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Perforated nanocap array: Facile fabrication process and efficient
surface enhanced Raman scattering with fluorescence suppression*
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Recently, individual reduced-symmetry metal nanostructures and their plasmonic properties have been studied exten-
sively. However, little attention has been paid to the approach to fabricating ordered reduced-symmetry metal nanostructure
arrays. In this paper, a novel perforated silver nanocap array with high surface-enhanced Raman scattering (SERS) activity
and fluorescence suppression is reported. The array is fabricated by electron beam evaporating Ag onto the perforated
barrier layer side of a hard anodization (HA) anodic aluminum oxide (AAO) template. The morphology and optical prop-
erty of the perforated silver nanocap array are characterized by an atomic force microscope (AFM), a scanning electron
microscope (SEM), and absorption spectra. The results of SERS measurements reveal that the perforated silver nanocap
array offers high SERS activity and fluorescence suppression compared with an imperforated silver nanocap array.
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1. Introduction

Recently, reduced-symmetry metal nanostructures in-
cluding three-dimensional nanocup/nanocaps,!'>! perforated
semi-shells,[*>1 crescent-moons,® and two-dimensional (2D)
rings/disks!’! have attracted increasing interest. Numerous
research efforts have been made to discover unique op-
tical properties of these reduced-symmetry nanostructures,
such as strong directionality of scattered light,>! high struc-
tural resonance tunability,/*’! and large electromagnetic field

t4-%1 The promising large electromagnetic field

enhancemen
enhancement provided by these nanostructures has been ex-
tensively used in high spatial resolution surface-enhanced Ra-
man scattering (SERS) spectroscopy and imaging.[®! However,
up to now, little attention has been paid to the approach to
fabricating reduced-symmetry metal nanostructure arrays, es-
pecially perforated nanocap arrays, although the properties
of individual reduced-symmetry metal nanostructures have
been studied extensively.>7! The anodic aluminum oxide
(AAO) template-based approach is a well-known method of
fabricating ordered metal nanostructure arrays due to the
AAO template long-range ordering, facile controllability, ex-
cellent reproducibility, easy fabrication, and modest cost.®!

AAO template-based metal nanopore,l”! nanoparticle,'%-12]

(131 and nanocap''#! array SERS-active substrates

nanowire,
have been reported. However, the local electromagnetic fields
and SERS activities of those nanostructure arrays were mainly

increased by gap effect! =191 (also called inter-particle cou-
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pling effect), which displayed a mechanism significantly dif-
ferent from the reduced-symmetry effect. In this paper, we
report on a facile fabrication process for forming imperfo-
rated and perforated silver nanocap arrays by using an AAO
template-based approach. The perforated silver nanocap array
possesses both reduced-symmetry and ordered morphological
characteristics. The optical properties and SERS activity of
the as-fabricated perforated silver nanocap array are further
investigated. The results of SERS measurements reveal that
the perforated silver nanocap array offers high SERS activity
and fluorescence suppression compared with imperforated sil-
Ver nanocap array.

2. Experiment detail
2.1. Synthesis of template and silver nanocap arrays

The schematic plot for the fabrication of perforated sil-
ver nanocap array is shown in Fig. 1. The porous anodic alu-
minum oxide template was prepared by a two-step hard an-
odization (HA) technique in 0.3-M oxalic acid solutions at
130 V and —1.5 °C, followed by removing residual aluminum
in a saturated HgCl, solution. The schematic cross sections
of HA AAO template with and without aluminum are shown
in Figs. 1(a) and 1(b), respectively. The perforated HA AAO
template (the schematic cross section is shown in Fig. 1(c))
was obtained by etching barrier layer of HA AAO template in a
10-wt% H3POj4 solution at 30.0 °C for 50 min. Both imperfo-
rated and perforated silver nanocap arrays were fabricated by
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electron beam evaporating 200-nm thickness Ag onto the bar-
rier sides of imperforated and perforated HA AAO templates,
respectively, at a rate of 0.2 nm/s and a vacuum pressure of
approximately 3 x 1073 Pa. The schematic cross sections of
imperforated and perforated silver nanocap arrays are shown
in Figs. 1(d) and 1(e), respectively.
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Fig. 1. (color online) Schematic plot for the fabrication of perforated
silver nanocap array. (a) Fabricating HA AAO template with alu-
minum base by HA technique. The inset shows the corresponding
cell structure. (b) Removing residual aluminum in a saturated HgCl,
solution. (c) Perforating barrier layer of HA AAO template by wet
chemical method. (d) and (e) Evaporating Ag onto the barrier layer
sides of imperforated and perforated HA AAO templates, respectively.

2.2. Characterization

An atomic force microscope (AFM) with its tip in tap-
mode (Micro-Nano D3000) and a scanning electron micro-

scope (SEM, JOEL JSM-6700F) were employed to character-
ize the surface morphologies of templates and silver nanocap
arrays. Optical absorption spectra were measured using a UV
spectrophotometer (PerkinElmer Lambda 750S). Raman and
SERS spectral measurements were carried out with a confocal
Raman spectrometer (Horiba Jobin Yvon HR800) with 514-
Rhodamine 6G (R6G) was adopted as the
analyte for SERS measurement. The SERS-active substrate

nm excitations.

based imperforated and perforated silver nanocap arrays were
immersed in 1073-M/L R6G ethanol solution for 2 h and then
thoroughly rinsed with deionized water to ensure the same sur-
face coverages for monolayer R6G molecules adsorbed onto

different substrates.[!?]

3. Result and discussion

3.1. Barrier layer morphological difference between im-
perforated and perforated HA AAO template

The barrier layer morphologies of imperforated and per-
forated HA AAO templates are shown in Fig. 2. As shown in
Figs. 2(a) and 2(b), the barrier layer of imperforated HA AAO
is a periodic array composed of close-packed hemispherical
domes and could be described as an AAO nanocap array. The
height of AAO nanocap is about 130 nm—150 nm and the
array period is about 250 nm (as determined by SEM and
AFM images). In contrast, the barrier layer morphology of the
perforated HA AAO template is significantly different from
that of imperforated one. As shown in Figs. 2(c) and 2(d),the
perforated barrier layer is a periodic array composed of close-

packed special cells, which combine a hexagonal ridge-like
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Fig. 2. (color online) AFM and SEM images of imperforated (a) and (b) and perforated (c) and (d) HA AAO templates. The circle indicates perforated

hemispherical dome and the hexagon denotes a hexagonal ridge-like cell wall.
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cell wall (marked with a hexagon) surrounding the perforated
hemispherical dome (marked with a circle). These complex
morphological characteristics can be ascribed to alumina com-
position and etching rate difference between barrier layer cen-
tre and boundary.'”-'8] As a consequence, one can expect that
the perforated HA AAO template will provide potential to
fabricate perforated metal nanocap arrays with special optical
property and SERS activity.

3.2. Morphology and optical properties of imperforated
and perforated silver nanocap arrays

Imperforated and perforated silver nanocap arrays are ob-
tained by electron beam evaporating Ag onto the imperforated
and perforated barrier layer sides of HA AAO template and
their SEM images are shown in Figs. 3(a) and 3(b), respec-
tively. Comparing the morphologies of two types of silver
nanocap arrays in Figs. 3(a) and 3(b), the effect of template
morphology on the deposited silver distribution is verified.
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Fig. 3. (color online) Morphologies and optical properties of imper-
forated and perforated silver nanocap arrays with 200-nm thickness
silver deposition. Panels (a) and (b) show the SEM images of imper-
forated and perforated silver nanocap arrays, respectively. Panel (c)
displays the absorption spectra of imperforated (curve with square)
and perforated silver nanocap arrays (curve with triangle).

As shown in Fig. 3(b), although coalescence of silver particles
flattens hexagonal ridge-like cell wall but the perforated hemi-
spherical domes are observed on the perforated nanocap array.
Figure 3(c) demonstrates that the optical absorption peak of
the perforated nanocap array is red-shifted significantly com-
pared with that of the imperforated nanocap array, which re-
sembles the red-shifting phenomenon of an individual perfo-
rated semi-shell nanostructure.[*! To further verify that the sur-
face composition of the as-prepared nanocap array is silver,
energy dispersive X-ray spectroscopy (EDS) analysis was ap-
plied and the result is shown in Fig. (al) (See item (al) in
Appendix A).

3.3. SERS activity of imperforated and perforated silver
nanocap arrays

SERS spectra of R6G adsorbed on imperforated and per-
forated silver nanocap arrays were measured using a 514-nm
laser, and the measured results are shown in Fig. 4(a). The
pronounced Raman bands in all SERS spectra at 1126, 1183,
1310, 1364, 1507, and 1648 cm™~! are observed, which match
well with the reported results in Ref. [19]. Figure 4(a) indi-
cates that the SERS intensity of R6G molecules absorbed into
perforated nanocap array is much higher than that of imperfo-
rated nanocap array, in spite of the facts that the surface area
and the corresponding number of absorbed R6G molecules
for perforated nanocap array are smaller than those for im-
perforated silver nanocap array. The better SERS enhance-
ment on perforated silver nanocap array can be attributed to
the enhancement of intense local electromagnetic field at the
perforated position (or rims), which is the result of symme-
try breaking in silver nanocap array. The theoretical study
about perforated nanoshells by Wang et al.) indicated that the
hybridization between sphere-like and void-like surface plas-
mon leads to the enhancement of intense local electromagnetic
field. It is also noted that the fluorescence background of R6G
molecules, which always exists in SERS measurement (the in-
set of Fig. 4(a)) and obscures calibration and quantization of
spectral peak information,!??! is highly suppressed as the R6G
molecules are absorbed into the perforated silver nanocap ar-
ray. To investigate the uniformities and reproducibilities of
the fabricated silver nanocap arrays, the SERS spectra taken
from 9 different positions in an area of 3 pm x 3um, sepa-
rately, on the imperforated and perforated arrays are shown in
Figs. (a2) and (a3) (See items (a2) and (a3) in Appendix A)
respectively, and the spot-to-spot variations of characteristic
SERS peak (1364 cm™~!) intensity for both silver nanocap ar-
rays, shown in Figs. (a4) and (a5) (See items (a4) and (a5) in
Appendix A), are below 10%, which indicates that the unifor-
mities and reproducibilities of both imperforated and perfo-

rated nanocap arrays are excellent.

047301-3



Chin. Phys. B  Vol. 22, No. 4 (2013) 047301

| —O0— imperforated silver nanocap array
—— perforated silver nanocap array

g
=]

£ 16
=
€12
z e
} 08 - 1300 1340 ]?;80 1420,
S 04
k=i
op ™ . . L@
1.0 1.2 1.4 1.6
Raman shift/10°cm ™'
4 1.0
E=Raman area

[ fluorescence area

Raman/fluorescence

5
L

o

o0

Integration area/10’ arb. units
[\S}

. .
< o
iN =

1
o
o

Ratio of Raman and fluorescence

(b)

(=)

imperforated silver
nanocap array

perforated silver
nanocap array

Fig. 4. (color online) (a) SERS spectra of R6G with 514-nm excitation
for imperforated (curve with square) and perforated silver nanocap ar-
ray (curve with triangle), where the inset shows the fluorescence back-
ground below the characteristic SERS peak (1364 cm™!). (b) Com-
parisons of SERS activity (denoted by characteristic Raman area), flu-
orescence suppression (denoted by fluorescence area) and the ratios of
Raman and fluorescence background between imperforated and per-
forated silver nanocap arrays.

4. Conclusions

In this paper, we proposed a novel perforated silver
nanocap array with high SERS activity and fluorescence sup-
pression. The array was fabricated by electron beam evaporat-
ing Ag onto the perforated barrier layer side of an HA AAO
template. The analyses of morphology and optical property
reveal that the fabricated perforated silver nanocap array ex-
hibits both reduced symmetry and metallic ordered character-
istics. The results of SERS experiments indicate that the per-
forated silver nanocap array promises potential applications in
sensitive SERS with fluorescence suppression.

Appendix A

(al) Supporting information about EDS analysis of the per-
forated silver nanocap array (Fig. (al)).

(a2) Supporting information about SERS spectra taken from
9 different positions on imperforated silver nanocap ar-
rays (Fig. (a2)).

(a3) Supporting information about SERS spectra taken from
9 different positions on perforated silver nanocap arrays

(Fig. (a3)).

(a4) Supporting information about the variations in charac-
teristic SERS peak (1364 cm™!) intensity of the imper-
forated silver nanocap arrays (Fig. (a4)).

(a5) Supporting information about the variations in charac-
teristic SERS peak (1364 cm™!) intensity of the perfo-
rated silver nanocap arrays (Fig. (a5)).
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