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Surface-enhanced Raman spectroscopy (SERS) benefits from the
enhanced electromagnetic field of the localized surface plasmon
resonance effect of metallic (especially coinage metals) nano-
particles or nanostructures. The detection sensitivity and reproducibility
of SERS measurement appear to be the two critical issues in SERS. To
solve the problem associated with traditional nanoparticle aggregates
and SERS substrates, we propose in this work single particle SERS. We
prepared uniform gold microspheres with controllable size and surface
roughness using an etching-assisted seed-mediated method. Single
particle dark-field spectroscopy and SERS measurements show that
particles with a larger roughness give a stronger SERS signal, but still
retain a good reproducibility. This study points to the promising future
of the practical application of the single particle SERS technique for
trace analysis.

Surface-enhanced Raman spectroscopy (SERS) is currently
receiving exponentially increased interest, mainly benefiting
from the fast development of nanoscience and nanotechnology,
as well as Raman instruments, as a result of the shrinking size
of lasers and detectors.'™ SERS is a unique vibrational technique
that can provide the fingerprint of the sample with a high
detection sensitivity down to single molecule level."™ It has found
applications in fields, such as surface and interface analyses and
material, biological, and medical related trace analysis."™
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The main SERS activity can be divided into two categories: the
application of SERS for analytical purposes and the preparation of
different types of SERS substrates to achieve high detection
sensitivity or signal reproducibility."™ An increasing number of
publications concerning SERS substrates indicates that this field
is still far from mature. As far as we know, to date, there is no ideal
SERS substrate that can have both a strong signal and good
reproducibility, which is the prerequisite for a wider and practical
application of SERS. Therefore, any effort that can make a step
forward addressing this issue is highly welcomed by the field.*™

It is well-known that the SERS effect is dominantly contributed
to by electromagnetic enhancement effects.'®*" Single molecule
SERS studies have invoked intense investigation of the SERS
mechanism. It was found that simple metal nanoparticles can
usually only produce a very weak SERS enhancement, and the
coupled nanoparticles can produce a gigantic enhancement of
several orders of magnitude higher than that of the single
nanoparticles."”” "> As a result, there are a lot of efforts to
synthesize, by chemical methods with a high yield, highly SERS
active nanoparticle aggregates, such as dimer, trimer, or more
complex core-satellite nanoparticles or COIN."®"” Usually these
nanoparticles are very isotropic. As a result, a huge difference in
the SERS intensity may be observed when the nanoparticles are
aligned in a different orientation to the polarization of the laser
light. Except for application in the bulk solution where the signals
are averaged over different orientations, the immobilization of
such types of complex nanoparticles on a solid SERS substrate will
lead to a bad reproducibility. An alternative way to make use of the
coupling effect'® is to prepare two-dimension (2D) nanoparticle
arrays and use them as the SERS substrate to obtain a high
density of “hot spots” (the region with a high intensity of
electromagnetic field)."*' However, at present it is still very
challenging and time-consuming to obtain a uniform 2D array.
The problems existing in the dimer and trimer substrates, are also
associated with the 2D substrates.

On the other hand, if we are able to synthesize SERS-active
spherical particles with a size comparable to the laser focal spot
of the Raman instrument, then the SERS measurement can be

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp43857k
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP015012

Published on 16 January 2013. Downloaded by Xiamen University on 13/06/2014 02:29:10.

Communication

done over one microsphere. Such a microsphere is large
enough to be easily identified with a dark field microscope
equipped with a Raman instrument. Due to the symmetric
feature of microspheres, the SERS signal obtained will no
longer depend on the orientation of the microsphere and the
polarization of the laser, and the uncertainty in the SERS
measurement can be essentially removed. It may greatly help
improve the reproducibility in SERS analysis. The key to single
particle analysis is the enhancement effect of each individual
single particle. As stated above, a smooth particle can only give
a very small enhancement effect. However, if one introduces
some irregularities or roughness onto the particle surface, such
as edges, tips, corners on the nanometer scale, the enhancement
effect may be significantly improved."®"" It should be noted that,
the concept of doing single particle analysis is not new and there
are some attempts to prepare highly SERS-active single nano-
particle aggregates by self-assembly®* or self-aggregation®>*
methods. However, it is still a great challenge for these methods
to obtain highly uniform particles. At least, to date, there are only
a few reports concerning the signal reproducibility in the SERS
detection using single particles.”” In this work, we intend to
obtain Au spherical particles with reasonably good SERS activity
and good reproducibility.

An Au sphere with a very high symmetry could be directly
achieved by a one-step method (OM). In this method, cetyltri-
methylammonium bromide (CTAB) was used as a capping
agent, and the HAuCl, precursor was reduced by ascorbic acid.
The reducing activity of AA and the nucleation rate of Au can be
improved by increasing the pH of the solution using NH;-H,O,
similar to the role of NaOH.** Although microspheres with an
almost perfect spherical shape can be obtained, the size
distribution is too large to ensure a good reproducibility for
SERS measurement (Fig. 1a and Fig. S4a, ESIf). Therefore, an
alternative way to synthesize Au microspheres with a narrow
size distribution should be pursued.

Seed-mediated methods (SM) have been widely used to
prepare uniform single-crystals® or twinned-crystals®® without
a secondary nucleation. In this method, the final particles are
obtained by assembly of small nuclei from the prior nucleation
step over the seeds to minimize surface energy. We attempted
to employ this method to obtain more monodispersed Au
particles using very uniform Au nanocubes with a 55 nm edge
length as the seeds (Fig. S1, ESIT). The SEM image of the large
synthesized particles is shown in Fig. 1b. Unfortunately, from
the image, one can find that there is a wide size and shape
distribution and the histogram created using SEM images gives
two peaks (Fig. S4b, ESIT). According to the growing mechanism
of SM, if all nuclei are only attached on the seeds instead of
self-aggregation, one should be able to obtain monodispersed
particles. This is the key to preparation of monodispersed
particles. However, if self-aggregation also occurs during the
synthesis process, one may obtain two types of particles.?”:*®
Accordingly, the peak at around 130 nm can be attributed to the
particles formed by attaching nuclei onto the seeds, and the
peak at around 65 nm should be attributed to the particles
formed by self-aggregation of nuclei without the cubic seeds.
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Fig. 1 SEM images of Au spheres synthesized by an (a) one-step method (OM);
(b) seed-mediated method (SM); (c) etching-assisted seed-mediated method
(EM).

Self-aggregation is a limiting problem that obstructs the adoption
of SM to prepare particles through the self-aggregation mode with
an ideal size distribution.

Therefore, the key issue is how to prevent the self-aggregation
of nuclei. It has been reported that some oxidation agents, such
as O,/Cl™ can selectively etch the twinned nuclei with a high
energy defect site, leaving the stable single crystal nuclei.>**°
Similarly, the nuclei or oligomers have a high specific surface
area and when they are dispersed in solution, they have a much
higher energy than when attached on the seeds. If we can choose
an oxidation agent that may selectively etch the free-standing
nuclei or oligomers, we will be able to regulate the self-assembly
process and prevent the agglomeration of nuclei in the absence
of seeds (Fig. S2, ESIT). For this purpose, we chose H,O, as a
regulative etching agent, to allow the nuclei to selectively assemble
only on seeds, which leads to the formation of highly uniform
spherical particles. The SEM image (Fig. 1c) shows highly uniform
Au spheres, with a diameter of about 265 nm.

In order to find out the effect of the size distribution on the
SERS activity and reproducibility in SERS measurements, we
performed a comparative study on the Au spheres prepared by
OM and EM. The UV-vis spectrum (Fig. 2a) of Au spheres
prepared by OM shows a broad peak, which is consistent with

Phys. Chem. Chem. Phys, 2013, 15,4130-4135 | 4131


http://dx.doi.org/10.1039/c3cp43857k

Published on 16 January 2013. Downloaded by Xiamen University on 13/06/2014 02:29:10.

3
s
@
o
=
©
2
I}
@
a
<
200 T
2 2x107| =
21 2x1078
2 >
o 100 ﬁ
2 c
£ 2
50 £

1400 1600
Raman shift (cm )

2x10° 2x107 2x10°
Concentration (mol/L)

41800

Fig. 2 (a) The UV-vis spectrum of Au spheres prepared by EM and OM.
(b) A dark-field image of Au spheres prepared by EM for single particle SERS
detection. The red circle stands for the laser focus with a 2 um diameter. (c) SERS
signals obtained for EM-prepared single particles with adsorbed PBT in different
PBT concentrations. The inserted molecular structure is PBT. (d) The reproducibility
of the SERS signal.

the large size distribution from the SEM image in Fig. 1a;
whereas the EM prepared Au spheres give a narrower absorption
peak, indicating a narrow size distribution, as seen from Fig. 1c.
The Au spheres prepared by both methods are large enough to
be conveniently observed with a dark-field microscope, and
meanwhile also give a reasonable SERS enhancement to allow
single particle SERS measurement. The dark-field and Raman
experiments were performed on an inverted Renishaw inVia
system, equipped with a dark-field microscope and home-built
dark-field spectroscopy. The laser wavelength was 632.8 nm and
the laser spot on the sample is about 2 pm. In order to perform
single particle SERS measurement, we chose (4'-(pyridin-4-yl)-
biphenyl-4-yl)methanethiol (PBT)*" as a probe molecule. It does
not absorb and show the resonant Raman effect in the visible
light range. Most importantly it is very stable under our measuring
conditions. We first mixed the sol of cleaned particles with PBT
solutions. Then a droplet of the mixture was drop-casted onto a
hydrophilic silicon wafer. After the solvent was evaporated, the
silicon wafer was observed with a white-light dark-field micro-
scope. It should be noted that, the concentration of Au spheres
should be controlled to a very low value to allow an appropriate
single particle analysis. Fig. 2b shows a typical dark-field image
of an EM-prepared sample, each of the bright spots corre-
sponds to an Au sphere. SERS measurement was made over
different particles to obtain a statistical result. Fig. 2c shows typical
SERS spectra of PBT obtained in the PBT solution of different
concentrations, ranging from 2 x 10 °to 2 x 10" *mol L ™". Ata
further lower concentration, the signal is too weak to detect;
and at a higher concentration, the signal is comparable to that
at 2 x 10~ ® mol L' and we did not see much increase in the
signal intensity.

As can be seen in Fig. 2c, the characteristic Raman peak of
the molecule is at 1604 cm™ ", and the signal-to-noise ratio of
this peak is good enough for single particle SERS detection,
even at a concentration as low as 2 x 10~® mol L™". We used this
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peak to perform statistical analysis, and the results are shown
in Fig. 2d. The SERS intensity of PBT obtained over OM-prepared
particles varied from particle to particle, which was consistent
with the multi-dispersed size. In contrast, the signal obtained
from EM-prepared Au spheres does not vary as much. For the
SERS signal of EM particles, the standard deviation of 2 x 1075,
2 x 10 7and 2 x 10~ ® mol L™* PBT are 34.0%, 46.2% and 57.2%
respectively, whereas that of OM particles are 68.0%, 81.7%
and 82.1%, respectively. Although the average signal obtained
from EM-prepared Au spheres is slightly weaker than that from
OM-prepared Au spheres at all concentrations, the former
obviously gives a better signal reproducibility, pointing to the
promising future of single particle SERS analysis.

It has been mentioned above that SERS signals will increase
with the increase of the surface roughness or protrusions. To
further enhance the SERS signal, we aimed to engineer
the microsphere with different roughness features so that the
surface roughness can be controlled. It has been reported that
a high concentration of reducing agent can promote the
formation of sharp tips, which are generally thought to be able
to further enhance the local electromagnetic field at the
tip.>>*%3>?3 However, increasing the concentration of the reducing
agent alone will inevitably change the size of the particles, along
with a change of surface roughness due to the variation of the
nucleation process. The entanglement between these two aspects
is unfavourable for revealing the enhancement mechanism.
According to the EM, self-assembly can be suppressed, and all
the Au atoms will grow on the given seeds. Therefore, the volume
of particles will not change under moderate reaction conditions.
As a result, particles with almost the same size, but different
surface roughnesses have been successfully prepared simply by
varying the concentration of ascorbic acid. The SEM images of four
typical roughnesses are shown in Fig. 3a-d. All of them show a very
uniform size and surface roughness. The diameters of the particles
are in the region of 265 nm. In order to understand how the optical
properties of the single particles change with the surface rough-
ness, the single-particle scattering spectra (Fig. 3e) for these four
types of Au spheres were collected using a home-made dark-field
spectroscopic instrument. The main peak positions of these four
spectra are almost the same at 550 nm, which is a typical response
of Au spheres. A new peak at around 680 nm is growing and
red-shifting with the increase of surface roughness. This peak
may be a result of the coupling between the small features
under the support of the large Au sphere. Detailed theoretical
calculations on these systems will be helpful to locate the “hot
spot” on such a ‘“complex” single particle SERS substrate,
which is a topic of another paper.

The single-particle SERS results measured over these Au
microspheres are presented as a statistical plot in Fig. 3f. The
average intensity of SERS signal increases quite significantly
with the surface roughness. The best enhancement factor for
the SERS measurement of single particles can be over 5 orders
of magnitude (See Appendix for the calculation details). The
standard deviation expressed in percentage does not change
much with the increase of the surface roughness (a, 32%; b,
35%; ¢, 34%; d, 23%) (Fig. 3f), and even decreases at the

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp43857k

Published on 16 January 2013. Downloaded by Xiamen University on 13/06/2014 02:29:10.

Communication

Scattering (a. u.)
o

.0+
500 550 600 650 700 750 800 0 a b c d
Wavelength (nm)

Fig. 3 (a-d) SEM images of EM-prepared Au particles of the same size and
increasing roughness. (e) The scattering spectra from these single particles taken
from a dark-field CCD. (f) The intensity and the reproducibility of the SERS signal
from a single particle of a—d.

roughest surface with the strongest Raman signal. This result
points to the promising future of using “rough” single Au
microspheres for highly reliable single particle SERS detection.

Furthermore, similar to the traditional SM method, the
diameter of Au spheres can also be tuned by simply varying
the amount of seeds. Indeed, Au spheres with a diameter of
210, 265, 310 and 405 nm were obtained by adding 100, 50, 25,
and 10 pL Au seeds, respectively. It is reasonable that we can
obtain a smaller particle size at a higher concentration of seeds,
as the same amount of Au should be coated over more Au
seeds. The SEM images (Fig. 4) of these particles show highly
uniform features. A further optimization of the surface rough-
ness over these nanoparticles is now underway, so that they can
be used for different laser excitations. Using different metals,
such as silver, as the substrate is now also underway.

In summary, we have developed an etching-assisted seed-
mediated method to efficiently synthesize highly uniform Au
spherical particles using Au nanocubes as the seeds. The
particle size can be tuned by the amount of Au seeds. The
surface roughness of the particles can be controlled by varying
the amount of ascorbic acid. By properly controlling the
concentration of particles in the sol to be dispersed on a silicon
substrate, we have effectively obtained a highly dispersed
Au single particle modified substrate. On the basis of these
uniform particles, we combined dark-field microscopy with
confocal Raman microscopy to obtain single particle scattering
spectra and single particle SERS signals. We have been able to
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Fig. 4 SEM images of Au spheres prepared using different amount of Au seeds.
(@) 100 pL; (b) 50 pL; (c) 25 pL; (d) 10 L, resulting in diameters of about 210 nm,
265 nm, 310 nm, and 405 nm, respectively.

detect the SERS signal on single particles with a good signal-to-
noise ratio for a non-resonant molecule, PBT, even at a concen-
tration as low as 10~° mol L. Particles with a rough surface
produce a stronger SERS signal, which is crucial for the high
sensitivity measurement of weak signals. Furthermore, single
particle SERS offers a tool for high throughput measurement
because it can collect a large number of data points for the
statistical analysis on a sample surface. The high symmetrical
nature of single spherical particles offers a new measuring
platform for SERS that does not require a good match between
the polarization of the laser and the orientation of the SERS
particles or substrates. We believe the current advance will be
highly important to the practical application of the SERS
technique.

Appendix

To estimate the EF of our particles, we chose particles with the
roughest surface (Fig. 3d) as a typical case. We estimate the EF
according to the expression EF = (Igyrface/Isolution) X (Nsolution/
Naurface)y. Where Igurrace and Isonution are the intensities of the
SERS signal and reference signal at 1604 cm ™', normalized with
the laser power and acquisition time; Nyojution and Ngyrface are
the numbers of PBT molecules probed in the solution and on
the surface of one particle.

For SERS experiments, 10 mL sol of as-prepared Au spheres
were first washed and then dispersed in 2 x 10> mol L' PBT-
ethanol solution and kept undisturbed overnight. This concen-
tration is high enough to ensure a saturated adsorption.
A droplet of the mixed solution was dropped onto a quartz
slide and covered by another quartz slide with a 0.17 pm
thickness. The SERS signal was collected immediately to minimize
the evaporation of ethanol.

To acquire the normal Raman signal of the solution, a drop
of 1 mM PBT-ethanol solution was injected into a substrate
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with groove structures, which was then covered by a quartz
slide to form a measuring condition similar to SERS.

The same objective (x50, NA 0.55) was used for SERS and
normal Raman measurements. The laser power was 0.8 mW on
the sample, and the acquisition time was 30 s for SERS and
8 mW and 100 s for normal Raman measurements. An intensity
of 830 and 10 counts per second was achieved in SERS and normal
Raman measurements, respectively. After being normalized with
the laser power, we obtain Iyface/Isolution = 830.

To estimate the numbers of PBT molecules probed in the
solution, the effective excitation volume (V) should be measured
first. V = n(d/2)*h, where d is the equivalent diameter of the laser
and £ is the equivalent depth of focus (Fig. 5). We measured and
calculated d to be 3.6 pm (d is bigger than the SERS experiment
with dry particles, which is due to the covered quartz slide and
the solution layer):

g S I(x)dx

Imax
h was measured and calculated as 27.5 um with the formula:

b fjox 1(z)dz

Imax

Thus, the effective excitation volume (V) is calculated to be
280 pm?, and Nygjution = C X V X N, is calculated to be 1.7 x 10®
(C is the concentration of PBT solution). It should be pointed
out that such an estimation of the effective excitation volume is
much more accurate compared with that reported in the
literature using solution or solid samples, in which the Gaussian
distribution of the laser power and the different penetration
depth in different samples were not considered. Using our
method, the evenly distributed laser intensity at both the
horizontal plane and vertical direction, the laser diameter and
the depth of focus can be presented in an equivalent way.
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Fig. 5 (a) A comparison between the SERS signal and normal Raman signal. The
inset is the model we used to estimate the surface area. (b) The deviation profile
of location (x) and intensity (/) of a moving Au pattern in the horizontal plane in
water corresponding to (d). (c) The confocal depth (z) and intensity (/) of a
moving Si wafer in the vertical direction in water corresponding to (d). (d) The
waist profile of a laser beam in solution.
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Furthermore, the normal Raman and SERS data should be
measured under exactly the same optical configuration.

To estimate the numbers of PBT molecules on a single rough
particle, we consider our particle as a big sphere 265 nm in
diameter and covered by close-packed 30 nm hemispheres.
Thus, we obtain a surface area of about 4.4 x 10°> nm”. Suppose
each PBT molecule occupies a 0.5 nm” area (not the real area, but it
will not deviate too much), we obtain Nyace to be 8.8 x 10°.

Considering all the above measured data and the estimated
data, we obtain an EF of about 1.6 x 10°. Although this value is
lower than some published EF of single particles (10°-107), we
provide here a rather accurate way to estimate the EF: first, we
used the equivalent effective extinction volume to estimate the
EF; second, we use a non-resonance molecule, PBT, as the probe
molecule to avoid any unexpected change in the resonance
conditions after binding with the nanoparticle. Therefore, the
estimation of EF is more reliable. If we compare the SERS signal
with the literature values, which is more significant for SERS
applications, the intensities of our signals, after being normalized
with the laser power, acquisition time and surface area, are at
the same magnitude with other reported single particle results
showing a high EF.
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