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We determine the surface enhanced Raman (SER) capability of indium tin oxide nanorods

(ITO NRs) whose physical, chemical, and optical properties are precisely and uniformly

controlled during synthesis. We demonstrate that the Raman intensities observed from varying

concentrations of the pure and mixed molecules of rhodamine 6G and 40,6-diamidino-2-

phenylindole are much larger on ITO NRs relative to those measured on commercially

available ITO-coated glass or Si. Our efforts signify the first attempt to assess the SER

capability of precisely controlled metal oxide NRs and will be highly beneficial to many

basic and applied Raman applications requiring exceptional detection sensitivity. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4740273]

Surface enhanced Raman spectroscopy (SERS) is a

powerful analytical tool which has proven its usefulness as a

very selective and sensitive surface measurement technique.1–

6 In SERS, the majority of the substrates used for surface

enhancement effects involve nanoparticles, thin films, islands,

and three-dimensional constructs of coinage metals such as

Cu, Au, and Ag.2,7–9 Identifying potential SERS-active sub-

strates and understanding enhancement mechanisms for such

substrates are critical to the field and, therefore, still remain a

key area of SERS study. Although not as extensively explored

as the aforementioned metals, some research efforts are made

to obtain SERS of transition metals such as Pt, Rh, Pd, Fe, Co,

and Ni.3,10–13 And more recently, other systems involving ei-

ther a metal oxide thin film or a hybrid system of a metal

nanoparticle/metal oxide thin film have been demonstrated as

SERS-active materials.7,14–19 Plasmonic characteristics simi-

lar to those observed from noble metals are found in some

transparent conducting metal oxides such as indium tin oxide,

fluorine-doped tin oxide, and aluminum-doped zinc oxide.18,20

Despite many leading efforts on this aspect, only a small

subset of research discusses Raman enhancement effects

observed from nanomaterials that are precisely controlled for

their physical, chemical, optical, or electrical properties

during synthesis. Controlling the exact size and structure of

the nanomaterials has not been the primary focus of many pre-

vious SERS studies, and many of the studies involve random

surface roughening of Raman substrates for desired surface

enhancement effect. Only more recently with the progress in

nanoscience has it become an active subject matter of SERS

investigation.4,8,21–23 When it comes to one-dimensional (1D)

metal oxide nanomaterials which typically exhibit a higher as-

pect ratio than noble metal nanorods of a comparable diame-

ter, concerted SERS measurements on controlled

nanomaterial substrates are even scarcer. Yet, the anisotropy

of 1D nanomaterials can provide a higher degree of enhance-

ment in localized electromagnetic fields through symmetry

breaking and can thus be extremely beneficial for SERS.

In this letter, we report the SERS activity of well-

controlled, anisotropic indium tin oxide nanorods (ITO NRs)

by evaluating their role in Raman spectroscopy using rhoda-

mine 6 G and 40,6-diamidino-2-phenylindole (DAPI) as a

model system. ITO NRs were synthesized via methods

developed in our previous study.24 The size and morphology

of as-grown ITO NRs were characterized by using FEI/Phi-

lips XL 20 scanning electron microscope (SEM) operated at

20 kV. X-ray diffraction (XRD) data were acquired using

Rigaku Ultima IV x-ray diffractometer (The Wodlands,

Texas) using Cu Ka radiation under an accelerating voltage

and current of 45 kV of 44 mA, respectively. The sample

was scanned at a rate of 2�/min in the range of 2h¼ 5�–80�.
Fourier transform infrared (FTIR) spectra were taken by

using a Varian 3100 FTIR spectrometer (Varian Inc.). FTIR

spectra were obtained for the scan range of 400 to

8000 cm�1 in attenuated total reflectance (ATR) mode with

4 cm�1 spectral resolution co-added for 50 scans.

Two dye molecules, rhodamine 6G (R6G) and DAPI,

were purchased from VWR Inc. (Randor, PA) and diluted to

desired concentrations ranging from 10 mg/ml to 1 lg/ml in

deionized water. In addition to the ITO NRs, two control

substrates of blank Si and ITO-coated glass were employed

in our measurements. A total volume of 8 ll, either pure or

mixed solutions of varying concentrations of DAPI and

R6G, was deposited onto different substrates. Raman spectra

were obtained by Renishaw RM1000 confocal Raman micro-

scope. Samples were illuminated through a 50� objective

lens either with a Renishaw diode laser operating at a wave-

length of 785 nm or with a 514 nm Argon ion laser.

Fig. 1 displays the SEM, XRD, and FTIR data of the

ITO NRs used in the Raman study. As-synthesized ITO NRs

exhibit an average diameter 40 6 1.5 nm and extend to a

length of greater than 15 lm, see Fig. 1(a). These long NRs

tend to orient themselves parallel to the plane of the growth

substrate instead of growing vertically. The ITO NRs exhibit

the cubic structure of bixbyite Mn2O3 I type (C-type rare-

earth oxide structure). The XRD diffraction peaks at 30.45�,
35.28�, 50.80�, and 60.40� shown in Fig. 1(b) correspond to

(222), (400), (440), and (622) planes, respectively. Fig. 1(c)

a)Author to whom correspondence should be addressed. Electronic mail:

jh583@georgetown.edu.
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displays ATR FTIR data from as-grown ITO NRs. The ITO

NR samples exhibit unique peaks located at 556 and

616 cm�1 which correspond to the In-O-In and Sn-O-Sn

bonds in ITO NR crystals, respectively. Other nearby peaks,

also observed from a blank Si, are due to symmetric and

asymmetric O-Si-O vibrations of the chemical groups on the

surface of the growth substrate of Si(100).25

Deposition conditions for the two chemicals are kept

identical between the three substrates. Raman intensity of

each spectrum is normalized with respect to the characteris-

tic strong Si peak appearing at 521 cm�1. Raman shifts of

blank Si and ITO NRs are characterized in Fig. 2(a). No dis-

tinctive Raman peak is seen in the ITO NR sample where the

spectrum resembles that of Si. After depositing 100 lg/ml

R6G, multiple Raman scans are carried out on different

substrates in order to obtain the distinctive response signal

corresponding to the spectroscopic signature of the dye mol-

ecule. Fig. 2(b) clearly displays the difference in normalized

Raman intensity observed from the same concentration of

R6G on an ITO NR platform versus on a Si substrate. Peaks

located at 612, 776, 1132, 1188, 1314, 1364, 1510, and

1653 cm�1 are characteristic of R6G14 and they are clearly

resolved using ITO NRs as a Raman substrate. Moreover,

the pronounced Raman signal of R6G on ITO NRs indicates

that our as-synthesized ITO NRs can be effectively

employed as a SERS-active substrate.

In order to substantiate this initial observation, Raman

scattering experiments are repeated using a different mole-

cule, DAPI. Fig. 3(a) displays Raman signal obtained from

100 lg/ml DAPI on ITO NR, ITO-coated glass, and Si sam-

ples while exciting with a 785 nm laser. For the same DAPI

concentration, the Raman intensities of the DAPI peaks

located at 1459, 1510, and 1610 cm�1 are much higher on

ITO NRs when compared to those on Si or on ITO coated

glass. In order to assess a possible link between the surface-

to-volume ratio of the substrate materials and the measured

Raman signal, higher concentrations of DAPI are deposited

onto Si substrates and the resulting Raman intensity is com-

pared to the ITO NR sample containing a much lower DAPI

concentration. In this control experiment shown in Fig. 3(b),

the characteristic peak of DAPI at 1610 cm�1 is clearly

observed from the ITO NR sample prepared by depositing

100 lg/ml of the dye molecule. However, the same peak can-

not be resolved on Si even with fifty times higher concentra-

tion of DAPI. In order to ensure the reproducibility of our

observation, Raman measurements are carried out further by

using varying concentration of mixed chemical molecules of

R6G and DAPI. The same tendency of increased Raman sig-

nals is repeatedly obtained from the mixture of DAPI and

FIG. 1. (a) SEM images of the ITO NRs used as SERS-active substrates. The

scan size of the image is (top) 50� 100 lm, (bottom left) 4� 4 lm, (bottom

right) 1� 1 lm and the inset in the bottom left panel is 500� 500 nm. (b and

c) XRD (b) and FTIR (c) spectra of as-grown ITO NRs.

FIG. 2. (a) Raman spectra of unmodified Si and ITO NRs. (b) Raman spec-

tra of 100 lg/ml R6G deposited on Si and ITO NR substrates.
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R6G on an ITO NR platform when compared to those from

the same mixture on a Si substrate, Fig. 3(c). Arrows (point-

ing upward: DAPI and downward: R6G) in Fig. 3(c) mark

those peaks located at the expected Raman shift positions of

the two dye molecules. The hard-to-resolve peaks of DAPI

and R6G on Si are clearly identified when ITO NRs are used

as Raman substrates instead.

The degree of Raman enhancement observed from our

ITO NR systems is compared to that of gold nanorods

(AuNRs) by carrying out the identical deposition of of DAPI

and R6G on both substrates. AuNRs were synthesized and

purified according to the well-established methods in the

literature.26,27 UV-Vis spectra of the AuNRs were recorded

on an Agilent 8453 diode-array spectrophotometer. A 5 ll

droplet of the 1.6 nM AuNR solution was placed onto a clean

Si substrate and left to dry in air. This procedure was

repeated ten times until the surface was densely covered by

AuNRs and the mixture of DAPI and R6G were drop-casted

subsequently onto the AuNRs.

Fig. 4(a) displays a color photograph and a UV-Vis

spectrum of the resuspended AuNR solution. The character-

istic plasmon peak of the AuNRs appears at 735 nm along

with a small peak at 510 nm. The characteristic peaks of

DAPI and R6G shown in Fig. 4 indicate that the degree of

Raman scattering on ITO NRs is comparable to that obtained

on AuNR substrates. The conclusion drawn from our com-

parison study between ITO NRs and AuNRs may not be

applied to all AuNR systems of different geometries and

configurations reported in the literature. However, the result

suggests that our ITO NR systems are capable of enhancing

Raman signal and serve effectively as an alternative SERS-

active substrate to metallic counterparts.

Although the charge carrier densities of metal oxides are

approximately two orders of magnitude lower than those of

typical metals, the surface plasmon resonance phenomena of

FIG. 3. (a) Raman signal from 100 lg/ml DAPI on ITO NR, ITO-coated glass,

and Si substrates. (b) Raman spectra collected from various concentrations of

DAPI on ITO NR and Si samples. (c) Comparison of concentration-dependent

Raman scattering signal from a mixture of DAPI and R6G molecules on ITO

NR and Si substrates.

FIG. 4. (a) A color photograph and a UV-Vis spectrum of 1.6 nM AuNRs

resuspended in deionized water. (b) Raman spectra collected with a 785 nm

excitation while keeping the deposition conditions of the 100 lg/ml DAPI

and R6G mixture identical on the three substrates of Si, AuNRs, and ITO

NRs.
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metal oxides are similar to those of noble metals.18,19 There-

fore, it is highly likely that surface plasmons play a signifi-

cant role in the enhanced Raman signal observed on ITO

NRs, similar to what has been extensively reported in metal-

lic nanoparticles.28 Unlike the 2D ITO systems reported in

the literature, our 1D ITO NRs present an extremely high as-

pect ratio, and this shape factor can be particularly useful for

SERS. The Raman signal differences observed in Fig. 3

between ITO-coated glass (2D) versus ITO NR (1D) sub-

strates may be due to this difference in the length to diameter

ratio of the support materials. Very recently, several studies

have reported on the effect of nanoparticles shapes in SERS

activity and have pointed out that field enhancement is very

sensitive to the geometry of the nanostructures on a SERS

substrate.28 For example, SERS activities of cubic or

cauliflower-like particles are much greater than that of spher-

ical ones under the same excitation condition.3,12 The three-

dimensional finite difference time domain (3D-FDTD)

theory, calculating local electromagnetic fields of transition

metal surfaces when compared to the free electron metals,

has effectively explained the experimentally observed phe-

nomena.3,12,22,29 The increased electromagnetic fields of

non-spherical particles are often referred to as the lighting

rod effect near structures of high curvature on a surface. The

large anisotropy of the ITO NRs (with an aspect ratio larger

1:375 (width:length)) used in our SERS measurements may

intensify this effect even further, leading to higher SERS ac-

tivity than their isotropic zero-dimensional counterparts and

the two dimensional ITO thin films.

In summary, we have determined SERS activity

observed on 1D metal oxide NRs. We demonstrate that sig-

nificant enhancement in Raman intensities is observed from

varying concentrations of pure and mixed R6G and DAPI

molecules on ITO NRs. Our approach signifies the first

attempt to assess the SERS capability of well-defined 1D

metal oxide NRs and to further develop as effective SERS

active substrates.
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