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Abstract We report experimental study on an indium–tin
oxide (ITO)-coated surface plasmon resonance-based fiber-
optic hydrogen gas sensor operating at room temperature.
The sensor works on intensity modulation interrogation.
Indium–tin oxide (In2O3+SnO2) films were grown on un-
clad core of the fiber by thermal evaporation technique. The
surface plasmon resonance (SPR) spectra for 100 % nitro-
gen gas as well as for a mixture of 4 % hydrogen gas and
96 % nitrogen gas were obtained. In the case of mixture of
hydrogen and nitrogen gases, a sharp dip in the SPR spectrum
was observed implying that the hydrogen gas changes the
dielectric properties of ITO. The performance of the sensor
has been studied for different percentages of tin oxide in
indium oxide and for different thicknesses of ITO film. Both
the parameters have been optimized for the best performance
of the sensor.

Keywords Surface plasmon . Optical fiber . Sensor .

Indium–tinoxide (In2O3:SnO2) . Hydrogengas . Nitrogengas

Introduction

For the last few decades, surface plasmon resonance (SPR)
technique has been widely used for the detection of several
physical, chemical, and biochemical parameters [1, 2]. In
this technique, a p-polarized light causes the excitation of
charge density oscillation called surface plasmon wave
along the metal-dielectric interface by satisfying the reso-
nance condition. The surface plasmon wave is TM polarized

and its electric field decays exponentially in metal as well as
in dielectric. The propagation constant of the surface plasmon
wave can be obtained by solving the Maxwell's equation for a
metal-dielectric interface and is given by
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where εm and εs represent the dielectric constants of the metal
and the dielectric medium, respectively; ω represents the
frequency of incident light and c is the velocity of the light
in vacuum. Equation (1) is valid for the case where two media
(metal and dielectric) are semi-infinite. The maximum value
of the propagation constant of the light wave at frequency ω
propagating through the dielectric medium is given by
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For the excitation of surface plasmon, the propagation
constant of the excitation light should be equal to the prop-
agation constant of the surface plasmon wave. Since the
dielectric constant of metal is negative in sign, the propaga-
tion constant of surface plasmon wave is greater than that of
direct light. This implies that the direct light cannot excite
surface plasmons at a metal–dielectric interface and is re-
ferred to as non-radiative surface plasmons. Therefore, to
excite surface plasmons, the momentum and hence the wave
vector of the excitation light in dielectric medium should be
increased. In other words, an extra momentum (and energy)
must be imparted to light wave in order to get the surface
plasmons excited at a metal–dielectric interface. This extra
momentum is provided by the Kretschmann configuration.
In Kretschmann configuration, a thin layer of metal is de-
posited on the base of a high refractive index prism. The
dielectric medium of lower dielectric constant is kept in
contact of the other surface of the metallic layer. When p-
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polarized light is incident on the prism–metal interface
through one of the faces of the prism the evanescent wave
propagating along the interface excites the surface plasmon
wave. If the intensity of the reflected light is measured as a
function of incident angle, a sharp dip is observed at the
resonance angle. Knowing this angle, one can determine the
dielectric constant of the dielectric medium.

The prism-based SPR sensor has a number of shortcom-
ings such as its bulky size and the presence of various
optical and mechanical moving parts. Further, it cannot be
used for remote sensing. These can be removed if an optical
fiber, in place of prism, is used. In the case of optical fiber,
the cladding is removed from a small portion of the fiber and
the unclad core is coated with the metal. The dielectric
medium is kept in contact of the metal layer. The advantages
of optical fiber are miniaturized probe and remote and
online sensing in addition to simplified optical design. Due
to these advantages, fiber-optic SPR sensors have drawn lot
of attention [3–10]. In fiber-optic SPR sensors, generally,
wavelength interrogation method is used. Typically, gold or
silver is coated on the core of the optical fiber to excite
surface plasmons. Both of these metals have certain advan-
tages and disadvantages. Silver is chemically more active than
gold and gets oxidized quickly whereas gold is chemically
stable and show higher shift in the resonance wavelength with
small change in the refractive index of the dielectric or sensing
medium. The thin layers of both of them are not continuous
but agglomerate as islands [11]. In addition, band-to-band
transitions (transitions which do not involve the conduction
electron) take place in the visible range for gold layers [11].
The roughness on the surface of the metal film may also occur
due to the thermal evaporation condition.

Recently, thin film-based sensors for toxic gases have
attracted much attention due to the growing concern of envi-
ronmental safety. Most of the conducting metal oxides
(CMOs) have been found very suitable for gas sensing appli-
cations. Their properties have been found to be such that they
can support the surface plasmon wave at the interface of the
dielectric and CMO [12–14]. A number of metal oxides such
as ZnO, SnO2, and In2O3 have been used for the gas sensing
applications [15–17]. Indium–tin oxide (ITO) shows the better
result in comparison to gold and silver for surface plasmon. It
is an n-type semiconductor that shows the high electrical
conductivity and high optical transparency to visible light.
There are no islands formation on even a very thin layer of it
deposited on the dielectric surface. Further, no band-to-band
transitions are involved in its case [12, 13]. The thin films of
ITO are prepared by different techniques such as chemical
vapor deposition [18], pulsed laser deposition [19], dc mag-
netron sputtering [20], and spray pyrolysis [21].

Hydrogen gas is used in a large number of applications but
in the recent years its interest has increased due to its potential
applications in the energy technologies. Hydrogen, due to its

smallest size, can migrate easily and hence can change the
surface properties of the host material. It is a highly combus-
tible gas with a lower explosive limit (LEL) of 4.65 % at room
temperature and atmospheric pressure. Due to this, hydrogen
gas leak detection has a security issue and therefore fast and
reliable sensors for the detection of hydrogen gas are required
[22]. A number of hydrogen sensors have been reported in the
literature. Most of these are based on absorption of hydrogen
gas by palladium resulting in the change in its optical proper-
ties. The ability to detect hydrogen gas leak economically and
with inherent safety is an important issue that could facilitate
commercial acceptance of hydrogen gas in various applica-
tions. It is therefore important that the sensor be very econom-
ical. Optical fiber-based sensors that are cheap have a number
of advantages mentioned above and hence can be utilized for
the detection of hydrogen gas.

In this paper, we report the fabrication and characterization
of a fiber-optic sensor utilizing the surface plasmon resonance
of ITO films for the detection of hydrogen gas in a nitrogen gas
atmosphere. ITO is used because its film is better than silver or
gold as mentioned above and is cheaper than these metals. For
the fabrication of the fiber-optic probe, a small portion of the
unclad core of the fiber is coated with a thin film of ITO.When
hydrogen gas comes in contact of ITO, it changes the optical
properties of the ITO film and hence the SPR spectrum
recorded at the output end of the fiber when light is launched
in the fiber from a polychromatic source. The composition
ratio of ITO and the thickness of ITO film have been optimized
for the best performance of the sensor. The advantage of ITO
over palladium is that the performance of the sensor can be
enhanced by choosing proper composition of ITO.

Experimental

Preparation of the Probe

For the fabrication of the SPR probe, 1 cm length of the
cladding is removed from the middle portion of the plastic clad
silica fiber of 600-μm core diameter and 0.4 numerical aperture
from the total length of about 25 cm. The unclad portion of the
fiber was first cleaned with acetone and then with methanol in
the ultrasonic bath. It was further cleaned by high-tension ion
plasma bombardment in a vacuum chamber at the chamber
pressure of 5×10−4 mbars. After cleaning, the unclad portion of
the fiber was coated with ITO layer of different composition
and thicknesses using thermal evaporation technique in a
vacuum coating unit kept at 5×10−6 mbars pressure.

Experimental Setup

A schematic of the experimental setup is shown in Fig. 1.
After the fabrication of SPR probe, it is fixed in the gas
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sensing chamber, having facility of inlet and outlet for the
gases. The evacuation of the chamber is carried out by
rotary pump and the pressure of the chamber is monitored
by the vacuum gauge. For our gas sensing studies, we have
used two gas cylinders, one of which contains 100 % nitrogen
while the other one contains 4 % hydrogen in 96% nitrogen in
volume ratio. These cylinders were connected to gas chamber
using steal piping and can be used separately using shut-off
valves. Unpolarized light from a tungsten-halogen lamp
(AvaLight-HAL) was launched into the input end of the fiber
with the help of a microscope objective. The spectrum of the
transmitted power at the other end of the fiber was recorded
with the help of a spectrometer (AvaSpec-3648) interfaced
with a computer. To study the performance of the sensor, the
chamber was first evacuated by rotary pump and the reference
spectrum was recorded. All the spectra taken in the present
study for different combination of gases were recorded with
reference to this one. Gas from a cylinder having 100 %
nitrogen was then connected to the gas chamber and the
SPR spectra were recorded at fixed interval of time. To obtain
SPR spectra for the mixture of 4 % hydrogen and 96 %
nitrogen, the nitrogen was first evacuated from the gas chamber
by the rotary pump and then the mixture of gases was intro-
duced in the chamber. Again, the SPR spectra were recorded at
fixed interval of time. In all the cases, while recording the SPR
spectra, the pressure of the gas chamber was maintained at
1 atm.

Results and Discussion

In Fig. 2, we plot the SPR spectra for the nitrogen gas as
well as the hydrogen–nitrogen mixture at different intervals
of time, varying from 2 to 75 min for composition of the
ITO (In2O3:SnO2) as 70:30 and 90 nm thickness of the ITO
layer. A dip in the SPR spectrum is observed around 669 nm
in the case of mixture of hydrogen with nitrogen while no
dip is observed in the case of nitrogen in the visible region.
Further, a negligibly small shift in the resonance wavelength
is observed with the introduction of mixture of hydrogen in
nitrogen environment with time. However, the decrease in
transmitted power occurs with the increase in time due to the
reaction of hydrogen gas with the ITO layer. All these
changes occur due to the formation of ITO hydride when
hydrogen comes in contact of ITO resulting in the change in
the electrical, optical, and chemical properties of ITO. From
the SPR spectra shown in Fig. 2, it appears that the real part
of the dielectric constant of the ITO layer changes slowly
while the imaginary part changes fast resulting in no shift in
resonance wavelength while continuous decrease in transmit-
ted power occurs with time. In other words, the absorption of
light at a particular wavelength (or resonance wavelength)
increases with increasing time duration in gaseous environ-
ment. Further, nitrogen does not affect the dielectric constant
of the ITO layer. The experiments have also been carried out
for different compositions of ITO. Figure 3 shows the
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Fig. 1 Schematic diagram of the experimental setup of fiber-optic hydrogen gas sensor
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variation of resonance wavelength with the composition of the
ITO (In2O3:SnO2). For these measurements, the ITO film
thickness was kept as 70 nm. In the figure, filled squares are
the experimentally observed resonance wavelengths while the
continuous line is the best fit. It may be observed that as the
concentration of tin oxide in indium oxide increases, the
resonance wavelength increases which indicate that the refrac-
tive index of the ITO thin film increases with the increase of
tin oxide concentration in indium oxide. Thus by varying the
composition of ITO, the resonance wavelength can be tuned
which is one of the advantages of using ITO for the gas
detection.

To see what composition will give maximum change in
transmitted power after introducing the mixture of hydrogen
and nitrogen gases in the chamber, we, in Fig. 4, have plotted
the difference in normalized transmitted power between N2 in
chamber only and the mixture of 96 % N2 and 4 % H2 in
chamber at the resonance wavelength with the composition of
ITO after 2 min of introducing gas in the chamber. For all the
composition, the thickness of the ITO layer was 70 nm. It may

be noted from the figure that the difference in the normalized
transmitted power at resonance wavelength is maximum for
70:30 (In2O3:SnO2) composition of ITO. In other words,
70:30 composition of ITO is the optimized composition for
ITO to give maximum sensitivity for the hydrogen gas sens-
ing. Similar kinds of results have also been reported for the
sensors based on electrical properties of ITO.

To optimize the thickness of ITO layer, experiments have
also been carried out for different thicknesses of ITO layer.
In Fig. 5, variation of resonance wavelength with the thickness
of ITO layer for optimized composition of ITO (In2O3:SnO2),
70:30, has been plotted. The figure shows that with the in-
crease in the ITO layer thickness the resonance wavelength
increases. Again, the thickness of ITO layer can be used to
tune resonance wavelength.

To see what thickness of ITO layer will give maximum
change in the transmitted power after introducing hydrogen

Fig. 2 SPR spectra of fiber-
optic probe for 100 % nitrogen
and for a mixture of 4 %
hydrogen and 96 % nitrogen
at different times after filling
the gas in the chamber.
The composition of ITO
(In2O3:SnO2) is 70:30 and
the thickness of the ITO
layer is 90 nm

Fig. 3 Variation of resonance wavelength with the composition of ITO
(In2O3:SnO2) for ITO film thickness as 70 nm

Fig. 4 Variation of difference in normalized transmitted power be-
tween N2 in chamber only and the mixture of N2 and H2 in chamber at
the resonance wavelength with the composition of ITO (In2O3:SnO2)
after 2 min of introducing gas in the chamber. For all the composition,
the thickness of the ITO layer was 70 nm

630 Plasmonics (2012) 7:627–632



and nitrogen gas mixture in the chamber, we, in Fig. 6, have
plotted the difference in normalized transmitted power be-
tween N2 in chamber only and the mixture of 96 % N2 and
4 % H2 in chamber at the resonance wavelength with the
thickness of ITO layer after 2 min of introducing gas in the
chamber. For all the thicknesses of the ITO layer, the com-
position was 70:30. It may be noted from the figure that the
difference in the normalized transmitted power at resonance
wavelength is maximum for 90 nm thickness of ITO layer.
In other words, 90 nm thickness of ITO layer is the opti-
mized thickness for ITO to give maximum sensitivity for the
hydrogen gas sensing. All these results indicate that 70:30 is
the optimized composition of ITO and 90 nm is the opti-
mized thickness of ITO layer for the maximum sensitivity of
the sensor for the detection of hydrogen gas.

The dependence of the performance of various sensors
utilizing different physical properties of ITO on its compo-
sition has also been reported earlier. It has been reported that
with the increase of tin oxide concentration in indium oxide,

the grain size of the ITO decreases and also changes the
morphology of the ITO. As a consequence of grain size
reduction, the surface available for the gas target–sensing
layer interaction is maximized. In addition, the increase of
tin oxide concentration in indium oxide concentration
changes the electrical resistance (conductivity) of ITO. For
sensing carbon monoxide gas (CO) and ethanol at high
temperatures, the electrical properties of ITO have been
used. These analytes change the electrical properties of
ITO. The response of the sensor for the analytes depends
on the composition of ITO. Initially, it decreases strongly on
adding tin oxide attaining a minimum value and then
increases on further adding tin oxide. The minimum value
is obtained around 15 % of tin oxide. The maximum re-
sponse is achieved around 90 % of tin oxide in indium oxide
[23]. Indium–tin oxide (ITO) thin film has also been used
for the detection of methanol at room temperature. The
sensor shows a maximum sensitivity for 17 % tin oxide
concentration in indium oxide for methanol vapor [24]. In
the present study, the best performance for hydrogen sensing
is achieved for 30 % tin oxide concentration. These studies
suggest that there is no fixed composition of ITO to give
best performance of the sensor for different analytes. Thus
one should use only that composition which gives best
performance and avoid the interference of any other
analyte.

It may be noted that in the present study, three-medium
configuration, namely a fiber core, metal oxide thin film,
and gaseous environment, has been used. Out of these three,
two are semi-infinite dielectric media. For such kind of
multilayer system the resonance wavelengths are deter-
mined by using Fresnel's reflection equations [14]. The
equality of propagation constants of surface plasmon wave
and evanescent wave as the resonance condition and men-
tioned in introduction is applicable for two semi-infinite
media (metal and dielectric).

Conclusion

Fabrication and characterization of ITO-coated surface plas-
mon resonance-based fiber-optic hydrogen gas sensor have
been carried out. The sensor operates in intensity modulation
scheme and utilizes the reactivity of hydrogen gas with ITO,
giving rise to changes in the dielectric constant of ITO which
results in the change in the transmitted power. The 70:30
(In2O3:SnO2) composition and 90 nm thickness of the ITO
layer showmaximum sensitivity with hydrogen. However, the
operational wavelength can be tuned by changing the compo-
sition or the thickness of the ITO film.
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Fig. 5 Variation of resonance wavelength with the thickness of the
ITO layer for the composition of ITO (In2O3:SnO2) as 70:30

Fig. 6 Variation of difference in normalized transmitted power be-
tween N2 in chamber only and the mixture of N2 and H2 in chamber at
the resonance wavelength with the thickness of ITO layer after 2 min of
introducing gas in the chamber. The composition of ITO (In2O3:SnO2)
was 70:30
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