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The structure and electrical conductivity of B-Gaz203 thin films obtained by the method of RF ion-
plasma sputtering, depending on the composition of the thermal treatment atmosphere, were studied.
It was found that B-Gaz0z thin films annealed in an argon atmosphere and an oxygen atmosphere
have a significant value of resistivity up to 101! Ohmxcm, and after annealing in a reducing hydrogen
atmosphere there is a significant decrease in the value of resistivity of the films up to 108 Ohmxcm.
Studies of the temperature dependence of electrical conductivity in the temperature range from 300 to
450 K allowed determine the value of activation energy of thermal quenching of electrical conductivi-
ty due to donor centers that occur in the obtained films and the analysis of the received results is car-
ried.
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Introduction

The investigation of gallium oxide (Gaz0s3), in particular its monoclinic modification, is of
great interest to researchers due to the possibility of its application in power and radio frequency
electronics. In recent years, devices with using $-Ga,O3 are widely used [1-3]. Gallium oxide as a
luminescent material is also promising for use in optoelectronics to create displays, scintillators,
UV detectors. The use of thin films based on B-Ga;Os is promising for field-effect transistors
(FET) [4] and gas sensors [5].

The electrical and optical properties of p—GazOs thin films, as well as other metal oxide films,
are determined by the methods they were obtained, the regimes of deposition and subsequent tech-
nological methods that are able to purposefully change the properties of thin layers of oxides. De-
pending on the method of obtaining and the dopant, p—Ga2Os thin films can be used as photolumi-
nophors [6, 7], cathodoluminophors or electroluminophors [8, 9].

One of the important tasks for expanding the possibilities of using luminescent films based
on B-Gay0s is to increase their conductivity. Several methods are used to change the conductivity
of B-Ga,0s films, one of which — annealing in different atmospheres at high temperatures — is used
in this work. In this work, thin films of B-Ga,Os were investigated. Thin films are obtained by ra-
dio-frequency (RF) ion-plasma sputtering. The application of this method is considered as optimal
for the deposition of semiconductor and dielectric thin films.
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Experimental technique

Thin films of B-Ga,O3 with a thickness of 0.2-0.5 um were obtained by RF ion-plasma sput-
tering on substrates of v-SiO, fused quartz. RF sputtering was carried out in an atmosphere of ar-
gon in the system using the magnetic field of external solenoids for compression and additional
ionization of the plasma column. After deposition of the films, the heat treatment in argon atmos-
phere at 1000-1100 °C, as well as in hydrogen atmosphere at 600—-650 °C was held. The structure
and phase composition of the obtained films by the method of X-ray diffraction analysis (Shimad-
zu XDR-600) was investigated.

The conduction currents in the temperature range 300-450 K were measured on an automated
installation. An electrical voltage of 10 — 100 V was applied to two point contacts with a diameter
of 1 mm, which were 1 mm spatially separated. When measuring the current flowing in f-Ga;Os3
thin films, the main requirement is the use of ohmic not rectifier contacts, which don't create addi-
tional barriers at the interface. The ohmic contact to the investigated films is created by materials
which, when at the directly shift, the injection of electrons into the film is provide and have an
work function of ~ 4.5 eV. The polycrystalline carbon (aguadag) we use meets these requirements
and is used in numerous publications in the study of diamond, garnet, spinel and other high-
resistance oxygen-containing samples [10-13].

Results and discussion

X-ray diffraction studies for the obtained thin films of 3-Ga,O3 showed the presence of a pol-
ycrystalline structure, which differs slightly depending on the method of heat treatment of the
films. The characteristic diffraction patterns of the obtained films are shown in Fig. 1. Analysis of
diffraction patterns shows that the structure of the obtained films corresponds to the monoclinic
crystal structure of B-Ga»0s. We describe the structure of thin films in more detail in [14].

To study the change in the electrical conductivity of p—Ga,Os thin film phosphors, their an-
nealing was performed in an atmosphere of oxygen, argon, and hydrogen. For the studied films,
the temperature dependence of the electrical conductivity was measured and the energy of thermal
activation of the conductivity was determined from it. The obtained results showed that after sput-
tering the B—Ga20;3 films had the high resistivity (p> 10 Ohmx cm) and a rather high value of the
thermal activation energy. The thermal annealing of p—GayOs thin films in an oxygen atmosphere
and an argon atmosphere did not significantly affect for the value of resistivity, measured at 295
K. However, at heated to 450 K, the value of resistivity decreased to 1028 Ohm x cm. At annealing
in an oxygen atmosphere, the energy of thermal activation of electrical conductivity for f—Gaz0O3
thin films was 0.84 eV. At annealing in an argon atmosphere in the temperature range of 300 to
400 K, the energy of thermal activation of B—Ga,Os films is 1.30 eV, at temperatures of 400 to 450
Kis0.40 eV.

To reduce the value of resistance of the obtained thin films, they were annealed in a reducing
atmosphere of hydrogen at 650 °C. At annealing thin film in a hydrogen atmosphere, the value of
resistivity decreases to the order of 108 Ohmxcm and the value of thermal activation of electrical
conductivity for f — Ga;Os thin films decreases to 0.15 eV (Fig. 2). According to [15], in p—Ga,03
films samples, the resistivity is p = 6 x 10 Ohmxcm. The characteristic values the energies of
thermal activation of electrical conductivity for the obtained films are shown in table 1.
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Fig. 1. The diffraction patterns (with CuK irradiation) of 8-Gaz0s thin films, obtained by RF ion-plasma
sputtering, after thermal treatment in an atmosphere of oxygen (a), an atmosphere of argon at 1000 °C (b) and
an atmosphere of hydrogen at 600°C (c)
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Fig. 2. The temperature dependence of the electrical conductivity of B—Ga20s films before (1) and after (2)
annealing in a flowing hydrogen atmosphere

Table 1. The values of energy of thermal activation of electrical conductivity for B—Gaz0s thin films

. Energy of thermal activation of
Atmosphere of annealing electrical conductivity, eV
Oxygen 0.84
1.30 (300-400 K)
Argon 0.40 (400-450 K)
Hydrogen 0.15

Gallium oxide p—Ga,0O3 can have both dielectric and semiconductor properties [16]. Such
changes are due to changes in sample synthesis. The annealing of films in the reducing atmosphere
of hydrogen is accompanied by the creation of a large concentration of oxygen vacancies and ex-
cess of gallium atoms [17, 18, 19]. Defects of both types manifest themselves as donors and lead
to n-type conductivity [20]. As a result of such annealing, an increase in the conductivity of the
studied films is observed.

Two different types of defects in gallium oxide can have donor properties —interstitial galli-

um atoms Ga;*", Ga;*, Ga;, Ga; or vacancies V,™,V,",V,” in the oxygen sublattice [21].

The index "X" refers to neutral types of defects, and "s", "ee", "eee" to single, double and triple posi-
tively ionized defects. These two types of defects describe the electrical properties of gallium ox-
ide quite well [12].

Our research also showed that 3-Ga,Os films that were not subjected to pre-annealing in an
atmosphere of oxygen or argon have a significantly higher conductivity after reductive annealing
than films that underwent such pre-treatment at 1000 °C. This indicates that the creation of defects,
associated with increased electrical conductivity, is much easier in films with incomplete structure
formation. The observed effect is probably determined by the lower height of the energy barrier to

create its own defects with an incompletely formed structure.
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Conclusion

Studies have shown that annealing of B-Ga,Os thin films in the reducing hydrogen atmos-
phere leads to a significant reduction in the value resistance to the value of resistivity of 108
Ohmxcm relative to 10** Ohmxcm for films annealed in an oxidized oxygen atmosphere or in an
inert argon atmosphere. In high-resistance films, the electrical conductivity is associated with the
release of electrons from deep donor levels with energies of 0.84 eV for films annealed in oxygen
atmosphere and 1.30 eV for films annealed in argon atmosphere and which are due to oxygen va-
cancies. In hydrogen-reduced B-Ga,Os thin films, electrical conductivity is associated with the
release of electrons from shallow donor levels with an energy of 0.15 eV due to interstitial gallium
atoms.
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BY posnmiieHHsT NIpoBOAWIOCE B aTMOc(epi aproHy Ha MiIKIAAKax i3 IUIABICHOrO KBapIly. AHaii3
mudpakTorpaM Mokasye, o CTPyKTypa OTPHMaHHUX IUIIBOK BiNTOBia€ MOHOKJIHHIM KpHCTaJidHINA
cTpyktypi B-Gaz0s. Beranosneno, mo ToHki miiBku B-Ga20s, Binmaneni B atMocgepi aproHy ta Ku-
cuio pu 1000-1100°C, BOIOAiIOTE 3HAYHUM ITUTOMHM O1opoM — 10 10 Omxcm, a micis Bignany y
BiHOBHIil aTMOC()epi BOJHIO CIIOCTEPIracThCs 3HIKEHHS IIUTOMOTO ONopy IIiBok no 108 Omxcwm.
JlocnimkeHHs TeMIlepaTypHOi 3aIeXKHOCTI eEKTPONpOBiAHOCTI B 0bmacti Temneparyp 300 — 450 K
JIO3BOJIMJIM BU3HAYUTH €HEPIril0 aKTUBALii TEMIIEPaTypHOTO TAaCiHHS €JIEKTPONIPOBIAHOCTI 32 PaXyHOK
JIOHOPHUX LIEHTPIB, 110 BUHUKAIOTh B OJIEP)KAHUX ILTiBKaX, Ta IPOBEICHO aHali3 OTPUMaHUX pe3yJb-
TaTiB. EHeprist TepMi4HOI aKTHBAIil €IeKTPONPOBIAHOCTI NpH Bixmani B atMocdepi KUCHIO TS ILTi-
BoK f—Gaz03 cranoButh 0,84 eB. [Ipu Binnani B atmoctepi aprony B temmepatypHiid oomacti 300 —
400 K eneprist tepmiynoi aktuBanii miiBok f—GazOs3 cranoButs 1.30 eB, npu temneparypax 400 —
450 K — 0.40 eB. Binnan y atmocdepi BOIHIO IPU3BOIHUTE 0 CYTTEBOI'O 3MEHIICHHS ONOpPY 1 3MEH-
IIeHHsI eHepril TepMiuHOI akTuBanii enexrponposigHocti 10 0.15 eB. Ilpu npoMy y BHCOKOOMHHX
IUTIBKAX €JIEKTPOIIPOBIAHICTD MOB’A3y€THCS 31 3BUIBHEHHSIM €JIEKTPOHIB 3 TTHOOKHUX JTOHOPHUX PiBHIB
3 eHeprismu 3amaradas 0.84 eB s mniBok, BigmaneHux y xucHi Ta 1.30eB, mms mmiBok, BigmaneHux
y aproHi, i sKi 3yMOBJICHI KHCHEBUMH BaKaHCisIMU. Y BIIHOBICHHX y BOJAHI TOHKHUX IUTiBKax f-Gaz0s
€JIEKTPONPOBIHICTh OB’ A3YETHCH 31 3BUILHEHHIM €JIEKTPOHIB 3 MUIKHX JTOHOPHHX PiBHIB 3 CHEPTi€I0
3amsranss 0.15 eB, sxi 3yMOBIeHI MiXKBY3JIOBUMH aTOMaMH TaJIilo.
Knrouoei cnosa: okcup raiito, TOHKI IUTIBKH, €IEKTPOIPOBIHICTb.
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