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ABSTRACT: Applicable surface enhanced Raman scattering (SERS) active
substrates require high enhancement factor (EF), excellent spatial
reproducibility, and low-cost fabrication method on a large area. Although
several SERS substrates with high EF and relative standard deviation (RSD)
of signal less than 5% were reported, reliable fabrication for large area SERS
substrates with both high sensitivity and high reproducibility via low-cost
routes remains a challenge. Here, we report a facile and cost-effective
fabrication process for large-scale SERS substrate with Ag inter-nanoparticle
(NP) gaps of S nm based on ultrathin alumina mask (UTAM) surface
pattern technique. Such closely packed Ag NP arrays with high density of
electromagnetic field enhancement (“hot spots”) on large area exhibit high
SERS activity and excellent reproducibility, simultaneously. Rhodamine 6G
molecules with concentration of 1 X 107" M are used to determine the
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SERS performance, and an EF of ~10° is obtained. It should be noted that we obtain RSDs about 2% from 10 random spots on
an area of 1 cm? which implies the highly reproducible signals. Finite-difference time-domain simulations further suggest that the
enhanced electric field originates from the narrow gap, which agrees well with the experimental results. The low value of RSD
and the high EF of SERS signals indicate that the as-prepared substrate may be promising for highly sensitive and uniform SERS

detection.
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1. INTRODUCTION

Surface enhanced Raman scattering (SERS) spectroscopy has
been considered one of the most powerful probing tools in
ultrasensitive analysis"” since its discovery in 1974°and 1977,*
due to the tremendous enhancement for the normally weak
Raman signal of analytes. The enhancement of Raman signals is
primarily attributed to the electromagnetic (EM) field induced
by the localized surface plasmon resonance (LSPR) on the
surface of noble metals. Large EM field enhancement occurs at
specific sites, also called “hot spots”,S which usually locate at the
gaps between the two adjacent coupling metal nanoparticles
(NPs) with distance on the order of a few nanometers.
Applicable SERS substrates require high enhancement factor
(EF), excellent spatial reproducibility,” ® and fabrication on
large area through a cost-effective method. In order to obtain
high EF and excellent reproducibility, hot spots with small size,
high density and homogeneity in distribution are crucial for
SERS substrates.> """ Various methods have focused on the
fabrication of SERS substrates with sub-10-nm gaps. Cluster-
ing''™"* of chemically synthesized NPs can get remarkable
SERS enhancement, but its poor reproducibility hinders the
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further application of SERS. Lithographic methods, such as
electron-beam lithography,'>'*™"” nanosphere lithography,'®
focused ion-beam patterning,'” and soft lithography”®*' are
commonly used to produce tightly spaced plasmonic geo-
metries. However, highly specialized lithographic facilities are
complex and expensive, and tedious preparation and
implementation steps (lithography and lift-off) require accuracy
and time consumption.”” Other methods also have limitations
to fabricate high-quality SERS substrates with high reproduci-
bility and a large number of hot spots (e.g,, electromigration is
difficult to prepare nanostructures on large area,”>** physical
vapor deposition itself can not fabricate nanostructure arrays,
chemical vapor deposition and atomic layer deposition are only
applicable to limited classes of materials,>>*°
lithography can only handle nanowires®”>'). Template
technique is regarded as one of the unique fabrication methods
for well-ordered periodic nanostructures on large area.””>* In
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recent works,>> ™ ultrathin alumina mask (UTAM) surface
nanopatterning technique has already shown many advantages,
such as easy fabrication on a large scale (>1 cm?), size
controllability, excellent regularity and reproducibility, ultrahigh
density (10°—10" cm™) of nanostructures, and low equip-
ment costs. Several works reported SERS substrates with
nanoarrays templated by anodized aluminum oxide
(AAO).>**~% However, these ordered nanostructure arrays
either show good enhancement but poor uniformity because of
the thick template with deep channel, or show high
reproducibility but normal EF due to their large nanostructure
separation. It has also been reported that SERS spectra on the
current metal—-AAO SERS substrates have rather strong
luminescence background which would interfere with SERS
signals tremendously.** Although high EF can be achieved and
several SERS substrates with signal relative standard deviation
(RSD) value less than 5% were reported,9’42’45 reliable
fabrication of large area SERS substrates with both high
sensitivity and high reproducibility through a low-cost route
remains a challenge, because it is rather difficult to achieve
reproducible “hot spots” with ultrasmall size, high density, and
homogeneous distribution over the entire area of the SERS
substrate.

On the basis of a UTAM surface pattern technique, we
report here a convenient method to fabricate hot-spot-active
SERS substrates with Ag interparticle gaps as small as S nm on
large area. Rhodamine 6G (R6G) with concentration of 1 X
1077 M was used to determine the SERS performance, and an
EF of ~10° was obtained. It is noteworthy that we obtained
RSDs of about 2% from 10 random spots on an area of 1 cm?,
which implies highly reproducible signals. To our knowledge,
this reproducibility with high SERS enhancement in such a
large area is the best in the reported SERS substrates. It should
be noted that, because of the resonant effect of the R6G under
the illumination of 514.5 nm, the molecule signals observed in
all experiments were surface enhanced resonance Raman
scattering (SERRS)* but will be referred to as SERS for
simplicity.47 Finite-difference time-domain (FDTD) simula-
tions further suggest that the enhanced electric field originated
from the narrow gap, which agrees well with the experimental
results. This easy and effective fabrication method could be
used for label-free immunoassays, biosensing, and environ-
mental monitoring and detecting.

2. EXPERIMENTAL SECTION

Fabrication of UTAMs. The UTAMs were prepared using a two-
step anodization process.>*>**¥ In brief, after a series of pretreat-
ments the high-purity (99.999%) aluminum foil with 0.2 mm thickness
was first anodized in 0.3 M oxalic acid aqueous solution at 10 °C and
40 V dc for 12 h. Then, the anodic oxide layer was removed in a
mixture of HyPO, (6 wt %) and H,CrO, (1.8 wt %) at 60 °C.
Secondary anodization was carried out using the same condition as the
first step for S min, and then the Al layer was removed in a CuCl,/HCl
solution. After that, the pore-widening process was carried out in 5 wt
% phosphoric at 30 °C for 45—75 min for different samples, and the
UTAMs with various pore sizes were obtained by adjusting the pore-
widening time. Finally, as-prepared UTAMs were attached on the Si
substrate for use. More details are shown in Supporting Information.

Preparation of Active Substrates with Ordered Ag Nano-
particle Arrays. Ag was thermally evaporated on the UTAM/Si
substrate under the vacuum of 8.4 X 107* Pa with an evaporation rate
of 0.4 nm s™". The distance between the sample and the evaporation
source was 11 cm. After deposition of 50-nm-thick Ag (the thickness
was measured by the crystal thickness monitor of the evaporator, i.e.,
nominal layer thickness), UTAMs were stripped away, leaving the

ordered Ag NP arrays on the surface of the substrate. By changing the
UTAM structure parameters, a series of Ag NPs arrays with different
diameter and particle separation were achieved. More details are
shown in Supporting Information.

Preparation of Samples for SERS Measurement. The samples
for SERS measurements were prepared by immersion of the substrates
in identical 107" M R6G aqueous solution (30 mL) for 3 h to make
sure the surface especially the “hot spots” adsorbed a layer of R6G
molecules. To determine the EFs, a bare Si substrate without Ag
deposition was immersed in 0.2 M R6G aqueous solution for 3 h as
the controlling. For comparison, ordinary S0 nm-thick Ag film
substrate was immersed in 107" M R6G aqueous solution for 3 h to
measure its SERS signal. Subsequently, all the samples were rinsed
with deionized water and dried by nitrogen gas flow.

Characterization and SERS Measurement. Scanning electron
microscopy (SEM) images were obtained on an FE-SEM (JSM-6700
F, JEOL) with an energy dispersion X-ray spectrometer (EDS, JEOL
Company). SERS spectra were collected by a 100X N.A. 0.9 objective
Renishaw System 1000 Raman spectrometer with $14.5 nm
wavelength argon ion laser excitation in cumulative exposure time of
50 s, and the laser power density was adjusted to about 2.62 X 10°
mW/cm? All the SERS spectra were acquired from § to 6 different
locations of the same sample, and the typical spectrum was reported.
Baseline correction of the measured spectra was performed to remove
the broad background and fluorescence band. All the experiments were
performed in duplicate or triplicate to check the repeatability of the
whole process.

3. RESULTS AND DISCUSSION

Figure 1 schematically outlines the procedure for fabricating Ag
NP array SERS-active substrate with tunable diameters (D) and
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Figure 1. Schematic illustration of the process for fabricating Ag NP
array SERS-active substrate with UTAM as template: (a) UTAM
transferred onto Si substrate, (b) deposition of Ag by evaporation with
UTAM as shadow mask, (c) Ag NP arrays after UTAM removing, and
(d) two amplificatory adjacent Ag NPs with certain diameter, gap, and
spacing.
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gaps (G) using UTAM as a template. First, the prepared
UTAM was transferred onto a silicon substrate (Figure 1a), and
then Ag NPs were deposited on the Si substrate by thermal
evaporation in the vacuum condition using UTAM as shadow
mask (Figure 1b). After UTAMs are removed, the regular Ag
NP arrays with tunable diameter and interparticle gaps are
obtained on the surface of the Si substrate (Figure lc,d). For
fabrication of UTAM, the spacing size (or cell size, center to
center) between two adjacent pores will be constant when
using a determinate anodize voltage and acid solution, which is
about 100 nm (100.4 + 0.3 nm, under our experiment data) for
oxalic acid solution at 40 V. The longer pore-widening duration
would obviously increase the pore diameter, and hence largely
decrease the interpore distance. However, excess pore-widening
treatment would lead to the UTAM collapse when the pore
wall is too thin to support. Therefore, appropriately prolonging
pore-widening time, a series of UTAMs with increased pore
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diameters and decreased interpore gaps were obtained. The
spacing size between two adjacent pores of the UTAMs is equal
to the particle center—center spacing (S), as shown in Figure
1d. This pore-widening process for UTAM allows us to tune
the pore diameter and hence to flexibly adjust the gap between
the neighboring Ag NPs in an array to get the smallest hot-spot
size during the subsequent deposition process (G =S — D). In
this work, the smallest gap size obtained is S nm. Besides the
UTAM structure parameters, the size, density, and shape of Ag
NPs are dependent on the value of Ag deposition thickness and
evaporation rate. To obtain uniform, controllable, hemi-
spherical, and well-aligned Ag NPs in the UTAM pores, the
appropriate evaporation rate and nominal layer thickness were
about 0.4 nm s™' and SO nm, respectively.

SEM images of UTAMs with different pore diameters are
shown in Figure 2a—f. As can be seen from these images,
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Figure 2. Top-view SEM images of the UTAMs with different pore
diameters of (a) 45 nm, (b) 55 nm, (c) 65 nm, (d) 70 nm, (e) 80 nm,
(f) and 95 nm. (f) SEM image of large area UTAM with the pore
diameter of 95 nm and (b") AFM image corresponding to part b. All
scale bars are 100 nm.

nanochannel arrays with hexagonal periodicity are highly
uniform, and hence, high uniformities of ordered Ag NP arrays
over large area (>1 cm?) are obtained easily through controlling
the structure parameters of UTAMs. With the average pore size
of UTAMs increased from 45 to 95 nm, the according interpore
distance decreases from S5 to S nm (obtained by measuring
150 pores for every sample with Image] software). The biggest
pore diameter of UTAMs in our experiment is about 95 nm
(seen in Figure 2f) in the pore-widening process. Figure 2b’,f
reveals the high regularity and uniformity of large area UTAMs
with 55 and 95 nm pore diameter.

Ag NP array SERS-active substrates were obtained using the
above UTAMs as templates. The top-view SEM images (Figure
3a—f) of typical Ag NP arrays with different diameters and
interparticle gaps and the corresponding SERS properties
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Figure 3. (a—f) SEM images of the typical Ag NP arrays with different
diameters and interparticle gaps (G/D) and (g, h) the corresponding
SERS properties. (g) SERS spectra of 1077 M R6G molecules on the
AgNP arrays substrates with G/D of 55/45, 45/5S, 35/65, 30/70, 20/
80, and 5/95, and the normal Raman signal of 0.2 M R6G on bare Si
substrate. (h) EFs recorded as a function of the relative separation (G/
D). The exponential growth fitting curve formula of dependence of EF
on G/D at 1650 cm™! peak is EF = 0.196 + 1.742 X exp((G/D)/(=0341),
The fitting errors are 0.060, 0.075, and 0.039, respectively. The
correlation coefficient, %, is 0.995. The original fitting results
(including 1508 and 1363 cm™' peaks) are shown in Supporting
Information Figure S2. All scale bars are 100 nm. It should be noted
that there are smaller nanoparticles around the bigger particles (a—e),
which should play a very limited role in SERS activities. These smaller
nanoparticles can be avoided by using a strong adhesive tape to peel
off the UTAM after Ag deposition. During the Ag deposition, a key
issue is keeping low deposition rates (normally we keep 0.2—0.4 nm/
s), because a high deposition rate is easy to form big clusters on the
top of the UTAM which can block the nanoholes in UTAM.

(Figure 3gh) are shown in Figure 3. As illustrated in Figure
3a—f, the ordered Ag NP arrays are hexagonally close packed
which is a replica of the UTAM nanopores. With the average
diameter of Ag NPs increasing from 45 to 55, 65, 70, 80, and 95
nm, the corresponding average interparticle gap decreases from
S5 to 45, 35, 30, 20, and 5 nm (inset shows), respectively.
Therefore, the gap size between adjacent nanoparticles was
tunable to suit a SERS-active substrate by controlling the pore
diameter of UTAMs. To understand the dependence of SERS-
activity on interparticle gap for the NP arrays, the SERS
performances of aqueous R6G solution for various Ag NP
arrays were measured using a 514.5 nm argon ion laser and
displayed in Figure 3gh. Figure 3g shows the collection of
SERS spectra of R6G (1 X 1077 M) adsorbed on the Ag NPs
samples with gap size of 55, 45, 35, 30, 20, S nm and the normal
Raman signal of R6G (0.2 M) on bare Si substrate sample. It
can be seen that the normal Raman spectrum reveals a very
weak Raman signal which cannot provide meaningful structural
information on R6G. Interestingly, the SERS spectra of 1 X
1077 M R6G on Ag NPs obviously show the characteristic
signal of R6G. The band at 770 cm™" is assigned to C—H out-
of-plane bending mode, and the bands at 1311 and 1575 cm™
are assigned to the N—H in-plane bending modes. The more
pronounced bands at 1363, 1508, and 1650 cm™! can be
assigned to the aromatic C—C stretching vibrations.* 7! As
expected, SERS peak intensity increases with the decrease of
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the Ag NP separation. With the G value of inter-Ag NP
decreasing from 55 to S nm, the SERS intensity increased
almost 6 times for 1650 cm™' peak (Figure 3g). In a
comparison of the SERS signal on the Ag film of the same
50-nm-thick evaporated on Si wafer, the peak intensity
increased from nearly 4 times to more than 20 times as the
G size decreased from 55 to S nm for 1650 cm™ peak, as
shown in Supporting Information Figure SI.

In order to quantitatively study the SERS enhancement
ability for the substrates, the substrate average enhanced factors
for 1077 M R6G molecules on the samples with different Ag
NPs separations were estimated according to the equation EF =
(Isgrs/Ing) (Crr/ Cogrs)-*72 ¢ (More details are shown in
Supporting Information.) The calculated EFs at three main
peaks of 1363, 1508, and 1650 cm™" are shown in Supporting
Information Table SI1. EFs increase obviously with the
interparticle gap decreasing from S5 to S nm, be higher than
10° as the G decreasing to 20 nm, and the highest EF (1.69 X
10%) occurred at the smallest G, S nm. To visually understand
the dependence of EF on the G, EFs of the three main peaks as
a function of the relative separation (the ratio of interparticle
gap to diameter, G/D) are studied, shown in Figure 3h. For
1363, 1508, and 1650 cm™ peaks, EFs show the same
exponentially growth trends with the decreasing G/D, and the
fastest growth occurred at 1650 cm™ band. The exponential
growth fitting curve formula of dependence of EF on G/D at
1650 cm™" is EF = 0.196 + 1.742 X exp((G/D)/(_°‘34l)). The same
fitting procedure for the other two Raman bands (1508 and
1363 cm™") is shown in Supporting Information.

The high enhancements are due to the extremely high
density of both Ag NPs (~10'°—10"* cm™) and small “hot
spots” (~3 X 10'°—10"* cm™2) on SERS substrates and hence
the strong plasmonic coupling between the adjacent Ag NP
pairs>’with sub-10-nm (especially 5 nm) nanogaps, where the
electromagnetic field can be amplified dramatically. So, the
SERS EF increases remarkably. This demonstrated the sensitive
SERS activity for the S-nm-gap substrate.

The local EM fields of all samples were calculated using an
FDTD method (details in the Supporting Information) to
further study the dependence of Raman signal enhancement on
the NP diameter and interparticle gap. The simulated geometry
corresponded to the large 2D array of silver NPs on the Si
wafer substrate which is approximated by hexagonally arranged
hemispheres with different dimensional parameters (D, G,
shown as Supporting Information Figure S3) equal to the mean
values of the samples produced experimentally. In the color
scale of the EM-field distributions shown in Figure 3, one can
find that the field strengths depend significantly on the
hemisphere sizes as well as the gaps between them. The largest
enhancement is achieved at the smallest S nm gap (hot spot).
The simulation is in agreement with our experiments.

Although many different SERS substrates have been reported
in the literature, one of the problems that still remain is the
large-scale homogeneity and reproducibility in Raman enhance-
ment spectra. The advantages of our method for SERS
substrate fabrication by UTAM are that we can easily tune
and precisely control the interparticle gap even below several
nanometers without any loss of the structural uniformity, which
ensured the reproducibility of SERS signals. To illustrate the
homogeneity of the prepared NP array substrate and
reproducibility of the SERS signal, Raman mapping (Figure
4a) was taken on an area of 20 X 20 um” and SERS spectra
(Figure 4c), taken from 10 different sites chosen randomly on
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Figure 4. (a) Selected SERS maps of Rhodamine 6G molecules
(1600—1700 cm™, 20 X 20 um?, step size 2 ym) on the S-nm-gap Ag
NPs substrate with the average intensities integrated, scale bar: 4 ym.
(b) A typical SEM image of the AgNP array over a large area. (c)
Spectra measured at 10 different regions on a 1 cm” area of S-nm-gap
Ag NP array show that variation in the SERS spectra was about 2%.
The inset shows the standard deviation and the average value of the
three prominent peaks at 1363, 1508, and 1650 cm™". All scale bars are
4 pm.

an entire 1 cm” area for the G-S sample (the sample with the
highest SERS enhancement) for 107 M R6G. Figure 4a
displays three of the spot-to-spot SERS maps for different areas
(20 X 20 um?) of the substrate, which were recorded with a
step of 2 ym using the integrated area of the baseline-corrected
peaks at 1650 cm™'. The color distribution shows that the
SERS signal intensities tend to be uniform. Moreover, the
average intensities of SERS mapping obtained from the
intensity distribution resulting from three different areas of
the substrate are very close, indicating that the fabricated Ag
NPs substrates are uniform and have highly reproducible SERS
performance. The low magnification SEM image (shown in
Figure 4b) of the Ag NPs arrays (G = S nm) revealed ordered
NP arrays on a large area SERS substrate which possesses high
spatial homogeneity without noticeable defects over a relatively
large area. For the spectra of 10 random locations in the sample
there are no changes in the characteristic peaks of the spectra
except for very minimal variations in the intensity at various
points, as shown in Figure 4c. In order to further explain the
high reproducibility of the substrate, RSDs in SERS intensity at
three prominent peaks at 1363, 1508, and 1650 em™! (2.62%,
1.69%, and 1.41%, respectively) for 1077 M R6G on the G-§
nm substrate were calculated and shown in Figure 4c, inset.
The RSDs as low as 1—3% reveal excellent uniformity of the as-
prepared substrate with S nm gap. Although less than 20%
variation in SERS intensity between various points of the
substrate is very acceptable for SERS quantitative studies,*’
there is always a high demand for better reproducibility and
more stable SERS substrates. In a comparison with the
previously reported substrates with RSD less than S5—
10%”*>% or even in the range 2—3% on an area of about 1
mm,>* our observed SERS intensity variation (about 2%) with
high enhancement in such a large area (>1 cm?) is probably the
smallest. Apparently, the well-ordered distribution of hot spots
endows the substrate with high reproducibility.” Moreover, the
high density (~3 X 10'°-10" cm™) of the hot spots
(nanogaps about S nm) is greatly beneficial to obtain a
uniform SERS signal*”**With lower concentration of the
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probe molecule, particularly at the ultralow concentration,
better reproducibility can be expected.®*The low value of RSD
and the high EF of SERS signals indicate the as-prepared
substrate may be promising for highly sensitive and uniform
SERS detection, which demonstrates the most important
advantage of the UTAM surface pattern technique.

The minimum gap is S nm in the present experiments of this
paper, and smaller gaps than 5 nm are goals for fabrication to
get better SERS performance. Moreover, so far all the UTAMs
that were utilized in the experiments are conventional templates
with a limited range of pore arrangement regularity. Recently,
UTAM templates with regular pores on millimeter-sized pore
regularity have been prepared successfully in our work.’" This
kind of long-range regular template could also be used to
fabricate similar Ag nanoparticle arrays with much higher
regularity in a larger area, resulting in even higher EF, excellent
spatial homogeneity, and highly controllable SERS perform-

ance.

4. CONCLUSIONS

In summary, the preparation of highly enhanced and
reproducible SERS substrates of Ag NP arrays with very
small gaps (~5 nm) is demonstrated on the basis of a UTAM
technique. The very high EF (as high as 10°) and the excellent
reproducibility (~1—3% RSD in an entire area of 1 cm?) of the
SERS signal are obtained, which demonstrate the advantages of
the well-defined nanogap substrate with high structure
tunability and SERS performance controllability on a large
area, inexpensive, and easily controllable fabrication method.
FDTD calculations further indicate that the excellent SERS
characteristics are due to the high density and abundance of
very small (about S nm or smaller) hot spots. The Ag NP arrays
show great potential for the development of sensitive, cost-
effective, and large area SERS-based sensors. With further
control of the patterning process, it is possible to realize
nanopatterns with even smaller spacing than 5 nm, so higher
SERS EF is anticipated.
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