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Abstract
Tuning the localized surface plasmon resonance (LSPR) in doped semiconductor nanoparticles
(NPs), which represents an important characteristic in LSPR sensor applications, still remains a
challenge. Here, indium tin oxide/indium tin alloy (ITO/In-Sn) bilayer films were deposited by
electron beam evaporation and the properties, such as the LSPR and surface morphology, were
investigated by UV–VIS–NIR double beam spectrophotometer and atomic force microscopy
(AFM), respectively. By simply engineering the thickness of ITO/In-Sn NPs without any
microstructure fabrications, the LSPR wavelength of ITO NPs can be tuned by a large amount
from 858 to 1758 nm. AFM images show that the strong LSPR of ITO NPs is closely related to
the enhanced coupling between ITO and In-Sn NPs. Blue shifts of ITO LSPR from 1256 to
1104 nm are also observed in the as-annealed samples due to the higher free carrier
concentration. Meanwhile, we also demonstrated that the ITO LSPR in ITO/In-Sn NPs
structures has good sensitivity to the surrounding media and stability after 30 d exposure in air,
enabling its application prospects in many biosensing devices.

Keywords: localized surface plasmon resonance, LSPR sensitivity, LSPR stability, plasmonic
materials

(Some figures may appear in colour only in the online journal)

1. Introduction

Large local electromagnetic field enhancements induced by
collective electron oscillations in metallic nanoparticles (NPs)
will occur when the resonance frequency of the conduction
electrons and incident light are matched, known as localized
surface plasma resonance (LSPR) [1, 2]. There has been a
focus on research in LSPR for many years because of its
potential applications in photonics and optoelectronics devi-
ces, such as surface-enhanced Raman scattering [3, 4], pho-
tothermal therapy [5], light harvesting in solar cells [6],
plasmon-enhanced fluorescence [7], nonlinear optics [8],

photoluminescence and photonic devices [9–11]. In part-
icular, metallic NPs have been extensively used as photo-
thermal transducing agents in biomedical applications due to
their strong absorption in near-infrared region (NIR) [12–14].
Using NIR light as a remote stimulus, photothermal therapy
exploits the local heating effect to selectively ablate cancerous
tissue or kinetically drive local chemical processes while
minimizing adverse side effects [15–17]. Due to the lack of
small-sized photosensitive materials that exhibit strong
absorption and high photothermal transduction efficiency in
NIR, NIR light is seldom applied in photothermal therapy
[18, 19]. The intensity and efficiency are affected by many
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factors. Of great importance is the tunability and extension of
the LSPR wavelength, which is determined by the size, shape
and composition as well as the surrounding medium of
metallic NPs. The fine LSPR tunability from the visible to the
NIR or from NIR to the infrared range (IR) can be achieved
by changing these factors appropriately. Commonly used
plasmonic materials, such as gold and silver, have been
demonstrated to show LSPR in the visible–NIR region.
However, there are still restrictions in the realization of
plasmonic devices due to the high loss and limited tunability
of the carrier density in these noble metal materials [20]. In
addition, the conducting metal oxides, whose LSPR is phe-
nomenologically the same as that observed in the noble
metals, will contribute significantly to plasmon science
applications, because the use of high-cost noble metals will
no longer be required [21]. Thus, it is of great significance to
develop cost-effective plasmonic materials with low loss and
fine LSPR tunability.

Recently, doped semiconductor NPs have been demon-
strated to exhibit well-tunable LSPR features that are not as
readily available in noble metals [21–24]. Although the LSPR
of noble metal nanostructures has been intensively studied for
its ability to enhance the local field, so far few studies have
utilized it when sustained by heavily doped semiconductors
as near-field nanoantennas [25]. There are a few reports on
the plasmonic coupling between metal and nanostructures
[12] and semiconductors, while a lot of work has focused on
noble metal NPs [26–29]. Among doped semiconductors,
indium tin oxide (ITO) would be the desired plasmonic
material candidate, because the high carrier density in ITO
makes it suitable for realizing a tunable LSPR wavelength in
the NIR region. It is known that the LSPR of ITO NPs can
theoretically be tuned from the ultraviolet to infrared wave-
length regions by varying the electron density from 1023 to
1019 cm−3. Typically, the LSPR wavelength of ITO NPs in
the NIR region can be tuned by adjusting the concentration of
free charge carriers through chemical or electrochemical
doping [25, 30, 31]. For example, Kanehara et al [21] syn-
thesized ITO NPs with good LSPR by changing the Sn
doping concentrations, and Garcia et al [23] realized the
tunable LSPR of ITO by the post-synthetic electrochemical
modulation of the electron concentration. However, in terms
of the preparation process of ITO, they are not only compli-
cated but also time-consuming. Moreover, the process of
depositing ITO NPs generates chemical and metal waste,
which significantly hinders the cost competitiveness and
environmental friendliness of the mass production of plas-
monic devices and applications. Therefore, a new way that
can both improve the deposition efficiency and quality is
essential.

Since LSPR tunability is sensitive to the surrounding
medium, dielectric/metal double layer structures such as
ITO/Ag and ITO/Au have been studied for years and are
propitious for good tunability at the LSPR wavelength
[32–34]. To date, however, little is known about the proper-
ties of ITO/In-Sn bilayer structures, and the corresponding
LSPR phenomenon has not been reported. To tune the LSPR
wavelength of ITO NPs, we herein propose an ITO/In-Sn

bilayer structure and find very good tunability with enhanced
intensity. The LSPR wavelength of ITO NPs can be well
tuned over a wider range by simply engineering the thickness
of ITO/In-Sn NPs without any microstructure fabrications. In
addition, the thermal annealing method was carried out to
tune the LSPR of the samples. Moreover, both the stability
and sensitivity of the LSPR of ITO NPs were investigated in
this paper. Our findings may open up a new way of realizing
fine ITO LSPR tunability and fulfil its practical application in
biosensing devices.

2. Material and methods

Prior to deposition, K9 glass substrates were ultrasonically
cleaned in acetone, ethanol and deionized water for 20 min,
respectively, and were subsequently dried with a flow of
nitrogen. In-Sn alloy thin films and ITO layers were succes-
sively deposited by electron beam evaporation from indium
tin alloy (99.99%) and sintered ITO ceramics (99.99%) con-
taining 10 wt.% SnO2, respectively. The chamber was evac-
uated to a base pressure of less than 8.0×10−4 Pa. ITO
layers with thicknesses of 50, 80, 110, 140 and 170 nm were
used in different experimental groups; each group has four
samples with In-Sn thin films deposited with 3, 5, 7 and
10 nm, respectively. The thickness of both layers was mon-
itored by an in situ quartz crystal microbalance. To guarantee
the uniformity of the film thickness, all substrates were set on
the fixture with the same circle radius. All annealing experi-
ments were carried out at 200 °C, 300 °C and 400 °C
respectively on the same system used for depositing bilayers.
The pressure was 7.0×10−4 Pa and the annealing time was
maintained at 20 min. The samples were also deposited with a
TiO2 layer to figure out the effect of the refractive index of the
surrounding medium on the LSPR. To better understand the
whole process, a schematic of the experimentation is shown
in figure 1.

The structural properties and the crystallinity of the
samples were analyzed by x-ray diffraction (XRD) using
a Rigaku MiniFlex600 system, with Cu kα radiation
(λ=0.15408 nm). The optical absorption spectrum of the
samples was measured by using an ultraviolet–visible–near-
infrared (UV–VIS–NIR) double beam spectrophotometer
(Lambda 1050, Perkins Elmer, USA). The surface morph-
ology was characterized with atomic force microscopy (AFM)
(XE-100, Park System). All the measurements were carried
out at room temperature.

3. Results and discussion

3.1. The crystal structure and composition of ITO/In-Sn
bilayer film

Figure 2 reveals the XRD patterns of the ITO/In-Sn bilayer
films prepared at room temperature by electron beam eva-
poration. In both single In-Sn layers and ITO/In-Sn bilayers,
there are two diffraction peaks at around 32.8° and 69.2° in
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the pattern, which correspond to the (111) and (320) peaks of
In3Sn, respectively. No diffraction from randomly oriented
grains or impurity phases can be observed from the x-ray
pattern, as confirmed by the standard card (JCPDS:07-0345).
For the as-deposited In-Sn samples without the ITO layer (as
shown in figure 2(a)), the intensities of both diffraction peaks
are enhanced as the thickness of the In-Sn layer increases.
The strongest peak at approximately 32.8° corresponds to the
(111) crystallographic plane, indicating the preferential
orientation of pure In-Sn grains along the (111) crystal-
lographic direction. In general, for non-epitaxial deposition
on a substrate, the surface of the film tends to be either a (111)
or a (0001) plane, because these planes exhibit minimum
surface free energies [35]. This means that the (111) textured
film must form in an effective equilibrium state, where
enough surface mobility is given to impinging atoms under a
certain deposition condition [36]. For ITO/In-Sn bilayers,
however, the XRD intensity of the In-Sn film decreases when
compared to that of pure In-Sn alloy film on a K9 substrate
because of the grain boundary in the interface between the
surface of the In-Sn and ITO layer. Note that pure ITO film
deposited at room temperature is amorphous from the XRD
pattern (black line, figure 2(b)). A similar observation was
also noticed by other studies [37, 38]. An amorphous struc-
ture can also be observed for the sample of ITO(170 nm)/In-
Sn(3 nm) due to the very thin thickness of the In-Sn layer and
the protection of the ITO layer, which cannot be easily
detected by XRD (red line, figure 2(b)). For the sample of
ITO(170 nm)/In-Sn(5 nm) (blue line, figure 2(b)), note that
the (111) peak is shifted to higher 2θ angles compared to the
other two samples with thicker In-Sn thicknesses (purple and
green lines, figure 2(b)), as a result of the partial relief of the
intrinsic stress within the films.

3.2. AFM images of ITO/In-Sn bilayer films

Figure 3 shows the representative AFM images and their
corresponding grain height distributions (as shown in the right
column) of ITO/In-Sn NPs with increasing ITO and the same
In-Sn thickness. Significant changes in the morphologies of
ITO/In-Sn NPs are found to be closely related to the ITO
thickness. Without the ITO layer, the single In-Sn layer is
grown with small, sharp NPs, which are shown to have the
lowest height (around 10 nm) and the smallest root-mean-
square roughness (RMS, 3.220 nm). After being covered with
the ITO layer (50 and 80 nm), the ITO/In-Sn NPs are evenly
distributed and consist of grains with spherical and ellipsoidal
shapes. Accordingly, the RMSs are nearly constant (4.235
and 4.543 nm respectively), and so are their grain height
distributions, as shown in the right column. With a thicker
ITO deposition, the surface morphology changes noticeably:
the surface becomes rougher with an increasing RMS and
nonuniform, large-grained NP distributions. Obviously, the
average grain size is larger after thicker ITO deposition. In
LSPR, it is known that the strength of plasmonic coupling
depends on both the size and shape of the metallic NPs
[39–41]. A small variation in the size of the NPs will cause a
shift in the coupling between them [42]. Due to the larger
ITO/In-Sn NPs, the coupling between the ITO NPs and In-Sn
NPs will be more pronounced, resulting in a stronger LSPR
phenomenon, thereby generating the difference for its optical
absorption (figure 4) [43]. Combined with the absorption
spectrum discussed in the next section 3.3, our experimental
results demonstrate that the deposition of an ITO layer on top
of the In-Sn NPs can distinctly tune both the In-Sn and the
ITO LSPR wavelength. Thus, we expect the ITO layer to be
able to induce a higher surface area (and thus higher sensi-
tivity) for LSPR sensor applications.

Figure 1. A schematic diagram of the whole experiment.
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3.3. The LSPR of ITO NPs in the NIR region of the ITO/In-Sn
structure

The UV–VIS–NIR absorption spectra indicating the different
thicknesses of the ITO/In-Sn structure are shown in figure 4.
For a single In-Sn thin film (as shown in figure 4(a)), an
absorption peak appears at around 200–300 nm, corresp-
onding to the intrinsic absorption peak of the In-Sn film,
which has been demonstrated in our previous work [44].
When the In-Sn NPs are clad with a thin ITO layer of 50 nm
or 80 nm, the absorption peak is located in the visible
wavelength region (figures 4(b) and (c)). This is expected to
correspond to the absorption peak of the In-Sn alloy thin film.
The absorption intensity is enhanced with the absorption peak
red-shifting gradually, as shown in figure 4(b). When the ITO
thickness is 80 nm, the LSPR phenomenon of the In-Sn NPs
is more obvious: its LSPR wavelength red-shifts distinctly
(from 514 to 818 nm). Interestingly, however, two separate
LSPR phenomena can be observed in the absorption spec-
trum, when In-Sn NPs are clad with thicker ITO layers of
110, 140 and 170 nm, respectively (figures 4(d)–(f)). Based
on the above, it can be concluded that the absorption peaks at
a short wavelength and those at a long wavelength correspond

to the LSPR absorption peak of In-Sn and ITO NPs [20, 21],
respectively. The LSPR wavelength shift of In-Sn NPs with
an ITO thickness of over 110 nm is more obvious than that
with less than 80 nm: the LSPR absorption peak shifts from
363 to 750 nm as the ITO thickness increases from 110 to
170 nm. It is well known that the LSPR wavelength not only
depends on the film thickness, but also on other deposition
parameters, which decide the shape and size of the nanos-
tructures in the film [1, 2, 9, 10]. The presence of the ITO
layer is expected to result in the strong localization of the field
at the ITO/In-Sn interface and a drastic field enhancement,
especially with full electric contact and strong interactions in
the dielectric/metal nanostructures [45].

In addition to that of In-Sn NPs, the LSPR phenomenon
of ITO NPs is also notable in the study. We find that the
absorption resonance of ITO only starts to peak in the NIR
region when In-Sn NPs are clad with thicker ITO layers (over
110 nm), as shown in figures 4(b)–(c). For samples with ITO
thicknesses of 110 nm, the absorption peak can be well tuned
from the NIR to the IR region: the absorption peak shows a
red shift from 858 to 1118 nm as the In-Sn film thickness
increases from 3 to 10 nm. Further increasing the ITO
thickness to 140 and 170 nm, both LSPR peaks undergo an
obvious red shift from 1104 to 1448 nm and from 1388 to
1758 nm, respectively. The absorption peak of ITO NPs gets
sharper and more intense simultaneously in the process of red
shifting to a longer wavelength. To better understand the
effect of thickness on the LSPR of ITO, the LSPR wavelength
shift as a function of the In-Sn alloy film is plotted in figure 5:
the LSPR wavelength peak of ITO shows a similar gradual
red shift with an increasing In-Sn thickness for the fixed ITO
layer thickness. Also, for a fixed In-Sn NPs thickness, the
absorption peak increases with the ITO thickness. It is
reported that ITO NPs with shorter absorption wavelengths
have higher free-electron densities [20, 21]. In the electronic
structure of the ITO film, the Sn atom that replaces an In atom
results in a single free electron. Therefore, the ITO(170 nm)/
In-Sn films are expected to have the lowest free electron
density of the studied ITO NPs, resulting in the lower LSPR
frequency [46], as shown in figure 5. On the other hand, it is
known that plasmonic coupling takes place when the layers
are close to each other, and therefore, the plasmon resonance
of each layer is affected by the plasmon resonance of its
neighboring layer. The strength of plasmonic coupling
depends on the surface layer (ITO) thickness and the incident
light as well as the dielectric constant. As discussed in the
AFM results (section 3.2), the small variation of the interface
between the metal film and the dielectric layer will cause a
shift in the electric field density on the surface, resulting in a
change of the electron oscillation frequency, thereby gen-
erating different cross-sections for its optical properties
including absorption [47, 48]. As a result, the small interface
between layers causes a small change of the surrounding
medium, resulting in a red shift and making the LSPR
absorption peak shift smaller, as shown in figure 4. In addi-
tion, it should be noted that the band of In-Sn in the LSPR
absorption spectrum is sharper and more intense, which
indicates that the resulting LSPR sensor can achieve good

Figure 2. The representative XRD patterns of (a) the single In-Sn
layer and (b) the ITO/In-Sn bilayer films.
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Figure 3. Representative AFM images and their corresponding grain height distributions (right column) of ITO/In-Sn NPs as a function of
ITO thickness.
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analytical performance. Therefore, in the ITO/In-Sn bilayer
structure, the LSPR wavelength of In-Sn and ITO NPs can be
well tuned from the UV to the visible region and from the
NIR to the IR region, respectively, by simply engineering the
thickness of ITO/In-Sn structure. This finding also provides a
wide range of opportunities for realizing plasmonic materials,
making them suitable for NIR LSPR sensing, especially in
biosensing applications [49, 50].

In LSPR biosensing applications, one of the important
characteristics is stability. Therefore, we study the aging of
ITO/In-Sn films in ambient air exposure to evaluate the sta-
bility of ITO LSPR. Figure 6(a) shows the LSPR spectrum of
the as-deposited ITO samples and after 15 d and 30 d expo-
sure to ambient air. Take ITO(110 nm)/In-Sn(3 nm) as an
example (figure 3(a)): the absorption spectrum shows an
obvious blue shift with an enhanced absorption peak at

Figure 4. The LSPR of ITO in an ITO/In-Sn bilayer structure. Each group has four samples; the thickness of the In-Sn layer was always 3, 5,
7 and 10 nm for a fixed ITO thickness.
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around 800 nm after 15 d exposure, while the spectrum shows
a slight difference with the exposure time increasing to 30 d.
For other samples, the variations of ITO LSPR exposed to air
are shown in figure 6(b). Similarly to ITO(110 nm)/In-Sn

(3 nm), initially the ITO LSPR is blue-shifted after 15 d
exposure and then stays almost unchanged after 30 d expo-
sure in air, demonstrating that in our experiment the ITO/In-
Sn structure possesses good stability, which is desired in
practical LSPR sensor applications.

3.4. Vacuum annealing effect on the ITO LSPR

According to equation (1), the LSPR frequency ω varies as
the square root of the free carrier concentration, where m* is
the effective mass of an electron, ε is the vacuum permittivity
and e is the electron charge [51]

n e

m
. 1e

2

0*
w

e
= ( )

In other words, one can tune the LSPR frequency by changing
the free carrier concentration. As for ITO NPs, the free carrier
concentration can be changed to tune its LSPR by thermal
annealing in an oxidizing or vacuum environment. In the case
of ITO, there is a route [52] for generating free electrons via
annealing, as shown in equation (2) [53]:

e2Sn O 2Sn 2
1

2
O gas . 2In i In

i
2⋅   ⋅ + + ( ) ( )

Consequently, oxygen vacancy formation is expected to be
preferred and thus leads to a higher free-electron concentra-
tion by annealing in a reducing atmosphere or low ambient
oxygen partial pressure (such as the vacuum environment)
[54]. Here, to demonstrate the tunability of an ITO LSPR
through the carrier concentration adjustment, amorphous ITO
NPs were annealed for 20 min in a vacuum environment with
a base pressure of 7.0×10−4 Pa and an annealing temper-
ature of 200 °C, 300 °C and 400 °C, respectively. Figure 7
shows the representative absorption spectra of ITO LSPR in
the sample ITO(140 nm)/In-Sn(5 nm) with a different
annealing temperature under a vacuum atmosphere. A sig-
nificant blue shift can be observed in the annealed samples:
the absorption peak gradually shifts from 1256 to 1104 nm.
According to equation (2), the increased annealing

Figure 5. The LSPR wavelength shift of ITO NPs as a function of
the In-Sn alloy film.

Figure 6. The LSPR wavelength shift of ITO NPs in air exposure for
15 d and 30 d: (a) a representative sample of ITO(110 nm)/In-Sn(3 nm)
for LSPR shift; (b) the LSPR shift for all samples after air exposure.

Figure 7. A representative sample of ITO(140 nm)/In-Sn(5 nm) for
the LSPR shift of ITO NPs after vacuum annealing.
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temperature results in a higher free carrier concentration,
leading to the blue shift of the LSPR peaks and indicating that
a higher reducing atmosphere increases the dissociation of the
tin-oxygen complex [55]. This confirms that the LSPR
absorption peaks of ITO NPs can be well and effectively
tuned by controlling the annealing atmosphere.

3.5. Sensitivity to the refractive index of the surrounding media

As applications for LSPR sensors, it is of great importance to
understand the dependence of LSPR frequency on the
refractive index of the surrounding medium. The LSPR
wavelength is known to be affected by the refractive index of
the surrounding medium [21, 56]. Taking advantage of this
unique phenomenon, it is possible to use the ITO layer to
sense the index n change of their environment. To perform
such a study, we deposited other samples of ITO(140 nm)/In-
Sn(7 nm) covered with thin TiO2 (n=2.3) layers of different
thickness. Figure 8 shows the LSPR shifts of representative
ITO/In-Sn samples as a function of the TiO2 layer thickness.
According to Mie’s theory, the plasmon materials that are
surrounded by a medium with a higher refractive index are
expected to have a lower LSPR frequency. As plotted in this
figure, red shifts are clearly observed in the samples coated
with the thin TiO2 layer compared with the as-deposited one
(n=1 of air). Also, both LSPR peak intensities of In-Sn and
ITO NPs are enhanced after deposition of the TiO2 layer.
Interestingly, the variation tendency of both enhanced LSPR
peaks are contrasting: the former shows sign of abating while
the latter improves as the TiO2 thickness increases. With the
top TiO2 layer, the changed surrounding medium enables the
In-Sn NPs to interact strongly with the ITO layer, resulting in
an enhanced absorption intensity. A thicker TiO2 layer,
however, inhibits the LSPR coupling between the In-Sn and
ITO NPs, thus depressing the absorption intensity of In-Sn.
As for the ITO LSPR peak, the thicker TiO2 layer is expected
to increase the near field electric field intensity, leading to a
further shift in the LSPR wavelength, thus enhancing the

absorption intensity. On balance, these results demonstrate
that the LSPR in the ITO/In-Sn structure has good sensitivity
and can be considered for application in LSPR sensing.

4. Conclusions

In summary, the LSPR properties of both ITO and In-Sn NPs
in ITO/In-Sn bilayers were investigated. The LSPR wave-
length of In-Sn NPs can be tuned from UV to the visible
region. In particular, our findings show that the LSPR
wavelength peak of ITO NPs can be well tuned from 858 to
1758 nm by simply engineering the thickness of the ITO/In-
Sn bilayer. Due to the higher free carrier concentration, the
blue shift of ITO LSPR can be observed in the annealed
sample, indicating that the LSPR of ITO in the ITO/In-Sn
structure can also be tuned through vacuum annealing. These
findings provide a simple and cost-effective way to effec-
tively tune the LSPR of ITO NPs. As an example for LSPR
sensors, the ITO/In-Sn film is demonstrated to have both
good stability and sensitivity, which might play a significantly
important role in the development of practical applications of
photonics and optoelectronics.
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