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Abstract:

Enhancing and activating reactivity of metal oxides to gases by optical excitation is already a well
investigated field of heterogeneous catalysis. Observed effects as e.g. the already mentioned activity
enhancement or increasing selectivity are also of high interest in the field of resistive semiconducting
gas sensors. Most of the already investigated systems are nanostructured. However, even though
many positive influences on the sensing performance were observed, there are only a very few
systematic investigations related to the basic effects. In the current work we therefore like to present a
systematic study on cyclic illumination of nanostructured indium oxide (In20s3) for gas sensing
applications. Indium oxide is a suitable model material since it can be used to detect oxidizing gases
even at room temperature. Therefore the influence of illumination can be separated from thermal
activation. We present results on low temperature ozone sensing and generation of multiple signals by
cyclic illumination of ordered nanoporous In20s3 utilizing blue LEDs.
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Introduction

Indium oxide is a promising candidate for
optically activated low temperature (< 100 °C)
resistive sensing of oxidizing gases like e.g.
ozone or nitrous oxides. It offers an inherent
selectivity to oxidizing gases [1]. The low
operating temperatures (< 100 °C) correspond
to a strongly reduced power consumption
compared to regular semiconducting sensors
operated at a few hundred °C.

However, without thermal activation of the
electronic and chemical processes sensor
kinetics is typically slow. Especially desorption
of adsorbates like NO: is suppressed causing
long regeneration times [2].

As an alternative optical activation by light in
the UV/vis range was shown to affect kinetics of
different sensing materials [3,4]. In case of
nanostructured In203 continuous illumination
significantly speeds up sensor reaction as well
as regeneration under exposure of ozone or
NO. [5,6]. The observed effects can be
explained by means of a new sensing model
which considers oxidation and (photo) reduction
responsible for the sensing reaction [7].
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For specific combinations of material and
structuring continuous illumination of sensing
layers was shown to correspond to constant
temperature operation mode [8]. The impact of
illumination seems to be strongest for
nanostructured materials. In case of compact,
non-nanostructured sensing layers cyclic
illumination was shown to be advantageous [9].
This can be explained by considering a limited
penetration depth of the optical activation. In
contrast to thermal activation which affects the
whole sensing layer optical activation only
penetrates a thin, surface-near region (e.g. ca.
10 nm for In203 [10]). Therefore the structure of
the sensing layer as well as of the sensing
material strongly affects the sensor behaviour
under illumination [11].

However, as for the best of authors knowledge
there are so far no studies systematically
investigating cyclic illumination. In the following
we present first results on studying the
influence of cyclic illumination on the sensor
kinetic and response as well as the utilization
for the generation of multiple signals with the
aim of selectivity enhancement. This is already
a well-established method in the field of thermo-
cyclic operation e.g. [12].
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Experimental
Sensor preparation

Nanostructured (ordered mesoporous) In203
was synthesized by structure replication
(nanocasting) of a mesoporous KIT-6 silica
matrix. Particle size control was achieved
utilizing variations of gas atmosphere during
precursor conversion. The resulting particles
exhibit pores with a diameter of ca. 5 nm and a
size of 170 nm. Details regarding the synthesis
procedure and characterization can be found
elsewhere [13].

Sensing layers were prepared by drop-coating
aqueous dispersions (25 mg in 1 mL H20 dest.)
onto commercially available sensor substrates
(UST GmbH, alumina based, 3 x 3 mm with
interdigitated electrodes and Pt10 heater).
Layer thickness was estimated by SEM to ca.
10 ym. Prior first measurement sensing layers
are heated to 175 °C in air for 24 hours to
remove residual water from the drop coating
process.

Resistance measurement

The sensing layer resistance was measured in
potentiostatic mode at a voltage of 0.5V
utilizing custom build electronics.

For illumination a blue LED with a wavelength
peak maximum at 466 nm was used. The light
source was mounted at a distance of 3 mm to
the sensing layer in a custom PTFE housing.
The LED was driven by a precision current
source controlled by a p-controller allowing
different operation modes. In the continuous
illumination mode the LED was driven by a
constant current of 26 mA. In the cyclic
illumination mode symmetric square shaped
current pulses with a gradient of +26/0.01 mA/s
at the switching points and an amplitude of 26
mA were used. The periodicity of the signal was
20 seconds, i.e. the sensors were illuminated
for 10 seconds followed by a dark period of 10
seconds.

Gas mixing

A custom build gas mixing equipment based on
mass flow controllers was utilized to supply the
desired ozone concentrations in synthetic air.
The ozone was generated utilizing a
commercially available ozone generator (UVP
Modell SOG-1) and controlled with an ozone
monitor (2B Technologies Modell 202).
Concentration was varied by controlling the light
intensity of the generator.

Results and discussion

In a first experiment the sensor reaction to
cyclic illumination in air was tested. As can be
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seen in Fig. 1 the illumination profile is causing
a sawtooth shaped resistance change. During
illumination period a resistance decrease can
be observed which is most likely due to
electronic activation and photo-desorption
increasing the number of free charge carriers.
After turning off the illumination relaxation
processes and adsorption of gas species then
lead to an increase of the resistance again.
After a few cycles a dynamic equilibrium is
reached. As can be seen the cycle shape is not
symmetric which suggests that it contains
information about the kinetics of the underlying
processes.
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Fig. 1 Resistance profile of mesoporous I[n203
layer caused by cyclic illumination (460 nm) in air at
room temperature.

To evaluate the influence of the cyclic
illumination on gas reaction the sensor
response to a 100 ppb ozone exposure of
20 minutes was compared to different
illumination scenarios (flow rate 200 ml/min,
relative humidity 20%).
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Fig. 2 Comparison of sensor reaction of In203 to
100 ppb ozone exposure at continuous (red), cyclic
(black) and without illumination (blue) with blue light
(460 nm).
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Results show (Fig.2) that the mean value of the
resistance in cyclic illumination mode is located
between the continuously illuminated sensor
and the sensor operated without illumination.

Table 1 summarizes some data regarding
sensor response (defined here as R/Ro where R
and Ro are the Ohmic resistances in the
presence and absence of the test gases,
respectively) and kinetics. The highest
response values are achieved in the non-
illuminated case. Consistent with results
obtained in former works [6] the teo times for
reaction and regeneration are orders of
magnitude higher than in the continuously
illuminated case. The most remarkable result,
however, is the improved kinetics of the cyclic
illuminated sensor. Especially the regeneration
time is only half the value than for the
continuously illuminated sensor.

Tab. 1: Results of the comparative o0zone

measurement
. . resp. t90,reaction t90,regen. t95,regen.
illumin.
[R/Ro] [s] [s] [s]
no 150 >>1000 350 770
cyclic 55 700 100 250
cont. 40 900 230 480

Besides the response and kinetic also the
shape of the response cycle changes during
ozone exposure. The amplitude of the sawtooth
profile increases from 15 kQ (without ozone) to
1300 kQ in ozone environment. Just as
noticeable is the change in shape of the rising
and falling edge during on- and off-time of the
LED, respectively. This suggests that further
data analysis utilizing e.g. principal component
analysis (PCA) or similar methods will allow for
selectivity enhancement.

Since humidity is one of the most common
interfering gases further measurements with
humidity variations under cyclic illumination
conditions were performed. As typical for room
temperature operation of semiconducting
sensing materials the mean value of the sensor
resistance  showed some  unpredictable
behavior (see Fig. 3). The absolute resistance
value cannot be correlated to the relative
humidity level since the signal seems to be
super-positioned by some long term drift
effects. However, detailed analysis of the
resistance cycles reveals differences in
amplitude and shape.
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Fig. 3 Resistance change of In:03 at cyclic
illumination caused by changes in relative humidity
(top); detailed view of cycles at 20% (red) and 80%
(blue) relative humidity, respectively.

At a relative humidity of 20 % the amplitude is
about 3 kQ and changes to 10 kQ for 80 %.
Defining the sensor response as

-1
-1 1
response = — 1
P (/Rmin,cylce ﬁemax, cycle j ( )

enables for clear separation of the different
humidity levels (see Fig. 4).

Future experiments will need to cover mixed-
gas situations, e.g. change in humidity during
ozone exposure, as well. Since the curvature of
the rising edge during humidity variations differs
from the curvature change during ozone
exposure chances are good that a separation
still will be possible.
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Fig. 4 Sensor response to different humidity levels.

At first the sensor was illuminated continuously
in the second run the sensor was operated in
the above described cyclic illumination mode
and at last the sensor response was measured
without illumination. Between measurements
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the sensor was regenerated for 10 hours in air
without illumination.

Conclusion

Nanoporous 1In203 is highly sensitive to
oxidizing gases (e.g. ozone) at room
temperature but with poor Kkinetics. The

presented measurements shows that especially
cyclic illumination of the sensing layer is a
proper tool for improving the response and
recovery times significantly.

However, details about the underlying
mechanisms are still under investigation. A
deeper understanding will enable further
improvements of the operation mode as well as
allowing for optimization of structural
parameters of the sensing material and the
sensing layers

The present study also showed that cyclic
illumination creates characteristic resistance
profiles for different gases suggesting that
selectivity enhancement by multiple signal
evaluation techniques will be possible.
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