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Thin films of (Y, 0sGag.94)20;5:Cr are obtained by radio-frequency (RF) ion-
plasma sputtering in an argon atmosphere on amorphous v-SiO, sub-
strates. The surface morphology of the obtained films is studied by means
of AFM. The low-temperature (8.6 K) luminescence of the thin films of
(Y0.06G0.04)205:Cr®* under excitation by synchrotron radiation (22.14 eV
and 7.75 eV) is studied. The obtained luminescence spectra are analysed
according to excitation energy. A high-energy shift of the R;-line in the
spectra of the activator luminescence of the Cr®* ion in the thin films of
(Y0.06G20.04):05:Cr®" is found relative to the same for single crystal sam-
ples. This shift is analysed in the form of a nephelauxetic effect.

MeTomom BucokouacTtoTHOro (BY) fI0OHHO-IIAa3MOBOTO PO3MOPOINIEHHS B aT-
mocdepi apromy Ha amophHUX miAKIATUHKAX L-Si0, omep:KaHo TOHKI MIiB-
K1 (Y,06Gag,94)203:Cr. Merogom ACM gocruifsxeHo MOP(OJIOTilo IIO0BEpPXHi
olep;KaHuX IJIiBOK. IIpoBeseHo MocaimKkeHHA HU3bKoTeMIepaTypHoi (8,6 K)
mrominecreHnii ToHKUX WIBOK (Y, 05Gag04):05:Cr®" uepes s06ymxeHHSA CHHX-
porpoHHUM BunpomiHeHHAM (22,14 eB i 7,75 eB). IIpoanasizsoBaHo omep-
JKaHi CIIEKTPH JIIOMiHeCIleHI[il 3ajie;XKHO Binm ewmeprii 30ymsxeHHA. BeTaHoBie-
HO BHUCOKOEHepTeTWuHe 3MimieHHA R;-miHii y cmeKTpax aKTWUBATOPHOTO CBi-
uyenHs Houa Cr®" y romrux miiBkax (Y, sGag94):05:Cr BigHOCHO Takoi s
MOHOKPHUCTATIYHUX 3paskiB. [laHe 3MilleHHA IpoaHaJidoBaHo y (opmi He-
(eJIOKCeTUUYHOT0 e(heKTy.

Key words: gallium oxide, yttrium oxide, chromium activator, thin films,
nanocrystals, photoluminescence, synchrotron radiation.
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1. INTRODUCTION

In recent years, oxide nanostructures based on B-Ga,0O; have been
extensively studied. This material, which belongs to wide bandgap
semiconductors, is widely used in ultraviolet photodetectors, gas
sensors, solar cells, luminescent devices, and high-power Schottky
diodes [1-8]. Due to their operational and chemical properties, pure
and activated nanometre thin films of B-Ga,0; obtained by various
methods are widely used in luminescent devices. Among them, an
important place is occupied by B-Ga,0;:Cr®" as a red phosphor for
multiple types of luminescent screens, including flat panel PDP
(plasma, display, panel) screens [9-13].

In general, the optical and luminescent properties of thin oxide
films, including B-Ga,0;:Cr®*", are determined by the methods of
preparation, deposition modes, processing technology, and the in-
troduction of special impurities that can purposefully change the
spectral and luminescent properties of the films. Given that the lu-
minescence of B-Ga,0; depends significantly on structural defects
[14-16], in this work, some Ga®' ions were replaced by isovalent Y3
ions, which did not require local compensation of the electric
charge. At the same time, it was taken into account that Y,0; thin
films are quite promising when used in optoelectronics and lumines-
cent technology [17—20]. This led to the study of thin films with
the chemical composition (Y, 0sGa.94)205:Cr®* in this work.

Taking into account that the physical properties of thin films are
determined by the size of the nanocrystalline grains from which
they are formed and the presence of intergranular boundaries, the
surface morphology of thin (Y, 0sGa0.04):05:Cr®* films was studied by
atomic force microscopy (AFM). In order to study in detail the lu-
minescence in these films, the luminescence spectra were studied
under excitation by synchrotron radiation at low temperatures
T =8.6 K. The films were obtained by the method of RF ion-plasma
sputtering, which is considered optimal for depositing homogeneous
multicomponent semiconductor and dielectric films [21].

2. EXPERIMENTAL TECHNIQUE

Thin films of (Y06Gag.94)205:Cr with a thickness of 0.3—-1.0 um were
obtained by RF ion-plasma sputtering in an argon atmosphere on
amorphous substrates of fused quartz v-SiO,. The feedstock was a
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mixture of Y,0; and Ga,0; oxides of the stoichiometric composition
of the ‘OCY’ (especially pure) grade. The concentration of the acti-
vator ion Cr®" was 0.5 mol.%. After the films were deposited, they
were heat treated in argon at 1000—-1100°C.

The structure and phase composition of the obtained films were
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray
diffraction studies have shown the presence of a polycrystalline
structure 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 corresponds to the monoclinic crystal
structure of B-Ga,0;.

At the same time, the obtained diffractograms practically coin-
cide with the diffractograms of unalloyed films of (Y;06Ga¢.94)20s,
which were presented earlier in our work [22].

Using an OXFORD INCA Energy 350 energy dispersive spec-
trometer, elemental analysis of the samples was carried out at sev-
eral points on the surface of the films. The calculations showed that
the percentage of components in the obtained films corresponded to
their percentage in the (Y, 0sGag.94)205:Cr compound.

The surface morphology of the thin films was studied using an
INTEGRA TS-150 atomic force microscope (AFM). The image of the
thin film surface was obtained in the semi-contact mode.

The luminescence spectra at T =8.6 K were studied using syn-
chrotron radiation at the Superlumi facility (DESY, Hamburg,
Germany) [23]. A primary monochromator with a spectral resolu-
tion of 4 A was used to select the spectral range of synchrotron ra-
diation for luminescence excitation. The luminescence spectra were
recorded and analysed using an ANDOR Kymera monochromator
with a spectral resolution of 2 A, a Newton 920 CCD camera, and a
Hamamatsu R6358 photoelectronic multiplier.

3. RESULTS AND DISCUSSION

Microphotographs of the surface of thin (Y, ¢sGag¢4)205:Cr films are
shown in Fig. 1.

The topography of the samples was quantitatively characterized
by standard parameters: root mean square roughness, maximum
grain height, and average grain diameter, which were calculated
from AFM data using Image Analysis 3.5 image processing software
for a 5000x5000 nm area.

Based on the analysis of the surface morphology images, it was
found that thin films of (Y,06Gagq4):05:Cr after argon heat treat-
ment have an average square surface roughness of 2.9 nm with a
maximum grain height of 33 nm. The average grain diameter is of
123 nm.
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Fig. 1. Images of the surface morphology of thin (Y, ,Gag9,)205:Cr films
after heat treatment in an argon atmosphere on v-SiO, substrates. a—two-
dimensional image; b—three-dimensional image.

7001
600
500
4001

3001

Counts, a.u.

2001

100F

0 10 30 30 40 30 a0

Graine height, nm

Fig. 2. Grain height distribution for AFM images of the surface of thin
(Y.06Ga.94):05:Cr films after heat treatment in an argon atmosphere.

The histogram of grain height distribution for the obtained films
is shown in Fig. 2.

The characteristic distribution of grain diameter sizes in thin
(Y.06Gag.94)203:Cr films is shown in Fig. 3.

As can be seen in Fig. 3, the distribution of grain diameters in
the obtained thin films has the form of a bimodal distribution. The
growth of crystalline grains and the evolution of crystal structures
were analysed in a thorough review [24], and it was shown that
polycrystalline thin films with a thickness of up to 1 um, which is
typical for our (Y,,sGage4):05:Cr films, often have 2D-like struc-
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Fig. 3. Distribution of grain diameter sizes and calculated approximate
diameter distribution on AFM images of thin (Y, ,Gag¢4)205:Cr films after
heat treatment in argon atmosphere.

tures. Most of the materials analysed in Ref. [24] form thin films
of nonequilibrium grains, whose dimensions are smaller than the
film thickness, and they form two-dimensional structures only after
annealing. In some cases, further grain growth is observed due to
‘anomalous’ growth or preferential coalescence of several grains,
which usually have specific crystallographic orientations and ratios
relative to the substrate surface plane. Our results show that such a
situation is most likely characteristic of the (Y ¢6Gag.94)205:Cr films
we obtained. In particular, according to Ref. [25], when the number
of growing grains leads to a ‘matrix’ of grains beyond statistical
limits, a bimodal grain size distribution develops, which is called
secondary grain growth. Grains that grow abnormally often have a
limited or homogeneous texture.

Our results (Fig. 3) show that the distribution of grain diameters
on the surface of the (Y, 0Gagq4)205:Cr film after argon heat treat-
ment is described by a two-modal distribution with maxima in the
region of 100 and 135 nm. This situation may indicate that grain
growth occurred during the heat treatment due to growth and sin-
tering processes. It should be noted that a similar situation is ob-
served during RF deposition on similar v-SiO, substrates and pure
thin B-Ga,0; films, where the growth of secondary and even tertiary
grains is observed [26].

The luminescence spectra of the obtained thin (Y, ,sGag.g4):05:Cr
films under excitation by synchrotron radiation at 56 nm (22.14 eV)
and 160 nm (7.75 eV) are shown in Fig. 4.

As can be seen from the results shown in Fig. 4, the spectra ob-
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Fig. 4. The emission spectra of thin (Y, ,Gag¢4):05:Cr films at A, =56 nm
(1) and A, =160 nm (2) at 8.6 K.

tained at different excitation energies differ slightly. The lumines-
cent luminescence spectrum under 56 nm excitation is characterised
by intense luminescence in the 690-750 nm region with a maximum
at 700 nm (1.77 eV) and a less intense band with a maximum at 600
nm (2.07 eV) and a local maximum in the luminescence spectrum at
400 nm (3.10 eV). When excited at 160 nm, a broad intense lumi-
nescence with a maximum in the 400 nm region, a local maximum
in the 600 nm region, and a slight luminescence in the 690—-750 nm
region, which shows a narrow band with a maximum at 693.5 nm
(1.788 eV), are observed.

The luminescent band with a maximum around 400 nm is a typi-
cal luminescence of the (Y, ,Gaye4):0s substrate, which was dis-
cussed in detail in Ref. [27]. This luminescence is also characteristic
of pure B-Ga,O; crystals [28, 29] and thin B-Ga,0; films [30]. The
luminescent band with a maximum in the region around 600 nm
most likely corresponds to the luminescence of defects, primarily
due to a disturbance in stoichiometry. This luminescence has not
been reported in studies of nominally pure B-Ga,0; crystals [28, 29]
or the B-Ga,O; and (Y,.06Gag94):0s films [30], but it has been ob-
served in thin ZnGa,0,:Cr films [31] and Y,0,:Cr®" nanophosphors
[32]. At the same time, as can be seen in Fig. 4, the luminescence
intensity of luminescence and such defects depends on the energy of
the excitation quanta. A similar situation is observed in the photo-
luminescence of ZnGa,0,:Cr [31].

The wide luminescence band in the 690-750 nm region is due to
the intracentre luminescence of the Cr®*" impurity [83]. Gallium ox-
ide has a monoclinic structure, and Cr®*" ions in the structure of B-
Ga,05 are in an octahedral oxygen environment [33]. In such an en-
vironment with an inversion centre, electrodipole transitions are
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prohibited by parity. Therefore, the luminescent spectrum can be
caused either by the displacement of chromium ions from the inver-
sion centre or by interaction with crystal lattice vibrations. The in-
dicated broad band of luminescence arises from the radiative transi-
tion *T, —*A, [33] in Cr®' ions. Against the background of this
band, two narrow R-lines (R, and R,), characteristic of Cr®' ions in
an octahedral environment, are distinguished in the short-wave re-
gion. The spectral position of these lines depends significantly on
the temperature and the perfection of the samples obtained. In par-
ticular, with a decrease in temperature, the maxima of the R;- and
R,-lines shift to the short-wave (high-energy) region [36—39]. In ad-
dition, our studies show that the cooling of B-Ga,0;:Cr®" crystals to
lower liquid nitrogen temperatures leads to a sharp decrease in the
luminescence yield of the *T, —» *A, transition, quenching of the R,
line, and a strong increase in the intensity of the R, line [36—39].
Our results are in good agreement with the above results and show
that the intensity of the *T, — *A, transition is determined not only
by the temperature but also by the excitation energy.

A characteristic feature of the results of the study of the lumi-
nescence of B-Ga,0;:Cr®" crystals at temperatures of 20 K and lower
[86—39] is the presence of an intense luminescence of the R; line,
the spectral position of which differs slightly from one author to
another. In particular, in Ref. [36], the spectral position of the R,
band is of 695.3 nm; in Ref. [37], it is of 695.6 nm; in Ref. [38], it
is of 694.5 nm; and in Ref. [39], it is of 696.1 nm. Most likely, this
situation is due to the structural perfection of the studied samples
in different works. At the same time, in the obtained luminescence
spectra of thin (Y, 0Gag.94):05:Cr®" films, the spectral position of the
R, band is even more energetic, i.e., of 693.5 nm. Such a shift could
be explained by the addition of Y*" ions to the structure of B-Ga,O;
instead of some Ga®" ions. However, this situation seems unlikely.
Unfortunately, we have not found any scientific publications de-
voted to the low-temperature luminescence of Y,0,:Cr®". However,
studies of such luminescence at room temperature [32] show that
the spectral position of the R; line in the luminescence spectra of
Y,0,:Cr®" is more than 700 nm. At the same time, at room tempera-
ture, the position of the R;-line varies from 695.6 nm [38] to 694.5
nm [39] depending on the perfection of the B-Ga,0;:Cr®" samples.
Therefore, the replacement of some Ga®" ions with Y*'ions should
shift the R;-band to a longer wavelength region, but the opposite
situation is observed.

To analyse the observed high-energy shift in the spectral position
of the R; band in the low-temperature luminescence spectra of thin
(Y0.06Ga0.04)205:Cr®" films, we assume that they consist of nanocrys-
talline grains, for which a size effect is possible. The main reason
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for such effects is the influence of surface energy. In a review arti-
cle [40], the authors point out that the source of the change in sur-
face energy is a large number of incomplete broken bonds. In this
case, the smaller the size of the nanoparticle, the more such bonds
account for the total number of bonds in the nanocrystal. That is,
as the particle diameter decreases, the surface energy also de-
creases.

According to Ref. [41], a decrease in surface energy increases the
volume of a unit cell. Therefore, in thin films consisting of
nanocrystalline grains, the metal-ligand (Cr—O) distance increases
and, as a result, the crystal field strength decreases, and the posi-
tion of the emission bands is shifted. This situation, in particular,
is observed in thin films of B-Ga,05:Cr, where the crystal field
strength is D,=1667 cm™ [31]. The calculations of D, in single-
crysltal samples of B-Ga,0;:Cr®" [42] give the value of D,=1680.7
cm .

An increase in the metal-ligand (Cr—O) distance leads to a change
in the Raka parameters, which may result in a nephelauxetic effect.
The term ‘nephelauxetic’ was introduced by Jergensen in Ref. [43]
to describe the expansion of the 3d-electron cloud, when a metal ion
is in a crystal lattice. For a metal ion in a crystal lattice, the elec-
trostatic repulsion between these electrons is weaker, and the elec-
tron-to-electron repulsion parameter Raka B decreases. A simple
phenomenological description of this effect was proposed in Ref.
[43]:

B = BBy, (1)

where B, is the Raka’s parameter of the free ion and [ is the pro-
portionality coefficient, called the nephelauxetic parameter. In Ref.
[44], certain limitations of the relation (1) were noted, and an ex-
tended form of the nephelauxetic parameter was proposed, which
takes into account both the Raka’s parameters B and C, in particu-

lar,
B C
= |[=+=, 2
Py \}Bo C, (2)

where C, is the Raka’s parameter of the free ion.

When the Cr®" ion is in the *A, ground state, three 3d-electrons
occupy orbitals stretched in the directions between the ligands. As
the ligands approach the metal ion (Cr—0), the bonds become more
covalent, the 3d-electrons move further away, and the B parameter
decreases. This leads to an increase in the distance between the ‘A,
ground state and the excited 2E state. Given that, the excited ZE
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state splits in the crystal field into two sublevels, £ and 24, we ob-
serve two R-lines in the luminescence spectra.

Since, by definition, the nephelauxetic effect is manifested in a
decrease in the Raka’s B parameter and an increase in the C pa-
rameter with a decrease in the metal-ligand distance, i.e., with an
increase in the size of crystallites, we observe the presence of such
an effect at a short-wave shift of the R, line in the luminescence
spectra of thin films of (Y ¢sGag94)203:Cr compared to single crystal
samples. Given that, for example, the grain diameters vary from 25
to 170 nm (Fig. 3), this shift is considered as an average result due
to the different magnitude of the nephelauxetic effect in crystal-
lites of different sizes.

4. CONCLUSIONS

It has been established that thin films of (Y06Gag.4)205:Cr with an
average surface roughness of 2.9 nm are formed on v-SiO, sub-
strates after heat treatment in argon, which are formed from
nanocrystalline grains with an average diameter of 123 nm.

It is shown that, at low-temperature luminescence of thin
(Y.06Gag.94)205:Cr films, the shape of the luminescence spectrum de-
pends on the energy of the excitation quanta, and the spectrum
shows the luminescence of the (Y06Gagq4):05 in the form of a broad
band with a maximum in the region of 400 nm, the luminescence of
defects according to stoichiometry in a band with a maximum in the
region of 600 nm and the activator luminescence of Cr®" ions in the
region of 690-750 nm, in which an intense R; line is distinguished.
The maximum of this band was shifted to the high-energy region
relative to single crystal samples. The analysis of this shift is based
on the fact that at smaller sizes of nanocrystals in thin films rela-
tive to single crystals, the influence of surface energy is observed,
since the number of elementary cells in nanocrystals decreases and
the relative number of elementary cells on the surface of the crys-
tallite increases proportionally. As a result, the volume of the unit
cell increases, and the Cr—O distance increases accordingly. The
consequence is the weakening of the ligand field and the appearance
of a nephelauxetic effect, which leads to a high-energy shift of the
R, band in the activator luminescence of thin (Y, sGag94)205:Cr®*
films at a low temperature of 8.6 K.
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