Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2023 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2023, 1. 21, Ne 3, cc. 593-603 HaznpykoBaHo B YKpaiHi.

PACS numbers: 61.72.Mm, 68.35.Ct, 68.37.Ps, 68.55.A-,68.55. J-, 81.15.Cd, 81.15.Gh

Surface Morphology of (La,,Ga,g,)>05:Eu Thin Films

0. M. Bordun!, B. O. Bordun!, I. I. Medvid!, M. V. Protsak?,
K. L. Biliak!, I. Yo. Kucharskyy', D. M. Maksymchuk?,
I. M. Kofliuk', and D. S. Leonov?

Tvan Franko National University of Lviv,
50, Drahomanov Str.,

UA-79005 Lviv, Ukraine

2Technical Centre, N.A.S. of Ukraine,

13, Pokrovska Str.,

UA-04070 Kyiv, Ukraine

Thin films of (La, (sGay.94):03:Eu are obtained by radio-frequency (RF) ion-
plasma sputtering in an argon atmosphere on single-crystal NaCl and
amorphous v-SiO, substrates. The study of the surface morphology of thin
films by atomic force microscopy (AFM) shows that the average diameter
of crystallites forming the film increases from 23 nm to 48 nm, when
there is switching from NaCl to v-SiO, substrates. The heat treatment of
films on v-SiO, substrates in an argon atmosphere leads to the increase in
the average grain diameters to 68 nm and, accordingly, the root-mean-
square roughness from 0.5 nm to 6.1 nm. The analysis of the distribu-
tions of crystallites by diameter and volume is carried out, and it is pro-
posed that, in the process of RF sputtering, secondary grains grow, and in
the process of high-temperature heat treatment, secondary and tertiary
grains grow.

Merogom BucokodacToTHOro (BY) HOHHO-IIJTa3MOBOTO PO3IOPOIIIEHHSA B aT-
moc(epi apromy ma MoHOKpucramiunmx mizxaasumakax NaCl ta amopdumx
mifkTaguEKax v-Si0, ozep:xano ToHKI maiBku (LagosGage4),05:Eu. Hocii-
IJKeHHS MOPQOJIOoril MOBEepXHi TOHKMX MJIiBOK METOJOM ATOMHO-CHJIOBOI Mi-
KpocKomii mokasaiu, 1o 3 mepexogoM Bix migkmaguaok NaCl mo v-SiO,
3poCTae cepenHiii AiAMeTep KPUCTATIITiB, AKi opmMyioTs miiBKy Big 23 HM
mo 48 um. TepmMoo6poOIEeHHA MIIBOK Ha HiAKJIaAWHKAxX 3 L-Si0, B aTmocde-
pi apromy mpuBOAUTHL OO 3POCTAHHS CepenHixX miamerpiB 3epeH o 68 mwm i,
BiAIOBiZHO, cepedHBOKBaApaTHUUYHOI Iepctkoctu Bim 0,5 aMm go 6,1 HM.
IIpoBemeHo aHaidy po3mOAijiB KPHUCTATIITIiB 3a AigMeTpoM i 3a o6’eMoM Ta
3aIlIPOIIOHOBAHO, IIf0 y mporeci BY-mamoporienHsa Bigm6yBaeTbCsA 3POCTAHHSA
BTOPUHHUX 3€peH, a y IIPoIlleci BUCOKOTEeMIePATyPHOTO TepMOOOPOOIeHHSA
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BimOyBa€eThCA 3POCTAHHSA BTOPUHHUX i TPETUHHUX 3€peH.
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1. INTRODUCTION

Metal oxide materials play an important role among new functional
materials for electronics. They are used in the creation of displays,
scintillators, and means for recording and visualizing information.
In this regard, pure and activated films based on B-Ga,0; are widely
used as thin-film materials, which are promising for field-effect
transistors, luminescent displays, gas sensors, and UV-transparent
electrodes [1-5]. In general, the optical and electrical characteris-
tics of thin films based on B-Ga,O; are determined by the methods
of their preparation, deposition modes, substrate type, and pro-
cessing technology as well as the introduction of impurities that can
purposefully change the spectral-luminescent and electrophysical
properties of these films. To this end, thin films with the chemical
composition (Lag sGagq4):05:Eu were studied in this work, in which
some Ga*" ions were replaced by isovalent La®" ions, that did not re-
quire local compensation of the electric charge. This substitution is
because La,0; films are also quite promising in terms of their use in
optoelectronic and luminescent technology [6—8]. This also allows
for a better study of luminescence centres in thin films based on f3-
Gay0,, since the luminescence efficiency in these films is largely de-
termined by the peculiarities of recombination processes, which are
usually caused by luminescence centres of defective origin. The use
of the Eu®' ion as an activator is due to the fact that a number of
films activated by this ion are quite promising red phosphors,
which are widely used in optoelectronics [9—-12].

In general, the question of the physical properties of thin films is
complicated by the fact that films do not always have a perfect
structure and can be polycrystalline, amorphous, or contain inclu-
sions of other phases. Obtaining the required and stable reproduci-
ble 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 levels arising from the
presence of the IGBs. It is clear that such levels are also determined
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by the size of the crystallites, which form the thin films. This has
led to the structural studies of (Lag(sGag.o4)205:Eu thin films report-
ed in this paper. The films were obtained by the method of RF ion-
plasma sputtering, which is optimal for obtaining homogeneous
semiconductor and dielectric films [13].

2. EXPERIMENTAL TECHNIQUE

Thin films of (LagycsGages)20s:Eu with a thickness of 0.2-1.0 pym
were obtained by RF ion-plasma sputtering on single-crystal NaCl
substrates and amorphous fused quartz v-SiO, substrates. The RF
sputtering was carried out in an argon atmosphere in a system us-
ing the magnetic field of external solenoids for compression and
additional ionization of the plasma column. After the films were
deposited on v-SiO, substrates, they were heat treated in argon at
1000-1100°C. The starting materials were La,0;, Ga,O;, and Eu,0;
of the ‘oc. u.” grade. The concentration of the Eu®' activator was 1
mol.%.

The structure and phase composition of the obtained films were
studied by x-ray diffraction analysis (with Shimadzu XDR-600).
The analysis of the diffractograms showed that the structure of
these films corresponds to the monoclinic crystal structure of f-
Ga,05; and the results obtained are close to those obtained earlier for
thin films of B-Ga,0; and (Y 06Gag.94)205 [14]. In particular, for pol-
yerystalline (Lag osGag94)205:Eu films, the predominant orientation
of the films is observed in the (110), (002), (111), and (512) planes.

Using an OXFORD INCA Energy 350 energy dispersive spectrom-
eter, elemental analysis of the samples was performed at several
points on the surface of the films. The calculations confirmed that
the percentage of components in the obtained films corresponded to
their percentage in the compound (La, (sGag.94):05:Eu.

The surface morphology of the films was studied using an
INTEGRA TS-150 atomic force microscope (AFM).

3. RESULTS AND DISCUSSION

Microphotographs of the surface of (LagoGagq).05:Eu films ob-
tained by RF ion-plasma sputtering on NaCl and v-SiO, substrates
without heat treatment and after heat treatment in an argon at-
mosphere are shown in Fig. 1. The topography of the samples was
quantitatively characterized by standard parameters: root-mean-
square (RMS) roughness, maximum grain height, average grain di-
ameter, average grain area, and grain volume, which were calculat-
ed from AFM data for areas of the same size (1000x1000 nm). The
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characteristic parameters of (Lag¢sGag.94):05:Eu thin films on differ-
ent substrates without heat treatment and after heat treatment in
an argon atmosphere are given in Table 1. As can be seen from the
results obtained, different types of substrates and the presence of
heat treatment have a significant effect on the size of crystal grains
and surface roughness of the films.

The analysis of AFM images (Fig. 1) and crystal grain parameters
(Table) of the surface of (LagosGages):05:Eu films shows that the
films deposited on an amorphous substrate are formed from larger
grains, than when sputtered on a single-crystal substrate with
NaCl. Even larger crystallite sizes occur after heat treatment of the
films. This increase in crystalline grain size and, in particular, the
increase in the average grain diameter and RMS roughness indicate
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Fig. 1. Images of the surface morphology of (LagsGaj94),05:Eu thin films
obtained by RF sputtering without heat treatment on NaCl (a, b) and v-
Si0, (¢, d) substrates and after heat treatment in an argon atmosphere on
v-Si0, substrates (e, f). Images a, ¢ and e are two-dimensional, b, d and f
are three-dimensional.
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Continuation of Fig. 1.

TABLE. Crystalline grain parameters of thin films (La, sGag.94):05:Eu.

No heat treatment|No heat treatment|Heat treatment in
Parameter on the NaCl sub- |on the v-SiO, sub-| Ar on the v-SiO,

strate strate substrate
Ayerage grain 23 48 68
diameter, nm
RMS roughness, 0.6 0.5 6.1
nm
Maximum grain
height, nm 8.3 21 179
Average gr;ain 167 614 1516
area, nm
Average grain 56 145 4167

volume, nm?

a more complex surface structure.

A comparison of the histograms of the grain-height distribution
(Fig. 2) shows that taller grains are formed on the surface of
(Lay 0sGagg4)2:03:Eu films on NaCl substrates, although their diame-
ters are more than 2 times smaller. The high-temperature heat
treatment of the films leads to a very significant increase in grain
height. In particular, the root-mean-square roughness increases by
more than 10 times.

The increase in the size of crystalline grains and the simultane-
ous decrease in the grain concentration in thin films of
(Lay 0sGagg4):03:Eu, when there is switching from NaCl to v-SiO,
substrates, and, especially, the increase in the size of crystalline
grains after heat treatment (Fig. 1) indicate the possibility of the



598 O. M. BORDUN, B. O. BORDUN, I. I. MEDVID et al.

300+ 2007
5 B0 g 150
& 200 =
- wm
_E):r 150 ‘E 100}
=1 =
S I
g 1w S sof
50|
0 —— 005 10 15 20 25 30 35
Grain height, nm Grain height, nm
a b
200+
5 150+
o
4 100}
=]
=}
Q
O 50+
0

10 20 30 40
Grain height, nm
c

Fig. 2. Grain-height distribution on AFM images of (Lag (sGag.94)203:Eu thin
films obtained by RF sputtering without heat treatment on NaCl (a), v-
Si0, (b) substrates and after heat treatment in argon on v-SiO, substrates

(o).

transition of the film surface to a more nanostructured state due to
the crystallization of the surface layer.

The characteristic distributions of grain diameter sizes in
(Lay 06Gag.g4):03:Eu thin films depending on the type of substrate and
the presence of heat treatment are shown in Fig. 3.

A thorough review [15] 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 um, which is typ-
ical for our (Lag¢Gag.g4)205:Eu films, often have 2D-like structures.
In such structures, most grain boundaries are perpendicular to the
film surface. Most of the materials analysed in Ref. [15] form films
from nonequilibrium grains with dimensions smaller than the film
thickness and form two-dimensional structures only after anneal-
ing. Based on numerical results, it is also concluded in Ref. [15]
that the formation of grains in thin films is difficult to describe
accurately using modelling or comparison with experiments that
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Fig. 3. Distribution of grain diameter sizes and calculated approximated
diameter distribution on AFM images of (Lagy0sGagg4):03:Eu thin films
without heat treatment on NaCl (a), v-SiO, (b) substrates and after argon
heat treatment on v-SiO, (c¢) substrates.

described the study of foams or monolayers. In general, grain sizes
in polyecrystalline films are lognormally distributed in size.

In a number of cases, further grain growth is observed due to
‘anomalous’ growth or preferential growth of several grains, which
usually have specific crystallographic orientation relations relative
to the substrate surface plane. Our results show that this situation
is most likely to be characteristic of the (Lag(Gag94):05:Eu films we
obtained. 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 [16]. Grains
that grow abnormally often have a limited or homogeneous texture.
Secondary grain growth in thin films typically involves an evolution
in the grain texture distribution as well as an evolution in the grain
size distribution.

Our results of the distribution of grain diameter sizes in
(Lay 0sGagoq):03:Eu thin films (Fig. 3) indicate that, when these
films are deposited on NaCl substrates, an almost unimodal distri-
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bution of diameters with a maximum in the 22 nm region is ob-
served. A small local maximum in the region of 15 nm appears on
the increasing part of the distribution. A more complex shape of
the diameter distribution is formed, when the films are deposited
on an amorphous v-SiO, substrate. In particular, for freshly depos-
ited films (Fig. 3, b), a bimodal distribution with maxima in the re-
gion of 37 nm and 57 nm is clearly visible. After heat treatment of
such films, a trimodal distribution is already observed (Fig. 3, ¢)
with maxima in the 52, 66, and 76 nm regions.

To summarise the situation described above, it can be concluded
that secondary grain growth occurs during the RF spraying process.
During heat treatment, secondary and tertiary grains grow. It
should be noted that a similar situation is observed during RF dep-
osition on v-Si0, substrates and B-Ga,0; thin films [17]. The growth
of secondary and tertiary grains was observed in these films during
both the RF sputtering and heat-treatment processes.
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Fig. 4. Grain size distribution and calculated approximated volume distri-
bution on AFM images of (LayGagqs):0s;:Eu thin films without heat
treatment on NaCl (a), v-SiO, substrates (b) and after argon heat treat-
ment on v-Si0O, substrates (c).



SURFACE MORPHOLOGY OF (Lay 0sGay 9,),05:Eu THIN FILMS 601

Taking into account the presence of ‘anomalous’ grain growth
and grain growth with specific crystallographic orientation rela-
tions relative to the substrate surface plane, we consider the distri-
bution of grain volumes in (Lag 0Gag.94)205:Eu thin films.

As can be seen from Fig. 4, when thin films are deposited on a
NaCl substrate, the distribution of grains by volume is quite well
described by normal logarithmic law. This situation is typical for
the distribution of grains by diameter in polycrystalline films [18].
In particular, this situation is observed during the RF deposition of
Y,0,:Eu thin films [19].

A similar situation is observed in thin films of (La, sGagq,):05:Eu
on v-Si0, substrates after heat treatment. At the same time, local
maxima appear in the high-volume part of the distribution, which is
most likely due to the growth of secondary and tertiary grains. For
freshly deposited (LagocGaggs):05:Eu films on v-SiO, substrates, a
downward distribution is observed without local maxima that can be
explained by the formation of nonequilibrium grains on the amor-
phous substrate.

To describe the obtained dependences (Fig. 4, a and ¢), we use the
normal logarithmic law, which is used to describe the distribution
of grains by diameter size in polycrystalline films [18] and which
we will use to describe the distribution of grains by volume. By in-
troducing the appropriate values, by analogy with Ref. [18], we ob-
tain:

1 (InV —p)?
fv)= ] exp {—202 }

where V is the grain diameter; In(V —p) is the standard deviation
(dispersion), and InV is the average value.

The calculations show that, for the surface of (Lag ,sGagq4):05:Eu
films, which are RF sputtered onto NaCl substrates, a lognormal
distribution of grain volume with a maximum of about 35 nm?, and
a dispersion of 0.35 is observed. When (La, (sGag¢4):05:Eu films are
deposited on v-SiO, substrates, a lognormal distribution of grain
volume with a maximum of about 2000 nm® and a dispersion of 0.2
dominates.

4. CONCLUSIONS

It has been established that thin films of (Laj(sGag.94)205:Eu formed
from nanometre grains are formed by RF ion-plasma sputtering on
single-crystal NaCl and amorphous v-SiO, substrates. Based on the
AFM images, it is shown that the average diameters of the crystal-
lites of the films on NaCl substrates are of 23 nm and on v-SiO,
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substrates are of 48 nm. The heat treatment of films on v-SiO, sub-
strates in an argon atmosphere leads to an increase in the average
grain diameters to 68 nm and, accordingly, the root-mean-square
roughness from 0.5 nm to 6.1 nm. Based on the analysis of the re-
sults of the distribution of grain diameter sizes, it is proposed that
secondary grains grow in the process of RF sputtering. In the pro-
cess of heat treatment, secondary and tertiary grains grow. At the
same time, the grain volume distributions during the deposition of
(Lag ¢6Gag94)2:05:Eu films on NaCl substrates and after heat treat-
ment on v-Si0, substrates correspond to a normal logarithmic dis-
tribution with one centre of a distribution.
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