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ABSTRACT: Highly ordered silver nanovoid arrays are
fabricated on porous anodic alumina membranes to produce
robust and cost-efficient surface-enhanced Raman scattering
(SERS) substrates. Plasmonic tunability can be accomplished
by adjusting the topography with different anode voltages.
Evenly distributed plasmonic fields, high average enhancement
factor, and excellent ambient stability due to the natural
protective layer are some of the unique advantages, and the
silver nanovoid arrays are applicable to sensing devices.

■ INTRODUCTION
One of the attractive aspects of surface plasmons1,2 is that
subwavelength structures can be used to concentrate and
channel light3 leading to electric field enhancement that can be
utilized to manipulate light−matter interactions and boost
nonlinear phenomena. In particular, the enhanced localized
electromagnetic (EM) field near the metallic surface gives rise
surface-enhanced Raman scattering (SERS)4 and modern
nanofabrication and spectroscopic techniques have rendered
nondestructive and ultrasensitive characterization down to the
single molecular level possible.5,6 Generally, ordered metal
nanostructure arrays that are patterned periodically in two
dimensions are referred to as plasmonic crystals and provide a
promising platform for SERS sensing.7,8 Furthermore,
plasmonic crystals made of nanoparticle and nanohole/
nanovoid arrays of plasmonic materials yield localized surface
plasmon resonance which can be tuned by carefully controlling
the size, shape, and spacing of the nanostructures.9,10

Herein, periodically patterned silver nanovoid arrays are
fabricated on porous anodic alumina (PAA) membranes to
produce robust and cost-efficient SERS substrates exhibiting
significant SERS enhancement. Plasmonic tunability is achieved
by altering the topography using different anode voltages. The
silver nanovoid arrays on PAA have the following additional
advantages: (1) creation of long-range uniform plasmonic
structures with centimeter dimensions, (2) excellent stability in
air due to natural protection from the barrier layer of PAA, and
(3) greater enhancement effects because voids provide larger
energy confinement than particles.11,12

■ EXPERIMENTAL SECTION
Synthesis of the Base of PAA Substrates. High-purity

aluminum (Al) foils (99.99%, 30 mm × 30 mm × 0.3 mm) were
degreased by acetone and electropolished using a mixture of ethanol
and perchloric acid with a volume ratio of 5:1 under a constant direct-

current (dc) voltage of 15 V for 3 min to further remove surface
impurities (Figure 1A). After rinsing in distilled water and drying, the
Al foils were anodized separately in a 0.5 M oxalic acid solution at a
constant dc voltage of 20 V (30, 40, 50, and 60 V) at 10 °C. In order
to obtain an ordered nanopore array, a two-step anodizing process was
adopted. The Al foils were first anodized for 2 h followed by
immersion into a mixture of chromic acid (1.8 wt %) and phosphoric
acid (6 wt %) at 75 °C (1:1 in volume). After 2 h, the alumina layer
produced in the first step was removed and the surface of the foil
became bright. The anodizing time in the second step was 2 h, and the
PAA templates were obtained (Figure 1A,B). The PAA templates were
reinforced by copper tape as a protective layer (Figure 1B,C). Finally,
the aluminum base was dissolved in a saturated solution of copper
sulfate by wet-chemical etching to obtain the PAA substrates with
alumina protrusion arrays (Figure 1C,D).

Synthesis of Silver Nanovoids. A silver film about 1 μm thick
was deposited on the alumina protrusion arrays in a dc magnetron-
sputtering system (Figure 1D,E) (typical magnetron power of about
40 W−410 V and 100 mA). The silver nanovoid arrays were finally
obtained by inversing the deposited substrate and dissolving the
alumina barrier layer in a 0.5 M sodium hydroxide solution (Figure
1E−G). The silver nanovoid arrays were protected from contami-
nation and oxidation by the barrier layer of PAA with good mechanical
and chemical robustness. Hence, storage in a vacuum desiccator was
not necessary. To better define the void structure, we define each
nanovoid is a part of hollow sphere, where D is the diameter of circular
section and H is the spherical void height as shown in Figure 1H.

Instrumentation and Data Acquisition. Scanning electron
microscopy (SEM: JEOL JSM-6335F) and atomic force microscopy
(AFM: Vecco Nano Scope V) were used to investigate the
nanostructures. The AFM probes were composed of a pyramidal tip
14−16 μm long with a radius of curvature of 6 nm connected with a
rectangular silicon cantilever with a 30 ± 5 nm aluminum reflex-side
coating. The Raman measurements were performed on a Jobin Yvon
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LabRAM HR800 micro-Raman spectrometer with the 514 nm laser
line at room temperature. An area of ∼3 μm in diameter was probed
by a 50× objective lens (nominal aperture 0.45), and the incident
power at the sample was 45 μW. The signal acquisition time was 10 s.
In order to evaluate the substrate Raman-enhancing capability, a
Rhodamine 6G (R6G) water solution was used. In order to allow
molecule adsorption, the substrate was maintained for 30 min in the
R6G solution and then taken out and rinsed thoroughly. The
acquisition time and laser power were the same for all Raman spectra.
The SERS spectra were recorded from multiple sites on the substrate
surface to confirm reproducibility. Similar SERS spectral characteristics
such as enhancement, position, and relative intensity of the bands were
determined from various locations to confirm large area production of
uniform geometries.

■ RESULTS AND DISCUSSION

The large-area SEM image of the representative silver nanovoid
array shown in Figure 2A and Figure S1 reveals a honeycomb
structure (see the inset of Figure 2A) with each void
surrounded by six equivalent adjacent ones and is easily scaled
up to contiguous areas cm2 in size. The high-resolution 3D
AFM image in Figure 2B shows that the size of each void is
around 100 nm. The cross-sectional geometry of the sample is
shown schematically in Figure 2C, and the voids have similar
shape and size. By adjusting the anode voltages, a series of silver
nanovoid arrays with different sizes can be obtained as shown in
Figure 2D−H. The size of each silver nanovoid is consistent
with the inverse alumina protrusions on the PAA template (see
Figure S2). Moreover, the average D value can be tailored from
60 to 150 nm, and the functional relationship between D and
the anode voltage is approximately linear as shown in Figure 2I.
To evaluate the Raman enhancing capability of the silver

nanovoids, an aqueous solution (1.0 × 10−5 M) of R6G is used
on the substrate. Figure 3A shows the typical Raman spectrum
of the R6G solution obtained on the silver nanovoids (anode
voltage = 40 V) versus that acquired on the flat aluminum
substrate with the same thickness silver coating excited at 514.5
nm. In the range between 500 and 1700 cm−1, many salient
peaks emerge. The more prominent ones at 1510, 1537, 1574,
and 1649 cm−1 can be assigned to the totally symmetric modes
of in-plane C−C stretching vibration. In contrast, the normal
Raman signature of 1.0 × 10−2 M R6G corresponding to the

silver-coated flat aluminum substrate is only barely recogniz-
able. The empirical enhancement factor is estimated to be
larger than 3 × 104 by comparing ratios of the average SERS
peak intensity (at 1649 cm−1) of R6G to the corresponding
average unenhanced signals. The performance of the same
SERS-active substrate in the detection of R6G is illustrated in
Figure 3B. The standard error obtained by analyzing 10 Raman
spectra of 1.0 × 10−5 M R6G measured at 10 different locations
on a typical SERS-active substrate shows less than 9% error for
the most intense Raman spectra.

Figure 1. Schematic illustrating the fabrication process for the silver nanovoid arrays: (A) pretreated Al sheets, (B) PAA templates, (C) reinforced
and inversed PAA templates, (D) PAA templates with alumina protrusion arrays, (E) silver films which are deposited on the alumina protrusion
arrays, (F) silver nanovoid arrays protected by the barrier layer of PAA, (G) silver nanovoid arrays, and (H) void structure.

Figure 2. (A) Representative large-area SEM image of the silver
nanovoid array. The inset in (A) shows a honeycomb. (B) 3D AFM
image acquired from a representative silver nanovoid array. (C) Cross-
section analysis along the blue line in (B). A series of SEM images
acquired from the silver nanovoid arrays at different voltages of (D)
20, (E) 30, (F) 40, (G) 50, and (H) 60 V. The scale bar is 100 nm. (I)
D as a function of voltage. The solid line is a guide to the eye.
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The repeatability of different production batches is the key to
realize mass production and commercial applications of the
SERS substrates. However, it is not always possible to inspect
every product and aspect of the production process all the time.
The challenge is to design ways to maximize the ability to
monitor the quality of the SERS substrates produced. One way
to ensure a quality product is to build quality into the process.
Statistical quality control is used to describe the set of statistical
tools used by quality control professionals. The most
commonly used tool for monitoring the production process is
a quality control chart and different types of quality control
charts are used to monitor different aspects of the production
process. The mean or x-bar chart measures the central tendency
of the process, whereas the range chart measures the dispersion
or variance of the process. Every control chart has a center line,
an upper control limit, and a lower control limit. The center
line of the control chart is the mean of the quality characteristic
being measured. The upper control limit is the maximum
acceptable variation from the mean for a process that is in a
state of control. Similarly, the lower control limit is the
minimum acceptable variation from the mean for a process that
is in a state of control. The upper and lower control limits on a
control chart are usually set at ±3 standard deviations from the
mean. Herein, the statistical quality control is introduced into
the process to monitor the quality of silver nanovoid arrays.
Figure 3C shows the typical quality control chart for silver
nanovoids under 40 V inspecting the SERS intensity of 1.0 ×
10−6 M R6G at 1649 cm−1. It graphically documents the
analytical performance of the system, and the platform
construction is described in detail in the Supporting
Information. In the x-bar chart, the center line, upper control
limit, and lower control limit are 520.6, 554.0, and 487.1,
respectively. In the range chart, the center line, upper control
limit, and lower control limit are 58.0, 122.7, and 0,
respectively. All the results fall inside the control limits,
indicating that the discrepancy is within the acceptable level. In

addition, small values of the range and standard deviation in
Table 1 indicate that the data are closely clustered around the

mean. The good repeatability can be attributed to the
convenient and well-understood preparation method as well
as favorable ordered configuration of the silver nanovoid arrays.
Hence, the silver nanovoid arrays can be readily mass produced
whereas it tends to be a challenge for other traditional
production processes.
Solutions of R6G with different concentrations have been

used to study the SERS dynamic range of these SERS
substrates. Figure 3D shows the recorded Raman intensity at
1649 cm−1 as a function of the molar concentration on a
logarithmic scale. The linear correlation from 1.0 × 10−8 to 1.0
× 10−6 M with a proportionality constant of unity suggests that
the number of adsorption sites with high Raman enhancement
is large enough to accommodate a considerable range of sample
concentrations. A nonlinear dependence emerges for concen-
tration above 1.0 × 10−6 M, suggesting that adsorption of R6G
onto sites with high enhancement becomes saturated beyond
this level as multilayers of R6G molecules accumulate on the
substrate surface. In addition, the silver nanovoid arrays show
excellent stability in air due to natural protection from the
barrier layer of PAA (see Figure S3). In conjunction with the
robust enhancement factor obtained across the entire substrate,
the broad dynamic range and excellent stability facilitate the use
of SERS in chemical/biological sensing applications with high
sensitivity.
Resonant light absorption by void plasmons is accompanied

by high local-field enhancement15 to trigger the SERS effects.
Since the absorption and local-field properties of these types of
nanovoid structures can be effectively tailored by varying the
diameter of the voids, the amplification factors can be actively
tuned and optimized. As a representative application, we
examine the native DNA base adenine. Adenine is chosen
because it does not have any appreciable one-photon
absorption at the excitation wavelength and so has a very low
fluorescence background and minimal interference in the SERS
measurement. Moreover, adenine has large potential in genetics
studies and also been investigated as a biological molecular
probe.16 The typical SERS spectrum of aqueous 1.0 × 10−5 M
adenine are depicted in Figure 4A. The laser power is reduced
to 0.02 mW to avoid photodecomposition of the sample. The
SERS spectrum of adenine in Figure 4A is consistent with
previous data17 showing a characteristic Raman line at 723 and
1330 cm−1 that correspond to the purine ring breathing mode
and CN stretching mode, respectively.
The finite-difference time-domain method is adopted to

calculate the local EM fields of the void structure. A typical

Figure 3. (A) Comparison of Raman spectral characteristics of 10−5 M
R6G adsorbed on the flat silver sheet and silver nanovoid array. (B)
Normalized mean SERS signal Raman spectrum of 10−6 M of R6G
averaged over 10 spectra measured at 10 random locations of single
SERS-active substrate. Their standard error (Δ) is shown below. (C)
Statistical quality control chart traces different batches of silver
nanoviods: x-bar chart (above) and range chart (below). (D) Average
SERS signal at 1649 cm−1 as a function of the R6G molecular
concentration on a logarithmic scale. Solid line is a guide to the eye.

Table 1. Statistical Data for the Quality Control Chart

bin mean range std dev

1 540.1 56.5 26.1
2 519.4 39.1 14.6
3 521.2 40.6 17.9
4 525.4 72.9 29.4
5 506.7 59.8 24.3
6 515.0 79.4 31.3
7 517.6 56.0 21.4
8 514.3 37.5 16.2
9 523.5 72.3 26.9
10 522.5 66.1 24.0
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planar and cross-sectional view of the calculated radial EM field
components of the silver nanovoid array (40 V) is displayed in
Figure 4B. The silver nanovoid array is approximated by the
fundamental nanostructure unit composed of seven hexagonally
arranged voids using dimensional parameters D and H shown
in Figure 1H equal to the mean values of the samples produced
experimentally. The radiation at 514 nm is assumed to be
normal to the sample surface. Cleary, the maximum localized
surface EM field appears near the boundary of the adjacent
nanovoids. Since voids embedded in metal films possess
additional rim plasmon modes that selectively couple with void
plasmons to produce bonding and antibonding hybridized
states with significant field enhancements,18 our calculation
shows that these localized resonant plasmon modes are able to
produce maximum local enhancement as large as 108 for the
Raman signal from molecules adsorbed at these boundary of
adjacent nanovoids. This exceeds the average over the entire
silver nanovoid surface area by several orders of magnitude
because most of the optical excitations are localized in these hot
spots.19

To optimize the amplification factors and evaluate the
dependence of the Raman-enhancing capability of the silver
nanovoid arrays on different size (see Figure 2D−H), an
aqueous 1.0 × 10−5 M adenine is used. Common SERS spectral
characteristics such as the position and relative intensity of the
bands are determined from multiple and randomly chosen sites
on the substrate surface to improve data reliability using the
same acquisition time and laser power. Figure 3C shows the
SERS peak intensity (at 1330 cm−1) versus anode voltages
illustrating the different enhancement efficiency. The Raman
enhancement observed from the sample in Figure 2G is larger
than that from the others, and the strong enhancement can be
attributed to the fact that the nanovoid array is assembled based
on a favorable void configuration and highly ordered arrange-
ment,20 demonstrating good correlation between experiments
and theory (see Table 2).
In order to evaluate the reliability of the SERS signals and

homogeneity of the silver nanovoid arrays, 2D point-by-point
SERS mapping of adenine is performed. Figure 4D displays a
typical SERS map of the silver nanovoid array (40 V), and

excellent uniformity over a large area of 63.0 × 63.0 μm2 is
achieved by measuring 441 points at a regular scanning step of
3.0 μm. The relative SERS peak intensity of the spots is
centered in a narrow range, and the spot-to-spot relative
standard deviation is 10%. This indicates that the substrate
homogeneity is quite good, and strict control of the preparation
conditions can ensure good reproducibility among different
sample batches.

■ CONCLUSION
Silver nanovoid arrays fabricated on PAA membranes are
demonstrated to be excellent SERS substrates. The cost-
effective spherical nanovoids which can be produced con-
veniently in mass quantity offer broad spectral tuning of the
plasmon modes. Unlike the conventional way to generate hot
spots in the gap between two closed nanostructures, the
nanovoid arrays introduce hot spots located on the metal
surface near the boundary of adjacent nanovoids, and hence,
they are more capable of exciting dipoles in the deposited
molecules. Moreover, the barrier layer of PAA protects the
Raman-enhancing functional layer from contamination and
oxidation thereby significantly expanding the applications of
SERS to materials and life sciences, food safety, drugs,
explosives, and environmental pollution.
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Figure S1. A large-area SEM image acquired from a typical silver nanovoid under 40 

V. The inset is an optical photograph of a 2 cm diameter wafer. 

 

 

 

Figure S2. A typical cross-section SEM image acquired from the base of PAA 

membranes. The scale bar is 100 nm. 
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Figure S3. (A) Silver nanovoid arrays are protected from contamination and 

oxidation by the barrier layer of PAA. (B) Recorded average Raman intensity as a 

function of the storage time.  The small intensity attenuation curve suggests that 

silver nanovoid arrays have excellent stability in air due to intrinsic protection 

rendered by the alumina barrier layer. 
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SERS Enhancement Factor (EF) Calculation 

 

1. Empirical EF (EEF) Calculation 

 

The SERS EEF is estimated by comparing the ratios of the average SERS peak 

intensity at 1649 cm
-1

 of the probe molecules to the corresponding average 

unenhanced signals contributed by a surface-adsorbed molecule according to the 

following equation: 

SERS SERS

Raman Raman

I / N
EEF

I / N
=

, 

where ISERS and IRaman represent the Raman intensities for the probe molecules on 

substrate surface, respectively and NSERS and NRaman represent the numbers of the 

corresponding molecules that effectively excited by the laser.  The experimental 

conditions such as the laser wavelength, laser power, microscope objective, spot size, 

spectrometer, and measurement conditions on the substrate are identical in all cases. 

 

2. Theoretical EF (TEF) Calculation 

 

The SERS TEF is estimated by a simplified approximation according to the 

following equation: 

4

loc

4

0

E
TEF

E
=

, 



 

5

where Eloc is the location electric-field intensity, and E0 is the electric-field intensity 

associated with the incident plane wave. 

 

Statistical quality control 

 

Considering that it is not always possible to inspect every product and every aspect 

of the production process at all times, statistical quality control is introduced to the 

process to maximize the ability to monitor the quality of SERS substrates produced.  

Here, we randomly take ten samples with five observations to inspect the SERS 

intensity at 1649 cm
-1

 from fifty samples in different batches. 

 

1. x-Bar Charts 

 

An x-bar char is used to monitor changes in the mean of a process.  To compute 

the mean, we sum all the observations and divide by the total number of observations 

in the same sample.  The equation for computing the mean is 

n

i

i 1

x

x
n

==
∑

, 

where , xi and n are the mean, observation i (i = 1, . . . , n) and number of 

observations. 
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Another measure of the variation is the standard deviation (σ).  The equation for 

computing the standard deviation is 

( )
n

2

i

i 1

x x

n 1
σ =

−

=
−

∑

. 

 

To construct a mean chart we first construct the center line of the chart.  Each 

sample has its own mean ( ).  The center line (CL) of the chart is then computed as 

the mean of all sample means, where N is the number of samples: 

N

i

i 1

x

CL
N
==
∑

. 

 

To construct the upper and lower control limits of the chart, we use the following 

formulas: 

N

i

i 1
2

R

UCL=CL A
N

=+
∑

, 

N

i

i 1
2

R

LCL=CL A
N

=−
∑

, 

where A2=0.5768, is a factor that includes three standard deviations of ranges and is 

dependent on the sample size being considered. 
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2. Range (R) Charts 

 

R charts constitute another type of control charts to monitor the variability of the 

process.  The range is simply the difference between the largest and smallest values 

in the same sample: 

max minR x x= −
, 

where xmax and xmin are the largest and smallest values in the same sample. 

 

The method to develop and use R charts is the same as that for the x-bar charts.  

The center line of the control chart is the average range and the upper and lower 

control limits are computed as follows: 

N

i

i 1

R

CL
N

==
∑

, 

4UCL D CL=
, 

3LCL D CL=
, 

where D4 = 2.115 and D3 = 0. 

 


