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The electrical conductivity of pure and Cr**-doped B-Ga,O, thin films is
studied. As found, the thin films of B-Ga,0, and B-Ga,0,:Cr®" annealed in
an oxygen atmosphere have a low conductivity of the order of 107°
Ohm em™. The conductivity of such films is associated with the release
of electrons from deep donor levels due to oxygen vacancies. At annealing
within the reducing atmosphere, the specific conductivity of B-Ga,0O; thin
films increases to 10 Ohm '-cm™ and is associated with shallow donor
levels due to interstitial gallium atoms. At annealing within the reducing
atmosphere, the specific conductivity of B-Ga,0;:Cr®" thin films increases
to 10® Ohm cm ™ and related with deep donor levels due to chromium-
impurity ions in the Cr?" state. The relationship between the luminescence
and the conductivity in p-Ga,0,:Cr®" thin films is analyzed. As shown, by
changing the thermal-treatment conditions for the B-Ga,0;:Cr thin films,
it is possible to change the concentration of chromium-impurity ions in
the Cr?" and Cr®" states and, thus, to control the electrical conductivity
and luminescence.

IocmimxeHo eleKTPOIPOBifHiCTh UMCTHX Ta aKTMBOBaHmMX HoHamu Cr®" To-
HKuX MIiBoK (-Ga,0;. BcranosneHo, 1o BigmaseHi y KucHeBi#l armocdepi
roEKi maiBkn B-Ga,0; Ta B-Ga,0;:Cr¥" MaioTh HMBBKY IHTOMY eJeKTPOIpPO-
BigmicTs mopagky 1071° Om lem . IIpoBizHicTE TaKUX ITiBOK MOB’A3yeThCA
3i 3BLIbHEHHSM €JEeKTPOHIB i3 rImOOKMX MOHOPHUX PiBHIB, 3yMOBJIEHUX
OkcureHoBUMHM BaKaHciaMmMu. 3a Bigmaay y BiZHOBHIiN aTmocdepi mmToma
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OpoBifHicTE TOHKMX 1iaiBok PB-Ga,0, spocrac mo 102 Om'cm ' rTa
TIOB’A3YETHCA 3 MIJIKUMU JOHOPHMMU DiBHAMU, 3yMOBJIEHUMM Mi’KBY3JIOBHU-
Mu aromamu lamio. Ba Bigmany y BimHOBHi#I aTmocdepi mmTomMa mTPOBiA-
HicTh TOHKHX IIiBOK B-Ga,0,:Cr®* spocrae mo 108 Om cm™! i mos’asyernes
3 IIMOOKMMM JOHOPHUMMU PiBHAMMU, 3YMOBJIEHUMHU IOMIIIIKOBUMH HOHAMU
Xpomy y crani Cr?*. IlpoBemeHo aHATi3y B3ae€MO3B’A3KY MiK JIOMiHecIeH-
Iiero Ta OpoBifiHicTI0O B ToHKMX miiBKax B-Ga,0;:Cr®". Ilokasano, mo, 3mi-
HIOIOUM yMOBU TepMooOpoOJyieHHA TOHKMX IIiBOK P-Ga,04:Cr, mosxHA 3Mi-
HIOBATH KOHIIeHTpaIlilo JoMimkosux iiomis Xpomy y cramax Cr®" it Cr®" i
TUM CAaMUM KOHTPOJIIOBATU €JIEKTPOIPOBIAHICTD i JTOMiHECIIeHIIitO0.
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1. INTRODUCTION

The great interest of researchers in the study of thin films of met-
al-oxide materials is due to the possibility of their use in modern
instrumentation and optoelectronics. Among such materials, the [3-
Ga,0; films occupy an important place; they have a number of in-
teresting properties, which are determined by ways and methods of
fabrication. Depending on the method of obtaining and the type of
dopant, the pure and doped thin films of p-Ga,O; are used as phos-
phors with photoluminescence [1, 2], cathodoluminescence or elec-
troluminescence [3, 4], as transparent conductive electrodes [5].

The practical use of B-Ga,0O; thin films stimulates widely the in-
vestigation of alloying impurities for the formation of levels of cap-
ture and recombination of charge carriers in the band gap that af-
fects significantly on the electrophysical properties of these films.
Such impurities include an impurity of Cr®", the ionic radius of
which is close to the ionic radius of the cation, and it causes large
intensity of the intracentre emission [6, 7]. Several methods are
used to change the electrical conductivity of thin films based on [3-
Ga,0;, one of which, namely, annealing in different atmospheres at
high temperatures, is used in this work. In this work, thin films of
B-Ga,0; and B-Ga,0,:Cr®" are investigated. Thin films are obtained
by radio-frequency (RF) ion-plasma sputtering. The application of
this method is considered as optimal for the deposition of semi-
conductor and dielectric thin films [8].

2. EXPERIMENTAL TECHNIQUE

Thin films of B-Ga,0; and B-Ga,0;:Cr®" with a thickness of 0.2-1.0
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um were obtained by RF ion-plasma sputtering on substrates of v-
Si0, fused quartz. After deposition of films, they were heat-treated
in oxygen atmosphere at 1000-1100°C, as well as, they were re-
duced in hydrogen at 600-650°C. X-ray diffraction studies showed
the presence of a polycrystalline structure, which differs slightly,
depending on the chemical composition and method of thermal
treatment of films. We give the typical diffraction patterns and
their analysis on the example of B-Ga,0; thin films earlier in Ref.
[9]. It is also shown that the films are formed from nanocrystal-
lites, the size of which is determined by the conditions of fabrica-
tion. In particular, after annealing within the oxygen atmosphere,
the average diameter of the crystallites is of 47 nm, and after an-
nealing within hydrogen atmosphere, it is of 35 nm [9].

Gallium oxide of 99.99% was used as a raw material for the dep-
osition of thin films. An alloying impurity in the form of Cr,0; ox-
ide with a concentration of 0.01-0.1 wt.% was added to B-Ga,O; in
the manufacture of targets for film deposition.

The conduction currents in the temperature range 300-450 K
were measured on an automated installation. An electric voltage of
10-100 V was applied to two point contacts with a diameter of 1
mm, which were separated at a distance of 1 mm. When measuring
the current flowing in the studied thin films, the main requirement
is the use of ohmic non-rectifying contacts, which do not create ad-
ditional barriers at the interface. The ohmic contact to the investi-
gated films is created by materials, when, at the direct shift, the
injection of electrons into the film is provided, having a work out-
put of 4.5 eV. The polycrystalline carbon (aquadag), which we use,
meets these requirements and has been reported in numerous publi-
cations about its use in the study of diamond, garnet and other
high-resistance oxygen-containing samples [10-14], including f-
Ga,0,; [15-17].
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Fig. 1. Voltage—current characteristic of p-Ga,0O; thin films.
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Our investigation on the AutoLab impedance spectrometer
showed that the voltage—current characteristics of the studied films
are described by a linear dependence in the range of electric fields
up to 5'10° V/m. The characteristic behaviour of the voltage—
current characteristic for the f-Ga,05 thin film is shown in Fig. 1.

3. RESULTS AND DISCUSSION

Our researches have shown that thermal treatment of B-Ga,O; thin
film within the reducing hydrogen atmosphere leads to an increase
in electrical conductivity. The obtained results are in good agree-
ment with previous our studies [9] and show that the thermal acti-
vation energy of electrical conductivity decreases to 0.1 eV (Fig. 2).
Subsequent annealing of low-ohmic B-Ga,O; thin films within the
oxygen atmosphere leads to a decrease of electrical conductivity
that indicates the relationship of the donor levels with oxygen loss.

In general, donors’ properties in B-Ga,0;-based thin films can be
possessed by two types of intrinsic defects of the crystal lattice,
namely, interstitial gallium ions or oxygen vacancies, which have
captured ‘excess electrons’ [18]. The results of studies of the de-
pendence of electrical conductivity on the partial pressure of oxy-
gen, carried out in [19], make it possible to determine the degree of
ionization of defects. From the obtained results, it follows that the
electrical conductivity of B-Ga,0; is due to the release of electrons
from oxygen vacancies V' and single ionized atoms of interstitial
gallium Ga,;, which play the role of donor centres.
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Fig. 2. The temperature dependence of specific conductivity for thin films
of (I, 3) B-Ga,0; and (2) B-Ga,05:Cr annealed within the hydrogen (I, 2)
and oxygen (3) atmospheres.
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Taking into account that, in alkali-halide crystals, the anionic
vacancy creates deep levels of electron capture (up to 2 eV) and also
based on the results of determining the deep levels of oxygen va-
cancy of V, in oxides of ZnO and MgO [20], it should be expected
that oxygen vacancies in -Ga,0; create deep levels of electron cap-
ture too. Based on previous studies [9], it can be suggested that the
electrical conductivity of high-resistivity p-Ga,O; thin films is due
to the release of electrons from the V centres created by oxygen
vacancy (activation energy of 0.84 eV) into the conduction band. In
addition to deep donor levels, B-Ga,O; also contains shallow levels
with activation energies in the region up to 0.15 eV [9]. The value
of activation energy decreases with increasing degree of recovery.

The shallow donor levels are associated with interstitial gallium
atoms. According to the data of [21-23], the interstitial gallium
atom must be once ionized Ga,. This shallow donor model well
agrees with the hypothesis that green luminescence in B-Ga,0O; is
related to intracentre transitions in mercury-like Ga' centres. As
the temperature increases, the donor centre Ga; is ionized that leads
to the observed temperature attenuation of the emission. At the
same time, it follows from luminescent studies that the concentra-
tion of green luminescence centres depends weakly on the degree of
oxygen defects [24—-26].

Given the possibilities of wide application in luminescent tech-
nology of luminescent impurity-doped B-Ga,0; thin films, we inves-
tigated the effect of Cr®'-impurity centres on the electrical conduc-
tivity of these films.

According to Ref. [7], the red photoluminescence and several
thermally-stimulated luminescence (TSL) bands with maxima near
265, 285, 300, 320, 354 and 385 K are observed for the p-
Ga,0;:Cr®" single crystals. Our investigation of TSL in thin films of
B-Ga,0,:Cr®* showed the presence of only one band of TSL with a
maximum in the region of 290 K (Fig. 3). Probably, other possible
bands of TSL due to the low intensity of the emission could not be
detected.

To estimate the depth of occurrence of the detected capture cen-
tre, the estimated ratio according to Urbach’s formula E,=25kT,,
was used [27], where value of E;~0.62 eV was established. The ob-
tained value correlates well with the results in Ref. [7] for single-
crystal samples.

The investigation shows that, after thermal treatment within the
hydrogen atmosphere, the resistivity of B-Ga,0;:Cr®* thin films de-
creases from 10" Ohm-cm to 10°-10® Ohm-cm with value of the
thermal-activation energy of 0.6 eV (Fig. 2). After such annealing,
the quenching of red luminescence is observed, and TSL is absent.
The red photoluminescence of B-Ga,0,:Cr®" thin films increases after
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Fig. 3. The TSL curves for the B-Ga,0,:Cr®" thin films annealed within the
oxygen atmosphere at registration in the red region of the spectrum
(A > 650 nm).

thermal treatment within the oxygen atmosphere or, according to
Ref. [28], after the introduction of divalent impurities (Mg or Zn),
which form deeper levels of capture than Cr®" ions.

Based on the obtained data, the mechanism of changes in the
conductivity of p-Ga,0; thin films in the presence of a luminescent
impurity Cr®" can be explained as follows. The shallow donor levels
with a depth of occurrence near 0.1 eV for the thin films of (-
Ga,0;:Cr®" after thermal treatment in a reducing atmosphere are
formed. However, the electrons from these levels are recaptured by
deep centres; because of this, the photoluminescence intensity of
Cr®" ions decreases and TSL becomes absent. The conductivity is de-
termined by the thermal transition of electrons from the Cr?* level
(the energy depth of 0.62 eV) to the conduction band. As a result,
the electrical resistivity of Cr®-doped B-Ga,0, thin films decreases
less than that of undoped thin films, and the value of activation
energy is higher than that of undoped thin films and is of 0.6 eV
(compared to 0.15 eV in Ref. [9]). After the next thermal treatment
within the oxygen atmosphere, in undoped and Cr*'-doped B-Ga,O,
thin films, the value of resistivity increases to 10°-10'° Ohm-cm,
and the value of activation energy increases to 0.84 eV. In addition,
the increasing intensity of red photoluminescence in thin films of -
Ga,0;:Cr®" is observed.

To describe the relationship between luminescence and conductiv-
ity in B-Ga,0,;:Cr®" thin films, it should be taken into account that
the introduction of Cr®" impurities into the B-Ga,0, crystal lattice
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leads to the formation in the band gap of an electron capture level
(Cr*") with an energy depth of 0.62 eV. Since the concentration of
introduced impurities is of the order of 0.01-0.1 wt.%, the concen-
tration of the created levels of electron capture is of the order of
10'%-10" cm™ that is of the same order or greater than the possible
concentration of oxygen vacancies. The introduction of deep levels
of electron capture into the p-Ga,O; crystal lattice leads to the fact
that ‘free’ electrons are relocalized from shallow levels with an en-
ergy of the order of 0.1 eV to deeper levels with an energy of 0.62
eV (in states with minimum energy). Such localization of electrons
on the deeper levels leads to an increase in the value of activation
energy of electrical conductivity and, as a consequence, to an in-
crease in the value of resistance of the thin films.

The value of the activation energy of electrical conductivity of -
Ga,0;:Cr®* thin films is quite close to the depth of occurrence of the
donor level Cr*, as obtained from TSL data. Note that the capture
of ‘free’ electrons by chromium ions is equivalent to its recharging
to the Cr®" state. Because of such capture, the concentration of im-
purity ions in the trivalent state decreases that manifests itself in a
decrease in the luminescence efficiency of Cr®* ions. The subsequent
reannealing of (-Ga,O; thin films within the oxygen atmosphere
leads to a decrease in the concentration of oxygen vacancies as well
as free electrons, which are captured by the capture centres. The
electrical conductivity, close to the stoichiometry of B-Ga,O; thin
films, is controlled by the deep centre V. (E =0.84 eV). Given that,
the depth of the Cr** level (E =0.62 eV) is less than V*, in the case
of high-ohms films, the recharging of impurities does not occur be-
cause the electrons are trapped at deeper levels. Thus, if changing
the thermal-treatment conditions of B-Ga,0;:Cr®" thin films, it is
possible to change purposefully the concentration of impurity chro-
mium ions in the divalent and trivalent states. The luminescence
efficiency of Cr*-impurity ion varies more than ten times.

4. CONCLUSIONS

The investigation have shown that annealing in the reducing at-
mosphere of pure and Cr’"-activated B-Ga,0, thin films leads to a
significant increase of the specific conductivity from 107
Ohm “cm™ to 107 Ohm™-cm™ for pure B-Ga,O, thin films and up to
10® Ohm™".cm™ for thin films of B-Ga,0;:Cr®. In high-ohms films,
the conductivity is associated with the release of electrons from
deep donor levels with the energy value of 0.84 eV that is associat-
ed with oxygen vacancies. At annealing in a reducing atmosphere,
the conductivity of f-Ga,O; thin films is associated with the release
of electrons from shallow donor levels with the energy value of 0.15
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eV that is associated with interstitial gallium atoms. At annealing
of B-Ga,0,;:Cr®" thin films in a reducing atmosphere, the conductivi-
ty is associated with the release of electrons from deep levels with
the energy value of 0.62 eV that is associated with impurity chro-
mium ions in the Cr®" state.

It was found that, at changing the thermal-treatment conditions
for the B-Ga,0,;:Cr®" thin films, it is possible to change the concen-
tration of impurity chromium ions in the Cr?' and Cr®" states in a
controlled manner and, thus, to control the electrical conductivity
and luminescence.
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