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Abstract

In,O5_, thin films with a thickness of 100-990 nm were grown by dc magnetron sputtering. Their structural, electrical and ozone sensing
properties were analyzed. Structural investigations carried out by electron probe micro analysis, secondary ion mass spectrometry and atomic
force microscopy showed a strong correlation between stoichiometry, surface topology and gas sensitivity. Moreover, the electrical conductivity
of In,O5_, thin films exhibited a change of over six orders of magnitude during photoreduction with ultraviolet light and subsequent oxidation in

ozone atmosphere at room temperature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Metal oxide semiconductors are suitable materials for gas
sensors due to their low dimension, portability, and simplicity.
The electrical properties of metal oxide thin films are strongly
influenced by the presence of oxidizing and reducing gases. Oxi-
dizing gases such as NO; and O3z are common pollutant gases.
It is well known that the gas adsorption onto the surface of a
metal oxide semiconductor influences its electrical conductiv-
ity. In fact, conductivity of semiconductor gas sensors changes
by a few orders of magnitude with respect to the initial value in
the presence of gas concentrations up to few parts per million
(ppm) in air at ambient pressure. It is also well known that elec-
trical properties of semiconducting oxides like InpO3_, depend
strongly on defect density created by external doping or dis-
tributed stoichiometry as well as their growth conditions [1-4].
A considerable amount of work has been reported on materi-
als like In, O3 [4-9] to detect hydrocarbon gases, ozone, nitric
oxide gases, ammonia, ethanol vapors etc but none of them have
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reported sensing of ozone below 50 ppb concentration. Using
molecular field-effect transistors, however, ozone sensing below
10 ppb has been succeeded [10,11].

In this work, we report on the fabrication and surface, elec-
trical and gas sensing characterization of InpO3z_, thin films
deposited by dc magnetron sputtering. We show that the films
show gas sensing characteristics towards O3z (50 ppb) at oper-
ating temperatures from room temperature (RT) to 100 °C. The
changes in the electrical conductivity of the films during the
photoreduction with UV and subsequent oxidation in ozone are
correlated with the surface parameters of the films. We con-
clusively prove through electron probe micro analysis (EPMA)
and secondary ion mass spectrometry (SIMS) measurements that
film stoichiometry changes within the top 5 nm of the In,O3_,
films. It can be thus concluded that the electrical conductivity
changes and consequently the gas sensing properties of the films
are a surface phenomenon.

2. Experimental

The depositions of the InyO3_, films were carried out in an
Alcatel dc magnetron sputtering system using a 99.999% pure In
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metallic target under constant deposition parameters: the pres-
sure was 8 x 107> mbar, the oxygen concentration in the plasma
was 100%, the growth rate was 5.6nm min~! and the substrate
temperature was kept at 27 °C. The base pressure in the cham-
ber was 5 x 10~7 mbar. Films with thicknesses between 100 and
990 nm were deposited onto Corning 1737F glass substrates
with electrical contacts and silicon substrates. The thickness
was monitored in situ as well as ex situ using an Alphastep
profilometer.

EPMA was carried out at University of Braunschweig, Ger-
many using a CAMECA SX50 EPMA system under conditions
(Eg=5keV) where the depth of analysis was <150 nm. Avail-
able standards of InP (for In) and SnO, (for O) were used for
quantification. SIMS was performed using a CAMECA IMS
5f system using the following experimental setup: 3keV Cs*
primary ions, Ip=35nA, raster 500 pm x 500 wm; Sputter rate
0.02nms~! based on determination of crater depth by pro-
filometry; CsM™* (M =element of interest) molecular secondary
ions, accepted area of @=120 wm in the center of the raster
field.

The surface morphology (grain size and surface roughness)
was analyzed with a Nanoscope III atomic force microscope
(Digital Co. Instruments, USA) using a normal silicon nitride tip
(125 pm) in Tapping Mode scanning the surface with an oscil-
lating tip to its resonant frequency (200-400 kHz). All measure-
ments were made at RT. In the present study the RMS roughness
of the surface is defined as: RMS (nm)=[> (z; — zave)Z/N]l/z,
where z; is the current value of z, zave the mean value of z
in the scan area, and N is the number of points. Grain radius
and features dimensions were evaluated using the cross section
analysis menu facilities of NanoScope III Program. The con-
ductivity measurements were carried out in a special designed
reactor [9] at RT in a home made system at FORTH. For pho-
toreduction the samples were directly irradiated in vacuum by
the UV light of a mercury pencil lamp at a distance of approx-
imately 3cm for 15min in order to achieve a steady state.
For the subsequent oxidation ozone was produced up-stream
in the presence of UV and the chamber was backfilled with
oxygen and ozone at a pressure of 560 Torr. This treatment
lasted 45 min, after which no further changes of the conduc-
tivity could be observed. Finally, the chamber was evacuated
and the photoreduction—oxidation cycle described above was
repeated a few times. An electric field (1 or 10Vem™) was
applied during the whole cycling procedure to the samples
and the electrical current was measured with an electrometer.
Current—voltage (I-V) measurements were always performed
before the cycling started in order to ensure the Ohmic nature
of the contacts. The measurements in air/gas mixtures were per-
formed using INDOORTRON facilities at the European Joint
Research Centre at Ispra in Italy. The INDOORTRON is a
walk-in type environmental chamber of a 30m? volume fea-
turing the ability to independently control temperature, rel-
ative humidity and air exchange rate. All the measurements
were done under stationary conditions. Gas concentrations in
the chamber were determined using gas spectroscopy. Pho-
toreduction of the analyzed films was done using a solar
lamp.

Table 1

Film stoichiometry was investigated by EPMA

Sample In (at.%) O (at.%) In/O atomic Formula
ratio

In,O3_, non-conductive  40.5 59.5 0.68 In,Oz.94

InpO3_, conductive 40.8 59.2 0.69 In; 02,99

3. Results and discussion

InpO3_, in its stoichiometric form (InpO3) behaves as an
insulator, while in its non-stoichiometric form (InpOs_,), it
appears to have semiconducting properties. Film stoichiom-
etry was investigated by EPMA. The average of 15 points
(spot ~@ =10 wm) of analysis on each sample is presented in
Table 1. InpO3_, non-conductive is considered to be the film as
deposited, In;O3_ conductive is considered to be the film after
UV exposure.

Within the precision of the EPMA experiments the “bulk”
composition of the coatings has to be regarded as identical.
The composition is very close to the stoichiometry of In,O3.
For SIMS measurements the calibration of the concentration
axis in respect of In and O was carried out by assuming the
“bulk” stoichiometry (i.e., for a depth <20nm) of InyO;.94
(cm/co =0.68) corresponding to the results of EPMA. The con-
centrations of impurity elements (H, C, N, Si) are rough estima-
tions based on sensitivity factors derived from a coating standard
of Si—C:H:N:O. Fig. la and b shows that both samples are
homogeneous in depth. No difference between In;O3_, “non-
conducting” and “conducting” is visible, including the level of
impurity elements.

Fig. 2a and b give a “closer look” to the In and O concen-
trations in the near-surface region. Within a depth of 0-5nm a
small difference between InpO3_, “non-conducting” and “con-
ducting” can be detected. This difference becomes clearly vis-
ible when the In:O atomic ratio of both samples is plotted as
a function of depth (Fig. 3). As compared with the “bulk”
(>10nm) composition (In:0=0.68 = Iny0;.94), the sample
“non-conducting” exhibits a surplus of O (2nm: In:O ~ 0.65,
~Iny 03 0g) within the first 5 nm, whereas the sample “conduct-
ing” shows a deficit of O (2 nm: In:O ~ 0.70, ~In2 0> g¢).

The mechanism responsible for the conductivity changes
in InpO3_, films is the formation and annihilation of oxygen
vacancies. UV irradiation of the sample with energies above the
bonding energy between In and O leads to a transformation of
an oxygen atom from a bound state to the gaseous state [12].
This reflects in an increased electrical conductivity (omax) or
a decreased resistivity (p). Subsequent exposure of the film to
oxidizing gases will cause a surface interaction with the oxygen
deficient metal oxide leading to a decrease of the electrical con-
ductivity to a minimum value (omin), which can be correlated
with the gas concentration. A typical photoreduction/oxidation
cycle for InpO3_, films is shown in Fig. 4. All these interactions
take place on the film near surface region (0-5 nm depth) as is
shown from SIMS analysis in Fig. 3. In order to correlate the
film surface properties with the film sensitivity to ozone (cal-
culated as o max/0omin from conductometric tests in an evacuated
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Fig. 1. SIMS compositional characterization of (a) “non-conducting” and (b)
“conducting” InpO3_,. Calibration of the concentration axis in respect of In and
O was carried out by assuming the “bulk” stoichiometry (i.e., for adepth <20 nm)
of Inp 02,94 (cm/co =0.68) corresponding to the results of EPMA.

chamber under a flow of O3 at RT) we plotted the film sensitivity
versus film thickness and the AFM measured surface parame-
ters of grain radius (GR) and surface roughness (RMS) as it is
shown in Fig. 5. These results are given for a film series with
thickness varying from 100 to 990 nm. The correlation shows
the strong influence of film thickness on topology and, conse-
quently on film sensitivity. For increasing thicknesses from 100
to 648 nm and finally 990 nm, the o'yax/0 min ratio decreases from
10°t0 2.1 x 10* and 3.3 x 103, respectively. This is a significant
alteration of sensitivity. AFM images of film surfaces are shown
in Fig. 6a—c. The RMS and GR are increasing with increasing
film thickness. The film sensitivity correlation with the surface
parameters can be explained using the conduction model of
metal oxide gas sensors approximation given by Barsan and
Weimar [13]. The mechanism of gas detection is the interaction
of the gaseous species with the oxygen deficient surface of the
semiconducting sensitive metal oxide layer. As a consequence
of this surface interaction charge transfer takes place between
the absorbed species and the semiconducting sensitive material.
According to this model, for small grains and narrow necks,
when the mean free path of free charge carriers become compara-
ble with the dimension of the grains, the surface influence on the
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Fig. 2. A “closer look” to the In and O concentrations in the near-surface region.
Within a depth of 0—5 nm a small difference between In,O3_, “non-conducting”
(a) and “conducting” (b) can be detected.

mobility becomes dominant over bulk phenomena. In the pres-
ence of the ionic species on the surface, after UV photoreduction,
the electronic concentration in the surface states increases. The
surface states concentration is correlated with the roughness and
grain size via surface-to-volume ratio. Therefore, the gas sensi-
tivity is strongly dependent on the film roughness and surface
grain dimensions proving the importance of surface-to-volume
ratio for high sensitivity applications. Increasing grain radius
was found to reflect on decreasing sensitivity of our films mainly
due to an increase of the film stoichiometry controlled by depo-
sition parameters.

C,/Co of InOx as a function of depth
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Fig. 3. In:O atomic ratio of both, “non-conducting” and “conducting” samples
plotted as a function of depth.
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Fig. 5. The film sensitivity vs. film thickness and the AFM measured surface
parameters surface roughness (RMS) and grain radius (GR).

In Fig. 7a the electrical measurements for a 110 nm InyO3_,
film in air/NO, mixture are presented. The measurements were
done without external heating under 1Vem™! electric field
applied on the sample. Photoreduction of the film was done
using a solar lamp. The NO; concentration was varied from
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Fig. 7. Current measurements for the 110nm InyO3_, film toward NO (a)
and O3 (b) in air. The measurements were done without external heating under
1Vem™! electric field applied on the sample.

2.1 to 47 parts per billion (ppb) in the presence of 3-9 ppb O3
created from the interaction of UV light with air in the cham-
ber. Photoreduction of the film causes a current increase of
more than three orders of magnitude while consequent NO>
oxidation leads to a decrease of the current by around two
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Fig. 6. AFM 3D images of different thickness film surfaces: (a) 990 nm, (b) 648 nm, (c) 110 nm. Scan size 2 wm x 2 pm, X-axis: 0.5 wmdiv~!, Z-range: 10 nm div—".
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orders of magnitude. Fig. 7b shows the electrical measure-
ments for the same 110nm InyO3_, film in an air/O3 mix-
ture. The ozone concentration was varied from 36 to 54 ppb
in the presence of 5.4 ppb NO; and 0.2 ppb NO in air. It can
be seen that photoreduction leads to a three orders of mag-
nitude increase in the current, while subsequent oxidation in
ozone causes an abrupt current decrease by more than three
orders of magnitude. It can be noted that the changes in the
film’s conductivity are much larger when the photoreduction
is done in vacuum and the oxidation in pure oxidizing gas
atmosphere (see Fig. 4). During the whole process the tem-
perature varied from 23 to 44.6°C due to the heat released
by the lamp. However, this small temperature variation in the
chamber is the same for all measurements performed and does
not influence significantly the film’s response to the oxidizing
gases.

The sensitivity of InpO3_, thin films grown by dc magnetron
sputtering towards ozone in sub 50 ppb concentration in air is
higher than for NO,. The as-deposited In,O3_, thin films are
not selective gas sensors; however, they show different response
behavior for the oxidizing gases studied here, i.e., O3 and NO;.
A possible way to make them selective might be to modify their
surface [14].

4. Conclusions

Thin films of InyO3_, for ozone and nitrogen dioxide sensing
applications have been successfully fabricated using dc mag-
netron sputtering. We have proved the stoichiometry role on
film sensing properties as well as the fact that sensing is a sur-
face phenomenon and it is strong connected with film surface
parameters, which can be controlled by deposition parameters.
The InpO3_, films show stable and repeatable gas sensing char-

acteristics towards both O3 and NO; at operatin temperatures
from RT to 100 °C.
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