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Abstract

Thin film semiconductor sensors based on palladium oxide were produced to analyse the concentration of ozone in the air.
The palladium oxide films were obtained by means of thermal oxidation of ~ 20-30 nm metal in air at various temperatures.
The oxide films were studied using electron microscopy and reflection high-energy electron diffraction. The optical,
electrophysical, and gas sensitivity properties of the films were investigated. The study determined the optimal oxidation
annealing temperature that ensures the uniform composition of the films and absence of electrical noise affecting the gas
detection process. The article explains that electrical noise in ultrathin films is caused by their fragmentation during
oxidation annealing. The study demonstrated the high sensitivity of the obtained films to oxide.
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1. Introduction

At the moment, ozone-based technologies
are widely used for the disinfection of water
in water supply lines, swimming pools, and
indoor water parks, as well as for sewage water
treatment, the bleaching of paper, etc. Ozone is
obtained in large quantities by means of special
on-site generators. However, ozone is very toxic.
The maximum acceptable concentration (MAC)
of ozone in the operational area is 0.1 mg/m3
or ~50 ppb (1ppb - 107 vol. %). For comparison,
the MACs of other toxic gases, including Cl,,
NO,, and CO, NH, are within the range of 300-
3-10* ppb. Therefore, in order to ensure safety at
the ozone generation stations, it is necessary to
organise continuous and multipoint monitoring
of the concentration of ozone in the air. The
existing monitoring devices are based on optical
techniques for ozone detection and have a number
of drawbacks: they are expensive, require a lot of
energy, and are difficult to service. Moreover,
they only analyse the ozone concentration at a
single point, the place where the optical sensor
is located. An alternative solution involves using
semiconductor-based resistive sensors. Devices
with such sensors have a number of advantages:
they do not require consumables and allow
multipoint continuous monitoring of the air in
the operational area.

The production technology of the gas sensitive
layer and the choice of the sensor material largely
determine the sensitivity of the sensor. The sol-
gel method is the most commonly used. It helps to
obtain highly developed surfaces available for the
adsorption of gases. The article describes a thin-
film technology involving the vacuum deposition
of gas sensitive layers, because it combines well
with established microelectronic technologies.
The cost of gas analysers produced using this
technology is significantly lower.

In,0,, WO,, ZnO, and SnO, oxides are most
commonly used as sensor materials for ozone
detection, either in pure forms or with additives.
In our study, we used PdO, which was first
suggested as a sensor material for ozone analysis
in our previous articles [1-3].

The purpose of the study was to optimise the
technology of the production of thin gas sensitive
PdO films that ensure detection of ozone, when
its concentration is below the MAC.
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2. Experimental

Thin PdO films were obtained by thermal sput-
tering of metallic Pd on various substrates: glass
substrates for the study of the optical properties,
alumina ceramic (Al,O,) substrates for the analy-
sis of the electrophysical and sensitivity proper-
ties, KCI single crystal substrates with an amor-
phous carbon sublayer in the experiments con-
ducted using transmission electron microscopy
(TEM). Fixed sputtering parameters, including the
speed of the deposition of the metal on the sub-
strate (~ 1 nm/min), the pressure of the residual
gases in the vacuum chamber (~ 10 Torr), and the
distance between the evaporator and the substrate,
allowed us to obtain metallic Pd films with repro-
ducible thickness. The thickness of the films was
determined by studying the film edge on a single
crystal carbon substrate using a scanning electron
microscope. The thickness of the experimental
samples was ~ 20-30 nm. These metal films were
annealed in air at 240, 400, and 600 °C for one
hour. The obtained films were then characterised.

Optical analysis was performed using an Ocean
Optics fibre optic spectrometer in transmission
mode.

The phase composition and the microstructure
of the films were studied by means of reflection
high-energy electron diffraction (RHEED) and
transmission electron microscopy (Karl Zeiss
Libra 120).

The electrophysical and gas sensitivity
properties of the films were studied on special
alumina ceramic test structures. An alumina
ceramic substrate (2-3 mm) plated with Pt
electrodes used for measuring the resistance of
PdO films is presented in Fig.1.

Fig. 1. The test structure used for the analysis of the
electrophysical and gas sensitivity properties of the
PdO films
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On the back side of the substrate a meander
Pt heater was made. It served as a temperature
sensor. The temperature of the sensors during the
experiments was maintained with an accuracy
of 1 °C.

A GS-024-25 ozone generator (‘OPTEC”) was
used in the gas sensitivity experiments.

3. Results and discussion

PdO is a semiconductor oxide of the p-type
with the bandgap of 2.2-2.7 eV [4-6]. The
semiconductor nature of the obtained films
was proved by means of optical spectroscopy
and electrophysical methods. The transmission
spectra of PdO films are characteristic of
semiconductor materials with transmission
rapidly reducing next to the band-to-band
electronic transition Ev-Ec (Fig. 2). A Tauc
plot E-(adhv)? was applied to determine the
bandgap of the semiconductor E, . Extrapolation
of the straight line drawn to the linear region
of the optical spectrum to the X-axis results in
E, = 2.27 eV (Fig. 2), which complies with the
results of previous studies [4-6].

The p-type conductivity of PdO was
determined earlier in the study of the Seebeck
effect in thin films [3]. This is also proved by the
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Fig. 2. Optical spectra of PdO
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nature of the resistance response of PdO films in
the ozone - oxide gas environment (Fig. 4). The
resistance of the PdO films, as expected from a
p-type semiconductor, reduces in the oxidizing
environment of ozone (Fig. 4) in full compliance
with the known patterns of sensory response [7].

Fig. 3 presents X-ray diffraction patterns and
TEM images of the Pd films in various stages of
oxidation. The analysis of the X-ray diffraction
patterns demonstrated that the initial films
(Fig. 3a) are metallic palladium with no visible
traces of oxide phases. Films annealed in air at
240 °C (PDF card 00-041-1043 [8]) have the same
phase composition.

Increasing the temperature of annealing of
Pd films in air up to 400 and 600 °C results in
the formation of the tetragonal oxide phase of
PdO with the following parameters of the crystal
lattice: a = 0.3036 nm, ¢ = 0.5339 nm (PDF card
00-041-1107).In this case, RHEED does not show
the metallic palladium phase in the films, which
means that the oxidation of palladium is complete
and the film now has a single phase - PdO.

One of the features of the oxidation annealing
is the growth of crystallites both in the Pd film
(Fig. 3b) and in the PdO films (Fig. 3c, d). In this
case the films lose their initial uniform structure.
The growth of crystallites and formation of
gaps in the film proceeds in proportion to the
growth of the annealing temperature. Such
secondary recrystallization significantly affects
the electrophysical properties of the films.
During the oxidation annealing of the films
applied to test structures (Fig. 1) we registered
their current resistance, which monotonously
grew with the growth of temperature. This was
mainly accounted for by the oxidation of metallic
palladium to the semiconductor oxide which has
higher resistance.

It is noteworthy, that at annealing tempera
tures of more than 550 °C, electrical noise was
observed which, according to the microscopic
study (Fig. 3), was directly connected to the
fragmentation of the thin films. We assume that
the increasing fragmentation of the films results
in worse contact between the crystallites, which
causes the electrical noise. At a temperature of
above 600 °C, the noise level and the resistance
grow dramatically. At a temperature of 650-
700 °C, the films fragmentation ends and as a
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Fig. 3. X-ray diffraction patterns and TEM images of the initial Pd film (a) and the films annealed at 240 (b),

400 (c), and 600 °C (d)

result the films lose their electrical conductivity.

The described patterns are characteristic for
the thin films (~ 20-30 nm) described in this
article. The thickness of the films was chosen
because of the ratio of the surface area to the
volume, i.e. the sensory effect of the films
depends on the gas chemisorption. The inner
“exchange” layers of the films remain passive and
shunt the changes in the electrical conductivity
of the surface layers, thus reducing the sensory
effect.

Therefore, the optimal annealing temperature
for PdO thin films should not exceed 550 °C. This
ensures the single-phase composition of the films
and the absence of electrical noise that interferes
with accurate resistance measurements.

The gas sensitive properties of PdO thin
films were studied, when the concentrations of
ozone in the air were 25, 55,90, and 250 ppb. The
operating temperature of the PdO films during
the ozone detection experiments was 150 °C.
The resistance response of the PdO based thin

[ mmwo,  xombo
25pb O QDpob O
g;(])_,nb 3/ /ni) 3;/
3000-
£ 2500
L
(@]
& 0004 /
|Ar y;
1500 A 2
Ar
1000 A"
10000 20000 30000
time, s

Fig. 4. The resistance response of the PdO films to
various concentrations of ozone in the air

59



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

S.V.Ryabtsev et al.

film sensor obtained by means of the described
technology is presented in Fig. 4.

The literature review demonstrated that the
minimal concentrations of ozone registered by
semiconductor sensors are from single digit to
several tens of ppb [9-12]. Fig. 4 demonstrates
that the elaborated technology for the production
of ultrathin layers of PdO can detect significantly
lower concentrations of ozone in the operation
area.

4. Conclusions

In our research, we analysed PdO ultrathin
films and their potential as sensor materials for
the detection of ozone in the air. The films were
obtained by means of thermal oxidation of the
layers of metallic palladium. TEM registered the
fragmentation of PdO films at higher annealing
temperatures, which results in electrical noise
occurring during resistance measurements. The
optimal oxidation annealing temperature is
550 °C. The sensory layers obtained using this
technology can detect ozone at concentrations
significantly lower than 25 ppb.
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