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Large-area indium tin oxide (ITO) nanocap arrays are fabricated on porous anodic alumina (PAA) tem-
plates to produce robust and cost-effective surface-enhanced Raman scattering (SERS) substrates. The
electromagnetic enhancement mechanism is believed to be the main reason for the enhancement. The
topography of the ITO nanocap arrays can be adjusted to optimize the enhancement factor by varying the
anode voltage applied to the PAA templates. The optical interference in enhanced Raman scattering from
the ITO nanocap arrays with different thicknesses are systematically studied and optical self-interference
from the incident, scattered, and emitted light is observed to modulate the intensity and shape of the

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Indium tin oxide (ITO) is one of the most widely used trans-
parent conducting oxides because of its electrical conductivity and
optical transparency and it can be deposited as a thin film. Recently,
experimental observation of the surface plasmon resonance (SPR)
effects from ITO has implications to solid state and surface science
as well as optical applications to sensing and analysis [1-3]. It has
been reported that SPR from ITO is similar to that observed from
noble metals and free from interferences frominterband transitions
[4]. Compared to noble-metal nanostructures, ITO has the following
additional advantages. First of all, ITO has no inter- and intra-band
transitions in the vis-NIR region permitting systematic studies of
the origin of the optical effects arising from SPR of conduction elec-
trons [4]. Secondly, ITO can have a range of compositions resulting
from different metal doping and oxygen content. The SPR frequency
can thus be tuned by changing the thin film preparation technique
or changing the In/Sn molar ratio [3]. Thirdly, ITO is often used to
make transparent conductive coatings in displays. SPR thus has a
positive impact on the performance of integrated optical devices
such as organic light-emitting diodes and solar cells that make use
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of ITO as a transparent electrode [5]. Fourthly, ITO is chemically
and thermally stable. No protective layers are needed in long-time
measurements to monitor biological interactions [2].

One of the attractive aspects of SPR is that subwavelength
structures can be used to concentrate and channel light and pro-
duce electric field enhancement that can be utilized to manipulate
light-matter interactions and boost non-linear phenomena [6]. In
particular, the enhanced localized electromagnetic (EM) field near
the nanostructured surface gives rise to surface-enhanced Raman
scattering (SERS) [7]. SERS has been observed from embedded ITO
prepared by pulsed laser deposition of ITO films on Si templates
with a roughened surface [8] and recent work by Zhao et al. shows
that the Raman enhancement from ITO nanorods is comparable to
that observed from Au nanorods [9]. Nevertheless, fabrication of
ITO nanostructures with evenly distributed plasmonic fields and
reliable SPR properties is still challenging and more research is
needed to spur wider use of ITO in chemical and biological sensing.
In this work, periodically patterned ITO nanocap arrays are fab-
ricated on porous anodic alumina (PAA) templates to produce
robust and cost-effective SERS substrates with significant Raman
enhancement. The use of PAA templates to fabricate SERS-active
substrates is promising considering the easy fabrication, excel-
lent reproducibility, modest cost, and large area production [10].
Moreover, this technique can create long-range uniform plasmonic
structures up to the cm dimensions [11]. Because of the optical
transparency, the influence of the interference phenomenon in ITO
nanocap arrays is investigated and our results demonstrate that the
interference effect is substantial.
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2. Experimental details

High-purity aluminum (Al) foils (99.99%) were degreased by
acetone and then electropolished using a mixture of ethanol and
perchloric acid with a volume ratio of 5:1 at a constant DC voltage
of 15V for 3 min to further remove surface impurities. After rinsing
in distilled water and drying, the Al foils were anodized separately
in a 0.3 M oxalic acid solution at a DC voltage of 30V, 40V, 50V, or
60V at 5°C. In order to obtain an ordered nanopore array, a two-
step anodizing process was adopted. The Al foils were first anodized
for2h(30V, 40V, and 50V) and 30 min (60 V) followed by immer-
sion in a mixture of chromic acid (1.8 wt.%) and phosphoric acid
(6wt.%) at 75°C (1:1 in volume). The anodization time in the sec-
ond step was 15min (30V), 6.5min (40V), 2min (50V) and 40s
(60V), respectively and the PAA templates were obtained.

The ITO nanocap arrays were prepared on the PAA templates
by pulsed laser ablation (248 nm KrF laser, 300 m]/pulse, 3.0 Pa
oxygen, 10Hz) of an ITO target (In,03 92wt.%, SnO, 8 wt.%) at
room temperature. Uniform ITO films were deposited by rotating
the PAA substrates during ITO deposition. Thickness-continue ITO
films were deposited by immobilizing the PAA substrates during
ITO deposition. Similar films were deposited on Si substrates to
determine the film thickness or thickness-distribution more accu-
rately. To improve crystallization and conductivity, the samples
were annealed at 500 °C in vacuum (2 x 10~4 Pa) for 30 min.

Scanning electron microscopy (SEM, JEOL JSM-6335F) and
atomic force microscopy (AFM, Vecco MultiMode V) were used
to investigate the structures of ITO nanocap arrays. The Raman
measurements were performed on a Jobin Yvon LabRAM HR800
micro-Raman spectrometer with the 514nm laser line at room
temperature. An area of ~2 wm in diameter was probed by a 50x
objective lens (nominal aperture 0.45) and the incident power at
the sample was 0.2 mW. The signal acquisition time was 10s. To
evaluate the Raman enhancing capability of the materials, a Rho-
damine 6G (R6G) water solution was used. 8 pL of the R6G solution
was added to the substrate and after the water was vaporized, a
circular mark with a diameter of 3 mm remained on the substrate.
The acquisition time and laser power were the same for all Raman
spectra. The SERS spectra were recorded from multiple sites on
the substrate to improve and 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 and uniform production.

3. Results and discussion

The use of the PAA templates in conjunction of the versatile coat-
ing technique allows flexible and rapid production of the nanocap
arrays [10]. With the exception of the ordered hexagonal pore
arrays on the PAA templates, there are small protrusions along the
surface of the pore wall, and a dent exists between two neighbor-
ing protrusions. The open features of the pores caused by volume
expansion when aluminum is converted into alumina can be used
as templates to design and fabricate the nanostructured platform
in which the areas exhibiting large gap-related enhancement are
organized in a regular pattern. Fig. 1 shows a representative cross-
sectional SEM image of the ITO nanocap array on the PAA template.
The thickness of the ITO layer is 22 nm and that of PAA layer is
380 nm. Protrusions can be observed along the surface of the pore
wall. There is a V-shape dent between two adjacent protrusions (see
the inset) and the hot spots are believed to be located in these V-
shape ortho-cap gaps. The ITO nanocaps separated by tunable gaps
can be fabricated on the PAA templates with different nanopore
diameters, which can be controlled by adjusting the anode voltage.
Fig. 2 depicts a series of 3D AFM images of the ITO nanocap arrays

Fig. 1. Representative cross-sectional SEM image of the ITO nanocap array. The inset
is a surface image at a 30° tilt.

formed at different anodic voltages. The thickness of the ITO layer
is 22 nm. As shown in the AFM images in Fig. 2, these ITO nanocaps
cover the alumina protrusions and exhibit a periodic hexagonal
arrangement. It can be observed that perfect self-organized growth,
which controls the nanopore arrangement, only occurs at a certain
anodic voltage of 40V. The detailed structural parameters of ITO
nanocap arrays are shown in Table 1 and in general, a high SERS
activity results from a high density of hot spots, high order, and
large surface roughness.

To evaluate the Raman-enhancing capability of the ITO nanocap
arrays, an R6G solution (3.3 x 10-6 M) is applied to the ITO/PAA/AI
substrates. Fig. 3A shows a series of spectra illustrating the effi-
ciency of SERS. Many salient Raman peaks can be observed from
the R6G probe. The Raman intensity varies substantially with differ-
ent nanopore diameters. The Raman enhancement observed from
the ITO/PAA(40 or 50V)/Al substrates is evident larger than from
ITO/PAA(30 or 60 V)/Al substrates. The difference in spectral shape
between the 40 and 50V samples is result of different influence
by interference effect which will be discussed later. The strong
enhancement can be attributed to that the nanocap arrays are
assembled with a favorable gap configuration and highly ordered

Fig.2. 3D AFM image (1.5 x 1.5 wm?) acquired from the ITO coated PAA membranes
formed under different constant DC voltages: 30, 40, 50 and 60 V. The thicknesses
of the ITO layer are all set to be 22 nm.
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Table 1
Structural parameters of ITO nanocap arrays shown in Fig. 2.
DC voltage (V) 30 40 50 60
Para-cap spacing (nm) 70 104 134 153
Pore diameter (nm) 22 33 40 48
Pore density (cm~2) 3.14 x 1010 1.42 x 1010 0.85 x 1010 0.65 x 1010
Surface roughness (nm) 9.4 13.1 16.0 21.8

arrangement. Together with a high density of both ITO nanocaps
and hot spots, intense SERS enhancement can be achieved. In com-
parison, R6G adsorbed directly on a quartz substrate exhibits no
visible R6G Raman bands but only a strong fluorescence back-
ground. The fact that the fluorescence from the R6G molecular
probes is largely quenched on the ITO surface suggests that the
excited electrons from the R6G molecules transfer with an ultra-
fast and nonradiative decay rate into the dissipative modes of the
ITO layer. This is expected from molecules adsorbing directly on
metallic surfaces and in agreement with electromagnetic predic-
tion [12].

Fig. 3B shows the intensity of the SERS signal at 612cm~! as
a function of molar concentration on a logarithmic scale. A linear
behavior appears from 1 x 10~7 to 1 x 10~ M with a proportional-
ity constant of unity, suggesting that the number of adsorption sites
with high Raman enhancement is large enough to accommodate a
considerable range of sample concentrations. When the concen-
tration is increased to more than 1 x 10~ M, a strong fluorescence
background emerges, indicating that adsorption of R6G onto sites
with high enhancement becomes saturated as multilayers of R6G
molecules begin to accumulate on the surface. Low detection of R6G
probes of 1 x 107 M or 50 ng/mL is observed here and it is much
lower than the reported 1-10 p.g/mL on ITO nanorods [9]. Consid-
ering that silver has a highest quality factor (Ag 392, Au 16.66, ITO
2.72), the typical silver nanocap array is chosen as a reference in

this study. A silver film with a thickness of 22 nm is evaporated
onto a PAA membrane (40V) at room temperature. Similar SERS
spectral characteristics [see the top of Fig. 3A] such as the position
and relative intensity of the bands are determined from the silver
nanocap array. With regard to the silver nanocap arrays, the inten-
sities of the Raman signal at 612 cm~"! at two R6G concentrations
are shown in Fig. 3B which discloses that the enhancement capa-
bility of the ITO/PAA/AI substrate is 3.9% of that of the Ag/PAA/AIl
substrate. Here, the enhancement capability of ITO nanocap arrays
is comparing with that of new-prepared silver structure. However,
due to chemical instability, the formation of silver oxidation or a
protecting layer will cause the enhancement capability of silver
structure evidently degrade. This is because the light field of sur-
face plasmons exponentially decays from the metal surface, as a
result, the molecular probes have to be near the metal surface in
SERS experiments. In contrary, after several months, the Raman
activity of the ITO structure is essentially unchanged.

The homogeneity of the ITO nanocap arrays is evaluated by 2D
point-by-point SERS mapping of the R6G molecules. Fig. 3C shows
a typical SERS map of the ITO nanocap array. Excellent uniformity
over a large area of 40.0 pm x 40.0 wm is achieved by measuring
400 points at a regular step of 2 um. The relative SERS peak
intensity of the collection spots is centered in a narrow range and
the spot-to-spot relative standard deviation is 7%. This suggests
that the substrate homogeneity is quite good and strict control of

Fig. 3. (A) SERS spectral comparison of 3.3 x 10~ M R6G adsorbed on the ITO coated PAA membranes formed under different constant DC voltages (samples in Fig. 2) and a
blank quartz substrate and 3.3 x 10~7 M R6G adsorbed on silver coated PAA membrane formed under 40V. (B) SERS signal at 612 cm~! as a function of the R6G molecular
concentration on a logarithmic scale: ITO/PAA(40 V)/Al substrate (open circles) and Ag/PAA(40 V)/Al substrate (solid diamonds). Solid line is a guide to the eye. (C) Typical

SERS map (40 wm x 40 pm) obtained from the ITO nanocap array (40V).
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Fig. 4. (A) Variation of SERS spectra of R6G molecular probes with the increasing of thickness of ITO films on PAA (50 V) membrane. (B)-(E) SERS intensities of the Raman
signal at 612cm~! as a function of the ITO thickness, the PAA membranes were anodized at (B) 30V, (C) 40V, (D) 50V and (E) 60 V. Open circles are the experimental data.
Solid lines are the theoretical intensity distributions calculated using interference factor F(d2, d3, A1, A2). In calculations, parameters were set as A; =514.5nm, A, =531 nm

and a=3.

the preparation conditions can ensure good reproducibility among
different batches.

Because of the optical transparency of both ITO nanostructure
and PAA membrane, the influence of interference phenomenon on
the enhanced Raman signals is also investigated. Fig. 4A shows the
enhanced Raman spectra acquired from the 3.3 x 10~ M R6G probe
on 20-180nm ITO on a PAA (50 V) membrane. The Raman signals
and fluorescence background are strongly affected by the thickness
of the ITO film showing variations of up to 24 times in the Raman
signals. The detailed variations are shown as a function of ITO film
thickness [intensity at 612cm~! is used] with different nanopore
diameters in Figs. 4B-E. The position of the peaks depends on the
PAA membrane thickness. It is noted that the fluctuations in the
Raman signals with film thickness follow the color variation in the
reflective interference fringes [see Fig. S1], which is caused by opti-
cal interference between the surface and interface of a transparent
film [13].

The interference effect on SERS of ITO/Si(etched) substrate is
discussed in the context of a multi-reflection model [13,14]. Fig. 5A
shows the schematic diagram of the optical self-interference in the
air/ITO/PAA/AI structure. Multiple reflections occur in the trans-
parent ITO layer and the PAA membrane. Three self-interference
sources including the incident light, scattered light, and emitted
light are considered separately. The three sources determine the
spectral intensity and shape. In the air (phase 1)/ITO (phase 2)/PAA
(phase 3)/Al (phase 4) system, the combined modification factor
of the interference effects can be written as F(d», ds3, A1, A3) =f1(d2,
ds, A1)-fo(da, d3, A2), where f1(d3, d3, A1) refers to the change in
light absorption due to self-interference of the incident light at

wavelength A1 and f,(dy, d3, Ay) is the change in the detected
intensity due to self-interference of the scattered or emitted light
at wavelength A,.

Considering that the backscattering configuration is adopted
and that the size of the porous structure is much smaller than the
wavelength of the incident light, the theoretical treatment on the
reflection from a surface of a porous material is simplified to the
reflection from a flat surface where the effective refractive index
of the porous material is needed. Such a simplification has been
adopted to study optical oscillation in PAA layer by Huang et al.
[15] and Gardelis et al. [16]. Finally,

5
r12 + ry34e?h2

dy,d3, A)=1—- | ——————
fildz, d3, Aq) SE——TTs

and
1 2,/NiN, T'234€2i'32
foldy,d3, Ay)= ——|1+Va -
1+a Ny + Ny 1+ rqary34€2ih2
2if3 N; cos 6;—Nj, cos 6
193+134€ k k
where, rp34= 23 1= W (rjy are the

1+r23r3492iﬁ3 ’
reflectance at interface of phase j and k), phase factor

d;
Bj=2m (71)
incident or refractive angle of phase j and is zero at back-scattering
configuration. “a” is defined as a = Ifye/Ipack, Where Ipacx = %Nl E%O
and Isype = %NzEgo are the initial scattered or emitted intensity at
the backward direction and forward direction, respectively. The

N;, d; is the thickness of phase j, and 6; is the
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Fig. 5. (A) Schematic diagram of optical self-interference of the incident light and
scattered light or emitted light. Multiple reflections happen within the transparent
ITO layer and the PAA membrane. (B) Calculated interference factor map, as the
function of the thicknesses of the PAA membrane and the ITO film. In calculations,
parameters were set as Ay =514.5nm, A, =531 nm and a=3.

complex refractive indexes are set as Ny =1 +i0, N, =1.886 +i0.032
(514.5nm) and 1.868+i0.032 (531 nm), N3=nes+i0.003, and
N4=0.83+i6.28 [13,17,18]. The effective refractive index of the
PAA membranes nqg=1.586-1.595 is obtained from the Brugge-

g 0, where
nglumina+2ngff 1+2n§ -
Nalumina 1S 1.67 [20] and the porosity p of the PAA membranes
is estimated to be 10.8-12.2% according to our microstructural
observation (Table 1). Here, the thickness or thickness distribution
of the porous ITO layers on the PAA membranes cannot be directly
and precisely measured. Their mass-equal thicknesses obtained
from the ITO layers on flat Si substrates are used in the calculation.
Hence, we can use a refractive index n instead of an effective
refractive index neg for the porous ITO layers in the calculation.
The calculated Raman-intensity fluctuations with F(dy, ds, Aq,
A2)=f1(da, d3, A1)-fo(dy, d3, Ay) at a=3 are shown in Fig. 4B-E
and the calculated curves agree well with the experimental data
with regard to the peak positions, which indicates that the above
assumption on ITO film thickness is reasonable.

Fig. 5B shows the calculated interference factor 2D map as a
function of the thickness of ITO film and PAA membrane. In this
map, the regions with a high interference factor (red or yellow
color) refer to the conditions under which a high Raman inten-
sity is obtained. Such regions are sharp and long with a period of

. n2 . _n2
man equation [19]: (1 —p)—plumina_eff 4

138 nm (ITO thickness) and 165 nm (PAA thickness). This indicates
that the thickness of both the ITO film and PAA membrane has to
be controlled rigidly. Considering that the growth rate of the PAA
membrane of 30-220 nm/min is quite large and fluctuations on the
outer and inner surface, it is difficult to control precisely the thick-
ness of the PAA membrane with a deviation of less than 10 nm.
Here, ITO films with a limited thickness distribution are fabricated
to compensate for the thickness deviation in the PAA membrane.
The reflective interference fringes shown in Fig. S1 are useful in
helping to identify rapidly the regions with a high interference fac-
tor. It should be noted that the detected intensity is the result of
surface and interference co-enhancement. Figs. 4C-D shows that
the left peak in the calculated curve is slightly weaker than the right
peak, but the experimental results are opposite. The discrepancy
between theoretical and experimental results arises from that the
theoretical fitting only considers the modulation of optical inter-
ference on the Raman intensity whereas the Raman spectra are in
fact co-enhanced by the interference and surface. In addition, a thin
PAA membrane may help to decrease the fluorescence background,
as shown in Fig. 3A. Therefore, besides the 2D map, a thinner ITO
film and PAA membrane should be considered.

4. Summary

ITO nanocap arrays fabricated on PAA membranes are demon-
strated to be excellent SERS substrates. A low detecting limit of R6G
probes of 1 x 10~7 M or 50 ng/mL is achieved. Owing to the high
transparency of both the ITO layer and PAA membrane, thin-film
interferences strongly modulate the Raman spectra from molecules
adsorbed on the ITO/PAA/AI substrate. The interference effect pro-
vides flexibility in sample preparation and can lead to surface and
interference co-enhanced Raman scattering.
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