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Thin Films of Palladium Oxide for Gas Sensors
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Abstract—Thin films of PdO obtained by thermal oxidation of Pd films in air in the temperature range of
240—800°C were characterized using fast electron diffraction, transmission electron microscopy, and optical
spectroscopy. The PdO films were found to be non-stoichiometric. With increasing oxidation temperature,
the deviation of the PdO film composition from the stoichiometric component ratio becomes less pro-
nounced. The resistivity response of PdO films to the presence of ozone in air was studied for the first time
and good prospects for using this material for gas sensors are demonstrated.
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Ultradispersed Pd/PdO particles present on the
surface or in the bulk of SnO, and ZnO oxides are
known to activate their gas sensitivity [1, 2]. Examina-
tion of published data showed the absence of papers
considering the gas sensitivity of PdO films as a self-
sufficient semiconductor sensor material.

The purpose of this study is to synthesize palladium
oxide thin films and to characterize them by transmis-
sion electron microscopy (TEM) and optical spectros-
copy and also to investigate their gas-sensitive proper-
ties for the detection of oxidizing gases.

EXPERIMENTAL

Synthesis of PdO Films and Investigation Methods

The initial ~30 nm thick palladium films were
obtained by thermal sublimation and condensation of
the metal in vacuum with deposition on non-heated
subsrates. For measuring the electrical parameters, the
Pd films were formed on polished polycrystalline
Al,O; plates. The optical properties were studied for
films deposited on quartz plates. Films for TEM mea-
surements were formed on Si substrates with a buffer
SiO, layer and on KCI substrates with an amorphous
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carbon layer. The Pd film thickness was specified by
selecting the metal condensation time at a condensa-
tion rate of ~0.016 nm/s. The Pd films were oxidized
by annealing in air at 7,,, = 240, 300, 400, 550, 600,
and 800°C for 1 h.

The phase composition and substructure of the
films were measured by fast electron diffraction
(FAD) and transmission electron microscopy (TEM)
on EMV-100 BR and Karl Zeiss Libra 120 electron
microscopes. The electron diffraction patterns were
interpreted using the JCPDS database [3].

The electrical properties and gas sensitivity of PAO
films on test alumina substrates (Al,O3, 2 X 3 mm)
with platinum electrodes were measured on a Hioki
3522-50 instrument. The optical properties of the PAO
films synthesized at different temperatures were inves-
tigated on a Shimadzu UV-210A double-beam spec-
trophotometer.

RESULTS AND DISCUSSION

Phase composition, structure, and orientation of the
films. According to FAD data, the initial single-phase
Pd thin films have a highly dispersed polycrystalline
structure with arbitrary grain orientation, grain size
varying from 0.5 to 6 nm. The cubic unit cell parame-
ter of Pd films is ¢ = 0.3912 = 0.0002 nm, which
exceeds the reference values by 0.6% [3].

Since Pd was vaporized by sublimation and the
condensation rate was rather low (~0.016 nm/s), the
change in the unit cell parameter is, presumably, a
consequence of hydrogen atom absorption [4].

It was found by FAD that annealing of Pd films in
air at temperatures below 300°C does not induce
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Fig. 1. (a) Electron-diffraction pattern and (b) light-field TEM image of PdO films obtained by annealing in air at 7, = 600°C.

changes in the phase composition, which is indicative
of insufficient activation towards oxidation. When
T.nn = 300°C, partial oxidation takes place to give two-
phase films: apart from Pd, palladium oxide PdO is
detected (tetragonal crystal lattice, a = 0.3043 =+
0.0002 nm and ¢ = 0.5337 £+ 0.0002 nm) [3]. In the
electron diffraction patterns of these samples, the rel-
atively high intensity of the (100) ring, which is forbid-
den for the PdO space group P4n2, implies that the
oxide is non-stoichiometric [5]. The average grain size
of each phase is about 8 nm. In two-phase samples,
the palladium unit cell parameter corresponds to the
reference value, which means that hydrogen atoms
have escaped from Pd on heating.

Raising the annealing temperature to 500°C
resulted in the formation of single-phase PdO films.
On further increase in 7,,, from 600 to 800°C, the
phase composition did not change and only the aver-
age grain size increased to ~15 nm (Fig. 1).

Optical absorption spectra. We present the pri-
mary transmission spectra of the samples (Fig. 2a) and
the spectra plotted in the (odhv)’>—E coordinates
(Fig. 2b). From Fig. 2a (spectrum /), it follows that
the Pd films annealed at 240°C for 1 h have a low
transmission coefficient 7' = f{A), typical of metals,
over the whole wavelength range. The structured spec-
trum characteristic of semiconductors is recorded for
samples oxidized above 300°C, which is in good agree-
ment with the phase composition data. For samples
oxidized at 7, = 300, 400, or 550°C (Fig. 2a, spectra
2—4), the transmission coefficient in the wavelength
range above 500 nm monotonically increases with
increasing the annealing temperature, indicating an
increase in the fraction of the semiconductor phase,
i.e., PdO. A minimum change in the transmission
coefficient of the films was found as the annealing
temperature increased from 600 to 800°C, indicating a
semiconductor nature of the conduction of the whole
bulk of films oxidized at these temperatures.

DOKLADY PHYSICAL CHEMISTRY Vol. 470  Part 2

The bandgap of ultrathin films resulting from Pd
oxidation calculated by the graphical method mono-
tonically increases, being AE, = 2.15, 2.2, 2.25, and
2.3eV for T,,, = 400, 550, 600, and 800°C, respec-
tively. The results support the known published data
about the semiconductor properties of PdO films with
p-type conduction and bandgap AE, of ~2.2-2.7 eV
[6—9].

A possible cause of the increase in the bandgap is
the presence of density-of-states tails in the semicon-
ductor bandgap, which is typical of samples with a
composition deviating from the stoichiometric com-
ponent ratio. The bandgap AE, = 2.3 eV corresponds
to PdO samples with minimum non-stoichiometry.
The obtained results are in line with the capacitance—
voltage characteristics of PdO films on silicon [10].

Gas sensitivity of PdO films. In p-type semicon-
ductors, chemisorption of gases with a high electron
affinity results in enrichment of the near-surface
region with the major charge carriers. The electrical
conductivity of the film thus increases. Electrical con-
ductivity measurements upon chemisorption of the
reducing and oxidizing gases, for example, hydrogen
and oxygen, make it possible to determine the type of
conduction of the semiconductor. In sensor experi-
ments, ozone was used as a highly potent oxidant. The
investigation was carried out on test structures with
PdO films synthesized at 600°C. The resistivity
response of PdO films measured at 220°C is shown in
Fig. 3. The reproducibility of the response of the sens-
ing structure based on PdO thin films was confirmed
by repeated cycles of measurements with the same
ozone concentrations in air (0.5, 0.32, 0.19, and
0 mg/m?).

The varioation pattern of the resistivity response to
the presence of ozone in air corresponds to the previ-
ously established p-type of conduction of palladium
oxide. The data (Fig. 3) on the magnitude, reproduc-
ibility, and kinetics of the resistivity response (the
experimental points in the plots were measured every
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Fig. 2. Transmission spectra of films after annealing for 1 h at various temperatures (°C): (1) 240, (2) 300, (3) 400, (4) 550,
(5) 600, (6) 800. (a) Transmission coefficient plotted vs. the wavelength; (b) (ocdhv) plotted vs. the photon energy.

10 s) attest to high efficiency of PdO thin films as sens-
ing materials as compared with other materials used to
detect oxidizing gases [11—13].
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Fig. 3. Variation of the PdO film resistance with time for
various ozone concentrations in air.
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CONCLUSIONS

The possibility of synthesizing PdO thin films by
thermal oxidation of Pd films in air at temperatures of
500—800°C was demonstrated by FAD, TEM, and
optical spectroscopy methods.

The resistivity response of PdO thin films to the
presence of ozone in air was detected for the first time.
The magnitude of the response attests to good pros-
pects for using this material in the design of sensors for
detection of oxidizing gases.

ACKNOWLEDGMENTS

This work was supported by the Russian Science
Foundation (project no. 14—13—01470).

REFERENCES

1. Yamazoe, N., Kurokawa, Y., and Seiyama, T., Sensor.
Actuat., 1983, vol. 4, pp. 283—289.

2. Morrison, S.R., Sensor. Actuat., 1987, vol. 12, pp. 425—
440.

3. Powder Diffraction File, Alphabetical Index of Inor-
ganic Compounds, JCPDS, Pensilvania, 1977.
4. Mikhailenko, Ya.l., Kurs obshchei i teoreticheskoi khimii

(Treatise on General and Theoretical Chemistry),
Moscow: Vysshaya Shkola, 1966.

Part 2 2016



THIN FILMS OF PALLADIUM OXIDE

. Dmitrienko, V.E., Ovchinnikova, E.N., and Ishida, K.,
Poverkhnost’. Rentgen., Sinkhrotron. Neitron. Issled.,
2002, no. 11, pp. 5-9.

. Rey, E., Kamal, M.R., Miles, R.B., and Royce, B.S.H.,
J. Mater. Sci., 1978, vol. 13, no. 4, pp. 812—816.

. Nilsson, P.O. and Shivaraman, M.S., J. Phys. C: Solid
State Phys., 1979, vol. 12, pp. 1423—1427.

. Sobolev, V.Val.,, Mordas, D.O., and Sobolev, V.V,
Inorg. Mater., 2004, vol. 40, no. 2, pp. 166—170.

. Garcia-Serrano, O., Andraca-Adame, A., Baca-
Arroyo, R., Sierra, R., and Romero-Paredes, R., Elec-
trical Engineering Computing Science and Automatic
Control (SSE). VIII International Conference, 2011,
pp. 1-5.

DOKLADY PHYSICAL CHEMISTRY Vol.470  Part2

10.

11.

12.

13.

2016

161

Tutov, E.A., Ryabtsev, S.V., Tutov, E.R., and
Bormontov, E.N., Zh. Tekh. Fiz. B, 2006, vol. 76,
no. 12, pp. 65—68.

Spinelle, L., Gerboles, M., Gabriella, VillaniM., Aleix-
andre, M., and Bonavitacola, F., Sensor. Actuat. B,
2015, vol. 215, pp. 249-—-257.

Kenanaltis, G., Vernardou, D., Koudoumas, E.,
Kiriakidi, G., and Katsarakis, N., Sensor. Actuat. B,
2007, vol. 124, pp. 187—191.

Zhou, S., Fang, X., Deng, Z., Li, D., Dong, W., Tao, R.,
Meng, G., and Wang, T., Sensor. Actuat. B, 2009,
vol. 143, pp. 119—123.

Translated by Z. Svitanko



		2016-10-26T16:19:39+0300
	Preflight Ticket Signature




