create well defined nanostructures; however, they are
expensive and time-consuming, and require skillful persons to operate.
Cho et al. [25] fabricated a SERS substrate with Ag nanoclusters based
on polystyrene-block-poly (4-vinypyridine) copolymer (PS-b-P4VP)
micelles. Silver nitrates were incorporated into the micelle cores and
reduced to silver nanoclusters. Although the nanoclusters were pre-
pared on a large area with block copolymer as template, additional step
for metal deposition was needed and thus being time-consuming. These
chemically induced procedures and template-guided assembly can
create beautiful and regular NP clusters; however, these processes are
relatively complicated with limited materials and working areas.
Moreover, its application in sensing is also limited because the mole-
cular linkers that bridge the NPs tend to prevent analyte molecules from
entering the “hotspots”. Therefore, it is still highly valuable to find out a
cheap, quick and reliable method to fabricate SERS substrate with high
sensitivity and repeatability, especially to reach single-molecule de-
tection level.

On the other hand, SERS signal in liquid media highly relies on
statistical binding of analytes to the SERS-sensitive regions (or “hot-
spots”) [26,27]. Various approaches have also been explored to im-
prove SERS sensitivity in aqueous solutions. Yang et al. [26] fabricated
a SERS platform based on pitcher plant-inspired slippery liquid-infused
porous surfaces which provided a nearly pinning-free substrate for
enriching and delivering analytes into a specific SERS detection area.
Wang et al. [28] prepared magnetic based PEI-interlayered core–shell-
satellites 3D microspheres which could enhance SERS signals due to
enrichment of targeted analytes and abundant inter-particle “hotspots”.
Qu et al. [29] prepared Ag NPs/CNT-GO membranes which could enrich
antibiotics because of the π-π stacking and electrostatic interaction of
GO toward antibiotic molecules; and thus, increase the SERS sensitivity.

Surfactants are molecules with a polar hydrophilic head and a hy-
drophobic hydrocarbon chain, which in water tend to self-associated to
minimize its contact with water, resulting in the formation of various
aggregates, such as spherical micelles, reverse micelles, interconnected
cylinders, planar phase and onion-like lamellar phase [30]. Surfactant
based micelle templates have been widely used for synthesizing NPs
with controllable size and shape [31,32]. For instance, by tuning con-
centrations of CTAB and co-solvent/solubilizer, spherical, cylindrical,
rodlike and wormlike micelles have been obtained [33]. CTAB micelles
have been reported to help synthesize NPs of various materials, for
example, Au, ZnS, Ag, Pd, and so on [33–37]. Moreover, CTAB mole-
cules absorbed on silica surface can attract ionized organic analytes
from aqueous solutions [38]. It has been demonstrated that, introdu-
cing CTAB in the detection mediums (e.g. aqueous solution, silver sol)
could improve Raman signal enhancement by promote adsorption of
analytes onto SERS substrates [39–41].

In this work, we present and demonstrate a simple, fast and efficient

strategy for preparing high density Ag NAs on Si substrate based on
CTAB-assisted galvanic reaction. Without CTAB in solution, dendritic
Ag structures grow quickly on Si surface via galvanic reaction. By in-
troducing CTAB into the reaction solution, amphiphilic CTAB molecules
covering on produced Ag NP surface to hinder the formation of den-
dritic structures; and thus, stable Ag NAs (dimers, trimers, etc.) are
produced on Si surface. The factors of reactant concentration, reaction
time and temperature are investigated. CTAB is applied here not only
for controllable synthesizing Ag NAs, but also for enriching probe
molecules to achieve significant Raman signal enhancement. Optimized
samples with high density Ag NAs show high sensitivity for detecting
R6G in aqueous solution, showing quantitative detection with a linear
correlation in the range of 1.0× 10−8–1.0×10−11 M, and the quali-
tative range to the limit of 1.0× 10−16 M. SERS substrates prepared in
this way have been proven to be highly reproducible and reliable, and
being versatile to sense specific Raman probe molecules, and various
amino acids in solutions as well.

2. Materials and methods

2.1. Materials

Hexadecyltrimethylammonium bromide (CTAB), silver nitrate
(AgNO3), L-Methionine, L-Valine, L-Lysine, L-Isoleucine, L-
Phenylalanine, L-Leucine, L-Tryptophan, L-Threonine and sodium 2-
mercaptoethanesulfonate (MESNa, ≥98.0%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Hydrofluoric acid (HF, 49 wt%)
was purchased from Aladdin (Shanghai, China). Rhodamine 6G (R6G)
was purchased from J&K Chemical (Beijing, China). Nitric acid (HNO3,
68 wt%) and hydrochloric acid (HCl, 37 wt%) were of analytical grade
and received from Guangzhou Chemical Reagent Co., Ltd. (Guangzhou,
China). DP-type (100) 4″ Si wafers were purchased from Lijing
Optoelctronics Co., Ltd. (Suzhou, China). Deionized (DI) water
(18.25MΩ cm) was prepared using a Milli-Q Plus water purification
system (Milli-Q Plus water purification, Sichuan Wortel Water
Treatment equipment Co., Ltd., Sichuan, China). All chemicals were
used as received without further treatment.

CTAB aqueous solution was prepared by dissolving CTAB in DI
water, and sonicated for 10min at 40 ℃. Stock R6G solution with
concentration of 1.0× 10−4 M was prepared by dissolving R6G powder
in DI water, and diluted to required concentrations for experimental
usage using the stepwise dilution method. Stock L-Methionine, L-Valine,
L-Lysine, L-Isoleucine, L-Phenylalanine, L-Leucine, L-Tryptophan and L-
Threonine solutions with concentration of 1.0× 10-3 M were prepared
by dissolving amino acid compounds in 0.01M HCl solutions, and di-
luted to required concentrations using DI water.

2.2. Preparation of Ag nano-assemblies via galvanic reaction

Si wafers were cleaned by sonicating in DI water for 5min, im-
mersing in Piranha solution for 10min, and then thoroughly rinsed
with DI water and blow dried using a nitrogen gun. Cleaned Si wafers
were immersed in the solution containing HF, AgNO3 and CTAB. The
morphologies of Ag nanostructures can be controlled by tuning the
reaction parameters of reactant concentration, reaction time and tem-
perature. When controllable conditions were achieved, the Si wafer was
quickly transferred to a beaker filled with DI water, and then thor-
oughly rinsed by DI water to stop reaction. After drying in air at room
temperature, a Si substrate with Ag nanostructures was obtained.

2.3. Optical characterization

The morphologies of Ag nanostructures were characterized by using
transmission electron microscopy (TEM) (JEM-2100HR, JEOL, Japan),
atomic force microscopy (AFM) (MFP-3D Infinity, Asylum Research,
Oxford, UK) and field emission-scanning electron microscopy (FE-SEM)
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(ZEISS-Ultra55, Carl Zeiss AG, Oberkochen, Germany). Chemical com-
position was analyzed using an energy dispersive spectroscope (EDS)
equipped in the FE-SEM.

2.4. SERS measurements

As-prepared SERS substrate of Si wafer with Ag nanostructures was
cut into pieces with size of 0.5× 0.5 cm2. A plastic cell with diameter
of 3.0 cm was used to hold the solution containing probe molecules for
SERS measurement. SERS substrate was immersed into the cell con-
taining 3.0mL solution, Raman spectra was then recorded by focusing
on the SERS substrate using a Raman instrument (Finder Insight, Zolix
Instruments Co., Ltd., Beijing, China). In the plastic cell, the surface to
bottom distance of 3.0mL solution was about 4.2mm. The laser’s ex-
citation wavelength was 532 nm, which was focused on the sample
through a 50× objective (NA=0.55). The diameter of the laser spot
was 10 μm. The incident power was set at 0.6 mW for measuring R6G
samples and 2.5mW for measuring amino acid samples. The acquisition
time was all 0.1 s. Before each measurement, a SERS substrate was
characterized in 3.0mL DI water as reference. In this work, for char-
acterizing molecules in a solution, at least 3 different SERS substrates
were prepared for each experiment. For characterizing prepared SERS
substrates, 30 measurements were performed on each sample by ran-
domly moving the stage of the Raman instrument.

3. Results and discussion

3.1. Synthesis of Ag NAs on Si surface via CTAB-assisted galvanic reaction

Ag NPs have been paid a lot and even increased attention over the
past several decades owing to their remarkable chemical and electrical
properties for wide applications in catalysis [42], sensing [43] and
biomedicine [44]. Various methods have been explored for Ag NP
synthesis [45]. Galvanic reaction is a redox reaction which can reduce
Ag+ to Ag to produce Ag nanostructures. When a Si wafer is immersed
into a reaction solution containing AgNO3 and HF, cathodic and anodic
processes occur simultaneously on the Si substrate, as described in Eqs.
(1) and (2), and schematically shown in Fig. 1a [46].

Si+ 6F−→ SiF62−+4e− (1)

Ag++e−→ Ag (2)

Without parameter controlling, galvanic displacement is hetero-
geneous with metallic depositing and growing based on energy mini-
mization [47]. As a result, reduced Ag formed NPs which grew to
dendrites on Si surface with the increase of reaction time (t).
Figs. 1(b–g) show the SEM images of Ag dendrites obtained by galvanic
reactions in a solution containing 0.75M HF and 0.03M AgNO3 at t of
5, 10, 30, 45, 60 and 300 s, respectively. HF in the mixture, on one side,
ensures to provide fresh Si surface for galvanic reaction by etching
away the silicon oxide of the Si surface; and on the other hand, reacts
with Si to provide electrons for galvanic reaction as presented by Eq. (1)
to form SiF62−. In the beginning, Si etching and Ag depositing occurred
simultaneously on the Si wafer surface. Reduced Ag atoms formed
nuclei on Si surface. With the increase of Ag covered area, Ag atoms
started to grow (accumulate) to form trunks and branches of Ag den-
drites (Fig. 1f) according to the diffusion-limited aggregation progress
[46]. Ag dendrites continuously grew up by aggregation of small par-
ticles to form multiple new branches and stuck on the surface in the end
(Fig. 1g).

When CTAB was introduced into the reaction, CTAB molecules, on
one hand, aggregated to form micelle templates to control the Ag NP
formation; and on the other hand, absorbed and covered on formed NP
surface to slow down and even hinder the galvanic reaction to prevent
quick growth of Ag dendrites, as shown in Fig. 1h. Figs. 1(i–n) show the
SEM images of Ag NPs and NAs prepared in the solution containing
0.75M HF, 0.03M AgNO3 and 4.5× 10−2 M CTAB at t of 5, 10, 30, 45,
60 and 300 s, respectively. With the addition of CTAB, formed Ag na-
nostructures have been dramatically changed in both size and shapes,
compared to those in Figs. 1(b–g) without CTAB. Smaller and smoother
Ag NPs and NAs were observed on the Si substrate.

In the beginning, the reaction processes are similar in the solutions
with or without CTAB, that Ag+ are reduced to Ag atoms by the elec-
trons provided from Si. CTAB did not involve in the galvanic reaction.
At the concentration 4.5× 10−2 M, CTAB molecules formed micelles
which encapsulated Ag+, and thus controlled the reaction process. At
t=5 s, without CTAB, micrometre size Ag nanostructures have been
obtained. However, with addition of CTAB, ∼18 nm Ag NPs were

Fig. 1. (a) Schematic of the growing process of Ag dendrites on Si surface. (b–g) SEM images of formed Ag dendrites in a solution containing 0.75M HF, 0.03M
AgNO3 (without CTAB), at t=5 s, 10 s, 30 s, 45 s, 60 s and 300 s. (h) Schematic of the growing process of Ag NPs and NAs on Si surface. (i–n) SEM images of obtained
Ag NPs and NAs in a solution containing 0.75M HF, 0.03M AgNO3 and 4.5× 10−2 M CTAB, at t=5 s, 10 s, 30 s, 45 s, 60 s and 300 s.
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obtained on Si substrate. One Ag NP can grow until it occupies the
whole micelle, at which point, CTAB molecules are bound on the Ag NP
surface. Further adsorption results in more CTAB molecules to form a
bilayer on Ag NP surface [37]. As a result, the reaction is screened with
uniformly distributed Ag NP formation. Such a bilayer capping shell
makes Ag NPs be positively charged with a lot of electrons distributed
around. When t=45 s, most Ag NPs’ shapes started to differentiate to
form assemblies/clusters. At t=300 s, high density Ag NAs were
formed on Si surface, as shown in Fig. 1n. On average, there were about
60 Ag NAs with average size of 25–35 nm formed in 1× 1 μm2 area,
constituting about 68% of the total amount of Ag NPs and NAs. The size
distribution histograms of Ag NPs are shown in Fig. S1, corresponding
to Figs. 1(i–n). Moreover, the large area SEM and AFM images of Ag
NAs substrates in Fig. S2 demonstrate that large-quantity and high-
density Ag NAs were uniformly distributed on the Si surface.

3.2. Effect of CTAB concentration

CTAB molecules can either dissolve in water with random dis-
tribution or form micelles at different concentrations. We system-
atically investigated the effects of CTAB concentration (CCTAB) on the
morphologies of formed Ag nanostructures. Reaction solutions were
prepared by mixing 0.75M HF, 0.03M AgNO3 and CTAB at different

concentrations (CCTAB) to a constant volume of 20.0 mL. All reactions
were carried out at 20 ℃ for 5min. Figs. 2(a–l) show SEM images of the
Ag nanostructures obtained from 12 reaction solutions at different
CCTAB. At low CCTAB of 5.0× 10−5 and 1.0× 10−3 M, Ag dendrites
were formed (Figs. 2a and b), being similar to those without CTAB
(Fig. 1g). Obvious transition structures with less dendrites formation
were obtained with increase of CCTAB, as presented in Figs. 2(c–f). When
CCTAB was increased to 2.5×10−2 M, dense Ag NPs and connected
structures were obtained on the Si surface (Fig. 2g). And obvious Ag
NAs were observed in Fig. 2i when CCTAB= 4.0×10−2 M. Less, smaller
and more uniform NPs were obtained at higher CCTAB. This obviously
suggests that the addition of CTAB suppresses the quick growth of Ag
dendritic structures.

CTAB molecule consists of a long alkyl (hexadecyl) chain (hydro-
phobic) and a hydrophilic head (trimethyl ammonium bromide) group,
which forms aggregates (micelles, vesicles) in the solution over the
critical micelle concentration (cmc). cmc of CTAB in water is about
1.0×10−3 M [48]. When CCTAB is low than its cmc, CTAB molecules
distribute in water randomly; and thus, the dendritic structures are still
dominant. When CCTAB is increased to be around cmc, we propose that a
large quantity of Ag+ forms AgBr (Br- from the CTAB) and CTAB mo-
lecules form spherical micelles, the diffusion limited dendritic struc-
tures are suppressed to form a mixture of dendritic covered with NPs

Fig. 2. SEM images of Ag nanostructures prepared at 20℃ for 5 min in reaction solutions containing 0.75M HF, 0.03M AgNO3 and CTAB at different concentrations
of (a) 5.0×10−5 M, (b) 1.0× 10−3 M, (c) 5.0×10−3 M, (d) 1.0×10−2 M, (e) 1.5× 10−2 M, (f) 2.0× 10−2 M, (g) 2.5× 10−2 M, (h) 3.0×10−2 M, (i)
4.0× 10−2 M, (j) 4.5× 10−2 M, (k) 5.0×10−2 M, and (l) 6.0×10−2 M. (m) Raman spectra measured on the substrates of (a–l) in 1.0× 10−10 M R6G aqueous
solution. (n) Raman intensity at 1650 cm−1 from (m) versus CCTAB. Each data point and the error bar were obtained from 3 repeated experiments.
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(Figs. 2(c–e)). When CCTAB is increased to be much higher than cmc, Ag
NP-based nanostructures are dominant as demonstrated in Figs. 2(f–l).

In order to evaluate the SERS effect of obtained Ag-based nanos-
tructures, the Raman spectra on these 12 samples of Figs. 2(a–l) were
measured in a 1.0×10−10 M R6G aqueous solution, as shown in
Fig. 2m. The characteristic peaks for R6G were obtained at 612, 771,

1125, 1189, 1310, 1360, 1520, 1573 and 1650 cm−1 [49,50]. The peak
intensity at 1650 cm−1 was chosen and plotted versus CCTAB in Fig. 2n.
The highest Raman intensity was observed on the substrate prepared in
the 4.5×10−2 M CTAB solution. This is consistent with the SEM image
in Fig. 2j which contains the highest density of Ag NAs. Although Ag
NAs were also observed on the samples of Fig. 2i, k and l, their density

Fig. 3. SEM images of Ag NPs and NAs prepared in a reaction solution containing 0.75M HF, 0.03M AgNO3 and 4.5× 10−2 M CTAB at 20 ℃ for different reaction
time of (a) 5 s, (b) 10 s, (c) 30 s, (d) 45 s, (e) 1min, (f) 3 min, (g) 5min, (h) 7 min, (i) 10min, and (j) 30min. (k) Raman spectra measured in 1.0× 10−10 M R6G
aqueous solution on the substrates of (a–j). (l) Raman intensity at 1650 cm−1 from versus reaction time obtained from (k). Each data point and the error bar were
obtained from 3 repeated experiments.

Fig. 4. SEM images of Ag nanostructures prepared in a reaction solution containing 0.75M HF, 0.03M AgNO3 and 4.5× 10−2 M CTAB at different reaction
temperature of (a) 20 ℃, (b) 40 ℃, (c) 60 ℃, (d) 80℃, and (e) 100 ℃ for 5min. (f) Raman spectra measured in 1.0×10−10 M R6G aqueous solution on the substrate
with Ag nanostructures corresponding to (a–e). (g) Corresponding Raman intensity at 1650 cm−1 versus reaction temperature obtained from (f). Each data point and
the error bar were obtained from 3 repeated experiments.
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was obviously lower than that of Fig. 2j. The size distribution histogram
of Ag NPs is shown in Fig. S3, corresponding to Figs. 2(i–l).

3.3. Effect of reaction time

Reaction time (t) is a determinative factor of a chemical reaction.
Figs. 3(a–j) show the SEM images of the Ag NAs formed on Si surface at
different t (5s-30min) in the solution containing 0.75M HF, 0.03M
AgNO3 and 4.5×10−2 M CTAB at 20 ℃. The corresponding size dis-
tribution histogram of Ag NPs is shown in Fig. S4. Raman spectra were
measured in the 1.0× 10−10 M R6G aqueous solution, as presented in
Fig. 3k. Fig. 3l shows the corresponding Raman intensity at 1650 cm−1

versus t. The maximum Raman intensity was observed on the substrate
of Fig. 3g at t=5min, which contains the highest density of Ag NAs.
With further increasing t, Ag NPs and NAs formed larger aggregates,
and even nano-rods, as shown in Figs. 3(h–j). As a result, Raman signal
decreased according to less effective “hotspots”.

3.4. Effect of temperature

Temperature (T) is a another key parameter for chemical reactions,
especially for such a galvanic reaction [51]. To determine the optimal
reaction temperature, we have studied the effect of the reaction tem-
perature from 20 to 100 ℃. Figs. 4(a–e) show the SEM images of
formed Ag nanostructures by immersing a Si substrate in the reaction
solution containing 0.75M HF, 0.03M AgNO3 and 4.5×10−2 M CTAB
to react for 5min at 20, 40, 60, 80 and 100 ℃. The corresponding size
distribution histogram of Ag NPs is shown in Fig. S5, corresponding to
Figs. 4(a–e). Corresponding Raman spectra measured in 1.0×10−10 M
R6G aqueous solution are presented in Fig. 4f, with the plot of Raman
intensity at 1650 cm−1 versus temperature shown in Fig. 4g. The
characteristic Raman peak at 1650 cm−1 was found to be the highest on
the sample of Fig. 4a, for which the sample was prepared at T=20℃.
The Raman signals at 771 and 1442 cm−1 were from CTAB molecules
[52], which increased with temperature (Fig. 4f). This also proves the
existence of CTAB on the Ag NAs [53]. Ag NPs were difficult to dis-
tinguish at T=40 and 60 ℃ (Figs. 4b and c), showing partially con-
nected network with some large Ag particles distributed. As a result,
T=20℃ has been chosen for the rest experiments. Therefore, the
optimal parameters of T=20 ℃, t=5min and the reaction solution
containing 0.75M HF, 0.03M AgNO3 and 4.5× 10−2 M CTAB were
chosen for preparing SERS substrates for the rest of experiments.

3.5. SERS characterization – high sensitivity from EM enhancement and
chemical enrichment of probe molecules

To explore the detection limit of the SERS substrates prepared under
the optimized conditions, R6G has been chosen as the probe molecule.
Fig. 5a shows the Raman spectra of R6G on the as-prepared SERS
substrates with CR6G ranging from 1.0×10−7 to 1.0×10−16 M. When
CR6G=1.0×10−7 M, the Raman intensity was too high to be mea-
surable using our Raman instrument. Raman intensity decreased ob-
viously with CR6G ranging from 1.0× 10−8 to 1.0× 10−11 M. To our
surprise, the characteristic Raman peaks of R6G were still obvious when
CR6G was in the range of 1.0× 10−11–1.0× 10−16 M. The peaks at
1360, 1510, 1573 and 1650 cm−1 correspond to the symmetric modes
of aromatic CeC stretching vibrations, the peak at 612 cm−1 is attrib-
uted to the in-plane CeCeC bending mode, the peak at 771 cm−1 can
be assigned to the out-of-plane bending mode of CeH, the peak at
1125 cm−1 is associated with the CeH in-plane bending, the peak at
1189 cm−1 is assigned to the CeH stretching mode, the peak at
1310 cm−1 is assigned to the in-plane bending of CeOeC [49,50]. The
peak at 521 cm−1 is from Si substrate [54], and those of 771 and
1452 cm−1 are from CTAB molecules binding on the substrate (Fig. S6).
The peak at 771 cm−1 is assigned to the symmetric H2C-N+-(CH3)3
vibration mode, and the peak at 1442 cm−1 is attributed to the (CH2)n

scissoring vibration mode [52].
As shown in Fig. 5b, when CR6G was in the range of

1.0× 10−11 M–1.0× 10−8 M (pink area), the Raman intensity at
1650 cm−1 decreased with CR6G, following a linear correlation to the
logarithm of CR6G, which could be fitted to be:

= +I lgC8947.9 98668.9R G6 , with a correlation coefficient (R2) of
0.9277, where I is the Raman intensity at 1650 cm−1. When CR6G de-
creased to below 1.0×10−11 M, the characteristic Raman intensity
was still obvious; however, it did not obviously change with CR6G any
more in the range of 1.0× 10−16 M to 1.0×10−11 M (blue area). By
further decreasing CR6G, no obvious Raman signal could be dis-
tinguished. Thus, the limit of detection (LOD) for qualitatively char-
acterizing R6G could be assigned to be 1.0×10−16 M. This implies
that, in the CR6G range of 1.0× 10−16 M–1.0× 10−11 M, the number
of R6G molecules residing in the “hotspots” exhibit efficient and con-
stant Raman enhancement [55].

For comparison, a commercial SERS substrate (Klarite 302,
Renishaw Co., Ltd, UK) was used for the same measurements in R6G
solutions at CR6G of 1.0× 10−7, 1.0× 10-8, 1.0× 10−10 and
1.0×10−16 M, as presented in Fig. 5c. At CR6G=1.0×10−7 M, on
the as-prepared SERS substrate, the Raman intensity was too high to be
measurable; however, on the commercial SERS substrate, obvious
Raman peak (1650 cm−1) intensity of about 500 counts was observed.
When CR6G decreased to 1.0× 10-8, 1.0× 10−10 and 1.0×10−16 M, it
was difficult to distinguish the Raman peaks on the commercial sam-
ples; however, obvious Raman peaks were obtained on the prepared
substrate. The zoomed in Raman spectra measured in
CR6G=1.0× 10−16 M solution shows obvious characteristic Raman
peaks of R6G with counts of about 250 (inset of Fig. 5c).

It has been widely accepted that strong Raman signals are domi-
nated by the quality and quantity of “hotspots” where local electro-
magnetic fields are dramatically augmented because of the resonant
excitation of localized surface plasmons [5]. On the other hand, Raman
intensity is also determined by the amount of the probe molecules
which can be characterized. To deeply understand the effective factors
of the prepared SERS substrate for such highly sensitive detection of
R6G in solution, we have investigated SERS substrates with and without
CTAB for detecting R6G in aqueous solutions at CR6G of 1.0× 10−10

and 1.0×10−11 M. As demonstrated in Fig. S7, when
CR6G=1.0× 10−10 M, for the same SERS substrate, when treated by
dipping in a CTAB solution, the R6G Raman intensity at 1650 cm−1 was
4.5 times higher than the original one without treatment. When
CR6G=1.0× 10−11 M, it was difficult to distinguish the Raman signal
on the original substrate; however, obvious characteristic peaks of R6G
were observed by simply dipping it in a CTAB solution before mea-
surement. Two parallel experiments with two SERS substrates showed
the same results. This suggests that the process of dipping the bare SERS
substrate in CTAB solution has induced the enhancement in Raman
signal. This is consistent with previous reports [39–41]. It is mainly
induced by the amphiphilic CTAB molecules binding on the surface,
which can capture R6G molecules from solution according to hydro-
phobic interaction. In this way, more R6G molecules can be enriched
into the “hotspots”, and increase the Raman signal together with the
EM effect. On the other hand, it also proves that the chemical adsorp-
tion is fast and stable.

As a result, with the two factors of EM enhancement of signal and
chemical enrichment of probe molecules, high sensitive SERS detection
of R6G has been achieved. We have also calculated the corresponding
R6G molecules in the test cell (Ntotal) and in the laser spot area for
Raman measurement (Nlaser) at CR6G in the range of
1.0× 10−16–1.0× 10-8 M, as listed in Table S1. The plastic cell is a
cylinder with diameter of 3.0 cm, containing 3.0mL R6G solution for
measurements. The diameter of the laser spot for SERS measurement is
10 μm. Ntotal was 1.8× 105 in 3.0mL solution at CR6G=1.0×10−16

M. There were two extreme cases. If R6G molecules were uniformed
distributed on the cell surface and on the SERS substrate surface, with
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overall surface area of 7.065 cm2, Nlaser (minimum) was of 2.0× 10−2

(the laser spot area is of 78.5 μm2). On the other extreme case, if all R6G
molecules were absorbed and uniformed distributed only on the SERS
substrate surface (area of 0.25 cm2), Nlaser (maximum) of 0.565 mole-
cules could be obtained inside the laser spot area.

To further quantify and compare the SERS performance of the
prepared SERS substrate, the enhancement factor (EF) has been calcu-
lated by the following Eq. (3) based on the R6G Raman peak intensity at
1650 cm−1.

=EF I N I N( / )/( / )SERS SERS bulk bulk (3)

ISERS and Ibulk are the SERS intensities of 1.0× 10−16 M R6G on the
SERS substrate and pure bulk R6G on the Si substrate, respectively (Fig.
S8). NSERS and Nbulk are the number of R6G molecules illuminated by
the laser on the SERS substrate and in the bulk, respectively. EF was
calculated to be 6.0×1013 (maximum) to 2.1×1012 (minimum),
based on NSERS of the two extreme cases corresponding to Nlaser

(minimum) and Nlaser (maximum), respectively. The detailed informa-
tion of EF calculation and corresponding FDTD simulation (Fig. S9) are
presented in the Supporting Information. With the combination of the
signal enhancement contributions of ∼108 from the EM effect and
∼102–104 from the CM effect, the total EF of ∼1010–1012 can be
achieved, in close agreement with the experimental results.

By comparing the detection limit of the prepared SERS substrate
consisting of high density Ag NAs and that consisting of only Ag NPs,

the qualitative detection limits of 1.0× 10−16 and 1.0× 10−10 M have
been obtained (Fig. S10), respectively, showing about 106 times dif-
ference. Typically, EF of SERS substrates based on Ag NPs was in the
range of 105–106 [56,57]; therefore, EF of 1011–1012 could be expected
for the prepared SERS substrates, being consistent to the calculated
values. This confirms that the prepared SERS substrate with high den-
sity Ag NAs can achieve high sensitive detection.

Although, the calculation was based on the estimated minimum and
maximum number of molecules residing on the prepared SERS sub-
strate at CR6G=1.0×10−16 M. In reality, the number of detectable
molecules should be inside the range of single to tens of molecules. On
the other hand, this also proves that the existence of CTAB molecules
helps trap probe molecules in the “hotspot” area. In fact, the obvious
R6G characteristic peaks also clearly show that there were single/
multiple probe molecules existing in the “hotspots” in the laser spot
area.

3.6. Reliability of the fabricated SERS substrates

To validate the reproducibility and stability of the prepared SERS
substrate, 30 Raman measurements were carried out on one SERS
substrate by randomly moving the sample on the stage. A 1.0×10−10

M R6G aqueous solution was used for the measurements. As presented
in Fig. 6a, relatively consistent signal intensity was obtained for each
characteristic peak of R6G. RSDs ∼7.3% and ∼7.9% were obtained for

Fig. 5. (a) Raman spectra of R6G on the pre-
pared SERS substrate at various CR6G ranging
from 1.0×10−8 to 1.0×10−16 M. (b) Raman
intensity at 1650 cm−1 versus CR6G in the
range of 1.0× 10−8 to 1.0× 10−16 M. The
error bars were obtained with 3 repeated ex-
periments. Inset is the zoom-in Raman in-
tensity at 1650 cm−1 versus CR6G in the range
of 1.0×10−11 to 1.0×10−16 M. (c) Raman
spectra of R6G at CR6G of 1.0× 10-7,
1.0× 10−8, 1.0×10−10 and 1.0× 10−16 M
on a commercial substrate (blue) and our pre-
pared substrate (red). Inset is the zoom-in
Raman spectra of R6 G at CR6G= 1.0×10−16

M (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article).
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30 measurements on the same substrate and 3 different substrates, re-
spectively, being calculated using the peak at 1650 cm−1 (Fig. S11).
The same measurements were also performed in a 1.0×10−16 M R6G
aqueous with results shown in Fig. 6b. It also shows highly reproducible
and stable characteristic Raman peaks of R6G. This clearly demon-
strates that the SERS substrates prepared by this method are highly
reliable, which is essential to generate reproducible and stable Raman
signals for practical applications. The recyclability of the prepared SERS
substrate have also been performed, as presented in Fig. S12.

3.7. Application for characterization of amino acids in aqueous solution

The versatility of such sensitive SERS substrates has also been in-
vestigated by detecting non-resonant and low Raman cross-section
biomolecules. Eight essential amino acids of L-Methionine, L-Valine, L-
Lysine, L-Isoleucine, L-Phenylalanine, L-Leucine, L-Tryptophan and L-
Threonine were selected for SERS measurements in this work. These
amino acids are the basic building blocks of proteins in human bodies
[58]. The concentrations of these amino acids were chosen based on
their existence in human muscle and plasma [59–61], ranging from
1.0×10−4 to 1.0× 10−14 M. Figs. S13(a–h) show Raman spectra
measured in the aqueous solutions containing 1.0×10−4–1.0×10−13

M L-Methionine, 1.0× 10−4–1.0×10−13 M L-Valine,
1.0× 10−4–1.0× 10−10 M L-Lysine, 1.0× 10−4–1.0×10−11 M L-

Isoleucine, 1.0× 10−4–1.0×10−10 M L-Phenylalanine,
1.0× 10−4–1.0×10−11 M L-Leucine, 1.0× 10−4–1.0×10−13 M L-
Tryptophan, and 1.0× 10−4–1.0×10−13 M L-Threonine, respectively.
The Raman peak assignments of these amino acids are summarized in
Tables S2–S9 [58,62–66].

Fig. 7 shows Raman spectra measured in the aqueous solutions
containing 1.0×10−13 M L-Methionine, 1.0× 10−13 M L-Valine,
1.0× 10−10 M L-Lysine, 1.0× 10−11 M L-Isoleucine, 1.0× 10−10 M L-
Phenylalanine, 1.0× 10−11 M L-Leucine, 1.0× 10−13 M L-Tryptophan,
and 1.0×10−13 M L-Threonine, respectively. Main vibrational features
of the eight essential amino acids were clearly visible, which strongly
suggests the versatility and high sensitivity of the prepared SERS sub-
strates for detecting biomolecules with low Raman cross-sections. Re-
sults from series experiments show that using the fabricated SERS
substrate with high density Ag NAs, the detection limits were
1.0×10−13, 1.0× 10−13, 1.0× 10−10, 1.0× 10−11, 1.0× 10−10,
1.0× 10−11, 1.0× 10−13 and 1.0×10−13 M for L-Methionine, L-Va-
line, L-Lysine, L-Isoleucine, L-Phenylalanine, L-Leucine, L-Tryptophan
and L-Threonine, respectively. The variation in detection limit of these
eight essential amino acids is probably due to their different Raman
cross-sections. Moreover, small Raman cross-section molecule of
MESNa with different molecular structure from R6G and amino acids
has also been applied for evaluating the prepared SERS substrates, as
shown in Fig. S14, demonstrating excellent SERS effect.

Fig. 6. Reproducibility and stability of the prepared SERS substrates. 30 Raman spectra measured by randomly moving one sample SERS substrate in (a) 1.0×10−10

M and (b) 1.0× 10−16 M R6G aqueous solutions.

Fig. 7. Raman spectra on the prepared SERS substrates measured in aqueous solutions of (a) 1.0×10−13 M L-Methionine, (b) 1.0× 10−13 M L-Valine, (c)
1.0× 10−10 M L-Lysine, (d) 1.0× 10−11 M L-Isoleucine, (e) 1.0× 10−10 M L-Phenylalanine, (f) 1.0× 10−11 M L-Leucine, (g) 1.0×10−13 M L-Tryptophan, and (h)
1.0× 10−13 M L-Threonine.
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4. Conclusions

In summary, we have proposed and validated a simple, quick and
effective method to prepare high performance SERS substrates with
high density Ag NAs, based on CTAB-assisted galvanic reaction on Si
wafer. The existence of HF in the reaction solution keeps supplying
fresh Si surface for continuous galvanic reaction to reduce Ag+ to Ag.
The amphiphilic property of CTAB molecules plays the key role for the
formation of homogeneous Ag NPs and NAs; and at the same time, for
the enrichment of probe molecules for SERS measurements. SERS
substrates with high density Ag NAs fabricated under optimal reaction
parameters, have shown high sensitivity for detecting R6G, with
quantitative and qualitative detection limits of 1.0× 10−11 and
1.0×10−16 M, respectively. Calculated enhancement factor of
2.1× 1012 and 6.0× 1013 have been achieved based on two extreme
cases at R6G concentration of 1.0× 10−16 M, being reasonably con-
sidered to reach single- or multiple-molecule level. This sensitive SERS
substrates have also been applied for determination of essential amino
acids in human body, achieving stable and repeatable characteristic
Raman intensity. This fabrication method for preparing SERS substrates
has been proven to be highly reliable, demonstrating reproducible
measurements and recyclable sample preparation. Such an easy and
cheap, but effective and reliable method overcomes the weak points of
top-down nanofabrication (sophisticated and expensive) and bottom-up
self-assembly (slow and unreliable). In the future, we will explore it for
disposable SERS devices for applications in real situations.
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