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Thin films of (Y0.06Ga0.94)2O3:Cr are obtained by radio-frequency (RF) ion-
plasma sputtering in an argon atmosphere on polycrystalline polycor and 

amorphous -SiO2 substrates. The study of the surface morphology of thin 

films by atomic force microscopy (AFM) shows that the transition from -
SiO2 substrates to polycor increases the average diameter of crystallites, 

which form the film, from 123 nm to 372 nm for films annealed in an argon 

atmosphere. The heat treatment of films on -SiO2 substrates in an argon at-
mosphere leads to an increase in the root-mean-square roughness of thin 

films, which is of 1.2 nm and 2.9 nm for the unannealed and annealed films in 

an argon atmosphere, respectively. The analysis of the distributions of crys-
tallites by the value of the grain diameter is carried out, and, as found during 

the heat treatment of (Y0.06Ga0.94)2O3:Cr films on -SiO2 substrates, the 

growth of crystallites perpendicular to the film surface is observed. 

Методом високочастотного (ВЧ) йонно-плазмового розпорошення в ат-
мосфері арґону на полікристалічних підкладинках полікору й аморфних 
підкладинках -SiO2 одержано тонкі плівки (Y0,06Ga0,94)2O3:Cr. Дослі-
дження морфології поверхні тонких плівок методом атомно-силової мі-
кроскопії (АСМ) показали, що з переходом від підкладинок -SiO2 до 
полікору зростає середній діяметер кристалітів, які формують плівку 
від 123 нм до 372 нм для плівок, відпалених у атмосфері арґону. Тер-
мооброблення плівок на підкладинках з -SiO2 у атмосфері арґону при-
водить до збільшення середньоквадратичної шерсткости тонких плівок, 
що становлять для невідпаленої та відпаленої плівок у атмосфері арґону 
1,2 нм і 2,9 нм відповідно. Проведено аналізу розподілів кристалітів за 
величиною діяметра зерен і встановлено, що за термооброблення плівок 
(Y0.06Ga0.94)2O3:Cr на підкладинках -SiO2 спостерігається зростання кри-
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сталітів перпендикулярно до поверхні плівки. 
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1. INTRODUCTION 

In recent years, nanostructured oxide materials have been widely 
studied, among which Ga2O3 occupies an important place. Gallium 
oxide β-Ga2O3 belongs to the wide-bandgap semiconductors, with a 
bandgap width of 4.5 to 5.1 eV, depending on the preparation condi-
tions. This material is widely used in solar cells, gas sensors, ultravi-
olet photodetectors, luminescent devices, high-power Schottky di-
odes, and transistors [1–10]. Due to its good chemical and thermal 
stability, this material is promising for use in luminescent devices. 
In this regard, pure gallium oxide thin films, activated by various 
impurities, obtained by various methods, are widely studied. The 
photoluminescence spectrum of gallium oxide at room temperature 
usually shows ultraviolet and blue radiation [11–15]. In general, the 
optical and electrical characteristics of thin films based on -Ga2O3 
are determined by the methods of their preparation, deposition 
modes, substrate type, and processing technology, as well as the in-
troduction of impurities, which can purposefully change the spectral-
luminescent and electrophysical properties of these films. To this 
end, thin films with the chemical composition (Y0.06Ga0.94)2O3:Cr were 
studied in this work, in which some Ga3 ions were replaced by isova-
lent Y3+ ions, which did not require local compensation of the electric 
charge. This substitution is because Y2O3 films are also quite promis-
ing in terms of their use in modern optoelectronic and luminescent 
technology [16–19]. This also allows us to better study the lumines-
cence centres in thin films based on -Ga2O3 since the luminescence 
efficiency in these films is largely determined by the peculiarities of 
recombination processes, which luminescence centres of defective 
origin usually cause. 
 In general, the physical properties of thin films are complicated be-
cause films do not always have a perfect structure and can be polycrys-
talline, amorphous, and contain inclusions of other phases. Obtaining 

the required and stable reproducible properties of polycrystalline films 

is further complicated by the presence of intergranular boundaries 

(IGBs). The physical properties of polycrystalline thin films are largely 

determined not only by the material properties but also by the energy 
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levels arising from the presence of the IGBs. It is clear that such levels 

are also determined by the size of the crystallites that form the thin 

films. This led to the study of the surface morphology of thin films of 

(Y0.06Ga0.94)2O3:Cr using atomic force microscopy, which is presented in 

this paper. The films were obtained by the method of RF ion-plasma 

sputtering, which is optimal for obtaining homogeneous semiconduc-
tor and dielectric films [19]. 

2. EXPERIMENTAL TECHNIQUE 

Thin films of (Y0.06Ga0.94)2O3:Cr with a thickness of 0.5–1.2 µm were 
obtained by RF ion-plasma sputtering on polycrystalline polycor 
((99.8% (alpha)-Al2O3) substrates and amorphous fused quartz -
SiO2 substrates. The RF sputtering was carried out in an argon at-
mosphere in a system using the magnetic field of external solenoids 
for compression and additional ionization of the plasma column. 
The feedstock was a mixture of Y2O3 and Ga2O3 oxides of the stoi-
chiometric composition of the ‘ОСЧ’ grade (extra pure). The con-
centration of the Cr3 activator was 0.5 mol.%. After the films were 
deposited on -SiO2 and polycor substrates, they were heat treated 
in argon at 1000–1100С. 
 The structure and phase composition of the obtained films were 
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray 
diffraction studies showed the presence of a polycrystalline struc-
ture with a predominant orientation in the (002), (111), (110), and 
(512) planes. The analysis of the obtained diffractograms shows 
that the structure of the films obtained corresponds to the mono-
clinic crystal structure of -Ga2O3. The diffractograms of 
(Y0.06Ga0.94)2O3:Cr thin films almost completely correspond to the 
diffractograms of unalloyed (Y0.06Ga0.94)2O3 thin films, which were 
presented earlier in our work [20]. 
 The surface morphology of the films was studied using an 
INTEGRA TS-150 atomic force microscope (AFM). The image of the 
surface of thin films was obtained in the semi-contact mode. 
 The x-ray photoelectron spectroscopy (XPS) method was used to 
analyse the elemental composition of the surface of the obtained 
thin films. The x-ray photoelectron spectroscopy (XPS, Phoibos 
150, Specs) spectra were recorded using a monochromatic x-ray 
source AlK (1486.6 eV). The binding energy was calibrated against 
the signal from C1s at 285.0 eV. 

3. RESULTS AND DISCUSSION 

Microphotographs of the surface of (Y0.06Ga0.94)2O3:Cr thin films ob-
tained by RF ion plasma sputtering on -SiO2 substrates without 
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heat treatment and after heat treatment in an argon atmosphere 
and on polycor substrates after heat treatment in an argon atmos-
phere are shown in Fig. 1. 

  
a      b 

  
c      d 

  
e      f 

Fig. 1. Images of the surface morphology of (Y0.06Ga0.94)2O3:Cr thin films 
obtained by RF sputtering on -SiO2 substrates without heat treatment (a, 
b) and after heat treatment in an argon atmosphere (c, d) and on polycor 
substrates after heat treatment in an argon atmosphere (e, f). Images a, c 
and e are two-dimensional, b, d and f are three-dimensional. 



 SURFACE MORPHOLOGY OF THIN FILMS OF (Y0.06Ga0.94)2O3 ACTIVATED BY Cr3 5 

 The topography of the samples was quantitatively characterized 
by standard parameters: root-mean-square roughness, maximum 
grain height, average grain diameter, and average grain volume, 
which were calculated from AFM data using the Image Analysis 3.5 
image-processing module for areas of the same size (50005000 
nm). 
 The characteristic parameters of (Y0.06Ga0.94)2O3:Cr thin films de-
posited on -SiO2 substrates without heat treatment and for films 
deposited on -SiO2 and polycor substrates after heat treatment in 
an argon atmosphere are shown in Table. 
 As can be seen from the results obtained, different types of sub-
strates and the presence of heat treatment have a significant effect 
on the size of crystal grains and surface roughness of the obtained 
samples. 
 The analysis of AFM images (Fig. 1) and parameters of crystal 
grains (Table) of the surface of (Y0.06Ga0.94)2O3:Cr films shows that 
the films deposited on the amorphous quartz substrate -SiO2 are 
formed from significantly smaller grains than when the films are 
deposited on a polycrystalline polycor substrate. The size of crystal-
lites of thin films of (Y0.06Ga0.94)2O3:Cr deposited on a -SiO2 sub-
strate after heat treatment in an argon atmosphere increases, alt-
hough a decrease in the average size of the diameter of the grains, 
from which these films are formed is observed. At the same time, 
the value of the average volume of crystallites increases significant-
ly. Such an increase in the size of crystalline grains and, in particu-
lar, an increase in the average grain volume and changes in the 
value of the root-mean-square roughness indicate a complication of 
the surface structure. 
 A comparison of the histograms of the distribution of grain 
heights (Fig. 2) shows that smaller grains are formed on fused 
quartz substrates, which form the surface of unannealed 
(Y0.06Ga0.94)2O3:Cr thin films, although their average diameters are 

TABLE. Parameters of crystal grains of thin films of (Y0.06Ga0.94)2O3:Cr. 

Parameter 
Without heat 
treatment on 

-SiO2 substrate 

Heat treatment in 
Ar on a -SiO2 

substrate 

Heat treatment 
in Ar on a 

polycor substrate 

Average grain 
diameter, nm 

181 123 372 

RMS roughness, nm 1,2 2,9 9,5 

Maximum grain 
height, nm 

12 33 55 

Average grain 
volume, nm3 

2960 6040 234000 
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larger than those of annealed films in an argon atmosphere are. 
Heat treatment of thin films of (Y0.06Ga0.94)2O3:Cr deposited on a 
quartz substrate in an argon atmosphere significantly affects the 
value of grain height compared to unannealed films (increases by 
about 2.4 times). If we compare the parameter RMS surface rough-
ness of thin films, then, for films deposited on NaCl substrates, it 
is the highest value compared to unannealed films and films sub-
jected to heat treatment in an argon atmosphere deposited on 
quartz substrates. For films annealed in an argon atmosphere and 
deposited on polycor substrates, the value of this parameter differs 
by about 3.3 times compared to thin films of (Y0.06Ga0.94)2O3:Cr de-
posited on a quartz substrate. 
 The increase in the size of crystalline grains in (Y0.06Ga0.94)2O3:Cr 
thin films after heat treatment (Table) indicates the possibility of 
the transition of the film surface to a more nanostructured state 
due to the crystallization of the surface layer. 

  
a      b 

 
c 

Fig. 2. Distribution of grain heights for AFM images of (Y0.06Ga0.94)2O3:Cr 
thin films obtained by RF sputtering on -SiO2 substrates without heat 
treatment (a), after heat treatment in an argon atmosphere (b), and on 
polycor substrates after heat treatment in an argon atmosphere (c). 
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 The characteristic distributions of grain diameter sizes in thin 
films of (Y0.06Ga0.94)2O3:Cr depending on the type of substrate and 
the presence of heat treatment are shown in Fig. 3. 
 A thorough review [21] analysed the growth of crystal grains in 
thin films and the evolution of crystal structures and showed that 
polycrystalline thin films with thicknesses up to 1 µm, which is typ-
ical for our (Y0.06Ga0.94)2O3:Cr films, often have 2D-like structures. 
In such structures, most grain boundaries are perpendicular to the 
film surface. Most of the materials analysed in [21] form films of 
nonequilibrium grains with sizes smaller than the film thickness 
and form two-dimensional structures only after annealing. Based on 
numerical results, [21] also concluded that the formation of grains 
in thin films is difficult to describe accurately using modelling or 
comparison with experiments that described the study of foams or 
monolayers. In general, grain sizes in polycrystalline films are 
lognormally distributed in size. 

  
a      b 

 
c 

Fig. 3. The distribution of grain diameter sizes and the calculated approx-
imate diameter distribution on AFM images of (Y0.06Ga0.94)2O3:Cr thin films 
obtained by RF sputtering on -SiO2 substrates without heat treatment (a), 
after heat treatment in an argon atmosphere (b), and on polycor substrates 
after heat treatment in an argon atmosphere (c). 
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 In some cases, further grain growth is observed due to ‘anoma-
lous’ growth or preferential growth of several grains, which usually 
have specific crystallographic orientation relations relative to the 
substrate surface plane. Our results show that such a situation is 
most likely characteristic of the (Y0.06Ga0.94)2O3:Cr films we ob-
tained. When the number of growing grains leads to a ‘matrix’ of 
grains beyond the static boundaries, a bimodal grain size distribu-
tion develops, which is called secondary grain growth [22]. Grains 
that grow abnormally often have a limited or homogeneous texture. 
Secondary grain growth in thin films typically involves an evolution 
in the distribution of grain textures as well as an evolution in the 
grain size distribution. 
 Our results of the distribution of grain diameter sizes in thin 
films of (Y0.06Ga0.94)2O3:Cr (Fig. 3) indicate that when these films are 
deposited on polycor substrates after annealing in an argon atmos-
phere, an unimodal distribution of diameters with a maximum in 
the region of 365 nm is observed. A more complex shape of the di-
ameter distribution is formed when the films are deposited on an 
amorphous -SiO2 substrate after annealing in an argon atmosphere. 
In particular, for freshly deposited films (Fig. 3, a), a unimodal 
distribution with a maximum in the 170 nm region is manifested. 
After heat treatment of such films in an argon atmosphere (Fig. 3, 
b), a bimodal distribution with maxima in the region of 100 and 
135 nm is observed. 
 Analysing the situation described above, we can conclude that 
during the heat treatment process, grain growth occurs due to the 
processes of growth and sintering. It should be noted that a similar 
situation is observed during RF deposition on -SiO2 substrates and 
-Ga2O3 thin films, where the growth of secondary and tertiary 
grains is observed [23]. The growth of secondary and even tertiary 
grains was observed in these films both during RF sputtering and 
during heat treatment. 
 For unannealed (Y0.06Ga0.94)2O3:Cr thin films deposited on -SiO2 
substrates and annealed films in an argon atmosphere deposited on 
polycor substrates, the distribution of grains by diameter is well 
described by a normal logarithmic law. This situation is typical for 
the distribution of grains by diameter in polycrystalline films [24]. 
In particular, this situation is observed during the RF deposition of 
Y2O3:Eu thin films [25]. 
 To describe the obtained dependences (Fig. 3, a, c), we use the 
normal logarithmic law, which is used to distribute grains by diam-
eter size in polycrystalline films [24]: 

2

2

1 (ln )
( ) exp

22

D
f D

D

  
  

   
, 
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where 
0

( ) 1f x dx



 , D is the grain diameter divided by the film 

thickness;  is the average value of lnD;  is the standard deviation 

(dispersion) of lnD  . When fitting the data,  and  are inde-
pendent adjustable parameters. 
 Our analysis shows that during the RF deposition of thin films 
on a -SiO2 substrate, a unimodal distribution of grains in terms of 
diameter is observed (Fig. 3, a) with a maximum at 170 nm and a 
dispersion of 6.2 nm. The subsequent annealing of these films in an 
argon atmosphere results in a bimodal distribution of overlapping 
bands with maxima located in regions around 100 and 135 nm. Due 
to the significant overlap, the variances of these distributions are 
25.1 and 13.3 nm, respectively. It is characteristic that grain 
growth during the annealing of thin films of (Y0.06Ga0.94)2O3:Cr oc-
curs in the direction perpendicular to the film surface. During the 
annealing of (Y0.06Ga0.94)2O3:Cr films deposited on a polycor sub-
strate, an unimodal lognormal distribution of grain diameter sizes 
with a maximum in the region of 365 nm and a dispersion of 2.7 
nm is observed. 
 To verify the elemental composition of the obtained thin films, x-
ray photoelectron spectroscopy (XPS) spectra were analysed. The 
characteristic XPS spectra for the unannealed (Y0.06Ga0.94)2O3:Cr thin 
films deposited on -SiO2 substrates and the annealed films in the 
argon atmosphere deposited on -SiO2 and polycor substrates are 
shown in Fig. 4. 
 The analysis showed that the recorded spectra contain peaks cor-
responding to O1s, C1s, Y3d, Ga3p, and Cr2p atoms. At the same 

 

Fig. 4. XPS spectra of (Y0.06Ga0.94)2O3:Cr thin films obtained by RF sputter-
ing on -SiO2 substrates without heat treatment (1), after heat treatment 
in an argon atmosphere (2), and on polycor substrates after heat treatment 
in an argon atmosphere (3). 
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time, the peak characteristic of the Cr 2p atom is expressed rela-
tively weakly, since the chromium concentration in the obtained 
films is insignificant. It is characteristic that it is most intensively 
manifested in (Y0.06Ga0.94)2O3:Cr films deposited on polycor sub-
strates. 

4. CONCLUSIONS 

It has been established that thin films of (Y0.06Ga0.94)2O3:Cr formed 
from nanometer grains are formed by RF ion-plasma sputtering on 
polycrystalline polycor and amorphous -SiO2 substrates. Based on 
the AFM images, it is shown that the average diameters of the crys-
tallites of the films on polycor substrates after heat treatment in an 
argon atmosphere are of 372 nm, on -SiO2 substrates without heat 
treatment, are of 181 nm, and after heat treatment in an argon at-
mosphere, are of 123 nm. The heat treatment of films on -SiO2 
substrates in an argon atmosphere leads to an increase in the root 
mean square roughness from 1.2 to 2.9 nm. It has been found that 
when thin films of (Y0.06Ga0.94)2O3:Cr are deposited on υ-SiO2 sub-
strates, an unimodal lognormal distribution of grains in terms of 
diameter size with a maximum at 170 nm and a dispersion of 6.2 
nm is observed. In the process of heat treatment of such films, a 
bimodal distribution appears with maxima at 100 and 135 nm and 
dispersions of 25.1 and 13 nm, respectively. During this heat 
treatment, grain growth perpendicular to the film surface is ob-
served. During the heat treatment of films deposited on polycar-
bonate substrates, a unimodal distribution of grains by diameter 
with a maximum of 365 nm and a dispersion of 2.7 nm occurs. 
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