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Abstract  
Resistive semiconducting gas sensors are typically cost-efficient and highly sensitive devices. 
However, due to the detection mechanism based on oxidizing or reducing surface reactions they lack 
in inherent selectivity. To compensate this, different methods can be applied, as e.g. utilizing catalytic 
supplements or temperature cycled operation, each with its specific pros and cons. Here we present a 
new method based on the utilization of surface reaction kinetics by cyclic optical activation in the 
UV/Vis range. Optical activation enables low temperature operation of the sensing element and 
therefore reduces the power consumption of the element drastically. This work focuses on the 
systematic optimization process of the illumination cycle for detection of ozone on nanoporous indium 
oxide (In2O3) sensing layer. 
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Introduction 
In the field of resistive semiconducting gas 
sensors increasing the selectivity or an 
enhancement of the sensor activity is of high 
interest. Resistive semiconducting gas sensors 
operate typically at high temperatures to speed 
up reaction kinetics because the sensor kinetics 
is generally slow without thermal activation. 
Alternatively, optical activation by light in the 
UV/Vis range affects the kinetics in sensing 
materials [1, 2].  

As shown in literature, thermal activation affects 
the whole sensing layer which is in contrast to 
optical activation. In the case of optical 
activation only a surface-near region of the 
sensing layer is penetrated. This is why nano-
structuring of the sensing layer and the sensing 
material influences optical properties and hence 
the sensors behaviour under illumination [3]. 

Indium oxide (In2O3) is a promising gas sensing 
material for optical activated low temperature 
(< 100 °C) measurements of oxidizing gases 
like ozone. 

It was already shown that continuous 
illumination of nanostructured In2O3 sensing 
layers significantly speeds up the sensor 
reaction as well as the regeneration times 
under exposure of ozone or NO2 [4, 5]. Cyclic 
illumination reduces the maximum response but 
improves the sensor kinetics further. It could be 

shown that especially the regeneration time of 
the cyclic illuminated sensor is only half of the 
value than for the continuously illuminated 
sensor under ozone exposure [6].  

The cyclic illumination profile is causing an 
asymmetrical sawtooh shaped resistance 
change of the sensing layer which is due to 
electronic and photo-activation followed by 
relaxation processes of the material [6]. This 
non-equilibrium state of the sensing layer 
during cyclic operation can be utilized further to 
gain additional information on the time 
constants of the underlying chemical reactions. 
The resistance response of illumination cycles 
with varying durations and frequencies exhibits 
multi-signal properties comparable to 
temperature cyclic operation [7]. Simple 
mathematical data analysis allows e.g. signal 
stabilization; long term drift effects can be 
separated from gas induced signal changes. 

In this work, we present a systematic 
optimization process of the illumination cycle to 
study the influence of cyclic illumination and 
chemical surface reaction during gas exposure 
on the sensing layer. 

Experimental 
Ordered mesoporous In2O3 particles were 
synthesized by structure replication using 
mesoporous KIT-6 silica as structure matrix. 
The structure matrix was synthesized by sol-gel 
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process. Details of the synthesis strategy and 
characterization can be found in literature [8].  

The sensing layers were prepared by drop-
coating of an aqueous dispersion of In2O3 
particles (25 mg particles in 1 mL dest. H2O) 
onto commercially available sensor substrates 
(UST GmbH, alumina based, 3x3 mm with 
interdigitated electrodes and Pt10 heater). The 
sensing layers were dried at room temperature. 

Resistive gas sensing measurements were 
carried out with ozone as test gas at a 
concentration of 500 ppb at 150 °C. For this a 
custom build gas mixing equipment based on 
mass flow controllers was utilized to supply the 
desired test gas concentration in synthetic air 
(500 mL/min flow rate) with 20 % relative 
humidity. The sensing layer resistance was 
measured utilizing custom build electronics 
(potentiostatic mode at a voltage of 0.5 V). 

A blue LED (wavelength peak maximum at 
466 nm) was used for cyclic illumination of the 
sensor. The LED was mounted at a distance of 
3 mm to the sensor (custom build PTFE 
housing) and driven by a precision current 
source (controlled by µ-controller) [6]. 
Symmetric square shaped current pulses 
(amplitude of 80 mA) were used for cyclic 
illumination. The cycling frequency was varied 
by using different illumination times (2, 5 and 
10 seconds). For example, the sensor was 
illuminated for 2 s followed by a dark period of 
2 s. 

Results and discussion 
The synthesized In2O3 particles exhibit pores 
with a diameter of 4, 5 and 12 nm and a specific 
surface area of 100 m²/g. The particle size is 
170 nm. Details of material characterization can 
be found in literature [8]. 

The sensor is illuminated by blue LED light 
using a square shaped current signal which 
leads to a sawtooth shaped resistance change 
of the sensing layer (schematic see Fig. 1). The 
resistance is decreasing during illumination, 
which is due to an electronic and photo-
activation of the sensing layer. After turning off 
the illumination, the resistance is increasing 
because of relaxation processes.  

The influence of the cyclic illumination on the 
sensor kinetics under ozone exposure was 
evaluated by comparing different illumination 
times (2, 5 and 10 s). The results are shown in 
Fig. 2. 

 

 
Fig. 1. Schematic of the square shaped LED profile 
and the resulting resistance profile of In2O3 particles. 

 
Fig. 2 Resistance vs. time of mesoporous In2O3 
under ozone exposure (500 ppb, 500 mL/min flow 
rate, 20 % relative humidity, 150 °C) for different 
illumination times with blue light (466 nm). 

The mean value of the resistance of the 
sensing layer is increasing with increasing 
illumination time (Fig. 2).  

The cyclic operation mode enables a multi-
signal evaluation which can be used for further 
investigations.  

The multi-signal evaluation, defining the sensor 
response as 

  (1) 

enables the determination of the optimum 
illumination time (Fig. 3). m0 and m1 are 
measurement points in the illuminated part of 
the measured resistance signal (Fig. 3, inset). 
As can be seen (Fig. 3) the response of the 
sensor depends on the illumination time.  

During ozone exposure, ozone molecules can 
adsorb and react on the In2O3 surface. We 
assume that the different response signals are 
caused by these underlying surface reactions. 
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Fig. 3: Response vs. time of mesoporous In2O3 
particles under ozone exposure (500 ppb, 
500 mL/min flow rate, 20 % relative humidity, 150 °C) 
for different illumination times with blue light 
(466 nm). Inset: Measurement points for multi-signal 
evaluation. 

The correlation between illumination time and 
sensor response can also be seen in the 
calculated t90 reaction times of the sensor (see 
Tab. 1). 
Tab. 1: Calculated t90 reaction times of the sensor 
for different illumination times. 

Illumination time [s] t90, reaction [min] 

2 10.3 

5 7.0 

10 6.3 
 

The illumination time of 10 s provides the best 
signal. This leads to the assumption that the 
time constant of the surface reaction of ozone 
molecules at the In2O3 surface is in the same 
range. 

In addition, the cycle shape is changing during 
gas exposure, which suggests that it contains 
additional information about the underlying 
mechanisms. Therefor further experiments will 
be carried out to study these mechanisms in 
more detail. 

Conclusion 
Mesoporous In2O3 is a promising material for 
resistive gas sensing because it is highly 
sensitive to oxidizing gases like ozone even at 
low temperature. The kinetics of 
semiconducting gas sensors is typically slow 
without activation. Instead of thermal activation, 
optical activation of the In2O3 particles can be 
used. Especially cyclic optical activation is a 
proper tool for improving the response and 
recovery times of the sensor. 

In this work, we presented a systematic 
optimization process of the illumination time to 

study the influence of cyclic illumination and 
chemical surface reaction during ozone 
exposure on the nanoporous In2O3 sensing 
layer. It was shown that the illumination time is 
correlated to the sensor response. The 
illumination time of 10 s provides the best signal 
which leads to the assumption that the time 
constant of the ozone reaction at the In2O3 
surface is in the same range.  

All in all, the presented method is a proper tool 
to study surface reaction kinetics of ozone 
molecules at the In2O3 surface. However, 
details about the underlying mechanisms are 
still under investigation. 
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