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Abstract: Transparent conducting oxides (TCOs) have emerged as promising alternative materials
to conventional metals for plasmonic applications in the near-infrared (NIR) and telecommunication
frequency regions. The optical and electrical properties of TCOs make them suitable substitutes for
metals in plasmonic and metamaterial (MM) devices based on Surface Plasmon Resonance (SPR). SPR
characteristics in TCOs strongly depend on material thickness and the angle of incident electromagnetic
radiation. This study investigates the optical and electrical properties of Indium Tin Oxide (ITO) for
its potential applications as a plasmonic material in optoelectronics and biosensors.

Keywords: TCO, Surface Plasmon Resonance (SPR), Meta-Materials, Surface Plasmon Polariton
(SPP), Full Width Half Maximum (FWHM), Sensors, Fano resonance.

I Introduction
Recent study of optoelectronics and metamaterial (MM) (1; 2) research have some limitations of
applications due to the use of plasmonic materials, based on metals. In the visible and near infrared
region metals like gold and silver peruse high losses (3; 4). They have large real negative permittivity
values in this optical region and their optical properties cannot be tuned. In the visible region
they possess high losses also (3). To overcome these limitations while using metal based plasmonic
materials / meta-materials (MMs) and optoelectronic devices recent researchers put on focus on using
semiconductors as building blocks. Heavily doped semiconductors having wide band gap like Indium
tin oxides (ITO) have small negative real permittivity in the NIR region (5; 6; 7; 8) and the optical
losses are also small in this region. With the increment of thickness of indium tin oxide film on BK7
glass, Surface Plasmon generates without interference from band-to-band transitions in the conducting
thin films which faces complications in metals like Ag and Au. Due to these factors ITO can be a good
alternative to metals in Plasmonic applications in NIR range (9; 10; 11; 12). These types of TCOs
may be applied in Surface Plasmon Polariton waveguides to meta-materials with hyperbolic dispersion
and epsilon-near-zero (ENZ) materials (13; 14; 15) in Near infrared region, optoelectronic devices, and
biosensors.

Metals are the good choice of plasmonic devices for supporting collective oscillations of free electrons
and for focusing the light to nanoscale. Due to interband electronic transitions in metals (16), they
suffered from high optical losses in optical and telecommunication ranges in which plasmonic devices
are operated. Conventional metals have negative real permittivity of large value which also limits the
performance of plasmonic devices in near infrared and telecommunication wavelength of 1.55µm. High
optical losses and large negative real permittivity limits the plasmonic devices using metals.

Whereas TCO s having carrier concentration higher than 1020 cm−3 behaves like metals in the NIR
region (17). When the carrier concentration in the TCOs exceeds the Mott critical density 1018 − 1019

cm−3 (6), a semiconductor may transit to metal and the conduction band shifts the onset of band edge
absorption in the ultraviolet region (Burstein- Moss shift) (6; 18; 19) due to the filled state by the free
electrons. By controlling and optimising some fabrication condition such as doping concentration (20),
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dopant type, deposition temperature and pressure, TCOs can have critical optical properties which is
suitable for plasmonic applications. Having large plasma frequency TCOs exhibit Drude metal like
optical properties (21). According to Drude response (22) of such degenerately doped semiconductors
material’s (23; 18; 24) complex electrical permittivity or dielectric function (ε) is described by the
equation

ε = ε
′
+ iε

′′
= ε∞ − ωp

2

ω(ω + iγ) (1)

(15), where ε∞ is high frequency dielectric constant arises due to the screening effect of bound electrons
in the material, ε

′ is the real part of complex dielectric function which describes the strength of the
polarization induced by an external electric field, ε

′′ is the imaginary part of complex dielectric function
and γ is the Drude relaxation rate or damping coefficient of the free carriers. This describes the
losses encountered in polarizing material. So for having negative real permittivity in the NIR and
telecommunication range the value of ωp must be large and ε∞ must be small and for lower optical
loss γ value should be small (15). TCOs can have losses one fourth of that happened in case of Ag
in NIR region (3). The carrier concentration has large dependence on the thickness of the TCO film
(25; 26; 27; 28; 29; 30; 31).

In ITO, tin acts as a cationic dopant in the in the In2O3 lattice and substitute on the indium sites
to bind with the interstitial oxygen. The ITO films have wide band gap (> 3 eV) becoming highly
transmitting in the NIR range and hence is preferred in most of the applications. Thus, the dopant Sn
improve the conductivity of In2O3. Indium tin oxide has good electrical conductivity, low resistivity
∼ 10−4Ω cm and high transmittance of ∼ 90% when the ITO film is coated on glass substrate. Having
this property, among all the TCOs, Indium tin oxide (ITO) shows the potential for good alternatives
to metals in optoelectronic devices and solar cells based on surface Plasmon resonance in the NIR
and telecommunication region of 1.55 µm. The existence of both bulk and surface Plasmon polariton
(SPPs) in indium tin oxide are well demonstrated experimentally by Rhodes et al (12; 32).

Surface Plasmon Resonance (SPR) is an optical phenomenon occurs in the materials due to interaction
of charges with the incident p-polarised light. By this phenomenon, the change of the refractive index
at the dielectric/metal interface can be detected. The reflected light’s intensity drops to its lowest point
at a specific angle or wavelength, marked by a sharp decline in the SPR curve.

Surface Plasmon resonance is dependent on energy of incident radiation, thickness of metal or metal oxide
film and angle of incidence and described by the three phase Kretshmann (substrate/overlayer/ambient)
model (32). This Kretshmann representation is sensitive for thin film, for larger thicknesses this
structure gradually weakens, in consonance with theory. No other collective excitations are observed.

In this paper theoretical investigations on SPP propagation in TCO thin films (ITO) at the IR and
NIR wavelength region is reported and it is also reported that ITO can be a substitute to metal in
optoelectronic and biosensors. For the study four different thick ITO coated on BK7 glass slides are
considered and comparative analysis supported by MATLAB simulations is presented. The optimised
thickness and the angle of incidence of the light and thickness of the ITO film suitable for sensors
application is also investigated.

II Materials and methods
Polarisation is the property of certain electromagnetic radiations in which the direction and magnitude
of the vibrating electric field are related in a specified way. The electric field vector has two components
one is normal to the interface and one is tangential. The interaction between electromagnetic waves
with materials is described by the method of polarisation. The polarisation of waves in material is
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defined by the complex dielectric function of that material. According to classical Drude theory, the
complex electrical permittivity or dielectric function is defined as

ε = ε
′
+ iε

′′
= ε∞ − ωp

2

ω(ω + iγ) (2)

where, ε∞ is the high frequency dielectric constant, γ is damping coefficient of free electrons and ωp is
plasma frequency.

The high-frequency dielectric constant ε∞ originates from the bound electrons’ screening effect in the
material, whereas the damping coefficient γ characterizes free electron scattering and optical losses. To
minimize losses, materials should possess a small γ value. Achieving negative permittivity (ε) in the
optical range requires materials with a high plasma frequency ωp and a low ε∞ value. A large ωp leads
to Drude-like metallic optical properties. The plasma frequency is defined as:

ωp =

√
ne2

ε0m∗ (3)

where n represents the charge carrier density, e is the electron charge, m∗ denotes the effective mass, and
ε0 is the vacuum permittivity. By increasing the carrier density (through doping, for instance), materials
can exhibit metallic characteristics, making them suitable for plasmonic applications. Several special
methods have been developed by Scientists to excite the Surface Plasmon Polariton. Kretschmann
configuration is the most widespread geometry. In this geometry, the Plasmon can be excited on the
prism surface by p-polarized light under the condition of total internal reflection (TIR) and by this
time evanescent wave to be released and decayed exponentially.

Figure 1: Kretschmann configuration in three-layer model.(33)

The electric field of the light incident on the prism has the form of

E = E0ei(k·r−ωt) (4)

where, E0 is the amplitude of the applied electric field, and ω is the frequency of the applied electric
field. The component of the incident electromagnetic radiation has wave vector (ki). It has wave
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vector ki = (kx, 0, kz) and angular frequency ω. Electromagnetic wave should obey the Maxwell’s
electromagnetic equation. To satisfy these equations, the condition should be satisfied is, ki = ω

c np sin θ,
where c is the velocity of light. ki can be expressed by the equation

ki = 2π

λ
np sin θ (5)

Where np is refractive index of prism, θ is the Attenuated total reflection angle (SPR angle) and λ is the
wavelength of the polarized light. And the wave vector of the generated Plasmon mode kp = 2π

λ

√
ε1ε2

ε1+ε2

where (ε1) is the dielectric constant for metal oxide thin film and (ε2) is the dielectric constant of
dielectric medium air. At the critical condition when the wave vector ki of the incident electromagnetic
light is equal to the wave vector kp of the Plasmon mode then surface Plasmon resonance occurred and
a decrease in the intensity of the reflected light occurs. There is a phase difference between the surface
Plasmon mode with respect to incident electromagnetic wave and this phase difference leads to the
phenomenon of destructive interference. Furthermore, the minimum intensity of the reflected light is
shown as a curve which is called the SPR curve.

In the Kretschmann geometry (shown in Fig. 1), the total reflectance R is determined by considering the
field reflections at both interfaces: the prism-metal oxide boundary and the metal oxide-air boundary.
Denoting the field reflection coefficient at the prism-metal oxide interface as rp1 and at the metal
oxide-air interface as r12, these reflection coefficients can be calculated using the following expressions:

rp1 = ε1kz0 − ε0kz1

ε1kz0 + ε0kz1
(6)

r12 = ε2kz1 − ε1kz2

ε2kz1 + ε1kz2
(7)

where ε1 is the dielectric constant of Indium tin oxide layer and ε2 is the dielectric constant of air.

In this three-layer model, according to Airy equation, the field reflectance rp12 is defined as,

rp12 = rp1 + r12e2ikz1d1

1 + rp1r12e2ikz1d1
(8)

where, in the phase term, kz1 is the z component of the wave vector in medium 1 i.e. in CMO
(Complementary Metal Oxide like Tin Oxides) layer and d1 is the thickness of the film.

Then the reflectance is R = |rp12|2,

In this work wave no ranges from 500 cm−1 to 10000 cm−1, incident angle from 42◦ to 69◦.

III Results and discussion
For the study of behaviour of surface plasmon polariton three phase Kretschmann configuration
(prism /metal oxide layer (medium 1) /air (medium 2)) model is taken. The layer wise Kretschmann
configuration is described in Fig 1.

Indium tin oxides are often opaque and transparent depending upon the angle of incidence and thickness
of the film. ITO have optimized constraints to give resonance to excitations by external light and also
to dual peak resonance.
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Figure 2: Reflectance vs. wave number curves for different thicknesses of ITO film from 20 nm to
500nm, with θ varying from 42◦ to 69◦ as shown in the legend.

Figure 2 demonstrates the surface plasmon coupling phenomenon in ITO films of varying thicknesses
using Kretschmann geometry. The reflection spectra clearly show distinct surface plasmon polariton
(SPP) resonances, evidenced by sharp reflectance minima for each film thickness.

For films below 100 nm thickness, the probability of electron excitation by incident radiation (at 45◦

angle) is significantly higher compared to thicker ITO layers. Our analysis identifies 60 nm as the
optimal thickness, yielding the lowest reflectance in these plasmonic studies.

Figure 2 depicted the variation of reflectance when the reflected light is detected from metal oxide layer
with wave no of the incident light beam for different incident angle from 42◦ to 69◦ in step of 1◦ for
different thick metal oxide film. For 20 nm Indium tin oxide layer, Surface Plasmon resonance occurs
at two different positions of wave no of incident radiation for the angle region of 42◦ to 69◦. When the
exciting electromagnetic radiation incident at 42◦ incident angle first resonance occurs at 1591 cm−1 of
wave no and second resonance at 7745 cm−1 of angular frequency with minimum reflectance 0.243. For
54◦ the surface plasmon resonance occurs at 2228 cm−1 with minimum reflection of 21.03% and at
7639 cm−1 with minimum reflectance 46.18%. For 50nm thick ITO the reflectance become minimum
for first position at 2281 cm−1 and for second position at 7745 cm−1 for 42◦ incident angles where for
54◦ surface resonance position occurs at 7427cm−1.

From the variation of reflectance curve with the different thickness for 60 nm thick ITO metal oxide
responds to surface plasmon resonance with the minimum reflectance 0.18% at 7586 cm−1. For 150nm
thick metal oxide film coated on the prism the reflectance profile had dual dips with two minimum
position one is 4509 cm−1 with reflectance 22.66% and another is at 8064 cm−1 transferred position
from 7957 cm−1 with reflectance 4.229% at 45◦ angle of incidence to the minimum reflectance position
6578 cm−1 with reflectance 27.93% when the incident light incidents on the configuration at 69◦ incident
angle. The minimum reflectance values for searching the resonant thickness according to thickness
variation is provided in the table given below.
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Figure 3: Reflectance vs. wave number curves for different thicknesses of ITO film at the incident angle
45◦

Table 1: Reflectance values for different thicknesses of ITO film

Thickness(nm) Wave no (cm−1) Reflectance
20 7692 0.3067
30 7639 0.1382
40 7586 0.04639
50 7586 0.00647
60 7586 0.001813
70 7586 0.01764
80 7586 0.0444
90 7639 0.07625
100 7692 0.1076

With the increment of thickness, it is noticed that for 90nm thick ITO when excited with the exciting
light of NIR region shows surface plasmon resonance at 6950cm−1 with the minimum reflectance of
0.03% and also 130nm thick ITO response to SPR resonance at 6260cm−1 with reflectivity 0.031%. So
reflectivity gets minimum for two thickness one for 90nm and 130nm when the exciting light incident
on the Kretschmann configuration at 55◦ angle.

In case of selection of film thickness minimum reflectance for surface plasmon resonance and full width
half maximum (FWHM) both are to be considered. FWHM has been plotted in angular interrogation
in Fig 4. It can be seen that for 50 nm thick indium tin oxide film at first FWHM increases to a peak
value of 1857cm−1 with the increment of incident angle at 47◦ and then decreases to value 1751 cm−1

for again increment of the incident angle upto 54◦ incident angle. When the thickness of the metal
oxide film (ITO) taken is 60nm then FWHM gradually increases from 1910cm−1 to 2387cm−1 for 42◦

to 53◦ incident angle of the exciting radiation.

Maximum and minimum value of FWHM signifies how much the metal oxide films supports the
coupling for SPP resonance. On the other hand FWHM first increases to a value 2069 cm−1 at 48◦

and then decrease to a value 1910cm−1 of wave number for 54◦ incident angle. From these values
it can be concluded that lower the value of FWHM defines the better performance of the device.
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The detection accuracy is quantitatively defined as the reciprocal of the full-width-at-half-maximum
(FWHM), establishing that narrower resonance widths enable higher sensing precision.

From a performance perspective, minimizing the FWHM is crucial as it directly enhances detection
accuracy - a critical parameter for sensor applications. Our results demonstrate that a 50 nm ITO
film exhibits this desirable characteristic, showing significantly reduced FWHM compared to other
thicknesses.

Figure 4: FWHM and minimum reflectance position vs angle of incidence of exciting light of 1.55
micron wavelength.

Figure 5: Reflectance vs. wave number curves for different thicknesses of ITO film at the incident angle
45◦ when the metal oxide layer is excited by light of wavelength 2.5 µm range.

The variation of Surface plasmon polariton resonance curves with the frequency and the incident angle
of the exciting light of 2.5-micron wavelength range is plotted in the Fig 5. Different subsections of the
Fig 5 describe the variation of surface plasmon resonance with different thickness of the indium tin
oxides. From the theoretical data it is found that the angle of incidence at resonance condition is 42◦.

The variation of reflectance with the wave number of the incident different thickness of Indium tin
oxide at an angle 45◦ when the incident light is in the range of 2.5micron shows that the configuration
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Figure 6: Reflectance vs. wave number curves for incremental thicknesses of ITO film at the incident
angle 45◦ when the metal oxide layer is excited by light of wavelength 2.5 µm range.

responses to surface plasmon polarisation for the Indium tin oxide of thickness between 50nm to 150nm
where the angle variation is taken from 42◦ to 69◦.

From the Reflectance variation profile with respect to the thickness of the Indium tin oxide in the
wavelength region 2.5 µm, it is noticed that the minimum reflectance is possible for 90nm thick Indium
tin oxide and the numerical data is provided in the table given below.

Table 2: Reflectance values for different thicknesses of ITO film at 2.5 µm wavelength

Thickness(nm) Wave no(cm−1) Reflectance
50 7639 0.126
60 7586 0.04621
70 7586 0.02848
80 7586 0.00727
90 7586 0.0005583
100 7586 0.00371
110 7586 0.01376
120 7586 0.02848
130 7586 0.04621
140 7586 0.06574
150 7639 0.08555

30 nm thick indium tin oxide film shows two minimum reflectivity position at 2122 cm−1 and 7692
cm−1 (0.954 eV) in this frequency range. The secondary reflectance minimum at 7692 cm−1 (0.954 eV)
indicates screened bulk plasmon polariton (SBPP) resonance, appearing at slightly lower energy than
the theoretical prediction ωps = ωp/

√
ε∞ = 7771 cm−1 (0.964 eV). While the SBPP frequency remains

constant with increasing angle θ, the reflectivity enhancement suggests reduced light absorption, as
visible in the spectral profile evolution (red to pink curves).

For 100 nm ITO films, the reflectivity minimum between 6000–8000 cm−1 nearly reaches zero, demon-
strating efficient plasmon coupling. Thicker films exhibit altered SBPP behavior: at 150 nm, the
resonance shifts to higher energies (7639 cm−1 at 45◦) and lower energies (7056 cm−1 at 54◦), eventually
becoming angle-independent at larger θ - characteristic of SPP resonance.

Analysis of reflectance spectra reveals optimal SPP coupling occurs for 200 nm thickness. For 500 nm
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films, plasmon excitation only persists at angles below 48◦ with significantly reduced efficiency, while
higher angles show negligible light-plasmon coupling.

Figure 7: Three-dimensional variation of reflectance curve with the incident angle and thickness of the
indium tin oxide layer.

Three-dimensional variation of Reflectance with the incident angle of the exciting radiation and thickness
of the ITO thin film is described in Fig. 7. These figures predict dual peak resonance of ITO in both
1.55 µm and 2.5 µm wavelength range. The type of resonance is called Fano resonance shown in ITO.

III.a Sensor performance: related sensitivity issues
Indium tin oxide (ITO) demonstrates promising plasmonic properties for sensing applications. Our
theoretical investigation employs a 3-phase configuration with air as reference to analyze various gaseous
samples. The sensing mechanism relies on monitoring spectral shifts of the reflectance minimum, which
correlates with the sample’s refractive index. The system sensitivity is quantitatively determined by
the resonant wave number variation per unit refractive index change.

Figures 8(a) and 8(b) present reflectance spectra for different samples (with refractive indices specified
in the legend) across 1.55–2.5 µm wavelength ranges. The resonance shifts appear minimal due to
small wave number variations. The sensitivity is formally defined as ∆ν̃/∆n, where ∆ν̃ represents the
resonant wave number shift and ∆n denotes the refractive index change between samples.

We have theoretically studied sensing of different gaseous samples taking air as reference using the
proposed structure. We investigated the sensitivity of 60nm thick ITO in the 1.55-micron frequency
range and 90nm thick ITO film in 2.5-micron frequency range. The shift of dip in the reflection
spectrum is used to detect the sample in terms of refractive index. Zoomed insets of the corresponding
dips are used in order to calculate sensitivity. Fig. 8 shows that resonance wave number shifts to higher
value when sample refractive index increases. This implies that measurements with ITO thin film
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Figure 8: Sensing of gaseous samples using ITO film in (a) 1.55 micron (b) 2.5-micron incident frequency
range

layer is more sensitive and can be used as sensing materials in case of sensors. One of the prospective
approaches to further improving the sensing technique involves both detection accuracy and sensitivity.

IV Conclusions
Indium tin oxide can be used as a good substitute to metals in the present application exploiting
Surface Plasmon Resonance feature. The metal oxide in both IR and near IR region can provide sensing
properties and can be used in bio sensors and geo sensors. In both the frequency range ITO shows
dual peak Fano resonance and supports it’s promising application in the field of Sensors in both the
frequency range of IR and NIR.
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