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ABSTRACT: A facile approach to fabricating a surface-
enhanced Raman scattering (SERS)-active chip by integrating
silver dendrites with copper substrate through a one-step
process was explored. The structures of dendrites were
synthesized and controlled by an AgNO3/PVP aqueous
system, and the fabrication parameters amount of AgNO3/
PVP and reaction time were systematically investigated. The
optimized silver dendrites, closely aggregated on the surface of
the copper chip, exhibited high SERS activity for detecting
rhodamine 6G at a concentration as low as 3.2 × 10−11 M.
Meanwhile, the prepared SERS-active chip displayed a high
thermal stability and good reproducibility. Moreover, the
potential application for analysis of polycyclic aromatic
hydrocarbons was demonstrated by detection of fluoranthene at a low concentration of 4.5 × 10−10 M. This SERS-active
chip prepared by the convenient and high-yield method would be a promising means for rapid detection under field conditions.
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1. INTRODUCTION

Noble metal (Au, Ag, and Cu) nanomaterials possess excellent
optical properties, enhancing the Raman signals of molecules
when the molecules closely approach the metal surface coupled
with irradiation. On the basis of the property from the
interaction between nanostructured metals and molecules,
surface-enhanced Raman scattering (SERS) not only provides
information about vibrational fingerprints of the molecular
structure but also generates ultrasensitive detection ability at
the trace or even single-molecule level.1,2 Accordingly, SERS as
a powerful and versatile analytical means has attracted an
increasing level of interest in the field of public security,3

forensic analysis,4 environmental monitoring,5 and food safety.6

It is well-known that SERS activity depends on the
morphologies and structures of noble metals in the nano
dimension.7−9 Therefore, the preparation of SERS-active
substrates is a prerequisite for realizing high-performance
SERS enhancement as well as expanding its application. Much
effort has been devoted to preparing nanoparticles, including
different shapes8,10 and hierarchical structures.11,12 Recently,
hybrid nanocomposites with noble metals have been developed
to generate the coupled SERS enhancement and provide a low
level of interference on SERS signal background compared to
organic or silica substrate.13−17 For SERS analysis, the prepared
nanoparticles need to be mixed with samples on a flat substrate
or in a liquid cell prior to Raman measurements. However, the
colloidal substrates created by wet-chemical methods are

naturally unstable because of the uncontrollable aggregation
of nanoparticles, and the precipitation of particles in solution
may lead to the loss of the SERS activities of the colloids.
Hence, as an ideal choice for such a problem, fabricating metal
nanoparticles on a solid matrix as a detection device not only
intrinsically provides more reproducible and stable SERS
measurements but also facilitates the migration of SERS
detection from the laboratory to in-field applications.
Silver dendrites, the special structure of silver metal, have

been proven to be a high-performance SERS substrate.18−21

However, these preparation methods were complicated or time-
consuming. For example, the electrochemical equipment was
always used for the deposition of silver dendrites onto an
aluminum substrate18 or to initiate the deposition of metals
onto the Si substrate in the presence of a strong acid HF
solution.20 The dispersed silver dendrites could be directly
prepared by reducing AgNO3 with NH2OH in an aqueous
solution.21 Unfortunately, the dendrites precipitated in the
solution may be unstable and inconvenient for the on-site
condition compared to the dendrites immobilized on the solid
flat, hindering its further potential and extended use. Moreover,
these reported works involved little attempt to develop the
SERS substrates into a small detection device.
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In this study, we present a facile and novel approach for the
fabrication of silver dendrites onto a copper substrate as the
detection chip by an AgNO3/PVP system with no need for
experimental facilities. In particular, we used AgNO3 to provide
the material source and growth force for silver dendrites.
Meanwhile, we chose PVP to control the growth direction of
the facet of the silver crystal, thus constructing the dendritic
structure to optimize SERS activity. The influence of the
amount of AgNO3/PVP and the reaction time was systemati-
cally investigated by examining fabricated dendrites with
rhodamine 6G (R6G). Three crucial parameters, SERS activity,
thermal stability, and reproducibility, were investigated to verify
the feasibility of the process in practical applications. To show
the potential application, especially for the compounds with a
low affinity for the silver surface, we further attempted to self-
assemble silver dendrites with a hydrophobic alkyl chain for the
detection of polycyclic aromatic hydrocarbons (PAHs). This
fabricated chip would demonstrate powerful potential in
practical detection under field conditions with a portable
Raman spectrometer.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Apparatus. All the chemicals were used

without further purification. Silver nitrate (99%) and ethanol were
purchased from Sigma-Aldrich (St. Louis, MO). Copper foil and
polyvinylpyrrolidone (PVP) K-30 were purchased from sino-chem
Co., Ltd. (Shanghai, China). R6G (99%) and 1-hexanethiol (99.9%)
were obtained from Aladdin-Reagent Co., Ltd. (Shanghai, China).
Ultrapure water (18 MΩ cm) was obtained from a Milli-Q System
(Millipore, Billerica, MA). A portable Raman spectrometer (BWS465-
785S, B&W Tek. Inc.) was used, and corresponding Raman spectra
were recorded with an integration time of 3 s at an excitation
wavelength of 785 nm. An ultraviolet spectrometer (Cary 500,
VARIAN Inc.) equipped with the diffuse reflectance accessory and

integrating sphere detector was used to investigate the properties of
UV−vis absorption of the substrate.

2.2. Fabrication of Silver Dendrites on a Copper Substrate.
Silver dendrites were fabricated by the reduction of silver nitrate with
copper in a one-step treatment. Copper round chips ∼1 cm in
diameter were embedded into epoxy resin matrices (∼3 cm in
diameter) and mechanically polished to achieve a smooth surface.
After that, the copper was rinsed with ethanol and ultrapure water in
turn. Then, the copper chip was dried and immersed in the aqueous
solution containing AgNO3 and PVP K-30 at different ratios (1:1, 1:2,
1:4, 1:5, 1:6, 1:8, and 1:10) for a certain period of time. The treated
copper chips were rinsed with water and ethanol in turn prior to
vacuum drying. To modify a hydrophobic functional group onto silver
dendrites, the product was placed in a 0.5 mM 1-hexanethiol/ethanol
solution for 12 h at room temperature. The modified substrate was
immersed in an ethanol solution to remove excess hexanethiol. Then,
the obtained product was died and stored under vacuum. The sample
solution with different concentrations was dropped onto the prepared
substrate under ambient conditions, and the consequent analysis was
recorded with a Raman spectrometer.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of Silver
Dendrites. In this work, we shaped the silver nanostructure
through combined usage of AgNO3 and PVP to achieve SERS
performance. When the copper was immersed in the AgNO3/
PVP aqueous solution, Ag+ acquired electrons from the Cu to
form Ag metal deposited on the substrate surface. In this
process, silver nanostructure forms in the process of diffusion-
controlled crystal growth, and the metal morphology is
subjected to silver ion concentration.22 PVP employed as a
functional capping ligand controls the growth orientation and
rates of the facets of silver crystals.10,20 It could be observed
that the color of copper gradually changes to gray as the simple
galvanic exchange reaction proceeds. The typical scanning

Figure 1. (a−c) SEM images of silver dendrites at AgNO3:PVP ratios of 1:1, 1:5, and 1:10, respectively. (d) SERS spectra of 10−6 M R6G acquired
on silver dendrites under designed reaction conditions at different AgNO3:PVP ratios of 1:1 (curve i), 1:2 (curve ii), 1:4 (curve iii), 1:5 (curve iv),
1:6 (curve v), 1:8 (curve vi), and 1:10 (curve vii).
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electron microscope (SEM) images of silver dendrites on
copper surfaces prepared at different ratios of AgNO3 and PVP
are shown in Figure 1. It could be observed that the presence of
PVP and AgNO3 influenced the formation of silver dendrites.
Thin-sheet dendrites were formed when the PVP:AgNO3 ratio
was 1:1, as shown in Figure 1a. With the increasing amount of
PVP, the dendrites became sharp and thick, as shown in panels
b and c of Figure 1. It indicates the growth rate and orientation
of the growth of silver crystal facets were controlled in the
AgNO3/PVP system. To optimize the SERS performance of
the substrates, R6G as a well-studied probe molecule was tested
to investigate the SERS activities under different experimental
conditions. Figure 1d shows the relationship between SERS
detection ability and surface morphology. SERS signals
intensified with the increased AgNO3:PVP ratio up to 1:5
and then inversely decreased with a continuously increasing
PVP concentration. Neither a deficient nor an excessive amount
of PVP would improve SERS activities.
Figure 2 shows the growth of Ag dendrites in a AgNO3/PVP

solution with an increasing reduction time. It can be clearly
observed that the dendrites grew and scattered on the copper
surface (Figure 2a) at first. Then, the dendrites extended
vertically and laterally (Figure 2b) to form a dense “silver
jungle” coating on the whole surface of the copper substrate
(Figure 2c). During this fabrication process, distinct changes in
the UV−vis absorption spectra of the chip could be observed,
as shown in Figure 2d. During the initial stage of the reaction
(∼20 s), the first band at 316 nm was observed, which results
from the quadrupole resonance of the silver nanoparticles (Ag
NPs).23 With the advanced reaction time, this band slightly red-
shifted to 318 nm. Meanwhile, with formation of silver
dendritic structure, two new bands at 388 and 547 nm
appeared, because of surface plasmon resonance and collective
particle surface plasmon oscillation of silver dendrites.24,25

Because silver dendrites grew from the copper substrate, copper
as the SERS-active material may also contribute to the UV−vis
absorption at 547 nm.26 With the growth of silver dendrites, the
positions of absorption bands changed further. In particular, the
bands at 388 and 547 nm became broader and stronger and
red-shifted to 420 and 707 nm, respectively (ranging from 625
to 745 nm), in the end with a reaction time of 9 min.
Considering the edge of the absorption band located at 745
nm, an excitation wavelength of 785 nm could exhibit a good
cooperative effect. Meanwhile, with the red-shift of the UV−vis
absorption band and as the amount of Ag NPs increased, the
spectrum signals of R6G increased and reached a high point at
a time of 9 min, as shown in the inset of Figure 2d. The excess
amount of silver dendrites could not help to improve the
detection ability because the spot range and depth of irradiation
light on the substrates are limited.

3.2. SERS Activity, Thermal Stability, and Reproduci-
bility of the Fabricated Chip. Figure 3 shows the typical
detection chip before (Figure 3a) and after (Figure 3b)
fabrication under optimized conditions. Figure 3c illustrates
that the sharp and dense dendrites were overlapped and
constructed by closely packed Ag NPs. By determining the
SERS activity with R6G, we acquired the SERS spectra of R6G
at different concentrations from the prepared chips, and the
detection for R6G at a concentration as low as 3.2 × 10−11 M
could be achieved, as shown in Figure 4. The intensities of
representative bands at 1360 cm−1 were plotted against the log
of the concentrations (see the inset of Figure 4). The prepared
structure not only generates abundant “hot spots” from the
gaps formed by junctions or gaps between closely spaced
particles but also provides a large surface of numerous
nanoparticals for the spatial loading molecules, contributing
to a significant SERS effect.

Figure 2. (a−c) SEM images of silver dendrites obtained in a AgNO3/PVP (1:5) solution at 1, 5, and 9 min, respectively. (d) UV−vis absorption
spectra of a silver dendrite-functionalized chip fabricated in a AgNO3/PVP solution with a reaction time of 20 s (curve i), 1 min (curve ii), and 9 min
(curve iii). The inset shows a plot of signal intensity of R6G vs reaction time for the band at 1360 cm−1.
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In terms of the practical application of Raman scattering
analysis, an important parameter responsible for the good
performance of the SERS substrate is thermal stability. The
thermal effect resulting from laser power may damage the
prepared nanostructure of metals or decompose the sample
molecule on the metal surface, thus weakening the SERS
performance. We took intense SERS measurements to
determine the stability of the SERS substrate by continuous
Raman laser irradiation. Figure 5 demonstrates the stable
Raman spectra acquired 50 times at the same position. This
process produced a slight increase in the intensity of the Raman
signals at the initial stage because of the concentration of the
sample in the detection area by solution evaporation. The good
thermal stability could be attributed to the high thermal
conductivity of silver and copper. The substrates with a closely
integrated structure could effectively transfer and reduce heat
on the laser spot to limit the increase in temperature,
preventing the negative thermal effect of the SERS measure-
ment.
Apart from activity and thermal stability, the reproducibility

is another important concern with respect to SERS measure-
ment. To realize good reproducibility, before the fabrication of
silver dendrites, we mechanically smoothed the surface of
copper to eliminate the influence of surface irregularities. To
test the reproducibility of SERS measurements, the SERS-active

chip was immersed in a 1 μM R6G solution to immobilize
molecules uniformly, and the SERS spectra were recorded from
20 random positions on a single SERS chip to investigate
whether the intensity of signals on silver dendrites differs
greatly from position to position, as shown in Figure 6a. The
corresponding relative intensity variations at the characteristic
Raman shift of 1360 cm−1 are listed in Figure 6b. Compared
with those of recent reports,27,28 the results indicate a good
reproducibility of 15 records within ±10% (green bar), four
records within ±10−20% (yellow bar), and one record slightly
over 20%. This is due to the hierarchically overlapped and
intercrossed dendrites (Figure 2c) improving the uniformity of
the spatial structure and providing a homogeneous amount of
Ag NPs within the area of the laser spot. In view of the
simplicity of fabrication, low cost, and practicability, our results
should be meaningful.

3.3. Detection of PAHs Using a SERS-Active Chip. The
SERS effect, induced by the coupled interaction with the
electric field of surface plasmon and incoming scattering light, is
generated from special physical nanostructure.9 The nano-
structured dendrite was examined for its potential as a
multifunctional SERS substrate. We tried to extend the
substrate to widespread application even for the detection of
molecules with a low affinity for a noble metal surface. PAHs,
derived from the combustion process of fossil oil, are of great
concern for forensic purposes in terms of ignitable liquid in
arson cases. However, because of the lack of special group
bonds to the metal surface, these conjoined aromatic ring
compounds hardly access the region of localized surface
plasmon resonance (LSPR) and thus show a poor SERS
response. Therefore, the modification of a hydrophobic
functional group is a necessity for capturing and enriching
the PAHs from solution.29−34 Herein, we self-assembled n-
hexanethiol via its -SH group bonded to fabricated dendrites for
the detection of fluoranthene, which is a typical PAH
compound. Figure S1 of the Supporting Information shows
the Raman spectra of fluoranthene obtained on silver dendrites
before and after the modification of the alkyl group. It indicates
the alkyl group could trap fluoranthene molecules close to the
metal surface, thus yielding effective SERS measurements.
Figure 7 demonstrates the ultrasensitive molecular sensing for
fluoranthene at a concentration as low as 4.5 × 10−10 M. The
spectral intensity increased significantly in response to an
increasing analyte concentration. The SERS spectrum of
fluoranthene marked with the main Raman bands is also
shown in Figure 7. Briefly, Raman peaks at 556 and 665 cm−1

Figure 3. (a and b) Photographs of the SERS chips before and after
optimized fabrication, respectively. (c) SEM image and a close-up
(inset) under optimized conditions.

Figure 4. SERS spectra of R6G at different concentrations of (a) 1 ×
10−7, (b) 1 × 10−8, (c) 1 × 10−9, (d) 1 × 10−10, and (e) 3.2 × 10−11 M
acquired from SERS chips. The inset shows a plot of signal intensity vs
logarithmic R6G concentration for the band at 1360 cm−1.

Figure 5. SERS spectra of R6G on prepared SERS chips under
continuous laser irradiation (50 times) under ambient conditions, with
an integration time of 3 s for each Raman spectrum and an interval
time of 5 s between two SERS spectra. The inset shows the signal
intensity of R6G at the 1360 cm−1 band vs irradiation time.
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belong to the vibration of skeletal stretching. The bands present
at 1097 and 1605 cm−1 are assigned to vibration of C−C
stretching, and the band at 1406 cm−1 resulted from aromatic
ring vibration. The bands at 1014, 1267, 1417, and 1453 cm−1

are responses to C−C stretching and C−H stretching
vibration.5,35 For comparison, the Raman spectrum of solid
fluoranthene (curve s) is also shown in Figure 7. The peaks of
SERS spectra were quite consistent with those of the spectra of
the solid state, and the peak shifts in SERS spectra were hardly
observed. This is due to the weak interaction between the
molecule and metal surface.31 The fluoranthene molecules
could not directly adsorp to the surface of silver dendrites
because of its lack of special groups like -NH2 and -SH,
weakening the influence of the electric field of the metal surface
on molecular structure. The assembled alkyl chain could trap
the fluoranthene molecules close to the metal surface; however,
the alkyl chain between the substrate and analytes would hinder
the effective charge transfer. Thus, changes in the positions of
the Raman shift and relative intensities of peaks could hardly be
observed. Moreover, the SERS substrate produced little
interference background.

4. CONCLUSION
A silver dendrite-integrated copper chip as a field-used SERS
substrate was fabricated by a facile one-step method. The
optimal fabrication conditions were determined by investigating
the amount of AgNO3/PVP adjustment and reaction time, and
R6G was detected at a low concentration of 3.2 × 10−11 M. The
prepared substrates exhibited excellent thermal stability and
good reproducibility. Moreover, the nanostructured dendrite,
modified by alkyl hydrosulfide with a simple self-assembly step,
could achieve a high SERS sensitivity to fluoranthene. Thus,
this substrate is expected to be a promising candidate for SERS
detection and provide attractive potential for more widespread
application.
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