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Abstract. Arrays of ZnO nanorods of vertical orientation were synthesized by hydrother-
mal method on quartz substrates. The nanorods had a length of 500-800 nm and an average
cross-sectional size of 40—80 nm. On top of ZnO nanorods, by vacuum thermal evaporation
and subsequent annealing at 300 °C, gold (Au) nanoclusters with average sizes of 9= 1 nm and
4+0.5 nm and tin oxide (SnO,) nanoclusters with average sizes of 30+ 5 nm and 15+ 3 nm.
To fabricate resistive sensor elements, V-Ni contact metallization was formed over nanorods
by vacuum thermal evaporation. The study of the electrophysical characteristics of arrays of
ZnO/Au nanorods showed that the simultaneous effect of temperature and radiation from a
LED with a wavelength of 400 nm leads to almost temperature independence of the conduc-
tivity of sensor elements.
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UccnepoBaHue TeMmnepartypHom 3aBUCMMOCTHU NMPOBOANUMOCTHU
mMaccuBoB ZnO/Au u ZnO/SnO, HaHOCTep)KHEH NPU BO3A,eHCTBUMU
KOMOMHMPOBAHHOIO BUAMMOIO M y/ibTpachMOsIeTOBOro U3JTyHeHUs
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AnHoramua. MaccuBel  ZnO  HaHOCTEpXHEW BEepTUKAJIBHOW OpUEHTAUMU  ObLIU
CUHTE3UPOBaHbl TMAPOTEPMAIbHBIM METOAOM Ha KBapleBbIX IOIOXKax. HaHocTepxkHU
nmenu auHy 500—800 HM U cpenHuii pasmep rnonepeyHoro ceueHus 40-80 um. [Toepx ZnO
HAHOCTEPKHEI METOI0M BaKyyMHOI'O TEPMUYECKOTO UCITapeHUS Y TTOCISIYIOIIEro OTKUTa TIPU
300 °C 6putM chopMUPOBaHbI HAHOKIACTEPHI 30J10Ta (Au) CO cpeAHUMU pazMepamMu 9 = 1 HM u
4+ 0.5 HM 1 HaHOKJIACTEPHI OKcKaa ojioBa (SnO,) co cpennumu pasmepamu 30 £S5 amnm 15+ 3
HM. JIJIs1 U3rOTOBJIECHUSI PE3UCTUBHBIX CEHCOPHBIX JIEMEHTOB ITOBEPX HAHOCTEPKHEN METOAOM
BAKyyMHOI'O TepMHUUYECKOro ucmnapeHus ¢dopmupoBanach V-Ni KOHTaKTHash MeTaUIM3aius.
HccnenoBaHue 531eKTpoDU3NUECKUX XapaKTepUCTMK MaccuBoB ZnO/Au HaHOCTepxKHei
10Ka3ajo, 4TO OJHOBPEMEHHOE BO3IEHCTBHME TEeMIEpaTypbl M H3JIYYCHUSI OT CBETOAMOMIA
¢ mmHOi BoiaHB 400 HM TIPUBOOUT TIPAKTUYECKU K TEMIIEpaTypHOU HE3aBUCHUMOCTH
MMPOBOAMMOCTH CEHCOPHBIX 3JIEMEHTOB.
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Introduction

It is known that unmodified ZnO films and nanostructures (nanofibers, nanorods, nanosheets,
etc.) show high sensitivity to NO, and other gases (no worse than 1 ppm) at operating temperatures
of 200 °C and above. Modification of ZnO nanofilms and nanostructures with gold (Au) and tin
(SnO,) clusters can lead to a significant increase in sensitivity and selectivity, but the operating
temperature decreases insignificantly. When ZnO-modified films and nanostructures are
photoactivated by LED radiation in the UV and visible wavelength ranges, the sensitivity limit of
sensors becomes at the level of 0.1—1 ppm even at room temperature or close to it [1, 2]. However,
studies of the electrophysical characteristics of arrays of ZnO/Au and ZnO/SnO, nanorods under
simultaneous exposure to temperature and ultraviolet irradiation have not yet been carried out.
These studies are the aim of this work.

Materials and Methods

Arrays of ZnO nanorods of vertical orientation were synthesized by the hydrothermal method
on quartz substrates. The nanorods had a length of 500—800 nm and an average cross section
of 40—80 nm. On top of the ZnO nanorods, gold nanoclusters with medium sizes were formed
by vacuum thermal evaporation (sample ZnO/Au(1)) and 4 + 0.5 nm (sample ZnO/Au(2)) and
tin nanoclusters 30 £ 5 nm (sample ZnO/SnO,(1)) and 15 £ 3 nm (sample ZnO/SnO,( 2)).
For the final formation and stabilization of the electrophysical characteristics of the ZnO/Au
and ZnO/Sn0O, nanostructures, annealing was performed at a temperature of 300 °C for 2 hours.
Further, to fabricate sensor elements, V-Ni contact metallization with a metal layer thickness of
0.2 um was formed over the nanorods by thermal vacuum evaporation.

The study of the electrophysical properties of the obtained samples was carried out on a
hardware-software measuring complex, which makes it possible to measure the electrophysical
characteristics of sensor structures, including when exposed to an LED with a wavelength of 400
nm, the radiation of which contains both UV and visible components (UV-viz irradiation) [3, 4].

Results and Discussion

Figure 1 shows the temperature dependences of the conductivity (G) of samples of ZnO/Au
and ZnO/Sn0O, nanorod arrays. Studies have shown a significant dependence of the conductivity
of the sensor structure on the heating temperature. When heated from room temperature to
300 °C, the conductivity increases by one or two orders of magnitude.

As can be seen from Figure 1, the temperature dependences of the conductivity of samples of
Zn0O/Au and ZnO/SnO, nanorod arrays are approximated by a linear function. The conduction
activation energy (£ ) was calculated based on the Arrhenius equation (1).

_Ea

G=G,exp “ , ey

where k is the Boltzmann constant, G, is the coefficient that considers the conductivity of the
material [5].
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Fig. 1. Dependence of sample conductivity on reciprocal temperature: 1) ZnO/Au (1), 2) ZnO/Au (2),
3) ZnO/Sn0O, (1), 4) ZnO/Sn0O, (2) NRs

It was calculated that Ea is 0.25—0.27 eV for NR ZnO/SnO, samples and 0.23—28 ¢V for NR
ZnO/Au samples 0.23 and 0.28 eV in the temperature range 35—300 °C.

In the present work, additional studies were carried out in which the samples were heated and
simultaneously irradiated with UV-viz irradiation from a LED with a wavelength of 400 nm with
an emission intensity of 133 yW/cm?. Figure 2 shows the dependence of the conductivity G of the
studied samples on the operating temperature under simultaneous exposure to UV-viz irradiation.
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Fig. 2. Dependence of sample conductivity on reciprocal temperature under simultaneous exposure to
UV-viz irradiation: /) ZnO/Au (1), 2) ZnO/Au (2), 3) ZnO/SnO, (1), 4) ZnO/Sn0O, (2) NRs

Comparison of Fig. 1 and 2 showed that when exposed to UV-viz irradiation even at room
temperature, the conductivity of the samples increases by two to three orders of magnitude.
Further simultaneous heating and exposure to radiation showed that the conductivity of the
ZnO/Au (1), ZnO/Au (2), ZnO/Sn0O, (1) samples in the temperature range of 35—170°C is
practically independent of temperature. This effect is a consequence of the fact that the generation
of charge carriers in arrays of nanorods under the action of UV-viz irradiation is much higher
than the temperature generation of charge carriers. An exception is the ZnO/SnO, (2) sample,
in which the temperature generation of charge carriers leads to a slight increase in conductivity.

At temperatures above 170 °C, the conductivity of all nanorod samples begins to decrease. This
may be due to the processes of ionization of oxygen molecules adsorbed on the surface of ZnO
nanorods. As is known, in air at temperatures above 200 °C, oxygen molecules capture electrons
from the conduction band with the formation of O; [1, 6] as shown in equation (2).

0,+¢ —0;. 2
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According to the phenomenological theory of photoconductivity, charge carriers arising in a
semiconductor as a result of photoionization are nonequilibrium. The generation of nonequilibrium
electrons (An) in ZnO nanorods leads, first of all, to a change in the specific conductivity of the
semiconductor (o), which should be written in the form (3):

c=c(u, m+p, An), 3)

where e is the electron charge, n, is the equilibrium concentration of electrons, p is the electron
mobility.

Thus, when the sample is exposed not only to UV-viz irradiation, but also to temperatures in
the range of 25—300 °C, the semiconductor conductivity can be written in the form (5):

c=ep,-(n,+An" +An" —An®), (5)

where An’ is the concentration of non-equilibrium electrons under the influence of temperature,
An' is the concentration of non-equilibrium electrons under the influence of UV-viz irradiation;
An®* is the change in the electron concentration due to the ionization of oxygen molecules.

An analysis of equation (5) and figures 1 and 2 shows that at an electron mobility of
10 cm?/(V's), electron generation due to temperature can be estimated at 10'°—10" cm=3 depending
on temperature, Electron generation due to photoactivation can be estimated at 10> cm™3, and
approximately at (1-4)-10'3 cm= one can estimate the decrease in the electron concentration due
to the ionization of oxygen molecules.

Conclusion

The studies performed have shown that simultaneous exposure to temperature and UV-viz
irradiation leads to an insignificant temperature dependence of the conductivity of sensor structures
based on arrays of ZnO/Au and ZnO/SnO, nanorods. This occurs due to the generation of
electrons during the photoactivation of semiconductor structures. The concentration of non-
equilibrium charge carriers is estimated at 10" cm=. The discovered property is positive for the
manufacture of industrial gas sensors, since the simultaneous exposure to temperature and UV-viz
irradiation does not require special devices to stabilize their temperature.
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