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Hierarchical Silver Mesoparticles with Tunable Surface Topographies

for Highly Sensitive Surface-enhanced Raman Spectroscopy

Lin cheng, Chuansheng Ma, Guang Yang, Hongjun You™* and Jixiang Fang*

Surface topographies of hierarchical silver mesoparticles can be well controlled and tuned in a
simple aqueous synthesis system. Using FDTD simulation method, the mechanism of the effect

of the topographies on the SERS properties is systematically studied.
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Lin cheng,’ Chuansheng Ma,” Guang Yang,” Hongjun You*“ and Jixiang Fang**

Using a simple aqueous synthesis method, Ag hierarchical mesoparticles with tunable surface
topography are obtained. In this particle-mediated anisotropic growth system, the mechanism
of tuning the topographies of the hierarchical mesoparticles is studied. A serial of Ag
mesoparticles with well-tuned surface topographies are synthesized as an ideal research target
for a systematic investigation of the effect of surface nanostructures on the surface enhanced
Raman spectroscopy (SERS) performance. The highly-branched Ag mesoparticles show the
highest SERS sensitivity both as single-particle SERS substrate and particle-array SERS
substrate, which has an enhancement factor (EF) greater than 10°. Using finite difference time
domain (FDTD) method, the distribution of localized electromagnetic field near the particle
surface is simulated. Based on the simulation result, the mechanism of the effect of topography
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on the SERS properties is systematically studied.

Introduction

Surface-enhanced Raman scattering (SERS) is about amplifying
Raman signals by several orders of magnitude, which is mainly
attributed to collective oscillations of the conduction electrons
through the electromagnetic interaction of light with metals, called
surface plasmon resonances (SPR).'” Recently, SERS as a powerful
analytical tool has a wide potential application in biochemistry,
chemical production, food safety and environmental monitoring.*®
The sensitivity of SERS highly depends on the surface topography
of the substrate.”!” The interstitial sites, nanoscaled cavities, and
bifurcations constructed on the SERS substrate can produce
plasmonic coupling effect which can lead to local surface plasmon
resonance (LSPR). The LSPR makes great contribution to the
enhancement of SERS.""'?

Up to now, various kinds of SERS substrates have been
synthesized. In general, the SERS substrate, possessing a rough
surface, can be classified into three main classes: metallic electrodes,
periodic nanostructures, and metallic nanostructured particles.'> The
metallic electrode substrates are prepared through electrochemical
deposition, which was initially used to explore SERS discipline and
has a great effect on the development of SERS."*'* However,
because of the relatively low enhancement factors (EFs) and
reproducibility, it has been replaced by periodic nanostructures so as
to approach the practical applications. The periodic nanoconstructed
substrate is realized by using advanced “top-down” nanopatterning
techniques, such as electron beam lithography,'® nanoimprinting,'®
molecular beam epitaxy,"” and template-based methods using
polystyrene spheres.'® Using these techniques, it is convenient to

This journal is © The Royal Society of Chemistry 2013

attain regular, uniform and periodic two-dimensional patterns.'*>'

Nevertheless, it is still difficult to achieve complex three-
dimensional nanoscale structure with the current “top-down”
technical level. Recently, the metallic nanostructured particles have
attracted great interests as SERS substrates due to the fact that fine
nanoscale structures can be constructed on the particle surface using
“bottom-up” chemical synthesis method. For example, narrow
nanogaps down to size of 1 nm were formed on Au and Ag particles,
which had EF greater than 10° for single-particle SERS.”*** These
metallic particles with nanotextured surface topographies not only
can be used as single-particle SERS substrates but also can be
aggregated to form particle-array SERS substrates.’® As single-
particle SERS substrate, these particles can be dispersed in solution
or delivered into cells through blood flow to detect the Raman
signals of molecules located in solutions or cells.”>?” As particle-
array SERS substrate, the interparticle interactions in the array can
produce additional and/or more abundant “hot spots” for SERS.**%
Up to now, some Ag or Au particles with various nanotextured
surface topographies have been synthesized and studied as SERS
substrates, such as meatball-like,” star-like,® sea urchin-like,'
highly-branched ~ mesoparticles.>  The
nanostructured protrusions on these hierarchical particles serving as
nano-lightning rods, dramatically increase the electromagnetic field
in the vicinity of the tips, and thus generate plenty of enhanced
SERS “hot spots” on the surface of particles.>** The surface
topographies have the important effect on the optical and SERS
properties. Although these hierarchical mesoparticles with various
nanotextured topographies have been separately synthesized and

flower-like,”!  and
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Fig. 1 SEM images of Ag mesoparticles with tunable surface topographies produced by changing the synthesis parameters. The concentrations of
AgNO; are 1| mM for sample (a) S1, (b) S2, and (e) S5, and 0.5 mM for sample (c) S3, (d) S4, and (f) S6. The concentrations of L-AA are 0.5 mM
for S1, 10 mM for S2, S3, and S4, 20 mM for S5, and 50 mM for S6. The reaction times are 20 min for S1, S2, and S5, 15 min for S3, and 10 min
for S4 and S6. The rotating rates of magnetic bar are 130 rpm for S1, S2, S4 and S5, 150 rpm for S3, and 200 rpm for S6. The scale bars are 1 pm.

studied as SERS substrates, the systematic investigation for the
effect of topographies on the SERS properties is still rather
limited. In this paper, a serial of Ag mesoparticles with well
controlled surface morphologies are obtained in a very simple
synthesis system. Using both experimental measurement and
theoretical calculation, the mechanism of topography effect on
SERS activities is systematically studied.

Experimental Section

Materials. Silver nitrate (AgNO;, 99%) and L-ascorbic acid (L-AA,
99%) were purchased from Sigma Aldrich. Deionized water
(Millipore) with resistance of 18.2 MQ was used. The L-AA
solutions used in all experiment were freshly prepared.

Synthesis of Ag mesoparticles. In a typical synthesis, 0.05 mL
of 100 mM AgNO; aqueous solution and 7.45 mL water were mixed
in a glass via. Then 2.5 mL of 200 mM L-AA aqueous solution was
added immediately. The reaction was conducted at room temperature
with a 200 rpm rotating magnetic bar (the length of the magnetic bar
was 3 cm). The colour of the reaction changed from colourless to
light grey. After 10 min, the as-synthesized product was centrifuged
at 4500 rpm (the length of the rotor was 10 cm, so the linear rate of
the rotation was 47 m/s) for 2 min and then washed several times
with alcohol and water for further characterization. In the all
experimental synthesis of silver particles the total volume of the
reaction was fixed at 10 mL and the experimental conditions
(reagents concentration, reaction time, and stirring rate) were
changed.

Characterization. The morphology of the samples was
characterized using field-emission scanning electron microscopy
(SEM) (JEOL JSM-7000F) at an accelerating voltage of 20 kV and
transmission electron microscopy (TEM) (JEOL JEM-2100) at an
accelerating voltage of 200 kV. The Raman spectrum measurements

2 | J. Name., 2013, 00, 1-3

were carried out on a confocal microprobe Raman spectrometer
(LabRAM HR800, HORIBA JOBIN YVON) with 633 nm He-Ne
laser line at room temperature. The signal collection time was 1 s for
the detection of particles aggregation and 20 s for the single-particle
detection with a laser spot of 850 nm diameter. The sample for
SERS measurement was prepared through dropping some silver
particles dispersion on a clean silicon wafer (7 mmx7 mm). After
drying, 100 uL of 1 x 10”7 M aqueous crystal violate (CV) solution
was dropped on it (keep lucifugal during drying).

FDTD simulation. Based on the SERS samples in Fig. 7, five
models were built and their geometric structures were made an
approximate treatment. The details of the five models are described
in the supporting The
difference time domain (FDTD) simulation was used to calculate

information. three-dimensional finite
electric field distribution and electromagnetic enhancement under
the excitation light with wavelengths of 514 nm, 633 nm and 785 nm.
The incident light was plane waves which propagated along the z-
axis backward and polarized along the x-axis. It was assumed that
each geometrical model was suspended in air (ng=1.0). The
frequency (o) dispersive and complex dielectric function for Ag, €,
(o), was obtained from the handbook of optical materials. The grid
size was 4 nm for the space deviation.

Results and Discussion

Topography Tuning of Hierarchical Silver Mesoparticles

In a simple aqueous solution synthesis system, containing only two
reagents, AgNO; and L-AA, a serial of hierarchical Ag mesoparticles
were obtained. By changing the experimental conditions, such as
concentrations of AgNO; and L-AA, rotation rate, and reaction times,
the topography of silver mesoparticles could be well controlled and
tuned. As shown in Figure 1, topographies of the obtained Ag
mesoparticles were successfully tuned from meatball-

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 SEM image of the products obtained with (a) 0.25 mM AgNO;
and 0.5 mM L-AA, (b) 0.5 mM AgNO; and 1 mM L-AA, (¢) 0.25 mM
AgNO; and 10 mM L-AA, (d) 0.5 mM AgNO; and 50 mM L-AA. The
reaction times all are 20 min. The scale bars are 1 pm.

.d. ’

like shape (Fig. la and b) to coral-like (Fig. 1c and d), urchin-like
(Fig. le), and highly-branched shape (Fig. 1f). All kinds of the
hierarchical Ag mesoparticles are found to be uniform in
morphology and size. The meatball-like mesoparticles are around
720 nm and 950 nm in diameter, separately in sample S1 and S2, and
constructed by the aggregation of nanoparticle units which size is
small in S1 and large in S2. From S3 to S5, the bulges on the surface
become dense companied with the sizes increase in length and
decrease in diameter. The particle sizes of S3 to S5 change from
about 1 to 2 pm. For the S6, the density of branch reaches maximum
and the second sub-branches overgrow on the main branches. The
size of the total particle increased to about 1.6 pum.

The synthesis conditions for these Ag mesoparticles are listed in
Supporting Information (Table S1). Compared with the reaction time
and rotating rate of magnetic bar, the concentrations of AgNO; and
L-AA have more important effect on the morphology. Keeping the
concentration of AgNO; at 1 mM, when the concentration of L-AA
was changed from 0.5 to 10 and 20 mM, the morphologies of Ag
mesoparticles changed from meatball-like shape (sample S1 and S2)
to urchin-like shape (sample S5). Keeping the concentration of L-AA
at 10 mM, when the concentration of AgNO; was decreased from 1
mM (sample S2) to 0.5 mM (sample S4), the bulge on the particle
surface becomes longer and thinner. Therefore, both of the increase
of L-AA concentration and the decrease of AgNO; concentration
could improve the protuberated growth.*® If the concentration of
AgNO; decreased to 0.5 mM and the concentration of L-AA
increased to 50 mM, the greatly protuberated anisotropic growth
induced a highly-branched morphology (sample S6). From the
comparison of sample S3 and S4, the reaction time and rotating rate
of magnetic bar also were found having effect on the morphology.

The morphology of the Ag mesoparticles was tuned not only in a
wide scope, such as from meatball-like to highly-branched shapes,

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 TEM images of the highly-branched Ag mesoparticles. (a) TEM
image of large area of Ag mesoparticles. (b) TEM image of a single
typical Ag mesoparticle. (c) High-magnification TEM image of the
brunches of the coral-like Ag mesoparticle. The inset in (c) shows the
correlated SAED patterns form the circled area.

but also could be continuously fine-tuned. As shown in Fig. 2, by
slightly changing the concentration of AgNO; and L-AA, a serial of
coral-like Ag mesoparticles were obtained. At conditions of 0.25
mM AgNO; and 0.5 mM L-AA, a coral-like structure with relatively
few main and subordinate branches was produced (Fig. 2a). Keeping
the concentration ratio constant and changing their concentrations to
0.5 mM and 1 mM, the achieved Ag coral-like structure had more
main branches and subordinate branches (Fig. 2b). If we used 0.25
mM AgNO; and 10 mM L-AA, the main branches of Ag structure
became longer but not abundant (Fig. 2¢). Through aborative study,
it was found that 0.5 mM AgNO; and 50 mM L-AA could produce
highly-branched coral-like Ag mesostructures which had more
abundant main and subordinate branches (Fig. 2d).

The typical TEM images of highly-branched coral-like Ag
mesoparticle synthesized with 0.5 mM AgNO; and 50 mM L-AA are
shown in Fig. 3. As illustrated in Fig. 3a, the TEM characterization
also shows that the particles are uniform in morphology and size. Fig.
3b reveals that the highly-branched Ag particle is composed by many
main and subordinate branches. On each main branch, there are
several subordinate branches. The length of the main branches
ranges from about 450 to 760 nm and the diameter is about 100 nm.
For the subordinate branches, the length ranges from 30 to 200 nm
and the diameter ranges from 30 to 80 nm. Fig. 3¢ shows a higher
magnification image which indicates the branches being closely
grown on the particle surface. The average space between two
branches is less than 20 nm. The SAED (selected-area electron
diffraction) pattern in the inset of Fig. 3¢ obtained from branches
indicates the branch is single crystal. The composition analysis (Fig.
S1) by energy dispersive x-ray spectroscopy shows that except for Si
element resulting from the Si substrate, the composition of the red
circle area in Fig. Sla is only silver.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 SEM images of silver mesoparticles synthesized with 50 mM L-
AA and different AgNO; concentrations: (a) 0.5 mM, (b) 1 mM, (c) 10
mM, and (d) 50 mM. The scale bars are 1 pm.

Mechanism of Topography Tuning

As we found in Fig. 1 and Table S1 that in all of the experimental
conditions, the concentrations of AgNO; and L-AA have more
important effect on the morphology of Ag mesoparticles. The surface
topography of the hierarchical Ag mesoparticle can be well tuned by
changing the concentrations of AgNO; and L-AA. The topography
tuning mechanism is studied and discussed, here. Fig. 4 shows the
morphology of Ag particles can be tuned in a large range by only
changing the concentration of AgNO; when all of other conditions
keep no change. At the condition of 50 mM L-AA, with the increase
of AgNO; concentrations from 0.5 to 1, to 10 and to 50 mM, the
morphology from highly-branched hierarchical
mesoparticle (Fig. 4a) to coral-like mesoparticle (Fig. 4b), and to
meatball-like mesoparticle (Fig. 4c and d). The comparison of Fig.

transforms

4c and d shows that the size and surface roughness of the meatball-
like particles can also be tuned to increase by changing the
concentration of AgNO; from 50 to 10 mM.

The topography

tuning mechanism of the hierarchical

mesoparticle through changing concentrations is illustrated in the Fig.

5, using AgNO; concentration as example. Xia group has reported
the shape transform of Ag coral-like particles at different reaction
times using SEM characterization.> The formation process of the
hierarchical Ag mesoparticle is similar with that of the hierarchical
Au mesoparticles reported in previous study.?>>"¥” As shown in Fig.
Sa, the formation process is a typical particle-mediated growth mode
which can be divided into four stages.*® At first stage, the Ag' ions
are reduced into Ag atoms by L-AA as following equation
described:**

CeHgOg +2 Ag" — CHOg +2 Ag+2 H' (1)

With the reaction proceeding, the concentration of Ag atoms in the
solution gradually increases. The change of Ag atoms concentration

4 | J. Name., 2013, 00, 1-3
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is schematically described using the LaMer curve in Fig. 5a. When
the concentration of Ag atoms exceeds the supersaturation point of
nucleation, the atoms will aggregate to form stable nucleus in the
second stage. Thus, a great number of Ag nanoparticles are formed
in the solution. At the same time, the concentration of Ag atom
companied with the increase of Ag
nanoparticle concentration in the solution. When the concentration

dramatically decreases

of Ag atom decreases to below supersaturation point of nucleation,
the nanoparticles will stop being produced. In this system, L-AA not
only plays as reducing agent, but also acts as capping agents, which
adsorbs on the particle surface for the stabilization of the
nanoparticles. One L-AA molecule has four hydroxyl groups, so
similar with dopa molecule, the L-AA molecules will promote Ag
nanoparticles to aggregate through their “glue” function.”>”' In the
third stage, the Ag nanoparticles aggregate to form spherical
mesoparticle through a new and non-classical crystal growth, which
is called “particle-mediated growth”.***! Through particle mediated
growth, a polycrystalline or mesocrystal structure can be formed
depending on the growth conditions.**** The particle size of Ag
mesoparticles can be described as following equation:

=kTp*3unf )

where, r is the radius of the mesoparticle, k£ is the Boltzmann
constant, p and f;,, are the density and suspending aggregation
frequency of the nanoparticles, 7 and # are the temperature and
viscosity of the solution. In this synthesis system, the solution is
rotated with magnetic bar, so 7, p, and # are uniform in the whole
solution, resulting in uniform distribution of mesoparticle size. In the
fourth stage, the remaining Ag ions will be reduced and deposited on

— High Cpg+

— Medium Cpg+

Concentration of Ag atom o

Fig. 5 Schematic illustration of the effect of Ag" concentration on the Ag
mesoparticle morphology. (a) The effect of Ag" concentration on the plot
transformation of Lamer curves for the Ag mesoparticle formation. (b-d) The
formation process of various Ag mesoparticles with different Ag
concentration.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 UV-Vis spectra of Ag mesoparticles with different shapes, (a) S1:

meatball-like, (b) S3: coral-like, (¢) S4: urchin-like, and (d) S6: highly-
branched morphologies.

the mesoparticle that induces overgrowth of the Ag mesoparticles.
Similar with dopa molecules, the L-AA molecules also will promote
the tips of mesoparticles to preferentially overgrowth, thus resulting
in hierarchical morphology.

Usually, chemical reaction rate is increased by the increase of
reactant agent concentration. At high concentration of Ag" ions, the
reaction rate is quicker than that at medium and low concentrations.
More Ag atoms will be produced in the first and second stages (Fig.
5b). The higher supersaturation concentration of Ag atoms induces
more and smaller nanoparticles in the second stage. These
nanoparticles will aggregate to form spherical mesoparticle under
“glue” function of L-AA. Because of the quick reaction at high
concentration, most of Ag" ions will be reduced into Ag atoms in the
first three stages. Thus, in the last stage, there are no enough
remaining Ag' ions for the mesoparticle overgrowth. Finally, only
meatball-like mesoparticles are obtained. At medium and low
concentrations of Ag' ions, the reaction rate becomes slow. The
lower supersaturation concentration of Ag atoms is formed in the
first two stages, which induces the formation of larger nanoparticles
with lower density (p) in the solution. Depending on equation (2),
smaller mesoparticles can be formed in the third stage. At the same
time, more Ag" ions are remained, which is abundant to support the
overgrowth of the small protrusions. Thus, longer and sharper
protrusions are formed in the fourth stage. Overall, with the
concentration of Ag' ions decreasing from high to low, the
morphology of mesoparticles transforms from meatball-like to coral-
like, urchin-like, and even to highly-branched shapes.

Optical and SERS properties

The UV-Vis extinction spectra of Ag mesoparticles with different
morphologies were measured and shown in Fig. 6. The
monodispersity of the mesoparticles allows the experimental
observation of well-defined higher-order multipole plasmon modes
in addition to the dipole resonance. The localized surface plasmon
resonance (LSPR) is determined by particle size and morphology.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Single-particle SERRS properties of Ag mesoparticles with different
topographies, S1: meatball-like, S3: coral-like, S4: urchin-like, and S6:
highly-branched morphologies.

With the protrusions on the mesoparticle surface becoming longer
and sharper, the UV-Vis spectra peaks corresponding to higher-order
multipole plasmon resonance modes in addition to the dipole
resonance, such as quadrupole, octupole and hexadecapole, become
clear and can be observed. For the meatball-like and coral-like
mesoparticles (sample S1 and S3 in Fig. 6a and b), only one higher-
order multipole, i.e. quadrupole, extinction peak can be found. For
the urchin-like and highly-branched mesoparticles (sample S4 and
S6 in Fig. 6¢ and d), two more higher-order multipole, i.e. octopole
and hexadecapole, is appeared.

The SERS properties of Ag mesoparticles with tunable
morphologies were evaluated by using crystal violet (CV), a well-
known and commonly used SERS analytes. The SERS spectra of CV
molecules adsorbed on individual Ag mesoparticles with four typical
morphologies, sample S1, S3, S4, and S6 (as shown in Fig. 1), were
measured on a confocal microprobe Raman spectrometer under 633
nm excitation wavelength as Fig. S2 shown. Due to the excitation
with 633 nm laser line lies in the absorption band of CV molecules
resonance, at this situation, the obtained Raman signal belongs to the
surface-enhanced resonance Raman scattering (SERRS). A
fluorescent baseline will be formed in Raman spectra when CV
molecules excited under 633 nm laser as shown in Fig. S4. The
obtained SERRS spectra in Fig. 7 reveal the characteristic peaks of
CV, for instance, at 1172, 1371, 1619 cm’™, and correspond well to
the ordinary Raman spectra of CV in the solid state and in aqueous
solution.**** An apparent trend of increasing SERRS signal with
increase of surface texture can be found: the signal intensities at
1172 cm™' peak are found to scale as 1:5.1:6.2:13.9 for the
mesoparticles S1, S3, S4, and S6, respectively. Following the
procedure and assumptions described in previous report (details
show in Supporting Information),’' the EFs of SERS for CV
molecules on mesoparticles S1, S3, S4, and S6, are estimated to be
about 5.0x10°, 1.3x107, 1.8x107, and 8.2x107, respectively. These
results are consistent with previous reports, such as the estimated

J. Name., 2013, 00, 1-3 | 5
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value of EFs ~10%-107 for Au meatball-like mesoparticle and ~10’
for Au urchin-like and Ag flower-like mesoparticles.”**** In this
study, EFs of the Ag meatball-like mesoparticle and urchin-like
mesoparticle are 5.0x10°, and 1.8x107, respectively.

Fig. 8 shows the SERRS spectra of CV molecules on particle
aggregated films. Similar trend with the enhancement of single
particle is found for the particle aggregated film. The EFs for sample
S1, S3, S4, and S6 are about 4.4x10%, 8.7x10%, 6.9x10%, and 4.1x10°,
respectively. In the measurement, the laser spot was 850 nm in
diameter and the particle size was about 1 to 2 pm. So, as shown in
Fig. S3, the detected area in the particle aggregated film was the
border region between several particles. The aggregation of the
hierarchical mesoparticles can greatly improve the enhancement of
SERRS signal. This can be explained by the interparticle interactions
in the particle aggregated film, which result in additional abundant
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“hot spots”.*® The Raman signal collection time was 20 s for single
particle detection and 1 s for detection of particle aggregated film.
Compared the signal intensity (1172 cm™ peak) at Fig. 7 and 8, we
can estimated that the enhancements of mesoparticle aggregated
films are 88, 67, 38, and 50 times higher than that of single particle
for sample S1, S3, S4, and S6, respectively. As reported in previous
work, the EF for urchin-like Au mesoparticle film exceeded the EF
of the corresponding individual particle by 10-100 times, which is
consistent with our result.?

To corroborate the observed relationship between the SERS
activity and surface topography of the hierarchical Ag mesoparticles,
we applied the three-dimensional FDTD method to calculate the
local electromagnetic field intensity around model particles
irradiated with monochromatic light. Five model Ag mesopartilces
were built and simulated using FDTD method. They had different
surface topographies, model A: spherical particle with smooth
surface, model B: meatball-like particle used to simulate the sample
S1, model C: coral-like particle used to simulate the sample S3,
model D: urchin-like particle used to simulate the sample S4, and
model E: highly-branched particle used to simulate the sample S6.
Their geometric parameters are shown in Supporting Information.

Fig. 9a-k show the typical distributions of the electric field £
(plotted as color-code lg|E[*) calculated in a plane across a vertical
axis of these model particles irradiated from top by 633 nm light. It
is generally agreed that the Raman intensity increases by a factor |E|*
with respect to the local electric field on the SERS substrate
surface.”’” The most localized and enhanced electromagnetic field
areas (compared with the scale bars of color code in Fig. 9) are
found in vicinity of tips and gaps on the highly nanotextured
mesoparticle surface. Comparing the electromagnetic field
distribution maps for model A and B (Fig. 9a-d), it can be found that
the localized-electromagnetic field is excited by the nanoprotrusions
on the surface, as they act like nanolightning rods.**** From the
comparison of the enhanced localized-electromagnetic field in the
vicinity of nanoprotrusions of model B, C and D (Fig. 9¢c-h), we can
find that the longer and sharper protrusions on the surface can excite
stronger electromagnetic field on their tip surfaces (as indicated by

Model C  IEI2 /IEI = 54.8

!10000
1000
—100
& 10

I1
0.1

Plotting scale

Intensity of IEI?

IEI,/IEI = 342

Fig. 9 The FDTD calculated electromagnetic field distribution and intensity of the individual Ag mesoparticles with various topographies under 633 nm
incident laser, (a,b) model A: spherical mesoparticle, (c,d) model B: meatball-like mesoparticle, (e,f) model C: coral-like mesoparticle, (g,h) model D: urchin-
like mesoparticle, and (i-k) model E: highly-branched mesoparticle. (b,d,f,h,j,k) Zoomed images from circled area.
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Fig. 10 Histograms of maximal electromagnetic field enhancements
calculated from models A—E under excitation wavelengths of 514, 633, and
785 nm at x—y plane using FDTD calculation method.

arrows in Fig. 9d, f and h). Fig. 9f and h (as indication of arrows)
reveal that enhanced localized-electromagnetic field also is excited
in the gap formed between two protrusions. This can be explained as
the exciting light will be confined in the cavity of gaps induced
stronger surface plasmon resonance (SPR). Deeper and narrower
gaps can more effectively confine the light in their cavity, resulting
in stronger localized-electromagnetic field. Compared with coral-
like and urchin-like mesoparticles, the highly branched mesoparticle
has the sharpest protrusions and narrowest gaps on their surface. At
the same time, the densities of protrusions and gaps are highest on
the highly branched mesoparticle surface. Correspondingly, the
number and intensity of SERS “hot spots” are largest on highly
branched mesoparticle surface, as shown in Fig. 9i-k. So, the highly
branched nanotextured topographies is clearly favored as the one
potentially ~demonstrating the largest SERS enhancement
(proportional to ~|E|*), in agreement with the experimental data.
Additionally, our FDTD simulation reveals that the excitation
light wavelength also has effect on the intensity of localized-
electromagnetic field. Fig. 10 displays the histograms of maximal
electromagnetic field intensity calculated from models A-E at
excitation wavelengths of 532, 633, and 785 nm in x-y plane. This
result indicates that the effect of the excitation wavelength on the
electromagnetic field is highly dependent on the textured
topographies of the mesoparticles. If the excitation light wavelength
matches the SPR of the metal nanostructure, stronger localized-
electromagnetic field will be excited in the
nanoprotrusions and nanogaps. Compared to the model A to D, the

vicinity of

highly branched Ag mesoparticles have an inhomogeneous surface
texture and therefore likely exhibit broadened SPRs. Taking this into
account, our FDTD simulations indicate that the optimal SERS
excitation wavelength for highly branched mesoparticles would lie in
the red and near-infrared spectral region, such as 633 and 785 nm, as
shown in Fig. 10.

The extreme limit of single-particle SERS versus analyte
concentration was evaluated on the highly-branched Ag

This journal is © The Royal Society of Chemistry 2012
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Fig. 11 Single-particle SERS spectra of CV molecules adsorbed on separated
individual highly-branched Ag mesoparticles at decreased CV concentrations
from 10° M to 10" M and 10™> M.

mesoparticles. Quite diluted CV aqueous solution with
concentrations from 1.0 X 107 to 1.0 X 10> M was used by
depositing on the Ag mesoparticles substrate. As shown in Fig. 11,
when the CV concentration decreases to 1.0x10'" M, the spectral
features close to the characteristic vibrational peaks of CV (1172,
1371, 1619 cm'l) can still be easily identified. When the CV
concentration decreases even to 1.0x107> M, some feature peaks
(such as 1371 and 1619 cm™) still can be identified. Compared with
previous study that the concentration extreme limit for Ag
mesoparticles with rough surface were 1.0x10™"" and 1.0x10™> M
using CV solution.”**® So, in this study, the single-particle highly-
branched Ag mesoparticle also shows outstanding properties for the
concentration extreme limit.

Conclusions

In summary, hierarchical Ag mesoparticles with various surface
morphologies have been synthetized in a simple and green synthesis
system. In this reaction system, AgNOj; is only reduced by L-AA at
room temperature without the addition of any other capping agents
and organics. The surface topographies of the mesoparticle can be
well tuned by changing the concentrations of AgNO; and L-AA. In
this particle-mediated growth system, lower concentration will
promote the anisotropic growth to form denser and sharper
protrusions on the mesoparticle surface, which can greatly increase
the SERS enhancement. The SERS EF of the arrayed highly
branched Ag mesoparticles reaches to more than 10°. The FDTD
simulation revealed that dense “hot spots” with the highest
electromagnetic field was formed at the vicinity of tips and gaps
between protrusions by the excited SPR under the irradiation of
monochromatic light. This study will help to understand the
relationship between topography and SERS properties.
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