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Fundamental absorption edge of (VYo0G8094)203 thin films, obtained by radio-frequency ion-plasmous
sputtering, was investigated using the method of optical spectroscopy. It was established that these films are formed
in the monoclinic structure of B-Ga,Os. The optical band gap of these filmsis greater than p-Ga,0s films and is 4.66
eB for films annealed in oxygen atmosphere, 4.77 eV for the films annealed in argon atmosphere and 4.87 eV for the
films, restored in a hydrogen atmosphere. Consolidated effective mass of free charge carriersin (Y ¢06G80,94)20s films
after anneding and after reconstitution in hydrogen was estimated. It was found that the concentration of charge
carriers after annealing in oxygen atmosphereis 1.32x10' cm, after annealing in argon atmosphere - 3.41x10% cm®
and after reconstitution in hydrogen is 5.20x10% cm®, which is typical for degenerated semiconductors. It was shown
that the shift of fundamental absorption edgein (Y 0,06G&0,04)205 thin filmsis caused by Burstein-Moss effect.
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I ntr oduction

Recently, the meta oxide materials are attracting
much attention through wide possibilities of their use in
modern optodectronics and ingrument engineering. A
large band gap, high values of dielectric permeability
make them promising the development of full-color
screens, reflective coatings, gas sensors, UV detectors.
Among these compounds, recent investigations have
revealed a number of interesting properties of Ga,O3
films, obtained by different methods [1 —4]. The pure or
doped Ga,O5 thin films are widely applied as transparent
conductive electrodes [5], phosphors [6, 7], cathode
phosphors or eectroluminescent phosphors [8 — 10]
depending on the method of preparation and dopant. The
Ga,0O3 thin films can be didectrics or semiconductors
according to the conditions of preparation. The films
obtained in oxygen atmosphere exhibit dielectric
properties [11]. The films that are grown in a reducing
environment exhibit semiconductor properties (n-type)
[12]. In generd, the optical and eectrica properties of
Ga,0; films are determined by the methods of
manufacture, regimes of coating and the following
technological methods as well as introduction of
impurities which can purposefully change the properties
of thin layers of oxides. Therefore, we have investigated
(Y 0.06Ga0.04)-05 thin films, where part of Ga® ions has
been replaced by of Y*' ions, it hasn't required local

compensation of eectric charge. It is because the Y,0;
films are also quite promising in terms of their use in
optoel ectronics and luminescent technique [13 — 16]. The
investigation of optical properties of thin films, including
edge absorption, seems quite actually as it gives
important information about their energy structure.
Therefore, in this paper we investigated the optical
absorption edge of (Yo.06Ga094)203 thin films, obtained
by radio-frequency ion-plasmous sputtering, which is
optimal to obtain semiconductor and diglectric films.

|. Experimental

Thin films of (Y(0Ga0es).03 Were obtained by
radio-frequency ion-plasmous sputtering. The films were
deposited on fused quartz v-SIO, substrates. The
thickness of the deposited films ranged between 0.2 um
and 1.0 um. After deposition, thin films were subjected
to heat trestment in oxygen atmosphere or in argon
atmosphere a 1000-1100°C as well as reconstitution in
hydrogen atmosphere a 600-650°C. X-ray diffraction
investigations showed the presence polycrystalline
structure which is dightly different depending on the
method of heat treatment films. The typical X-ray
diffraction patterns of the obtained films are shown in
Fig. 1. Their analysis shows that the structure of these
films corresponds monoclinic crystal structure b—Ga,Os.
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The results indicate that in the thin films after
annealing in oxygen atmosphere have observed preferred
orientation in (110) (002) (111) and (512) planes. In the
thin films after annealing in argon atmosphere observed
predominant orientation in (002) and (111) planes and we
can see arelative decrease orientation in (110) and (512)
planes. For films, annedled in hydrogen atmosphere,
observed redistribution of received reflexes and for these
films the orientation prevailsin (201), (311), (403) and

(313) planes. Except the appearance of the most intense
reflex from (201) plane which is a characterigtic for
structure b—GaxOs, on X-ray diffraction pattern observed
the reflex from (321) plane which istypical for Y 3GasO1,
[17]. Thisindicates that in the (Y ¢0sGa0.04)2.03 thin films,
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Fig. 1. The X-ray diffraction pattern (at Cu K, -
radiation) of (Y0.06G30.94)203 thin films, obtained
by radio-frequency ion-plasmous sputtering, after
heat treatment in oxygen atmosphere (@), in argon
atmosphere (b) and after reconstitution in
hydrogen atmosphere (c).

except the main structura phase of b—Ga0;, can be
observed the presence of Y3;GasOpx Vitrium-gallium
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garnet phase after annedling in hydrogen atmosphere. It
quite good consistent with the results of investigation
diagram state of Y,03; — Ga,0O3 system [18], where found
that in such system at the contents of Ga,O; more than 65
ml. % formed a complex of Ga,03 and Y 3GasOy2. In the
same paper [18] found that in such a system if the
content of Y,Os to at least to 1.8 ml. % observed only the
structure of Ga,Os. Changes in the structure was reveal ed
at the presence of Y,0; more than 23.6 ml. %. Thus,
obtained results make it possible to assert that the
structure of (Y 006Ga0.04)205 thin films after annealing in
oxygen atmosphere and in argon atmosphere is
responsible the structure of b—Ga&0; and in these thin
films after reconstruction in hydrogen atmosphere
observed the presence of Y 3GagO,, phase.

The theoretica analysis of experimentd diffraction
patterns makes it possible to establish such an important
parameter of thin films as the size of crystallites. Using
approximation the method of least squares individual
reflexes from anaytica dependence pseudo-Voigt
determined integrated hadf-width reflexes, which
subsequently used in finding the physical expansion of
diffraction profiles. From these data, using the Scherrer
equation, the size of crystallites (D) was calculated. In
Table 1 are reported the results obtained for different
types of (Y0sGa04)203 films. It can be seen that the
calculated values D indicate that the composition of the
annealing atmosphere in this temperature range don’t
significantly influence on the size of crystallites.

Using energy dispersive spectrometer OXFORD
INCA Energy 350 was executed elemental analysis of
samples at several points on the surface of films. The
calculations confirmed the correspondence percentage
contents of components in received films to their
percentage contents in (Y o,06Gap.94)203 compound.

Tablel
The sizes of crystallites of (Y ¢.06Gap.04)205 thin films
The annedling The size of crystallites D,
atmosphere A
Oxygen 342 + 32
Argon 307+ 32
Hydrogen 306 + 32

Il. Results and discussion

Figure 2 shows the typical transmission spectra 7(1 ) for
b—Ga,O; thin films annealed in oxygen atmosphere and
for (Yo0sGa004)203 thin films annedled in oxygen
atmosphere (1), in argon atmosphere (11) as well as after
the reconstruction in hydrogen atmosphere (111). These
spectra  in the wavelength  region which are
commensurate with the thickness of the films, due to the
effect of interference have oscillating nature. Inasmuch,
in the strong (interband) absorption region at T (1) <0.3
we almost do not observe the interference therefore to
determine the absorption coefficient of thin films a( hn)
using theratio [19]:

&n(hn) +1fp(hn ) + n2)iT 0

é > G
TN
where d is the thickness of the thin film; T isthe reative

D

a(hn):— Elxln
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value of transmission; n and n, is the refractive index of
the film and the substrate, respectively. In order to
calculate a(hn) was used the required quantities n(hn) in
the strong absorption region which determined by
extrapolation dependence n(hn) in this frequency region.
The dependence n(hn) found for the transparency region
and weak absorption. The definition of such dependence
and method of finding thickness of (Y o06G&.04)203 thin
films were based on the interference Valeev methods
[20] and the example of b—Ga,O; films that in detail
described by usin [21].
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Fig. 2. The tranamission spectra of b—Ga,O; thin films
annedled in  oxygen atmosphere (1) and of
(Y 0.06G&0.94)203 thin films, | (2), 11 (3) and I11 (4).

As a result of our investigation has found that
regardless of the atmosphere heat treatment the
absorption coefficient a(hn) of thin films in the region
fundamental absorption edge is described power function

12
a(hn):w (2)
from which we can determine the band gap Eg (Fig. 3).
Such a course of the absorption edge is characterigtic for
the permitted direct photo transtions [22].
The analysis of the fundamental absorption edge by
using equation (2) shows that the optica band gap in
(Y 0.06G0.94)205 thin films is greater than b—Ga,O; films
and it increases at the replacement oxygen atmosphere
annealing on the argon atmosphere anneding and
especidly after the subsequent reconstruction in
hydrogen atmosphere. Meanwhile, it is also observed the
increasing of coefficient A in the equation (2). In Table 2
are shown the typical values that we was obtained for E,
and A for the investigated thin films.

The annealing films in inert argon atmosphere
relatively annealing in oxygen atmosphere leads to a
relative increase the concentration of oxygen vacancies,
scilicet to theincrease number of structural defects.

If one takes into account that after re-annealing of
thin films in hydrogen atmosphere at 600-650°C, that to
were previoudy annedled in oxygen amosphere or in
argon atmosphere, the elemental composition of the films
is practicaly unchanged (except hydrogen), it can be
assumed that the change the optical band gap at the
annealing is not associated with a change in
stoichiometry of thin films. Probably, the one of the
factors that determines the E; af the anneding is to
change the amount and nature of the hydrogen bonds due
to the formation of structural defects.
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Fig. 3. The spectra of fundamental absorption in the
coordinates (a” hn)’=f(hn) for b-Ga,O; thin films
annealed in oxygen atmosphere (1) and (Y 0.06Ga0.94)20s3
thinfilms 1 (2), 11 (3) and 111 (4), respectively.

The increasing energy band gap by changing the
amount of structural defects that leads to changes in the
concentration of current carriers can be explained on the
basis Burstein-Moss effect [23]. According to this effect,
the absorption spectrum of heavily doped or strongly
defective (degenerate) semiconductors similar to the
absorption spectrum of non-degenerated semiconductor,
but its edge is shifted towards the region of bigger
energies. This situation, as seen on Fig. 3, is redized in
(Yo0.06G0.94)205 thin films, which can be regarded as
strongly of Y,0; doped b—Ga,O; thin films and the
increase defectiveness these thin films is achieved after
annealing in argon atmosphere or especially after the
reconstruction in hydrogen atmosphere.

For parabolic the conduction band and valence band
at the direct-band trangtions can be written:

Ey = Ego +DEG™™, ©)

where Ey is the own band gap, and DES'M is the the

Burstein-Moss shift due to the filling the lower energy
levelsin the conduction band [24]. The magnitude of this
shift is expressed asfollows:

DES =(n/82m(PNY3, (4
where N is the concentration of free charge carriers, and
m is the their consolidated effective mass. This ratio
shows that the value of the Burstein-Moss shift is
proportional to the concentration of free charge carriers.
We estimate the val ue of the concentration of free charge
carriers in b—Ga,O; films using previously determined
value consolidated effective mass of free charge carriers
based on the edge spectra absorption.

As we know from [25], in the direct band gap
compounds in the case of an €eectronic transition
between the valence band and the conduction band the
spectral motion the absorption coefficient that describes
the single-photon absorption edge, is defined as.

m?chn '™ hn ’
where mis the consolidated effective mass ; |P.* is the
square matrix element of the dipole transition; n is the
refractive index in the region absorption edge.

If express the |P,{* through the oscillator strength fp,
interband trangtion:

a(hn
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Table?2
The band gap Eg, the coefficient A inratio (2), the
consolidated effective mass mand the concentration of
free charge carriers N in b—Ga,Os and (Y 0,06Ga0.04)203

thin films
Film Ey, | Asm m N, sm™
eV 1- erl/Z
Ga,0; 4.60 | 1.35" 10’ | 0.281m
(Y00sGao.0a)203 | 4.66 | 2.40° 10° | 0.349m | 1.32" 108
@
(Y006Ga09s)203 | 4.77 | 2.49" 10° | 0.416m | 3.41° 10*®
(IT)
(Yo006Ga09s)203 | 4.87 | 3.63 10° | 0.641m | 520" 10*®
(111)
2 mhn
P == 6)

as wdl as if apply for the alowed transtions f,,~ 1, we
are obtain:

3
a »M(hn - Eg)}é. (7)

mch?n

Substituting numerical values using the straight
sections of (a” hn)?=f(hn) (Fig. 3), we estimated the
consolidated effective mass of free charge carriersin thin
films. Asaresult, n=0.281 m for b—Ga,Os films annealed
in oxygen atmosphere, mr0.349 m for (Y .06Ga0.04)203
films annealed in oxygen amosphere, nm=0.416 m for
films annealed in argon amosphere and after
reconstitution in  hydrogen is m=0.641m for
(Y 0.06G0.94)205 films. The some increase the value of the
consolidated effective mass the Y,0s-doped b—-Ga,Os
films and especially after their annealing in argon
atmosphere or after reconstruction in  hydrogen
atmosphere can be explained by increasing concentration
of impurities or defects whereon can be localized the free
charge carriers. The typical values of the consolidated
effective mass of free charge carriers for the investigated
filmsare shown in Table 2.

Using the defined value of the consolidated effective
mass of free charge carriers of (Y ¢06Ga.94)205 thin films
and the obtained value of shift the band gap by Burstein-

Moss effect DES™™ based on the ratio (4) we can

estimate the concentration of free charge carriers N.
Based on the caculations obtain that the
N~1.32" 10 cm for (Y 0,06Ga.04)205 thin films annedled
in oxygen atmosphere, N~3.41" 10"® cm™ for thin films
annealed in argon atmosphere and N=5.20" 10" cm™ for
films after reconstruction in hydrogen atmosphere.
According to literature reports [26] in strongly doped,
degenerate semiconductor the concentration of the charge
carrier is from 10" sm® to 10" sm™®. Sometimes the
concentration to 10%° sm™® was observed. Note also that
the evidence of Burstein-Moss effect was found in b—

Ga,0O; single crystals [27] as well as in the dightly
related GalnZnO films [28] and ZnO:Ga films [29].
Thus, based on the investigation of the electrica
conductivity in b—Ga0; single crystals were found that
the concentration of charge carrier is N=5.2" 10"® cm™>.
Depending on the different number of structura defects
the concentration of free charge carriers of GalnZnO thin
films changed from 2 10" to 6 10" sm® [28], for
ZnO:Gathin films changed from 5.43" 10'®to 2.48" 10"
sm [29 ]. Obtained by us the N values show that the
determined quantity the concentrations of free charge
carriers for the investigated films are characteristic of
degenerate semiconductors and for them are inherent the
Burstein-Moss effect. This confirms the existence of this
effect in (Yo.06Ga.04)205 thin films after replacement in
b—Ga,O; thin films of Ga®* ions on the Y** ions and after
their annealing in argon atmosphere as well as after the
reconstruction in hydrogen atmosphere when the
fundamental absorption edge shifts to the high-energy
region.

Conclusions

The investigation has shown that in the
(Y 0.06Ga0.04)205 thin films, obtained by radio-frequency
ion-plasmous sputtering, the fundamental absorption
edge is formed by direct alowed phototranstions of
electrons and regardless of the atmosphere hesat
treatment. Although the optica band gap Eg increases
from 4.66 eV for films annealed in oxygen atmosphere to
4.77 eV for films annealed in argon atmosphere and to
4.87 eV for the anneded films after reconstruction in
hydrogen atmosphere. The concentration of free charge
carriers was edtimated. It was shown that for
(Yo006G094)20; thin films the shift of fundamental
absorption edge is due to the Burstein-Moss effect.
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KpaiioBe morsmmaanns ToHKuX IWIiBokK (Y g0sGap 0s)203

JIvgiscoruti Hayionaneruil ynigepcumem imeni leana @panxa, eyn. Yuisepcumemcora 1, m. Jlvsis, 79000, Vrpaiua,
e-mail: bordun@el ectronics.Inu.edu.ua

MerozoM ONTHYHOI CHEKTPOCKOIIIT JOCTIKEHO 001acTh (yHIaMEHTAIFHOTO ITOTJIMHAHHS TOHKHX ILTiIBOK
(Y 006Ga0.94)203, OTpEMaHHX METOIOM BHCOKOYACTOTHOIO 10HHO-ILIA3MOBOIO PO3MMIICHHS. BCTaHOBIICHO, 110 JaHi
IUIBKY (DOPMYIOTBCS y MOHOKIIHHIN cTpykTypi b—GayOs. OnrTryna mmpuHa 3a00pOHEHO! 30HM JaHUX ILIIBOK €
Ginbioro Hik y miiBkax b—GayOs i cranoButh 4,66 ¢B s ruiiBok, BiamaneHux y kucHi, 4,77 eB st miiBok,
BimnaneHux y aprosi i 4,87 eB s miiBok, BinHOBIeHHX y aTMoc(epi BogHIo. OLiHEHO 3BeeHy epEeKTHBHY Macy
BUIBHUX HOCIIB 3apsamy y miiBkax (YoosG8oes)20s Michs Binmany IUTIBOK Ta INCHs BiJHOBJIEHHS Y BOIHI.
BCTaHOBJIEHO, 110 KOHIIEHTPALIisl HOCITB 3apsity micis Biamany y kuchi cranouts 1.32° 10™ cm™, mics sigmany B
aproui — 3.41 108 CM_3, Ta WS BigHOBIEHHsS y BomHi — 5.207 108 CM_3, L0 XapaKTepHE JUIsl BUPOIKEHUX
HariBnpoBigHKUKiB. Toka3aHo, 10 3CYB Kpaw ()yHIaMEHTAIBHOrO MOrHHAHHS B TOHKUX UTiBKaX (Y 006G80.94)203
3ymoBieHui epekrom Bypmreiina-Mocca.

KurouoBi ci10Ba: oxcup iTpiro i rajio, TOHKA IUIBKA, Kpail (yHIaMEHTaIbHOrO IOTIMHAHHS.
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