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CATHODOLUMINESCENCE OF Y;03:Eu THIN FILMS
OBTAINED BY RF SPUTTERING

0. M. Bordun,* I. O. Bordun, and I. Yo. Kukharskyy UDC 535.37;621.315.612;539.216.2

The cathodoluminescent (CL) properties of Y,O3:Eu thinfilms obtained by RF magnetron sputtering were investigated.
The number of Eu’" ions in C 5 states of lower symmetry was hypothesized to be greater in the film bulk than on the
surface based on studies of the CL spectral intensity as a function of the exciting-electron energy and current density.
It was shown that film structural defects and the excitation conditions influenced the kinetic characteristics of the red
emission of Y,03:Eu at 612 nm that was due to the electric dipole transition 5D0 -'F .
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Introduction. Luminescent materials that are used to fabricate displays, scintillators, and information recording
and visualization devices are especially significant optoelectronic materials. Cubic yttrium oxide activated by rare-earth
metal ions is a common luminophore crystalline matrix [1-5]. The phosphor Y,03:Eu with red emission is the most well
studied micron-sized luminophore. Results from previous studies of this material can be used as supporting information
to analyze the luminescence characteristics and mechanism during investigations of size effects on the emission efficiency
of submicron luminophores [6]. Therefore, we used local cathodoluminescence (CL) (luminescence excited by an electron
beam), which has several advantages over traditional optical methods. This method typically is highly sensitive to changes
in the material electronic structure (dopants and structural defects) and makes it possible to study changes in the luminescent
properties of structures and materials to a depth of 10-20 nm to several micrometers. Furthermore, the high luminescence
excitation energy enables optical transitions that require energies >6 eV for excitation (from the vacuum UV region) to
be studied. This method also allows energy-transfer processes between high-energy states and the electronic structure of
defects that are channels for nonradiative recombination to be investigated. It is noteworthy that a whole series of methods
have been used to prepare Y,0j5 films. Therefore, the films differed in optical and luminescent properties as a result of their
different qualities.

Herein, the CL properties of Y,03:Eu thin films obtained by RF ion-plasma sputtering were studied. The method
deposits the most uniform semiconducting and dielectric films [7, 8].

Experimental. Y,O3:Eu thin films (0.2—1.0 pm) were obtained by RF ion-plasma sputtering in 100% O, or 100% Ar
atmosphere using the magnetic field from external solenoids to compress and also ionize a plasma column on v-SiO, fused
quartz substrates. The starting materials were Y,03 (ItO-I grade) and Eu,O3 (high purity). The activator concentrations were
2.5 and 5.0 mol%. Deposited films were heat treated at 950—-1050°C in air.

X-ray phase analysis is one of the most reliable methods for determining the composition and structure of
materials. Figure 1 shows x-ray diffraction patterns of freshly prepared Y,03:Eu thin films and those annealed in air. The
diffraction pattern contained a broad band near 20 = 28-31° that was due to reflection from the (222) plane of cubic Y,0;3
(20 = 29.18° for the ordered structure). The reflection maximum shifted to higher 2@ angles and became asymmetric if the
sputtering atmosphere was changed from Ar to O,. The reason for the shift was most probably a decrease of the interplanar
distances in Y,03. The influence of the atmosphere on the properties of Y,0j5 films was discussed in more detail before [9].
The intensities of the diffraction maxima increased sharply after annealing and became considerably narrower (Fig. 1b).
The results indicated that cubic Y,03 became ordered during annealing at 950-1050°C.
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Fig. 1. X-ray diffraction patterns of freshly prepared Y,03:Eu thin films obtained in Ar (1)
and O, (2) atmospheres (a) and of a film prepared in Ar atmosphere that was annealed
at 1000°C in air (b).

The width of diffraction peaks is known to depend on the size of the coherent scattering regions (crystallite size). The
crystallite size d is determined from the well-known Debye—Scherrer equation [10] for the broadening of x-ray diffraction
peaks: d =0.94A/( cos ®), where A = 0.15418 nm is the wavelength of CuK-radiation; {3, the peak width at half height; and
0, the diffraction angle. The sizes of the crystallites forming the Y,O3:Eu thin films as a function of the preparation conditions
were estimated based on the results. In particular, it was found that the crystallite sizes d = 5.5-6.0 nm for RF sputtering
in an Ar atmosphere; 6.5-7.0 nm, in O,. Annealing increased the crystallite size because of their growth and sintering. For
example, the crystallite size reached d = 28.0-32.0 nm for annealing temperature 1000°C.

The CL properties were studied using pulsed-electron excitation. Spectra were recorded on an apparatus assembled
around an SF-4A spectrophotometer (Russia) using an FEU-79 photomultiplier. Decay curves were recorded using the
FEU-79 and a C1-117 electronic oscilloscope (Belarus) connected to an IBM/PC.

Results and Discussion. Figure 2 shows characteristic CL spectra of the obtained Y,0j3:Eu films at various exciting-
electron energies and current densities. Narrow bands due to intrasystem transitions between electronic states of the activator
Eu’* appeared in luminescence spectra of the films. The wavelength of the emission maximum A, = 612 nm agreed with
the red color. Figure 2 shows all observed electronic transitions 5D0—7F 'y for Eu’”. They include allowed magnetic dipole
transitions 5D0—7F 1 (for Eu’" at C, and Cj; sites of the Y, O3 lattice) and allowed electric dipole transitions 5D0—7F 5 (for Eu®"
only at C; sites). The unit cell of cubic Y,03 contains 32 Y** ions that can be replaced by other rare-earth ions. The Y** ions
occupy 8 positions with a center of symmetry (C3; symmetry) and 24 positions of lower symmetry (C,) [11, 12]. Thus, the
Eu’" ions can occupy one of two inequivalent positions, leading to differences in the luminescence spectra. Considering that
the ionic radii of Y>" and Eu’* are very similar (0.90 and 0.94 A), Y,Oj retains the cubic crystalline lattice with slight changes
upon activation by Eu®* [13]. The so-called asymmetry ratio /g12/I59¢ of intensity maxima near 612 and 596 nm is often used
to describe Y,03:Eu luminescence spectra. This corresponds to the ratio of the numbers of Eu’" in states of local symmetry,
Nco/Nes; [6, 13—16]. The luminescence band at 612 nm is due to the electric dipole transition 5D0—7F2, which is very
sensitive to the closest environment of the emitting Eu’" ion. The band with a maximum at 596 nm corresponds to magnetic
dipole transition 5DOJF 1, which is insensitive to the closest environment [13, 16-18]. The ratio of intensities /g12//59¢
is used to estimate N»/N¢3; [6, 15, 17, 19] and to analyze the structural quality of Y203:Eu3 "

The ratio N¢p/N¢3; for Y3" in an ideal Y,03 matrix at equilibrium is 3:1. A similar result should be obtained if
the Eu®" jons are uniformly substituted forY>". However, thisratio in Y,O3:Eu thin films was much greater and also depended on
the exciting-electron current density and energy. For example, increasing the current density from 6.6-1 0> t012.1-10> A/ m?
at exciting-electron energy 6 keV increased this ratio from 8.5 to 9.25 (Fig. 2b). Increasing the exciting-electron energy from
5.5 t0 6.0 keV at current density 510 A/m? increased this ratio from 10.4 to 14.0 (Fig. 2a). It is noteworthy that similar
amplitude ratios g12/I59¢ = 8—10 were obtained before [6] during a study of the photoluminescence of powdered Y,03:Eu
materials of various dispersions that were synthesized by the sol-gel method.

Our results indicated that Eu®" at C, sites contributed more to the emission than those at Cj; sites if the number of
bombarding electrons and their penetration depth were increased. If the Eu®* replaced y3* uniformly in the Y,Oj5 lattice, then
changing the electron-beam current density should not affect /4,//59¢. However, several deviations were observed and most likely
were indicative of the formation of heterogeneous solutions of Y and Eu oxides in the Y,O5:Eu thin film during its deposition.
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Fig. 2. CL spectra of Y,0O3:Eu thin films with various exciting-electron energies (a) and
current densities (b); activator concentration 5%, sputtering atmosphere 100% Ar (a) and
100% O, (b); exciting-electron pulse parameters: pulse length 5- 107 s, pause between pulses
0.1 s; electron-beam current density j = 51072 A/m?, exciting-electron energy 5.0 (1) and
4.5 keV (2) (a); exciting-electron energy 6 keV, electron-beam current density 121073 (1)
and 6.5-10 A/m? (2) (b).

Increasing the exciting-electron energy and their penetration depth showed that the number of Eu’ at Cj; sites predominated
on the film surface relative to the bulk. The increased relative number of Eu®" at C, sites in the film bulk deposited in
an Ar atmosphere (Fig. 2a) was caused by local symmetry lowering of the Eu’" environment by 0% ions. The local symmetry
of Eu®* primarily near the surface was increased because the films were annealed in air.

Figure 3 shows the CL intensity as a function of exciting-electron energy at various pulse lengths. It can be seen
that the CL intensity increased as the excitation energy increased. This path was followed by Y,03:Eu films up to a certain
E value that was determined by the film thickness. In particular, this energy was ~5.0 keV for a Y,03:Eu film 0.20 um thick
(Fig. 3a). After this, the CL intensity decreased slightly and began to increase again after reaching excitation energy 5.5 keV.
The path of the function was due to the passage of the exciting beam through the film and into the substrate upon reaching an
energy of 5.0 keV. As a result, the number of bombarding electrons of energies >5 keV that interacted with the film decreased
whereas the number interacting with the substrate increased. This caused the CL intensity at 5.0-5.5 keV to decrease. The
quantity 5.5 keV was not intrinsic to Y,03:Eu but was related to the thickness of the deposited film [20]. The electron energy
at which the emission intensity maximum occurred decreased (increased) if the film thickness was decreased (increased).
It is noteworthy that the CL intensity was a complicated function of the excitation energy and radiation dose. Because the
measurements were made with a fixed number of bombarding electrons, the subsequent CL intensity increase at excitation
energies >5.5 keV could be explained only by the increased energy of the bombarding electrons. The aforementioned CL
intensity minimum was not observed for an exciting pulse length of 4-10* s, i.e., at the minimum radiation dose in this
study. This approach could also be used to explain the rather sharp CL intensity increase upon increasing the exciting-beam
current (Fig. 3b). An analysis of the CL excitation mechanism of the Y,03:Eu luminophore must assume that the CL intensity
should increase in direct proportion to an increase of the concentration of bombarding particles. The intensity increase should
slow and become saturated upon reaching a certain critical excitation current because all possible emission centers begin
to participate in the CL process. However, the experimental function (Fig. 3) differed slightly from direct proportionality.
The CL intensity increased slightly slower. This led to the conclusion that the excitation energy in this cathodoluminophore
was not fully transferred from the exciting electron to an emission center, i.e., a part of the energy went to nonradiative
processes that could be caused by film structural defects. The path of this function became closer to directly proportional as
the excitation time, i.e., the radiation dose, was increased.

The order of the CL decay kinetics in Y,05:Eu films for emission at A, = 612 nm was analyzed in order to study
the energy-transfer mechanism of rare-earth activators in Y,03 films. Figure 4 shows characteristic kinetics of the studied
films. It was found that the luminescence decay kinetics in Y,0O3:Eu films at various radiation energies and doses were
approximated well by single-exponential functions. The results indicated that the decay time constant changed depending on
the film sputtering atmosphere, activator concentration, and excitation pulse length. In particular, Y,0O3:Eu films deposited in
an Ar atmosphere with activator concentration 5 mol% showed brighter luminescence than films with 2.5 mol% of activator.
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Fig. 3. CL intensity of Y,Os:Eu thin films as a function of exciting-electron energy (a)
and current density (b); activator concentration 2.5 (a) and 5% (b), sputtering atmosphere
100% Ar; exciting-electron pulse parameters: electron-beam current density 1072 A/mz,
excitation pulse length 4-10~4 (1), 6:107#(2), 8:1074(3), and 107> s (4) (a); exciting-electron
energy 2.5 keV, pulse length 3-107% (1), 4107 (2), 5:107* (3), 6:107* (4), 7:107* (5),
8-107% (6), 9-107* (7), and 107> s (8); pause between pulses 0.1 s.
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Fig. 4. CL decay kinetics of Y,0O3:Eu thin films as a function of exciting-electron energy;
activator concentration 5%, sputtering atmosphere 100% O,; exciting-electron pulse
parameters: pulse length 5- 1074 s, pause between pulses 0.1 s, electron-beam current density
107> A/m?, bombarding-electron energy 4.0 (1), 5.5 (2), and 7.0 keV (3).

The decay time constant for the first films was greater than that for the second (Table 1). However, the decay constants for
both films at low excitation lengths (4 107 s) were greater than that at long CL excitation lengths [(6—9)-104 s]. This could
be explained by the fact that film shallow layers were more heterogencous than those in the bulk. Therefore, these defects
contributed to the emission kinetics and increased decay constant t after the exciting-electron pulse ended. This was more
evident at the weaker emission intensities that were observed at smaller radiation doses, i.e., shorter excitation pulse lengths.

Table 1 shows that the CL decay time constant in Y,0O3:Eu thin films for emission at 612 nm was (1.8-4.1)-10~ 35
depending on the film structure quality and activator concentration. According to theoretical calculations of electric dipole,
magnetic dipole, and electric quadrupole transitions in lanthanides: ¢ ~ 1074 S, Tmag ~ 0.5107 s; and 1q ~ 2 s [21].
A comparison of our values with results based on the emission spectrum (Fig. 1) showed that an electric dipole transition
was involved and that Eu®* emitting at 612 nm were situated at Y,O;3 crystal-lattice sites with C, point symmetry. It is
also noteworthy that the obtained time constants T agreed well with those from previous investigations of luminescence
decay in various Y,0O3:Eu specimens [22-26]. Thus, a value of 1.3 ms was obtained by determining the decay time of the
5DO—7F » transition in Y,O3:Eu ceramics with 10-nm crystallites [22]. The decay time constants fell in the range 2.0-3.7 ms
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TABLE 1. CL Decay Time Constant in Y,03:Eu Thin Films for Emission at 612 nm and Various Sputtering Atmospheres,
Activator Concentrations, and Excitation Times with Uy = 4.5 keV

Sputtering atmosphere Cactiy» mol% foxs 1045 T, 107

3.7
2.2
2.2
4.1
3.4
33
2.0
1.9
1.8

Argon 100% 2.5

Argon 100% 5.0

Oxygen 100% 5.0

O N (O O ~|O N B

for Y,03:Eu single crystals [23]. The lifetime of Y,03:Eu nanophosphors (5-7 nm) with activator concentration 2.4 mol%
was 3.08 ms; for activator concentration 5.2 mol%, 2.40 ms. The decay constant of the 612-nm emission was less for single
crystals, e.g., T = 1.07 ms for activator concentration 3.5 mol% and 1.02 ms for 5.2 mol%. According to the literature [25],
T~ 4 ms in Y,03:Eu nanocrystals whereas T = 1.90 and 1.72 ms for activator concentrations 3 and 8% in Y,0O5:Eu single
crystals [24]. The studies showed that such differences in the emission decay time constant of Y,03:Eu at 612 nm that
was due to electric dipole transition 5Dosz were caused by T being a complicated function that was determined by the
preparation method and conditions, radiation mode and dose, crystallite size, structure quality, and activator concentration.

Conclusions. Thin films of Y,03:Eu with crystallite sizes 5.5-7.0 nm were prepared by RF ion-plasma sputtering
in Ar and O, atmospheres. Annealing in air ordered the structure and increased the crystallite sizes to 28.0-32.0 nm. Studies
of the CL spectra indicated that heterogeneous solutions of Y and Eu oxides may have formed in the Y,Oj3:Eu thin films and
that the number of Eu®" at sites of lower symmetry C, was increased in the film bulk relative to the surface. Energy transfer
from electrons absorbed by the film to activator centers improved if the radiation dose was increased, i.e., the exciting-pulse
length increased from 3:10 % s to 107 s. The luminescence decay kinetics showed that film structural defects affected the
energy-transfer mechanism of absorbed electrons to activator ions. It was hypothesized that shallow layers were structurally
more heterogeneous than those in the bulk.
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