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Abstract

Surface-enhanced Raman spectroscopy (SERS) with enormous enhancements has shown great
potential in ultrasensitive detection technologies, but the fabrication of large-scale, controllable
and reproducible substrates with high SERS activity is a major challenge. Here, we report the
preparation of Au nanoparticle arrays for SERS-active substrates with tunable particle sizes and
interparticle gaps, and the enhancement factor of the SERS signal obtained from
4-mercaptopyridine probe molecules was as high as 107. The experimental data points show the
increase of enhancement factor as a function of the ratio of diameter to interparticle gap, which
can be explained by the averaged electromagnetic field enhancement model. Furthermore, we
demonstrated that this type of substrate merits its high uniformity, high reproducibility and
excellent long-term stability. As the fabrication protocol of such a SERS substrate is simple and
inexpensive, this substrate may anticipate a wide range of applications in SERS-based sensors.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) since its
discovery in 1974 gave birth to a powerful new analytical tool
that has been the focus of extensive research [1]. SERS is
able to enhance the Raman scattering of an analyte by up to
a million-fold or more with reference to the normal Raman
scattering process. The SERS effect originates primarily
from the giant electromagnetic (EM) field resonating with the
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plasmon at the surface of metal nanostructures (silver, gold,
copper, etc), as well as from the chemical enhancement owing
to the charge-transfer resonance between the analyte and the
substrate [2]. SERS with enormous enhancements has opened
up the possibility for single-molecule spectroscopy [3-5]
and has shown the great potential in ultrasensitive detection
technologies especially for biological molecules and large
biostructures [6—13].

One of the keys to widen the application of SERS is to
develop highly enhancing substrates for analytical purposes,
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i.e. for better detection sensitivity to analytes. The modern ma-
jority view is that the giant SERS effect primarily results from
extraordinarily intense local electromagnetic fields at favorable
nanostructure geometries, i.e. the ‘hot spot’ that is in the inter-
stitial regions or the gaps among closely spaced nanostructures.
Theoretical studies of the field enhancement of SERS from
metal nanoparticle (NP) arrays predicted the dependence of the
enhancement factor on the gap between adjacent NPs [14—16].
For conventional SERS substrates, such as the colloidal clus-
ters of noble metallic NPs or surface-roughened noble metals,
the interstitial size is difficult to control owing to the stochas-
tic distribution of the NPs on the substrate. A great deal
of research effort in SERS has been focused on the fabrica-
tion of controlled and reproducible metallic nanostructures in-
corporating as much as possible the hot geometries, includ-
ing the development of various metal architectures, such as
dimer-like nanoaggregates [17-20], metal NP arrays by self-
organization or nanosphere lithography [21-25] and supported
by AAO templates [26, 27], and the closely packed tips of
nanowires [28-30]. Recent experimental and theoretical re-
sults indicate that the precise control of the gaps among the
nanostructures in the regime of sub-10 nm, especially 1-3 nm
for optimal coupling of the magnetic field, is critical for the
preparation of the SERS substrates with high enhancement fac-
tors [31].

In this context, we describe the fabrication and application
of a SERS-active substrate consisting of ordered, two-
dimensional (2D) arrays of gold NPs on anodic aluminum
oxide (AAO) nanochannels with a precisely controlled
variation of interparticle gaps, which allow strong SERS
signals to be generated from minimal quantities of analytes.
The substrates fabricated by our synthetic route are easy
to make, stable, reproducible and inexpensive. The
results not only open up new possibilities for applying
SERS to analytical measurements but also provide important
information for improving the fundamental understanding of
SERS phenomena.

2. Experimental details

The method used for the preparation of AuNP arrays embedded
on an AAO template with self-organized, hexagonally close
packed nanochannels is shown schematically in figure 1. First,
the high-purity (99.99%) annealed aluminum foil was anodized
in 4% oxalic acid aqueous solution in a water bath at 20°C
and 40 V DC for 5 h. To reduce the thickness of the barrier
layer (BL) facilitating Ag deposition, secondary anodization
was carried out in 0.4 M phosphoric acid at 20°C and 40 V
for 10 min, followed by pore-widening in 0.4 M phosphoric
acid at 20°C for 60 min. Second, silver NPs were grown
into the channels of AAO templates by AC electrodeposition at
40 V,_, (sine wave, 50 Hz) using a mixture of 0.05 M AgNO;
and 0.5 M H3BOj; as the electrolyte solution with a pH value
of 2, set by the addition of sulfuric acid. The AC frequency
and time of deposition were chosen so as to form only a
small silver particle at the bottom of each pore. Then, the
remnant aluminum and the BL were removed by immersion in
a CuCl,/HCl solution and 0.4 M phosphoric acid, respectively,
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Figure 1. Schematic illustration of the process for fabricating AuNP
arrays by templated-assisted electroless deposition.

to expose AgNPs. Finally, the AgNPs on the AAO template
were galvanically displaced by Au in the gold-plating bath, a
solution of Oromerse part B (Technic Inc.) diluted 1:40 with
0.118 M in Na;SOj3, 0.68 M in formaldehyde and 0.023 M
in NaHCOs3, and then the electroless plating of Au continues
on the AuNPs owing to their excellent catalytic sites for the
reduction of Au(I) to Au(0) [33]. The pH and the temperature
are key factors in the Au electroless process. The higher pH
plating bath with higher temperature would obviously increase
the plating rate. To obtain AuNPs with uniform and smooth
surfaces, the appropriate pH and temperature were needed. In
the initial period of the electroless process, the temperature of
the bath was maintained at 10 °C and the pH of the bath was 10
to hold a moderate plating rate. After the gold particles formed,
the temperature was gradually reduced to 3°C. The AAO
templates were placed in the gold-plating bath for different
deposition times to obtain AuNPs with various diameters,
and meanwhile the interparticle gaps of the AuNPs can be
controlled.

Scanning electron microscopy (SEM) images were
obtained on an FEI Quanta200 FEG environment microscope.
Transmission electron microscopy (TEM) images were
obtained on a JEM-2000FX TEM with x-ray energy
dispersion analysis equipment (JEOL Company). In order
to free individual particles for TEM analysis, the Au—AAO
membranes, after annealing at 350°C in air for 1 h, were
dissolved in 1 M NaOH solution for 4 h. UV-vis spectroscopic
measurements were performed using a Perkin Elmer Lambda
45 UV/vis spectrometer at room temperature in the range of
400-800 nm. A small piece of template coated with gold
particles was placed perpendicular to the light beam inside the
cuvette.

For SERS studies, the obtained substrates were immersed
in 1 mM 4-mercaptopyridine (4-MP) aqueous solution for
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Figure 2. SEM images of AgNP array (a) and the AuNP arrays with
different interparticle gaps ((b)—(f)) on the AAO template. The scale
bars are 200 nm.

24 h to make sure the AuNPs were covered fully with a
layer of 4-MP molecules. Then the samples were rinsed
with distilled water to remove weakly bounded adsorbates.
SERS measurements were made with a Renishaw Ramanscopy
1000 equipped with a 785 nm laser and a Peltier-cooled CCD
detector. The laser beam was focused onto a spot 1 um in
diameter and 20 um in depth.

3. Results and discussion

Figure 2(a) shows the SEM image of a typical 50 nm Ag—AAO
membrane that was etched in H;PO, to remove the barrier
layer. Nearly each of the AAO channels contains a silver
particle with a diameter of ~45 nm and interparticle gaps of
~55 nm. The SEM images of AuNP arrays on the AAO
surface with different diameters are given in figures 2(b)—(f).
The AuNP arrays are hexagonally close packed which is a
replica of the AAO nanochannels. The diameters of the AuNPs
increase from 50 to ~90 nm, and the average interparticle gap
decreases from 50 to ~10 nm, as the electroless deposition
time of the AuNPs is increased from 5 to about 30 h. The TEM
image of gold particles that have been completely liberated
from their AAO matrix confirms that the AuNPs are spherical
(figure 3(a)) and the energy-dispersive x-ray (EDX) spectrum
demonstrates that the AuNPs are only composed of gold
(figure 3(b)).
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Figure 3. (a) TEM image and (b) EDX spectrum of the AuNPs
liberated from the AAO membrane.

The optical absorption spectrum was used for analyzing
the size, shape and aggregation of the AuNPs, as well as
the interparticle distance. A series of extinction spectra for
the AuNP arrays on the AAO membrane with increasing
diameters, i.e. decreasing interparticle gaps, are given in
figure 4. In the visible spectral range, the extinction spectra of
spherical gold particles with an average size of 3.4 nm or larger
are generally dominated by the plasmon band: the peak at
around 520 nm is caused by the excitation of surface plasmons
(figure 4(a)). As the diameters of the AuNPs increase from 50
to 90 nm, i.e. the gap sizes of the AuNP array decrease from
50 to 10 nm, the extinction peak shifts to the red from 522
to 665 nm (figures 4(b)—(f)). As we know, when the AuNPs
begin to aggregate, the extinction peak would redshift towards
750 nm, because of the coupling of the surface plasmon among
the closely packed particles. Obviously, no evidence for
particle aggregation was observed in these AuNP substrates.

The SERS activity of AuNPs/AAO substrates was
demonstrated by applying an aqueous solution (107> M) of
4-MP to the AuNP array substrate. 4-MP was used as the
probe molecule, which can chemically adsorb onto AuNPs in
monolayers and align perpendicularly on the Au surface. The
spectra of pure 4-MP powders under the excitation wavelength
of 785 nm are shown for comparison in figure 5(A)-a. The
intense bands at 1093, 1012, 1060 and 1212 cm™! are ascribed
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Figure 4. UV-vis absorption spectra of the AuNP arrays with
different interparticle gaps: (a) ~50 nm, (b) ~40 nm, (c¢) ~30 nm,
(d) ~20 nm, (e) ~15 nm and (f) ~10 nm.

to the C—S breathing and the fundamental ring vibrations, in
good agreement with the documented data [32]. Figures 5(A)-
b—(A)-e show the Raman spectra of the AuNPs/AAO samples
with interparticle gaps of 30, 20, 15 and 10 nm. As shown
in figure 5(A), the Raman peak intensity increases when the
gaps of the AuNPs decrease. The intensity of the peak at
1093 cm™! for the 4-MP SERS spectra recorded as a function
of the interparticle gap size is shown in figure 5(B). The SERS
intensity at 1093 cm~! decreases by a factor of about 200 on
going from interparticle gaps of 10 nm to interparticle gaps of
30 nm, which is in agreement with other experimental data on
ordered nanoparticle arrays [21]. The strong enhancement can
be attributed to the fact that the AuNPs/AAO substrate has a
very high density of both AuNPs and ‘hot-spots’ likely existing
among the gaps between neighboring AuNPs [17].
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To evaluate the enhancement factors (EF), we compared
the ratios of SERS peak intensities of the saturated 4-MP
coverage to the corresponding unenhanced signals from a neat
4-MP film of known thickness (20 ©m). When the intensities
are normalized for laser power and acquisition time, under the
same collection conditions, the SERS EF is given by EF =
(Isers/ Nsers)/ (Ibuik / Nouik), Where Isgrs and lTpux are the
corresponding measured SERS and normal Raman integrated
intensity of the 4-MP peak at 1093 cm™2, respectively, while
Nsgrs and Ny stand for the number of probe molecules (4-
MP) on AuNPs under laser illumination and the number of the
probe molecules in bulk, respectively. The value of Ny was
readily calculated from the 4-MP bulk density and the Raman
scattering volume which is from the Raman scattering area
(1 gm x 1 um) and the 4-MP film thickness (20 pm). The
number of 4-MP molecules adsorbed on the AuNP substrate
was calculated by assuming a monolayer coverage and a
SERS-active area given by the sum of the area of the gold
particles in the probed spot (~1 pm in diameter). The packing
density of 6.8 x 10'* molecules cm 2 reported for benzenethiol
was utilized for Nggrs calculation [21, 22]. The EF for the
AuNP SERS substrate with a gap of about 10 nm at 785 nm
excitation wavelength was at least above 107. However, the 4-
MP molecule, being a more bulky molecule than benzenethiol,
is expected to possess a lower packing density; thus, the
SERS enhancement factors reported in this work are lower
limits. It is likely that the SERS enhancement factor for the
AuNP substrate is due mainly to an electromagnetic dipole
effect accentuated by the high ratio of the AuNP diameter
to the interparticle gap. In addition, for bigger AuNPs, the
wavelength of the plasmon resonance would match better with
the 785 nm Raman excitation, subsequently resulting in an
increase of the SERS intensity.

The AuNP arrays can also be used for SERS of other
molecules which are not chemically attached to a substrate,
such as B-carotene. Figure 6 show the SERS spectrum on
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Figure 5. (A) Typical Raman signals from the neat 4-MP films with a thickness of 20 wm (a) and the SERS spectra of monolayer 4-MP
molecules on the AuNPs/AAO substrates with interparticle gaps of 30 nm (b), 20 nm (c), 15 nm (d) and 10 nm (e). (B) Experimentally
measured intensities of the 1093 cm™! SERS line of 4-MP recorded as a function of the interparticle gap size. The error bars for interparticle
gaps are shown for those points for which the error exceeds the size of the point.
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Figure 6. Raman spectrum of f-carotene absorbed on the bare AAO
template (curve a) and that magnified by a factor of 30 (curve b).
Curve c is the SERS spectrum of B-carotene adsorbed on the AuNP
array substrate. Inset shows the molecular structure of S-carotene.

AuNP arrays and the normal Raman spectrum on AAO for 8-
carotene. The Raman spectra with (curve ¢) and without (curve
b) the SERS effect have the same set of Raman shifts as well
as similar intensity ratios among Raman lines. In contrast, the
SERS intensity increased by a factor of 160 compared to the
normal Raman (curve a).

For practical applications, an important requirement of
the SERS-active substrate is its long-term stability. Our
SERS substrate exhibits a prominent advantage in terms of
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Figure 7. SERS spectra of 4-MP solution (10~% M) on an
AuNPs/AAO substrate with a interparticle gap of 10 nm: (a) after 12
months of storage, (b) with the 4-MP molecules desorbed in aqueous
hydrogen peroxide solution, and (c) with the 4-MP molecules
absorbed again.

the stability: after 12 months of storage, the SERS spectrum
of 4-MP on the AuNPs/AAO substrate keeps almost the
original intensity (figure 7(a)). When the 4-MP molecules
were desorbed from the AuNPs/AAO membrane by the use
of aqueous hydrogen peroxide solution, the substrate gives

Figure 8. (A) Selected SERS maps of 4-MP molecules (10701120 cm ™", 20 x 20 um?, step size 2 #m) on the AuNPs/AAO substrate with
the average intensities integrated. Scale bar: 4 um. (B) The histogram of all intensities in (A). (C) A typical SEM image of the AuNP array

over a large area.
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no obvious Raman response (see figure 7(b)). Meanwhile,
when the 4-MP molecules are absorbed again onto the same
AuNPs/AAO substrate, the SERS spectra restored both the
positions and the peak intensities (see figure 7(c)). After the
SERS test, the analyte can be desorbed from the substrates by
washing with different solvents such as peroxide, methanol,
etc. We found that the SERS activity of the AuNP
array substrates was not lost when the substrates were used
repeatedly.

Another requirement for the practical usage of the
SERS substrate is the uniformity of the substrate in Raman
enhancement. Figure 8(A) displays six of the point-by-point
SERS maps for different areas (20 um x 20 um) of a SERS
substrate, which were recorded with a 2 pum step for the
4-MP molecules on AuNPs. The mapping was obtained
using the integrated area of the baseline-corrected peaks at
1093 cm™', and brighter colors represent higher intensities
of the SERS signal. From the histogram in figure 8(B),
the Raman maps of figure 8(A) have very narrow intensity
distribution, and the majority of the values lie between 150
and 250 counts. In addition, the average intensity of the SERS
maps recorded from different areas is quite close, indicating
that the AuNPs/AAO substrate is, in general, homogeneous
for SERS. Giant enhancement was occasionally observed as
indicated by the brightest point with a value of 500 counts in
figure 8(A). The small spatial variation in SERS performance
could be caused by the spatial inhomogeneity of the AuNPs
in dimensions of ~100 nm (figure 8(C)). The reason for the
formation of the extremely ‘hot’ site is attributed to the larger
AuNPs in some domain boundaries which result in small
interparticle gaps with multipole couplings of neighboring
particles. In contrast, both defects and smaller AuNPs may
lead to larger interparticle gaps. It is pertinent to compare the
homogeneity with discrete nanoparticle systems whose SERS
signals may vary a few orders of magnitude, depending on the
configurations and incident polarizations [34-36].

4. Conclusions

In summary, we have developed a method for the preparation of
AuNP arrays for SERS-active substrates with tunable particle
size and interparticle gaps, and the enhancement factor of
the SERS signal obtained from the 4-MP probe molecules
was as high as 107. This type of substrate merits its large
SERS enhancement, large area and high uniformity, high
reproducibility and excellent long-term stability. As the
fabrication protocol of such a SERS substrate is very simple
and inexpensive, the AuNP array substrate may anticipate a
wide range of applications in SERS-based sensors for rapid,
accurate and cost-effective detection of extremely low levels
of dyestuff, pollutants and biomolecules.
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