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The spectra and kinetics of the rising and decay of cathodoluminescence (CL) of thin
Y20s:Eu films obtained by the method of RF-magnetron sputtering are studied. Based on
the shape of the CL spectra at different energies and excitation current densities, the
possibility of the formation of irregular solutions of yttrium and europium oxide and the
features of the structure of surface and bulk layers are shown. The dependence of the CL
intensity on the energy of the exciting electrons and the current density of the electron
irradiation has been investigated. The CL decay time constant for the 612 nm luminescence
is determined, the value of which is in the range (1.8 — 4.1) ms. It is shown that this
quantity is a complex function of the type of film deposition atmosphere, the concentration
of the activator, and the duration of the exciting pulses. The features of CL rising are
investigated and it is proposed to analyze the structural perfection of Y,Os:Eu thin films
based on the delay in CL rising.
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Introduction

Among the large number of materials for optoelectronics, luminescent materials are of
particular importance, which are used to create displays, scintillators, and means for recording and
visualizing information. One of the widespread crystal matrices of phosphors is cubic yttrium
oxide Y03, activated by ions of rare-earth metals [1-4]. Among them, the most studied phosphor
of micron dispersion is phosphorus Y2Os:Eu with a red emission region. The results of studying
this material can be used as basic information for analyzing the characteristics and mechanism of
luminescence when studying the influence of size effects and structural perfection on the emission
efficiency of submicron phosphors [5]. For this purpose, we used the method of local
cathodoluminescence (CL), which has a number of features in comparison with traditional optical
research methods [6]. This method is characterized by high sensitivity to changes in the electronic
structure of the material (impurity and structural defects), makes it possible to study the change in
the luminescent properties of structures and materials in depth from 10-20 nm to several
micrometers. In addition, the high excitation energy of luminescence makes it possible to study
optical transitions, the excitation of which requires an energy of more than 6 eV (from the vacuum
ultraviolet region). This method also allows one to study the processes of energy transfer between
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high-energy states, the electronic structure of defects, which are channels for nonradiative
recombination. All these factors determine the kinetics of luminescence onset and decay, which
was the reason for its study in Y,03:Eu thin films.

Note that a number of methods are used to obtain films based on Y,03; therefore, the films
differ in optical and luminescent properties due to their different perfection. In this regard, in this
work, we investigate the spectral and kinetic properties of CL of thin Y,0s:Eu films obtained by
radio-frequency (RF) ion-plasma sputtering, which is optimal for obtaining the most homogeneous
semiconductor and dielectric films [7].

Experimental technique

Thin Y>03:Eu films with a thickness of 0.2 — 1.0 um obtained by RF ion-plasma sputtering in
an atmosphere of 100% oxygen or 100% argon in a system using the magnetic field of external
solenoids for compression and additional ionization of the plasma column on fused silica v-SiO;
substrates. The initial components were UTO-U grade Y203 and “oc.u”grade Eu,Os. The activator
concentration was 2.5 and 5.0 mol.%. After the deposition of the films, they were heat treated in
air at 950-1050 °C. X-ray diffraction studies have shown the presence of a polycrystalline
structure of the films with a preferred orientation in the (222) plane. The form of the obtained
diffractograms is practically analogous to the diffractograms of pure Y03 films presented by us in
[8]. In this case, in Y,0s: Eu films deposited in an argon atmosphere, the reflection from the (440)
plane has a slightly higher intensity.

Investigations of CL properties were carried out in the mode of pulsed electronic excitation.
The luminescence spectra were recorded on a setup based on an Cd-4A spectrophotometer using
an ®DYVY-79 photomultiplier, the signal from which was fed to a resonant amplifier and recorded
by an ammeter, and was also transmitted through an analog-to-digital interface converter to an
IBM/PC computer for recording the luminescence spectrum. The scanning of wavelengths by the
monochromator was carried out using a stepper motor, which was guided by a computer through a
control unit. The luminescence spectra were investigated in the range 200-800 nm at 295 K. The
kinetics of combustion and decay were recorded using an ®3VY-79 photomultiplier. The next
digitization of the signal from the photomultiplier, which was carried out with an C1-117
electronic oscilloscope, made it possible to obtain a data array containing information on the
kinetics of expansion and decay in a form convenient for subsequent processing.

Results and discussion

Typical CL spectra of the obtained Y20s:Eu films at different energies of exciting electrons
and current densities of electron irradiation are shown in Fig.1. The luminescence spectra of the
films exhibit narrow luminescence bands caused by intracenter transitions between the electron
shells within the Eu®* activator. The wavelength of the maximum radiation is Amax= 612 nm, which
corresponds to the red color of the glow. All observed electronic transitions °Do—'F; for Eu®* ions
marked in Fig.1. They include allowed magnetic dipole transitions °Do-’F1 (for Eu®* ions in C; and
Cs in Y20s lattice sites) and allowed electric dipole transitions SDo—'F, (for Eu®* ions only at C;
sites). The unit cell of cubic Y,03 contains 32 yttrium ions, which can be replaced by other rare
earth ions. Of these, 8 occupy a centrally symmetric position (Cs symmetry), and the remaining 24
have a lower C; symmetry [9, 10]. Thus, Eu®* ions can be in one of two nonequivalent positions,
leading to a difference in the luminescence spectra. Taking into account that the radii of the Y3*
and Eu®* ions are rather close to each other and equal, respectively, 0.90 and 0.94 A, the activation
by europium ions Y203 retains the cubic structure of the crystal lattice with insignificant changes
in the parameters [11].
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Fig.1. CL spectra of Y20z3:Eu thin films at different energies of exciting electrons (a) and current densities of

electron irradiation (b). The activator concentration is 5%, the atmosphere of deposition is Ar (100%) (a) and

02 (100%) (b). Parameters of electronic excitation pulses: pulse duration 5x10* s, pause between pulses 0.1

s; a) the current density of the electron beam is j= 5x10-2 A/m?, the energies of the exciting electrons are 5.0

keV (1) and 4.5 keV (2); b) the energy of exciting electrons is 6 keV, the current density of the electron beam
is 12x10-2 A/m?(1) and 6.5x103 A/m? (2).

When describing the luminescence spectrum of Y.0s:Eu, the so-called "asymmetric ratio”
le1o/lses OF the intensities of the luminescence bands at 612 and 596 nm is often used, which
corresponds to the ratio of the number of Eu®* cations in the corresponding states of local
symmetry Nca/Ncsi [5, 11-14]. Luminescence in the 612 nm band is determined by the °Do-"F;
electric dipole transition, which is very sensitive to the immediate environment of the emitting
Eu® ion. The band with a maximum at 596 nm is determined by the 5D¢—'F1 magnetic dipole
transition, which is insensitive to the nearest environment [10, 13-15]. The amplitude intensity
ratio lei2/lses is used to assess the ratio Nco/Ncsi [5, 13, 15, 17] and to analyze the structural
perfection of Y,03:Eu®.
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For Y** ions in the Y203 matrix, the equilibrium ratio Nc2/Ncsi in an ideal lattice is 3:1. With
a uniform substitution of Eu®* ions for Y3* ions, we should obtain a similar result. However, in thin
Y20s:Eu films, this ratio should be significantly higher, the value of which also depends on the
energy of bombarding electrons. For example, at an excitation electric current density of 5x1072
A/m?, an increase in the electronic excitation energy from 4.5 to 5.0 keV leads to an increase in
this ratio from 10.4 to 14.0 (Fig.1). Note that fairly close results for the amplitude ratio le12/lse6 =
(8-10) were obtained in [5] when studying the photoluminescence of Y,03:Eu powder materials of
different dispersion, obtained by the sol-gel method.

Our results show that with an increase in the energy of bombarding electrons, that is, with an
increase in the depth of their penetration into a thin Y,O0s:Eu film, the relative contribution of the
emission of Eu®* ions in the C; sites relative to the Cs; sites increases in the glow. This deviation
most likely indicates the formation of irregular solutions of yttrium and europium oxide in the
Y20s:Eu thin film during its deposition. An increase in the energy of exciting electrons and,
accordingly, their penetration depth shows that the relative number of Eu®* ions in the Cs; position
prevails on the surface relative to the depth. An increase in the relative amount of Eu* ions in the
C, position in the depth of the film deposited in an argon atmosphere (Fig.1) is most likely due to a
decrease in the local symmetry of the environment of europium ions by oxygen ions. Since the
films were fired in air, the local symmetry of Eu®* ions near the surface first of all increased during
annealing.

According to Fig. 2a, with an increase in the excitation energy, the CL intensity increases.
This behavior of this dependence for Y,Os:Eu films is observed up to a certain value, which is
determined by the film thickness. In particular, for the Y,Os:Eu film with a thickness of 0.20 um,
as can be seen from Fig.3a, this energy is in the region of 5.0 keV. Thereafter, the CL intensity
slightly decreases, and when the excitation energy reaches 5.5 keV, it starts to increase again. This
behavior of this dependence is apparently due to the fact that when the bombarding electrons reach
an energy of 5.0 keV, the exciting beam begins to pass through the film, reaching the substrate. As
a result, there is a redistribution of electrons between the film and the substrate, which leads to a
decrease in the CL intensity in the range of 5.0-5.5 keV. It is clear that the value 5.5 keV is not
decisive for the Y,03:Eu material, but is determined by the thickness of the deposited film [18].
With a decrease (increase) in the film thickness, the electron energy at which the maximum
radiation intensity is reached will decrease (increase).

It should be noted that the CL intensity is a complex function of the excitation energy and
radiation dose. Since the measurements (Fig.2a) were carried out at a fixed number of bombarding
electrons, it is clear that a further increase in the CL intensity at an excitation energy above 5.5
keV can be explained only by an increase in the energy of the bombarding electrons. When the
duration of the exciting pulse was 4x10™ s; at the minimum radiation dose in this study, the
above-described minimum CL intensity was not observed.

This approach can also explain the rather sharp increase in the CL intensity with an increase
in the current density of the exciting beam (Fig. 2b). Analyzing the mechanism of CL excitation of
the Y,03:Eu phosphor, one should proceed from the fact that with an increase in the concentration
of bombarding particles, the CL intensity should increase in direct proportion. As can be seen from
Fig. 2b, the dependence we obtained in the investigated range of excitation current densities is
practically linear, which is in good agreement with the proposed approach.
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Fig. 2. Dependence of the CL intensity of Y20s:Eu thin films on the energy of exciting electrons (a) and the
current density of electronic excitation (b). Concentration of the activator 2.5% (a) and 5% (b), atmosphere of
Ar sputtering (100%). Parameters of electronic excitation pulses: a) the current density of the electron beam is
102 A/m?, the duration of the excitation pulses is 4x10~ s (1), 6x10* s (2), 8x10*s (3) , 103 s (4); b) the
energy of exciting electrons is 2.5 keV, the pulse duration is 3x10~* s (1), 4x10* s (2), 5x10%s (3), 6x10*s
(4), 7x10* s (5), 8x107 s (6), 9x10*s (7), 103 s (8). Pause between pulses 0.1 s.

To study the mechanism of energy transfer of rare-earth activators in films of the Y.0s3
matrix, we analyzed a number of kinetics of the rising and decay of CL in Y2Os: Eu films for the
luminescence Amax = 612 nm. The typical form of kinetics for various films depending on the
excitation energy is shown in Fig. 3 and Fig. 4. It was found that the kinetics of luminescence
decay in the studied Y:0s:Eu films at different energies and irradiation doses are well
approximated by monoexponential functions. Our results indicate that the decay time constant in
the studied films changes depending on the atmosphere of the deposition of the films, the
concentration of the activator, and the duration of the exciting bombarding pulses. In particular, it
was found that Y,Os:Eu films deposited in an atmosphere of both argon and oxygen with an
activator concentration of 5 mol.% luminescence brighter than films with an activator
concentration of 2.5 mol.%. The decay time constant for the first films is larger than for the second
ones (Table 1). In addition, for all types of films, the decay time at short excitation duration (4 ms)
is longer than the decay time at a longer excitation duration (6—9 ms). This can be explained by the
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fact that the near-surface layers of the film are structurally inhomogeneous than the bulk ones.
Therefore, most likely, after the termination of the exciting electron pulse, these inhomogeneities
contribute to the luminescence Kinetics, increasing the decay time due to a larger relative
contribution at low radiation doses.
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Fig.3. Dependence of the kinetics of CL rising and decay on the excitation energy and technological
conditions for the production of Y20s:Eu thin films. Parameters of electronic excitation pulses: pulse duration
5x10* s; pause between pulses 0.1 s; electron beam current density j=1x102 A/m?, Activator concentration
2.5%, Ar deposition atmosphere (100%), electron bombardment energy 5.5 keV (1), 6.0 keV (2).
Activator concentration 5%, O2 deposition atmosphere (100%), electron bombardment energy 4.0 keV (3),
5.5 keV (4), 7.0 keV (5).
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Fig. 4. Dependence of the kinetics of CL rising and decay on the excitation energy and technological
conditions for the production of Y20s:Eu thin films. Parameters of electronic excitation pulses: pulse duration
9x10 s; pause between pulses 0.1 s; electron beam current density j=1x102 A/m2, Activator concentration
2.5%, Ar deposition atmosphere (100%), electron bombardment energy 5.0 keV (1) 6.0 keV (2), 6.5 keV (3).
Activator concentration 5%, Oz deposition atmosphere (100%), electron bombardment energy 5.0 keV (4),
6.0 keV (5), 6.5 keV (6).
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As you can see from the Table 1, the decay time constant of CL in Y20s:Eu thin films for the
emission of 612 nm is in the range (1.8-4.1) ms, depending on the structural perfection of the
films and the concentration of the activator.

Table 1

Dependence of the decay time constant of CL in Y;0s3:Eu thin films for a 612 nm glow on
the excitation time and of preliminary irradiation*

Film spraying Actlvato_r Excitation time ;
atmosphere, concentration, tox10% s >10° s
irradiation mol. % o :
Argon 100 %, 2.5 4 3.7
2.5 6 2.2
2.5 9 2.2
Argon 100 %, 5.0 4 4.1
5.0 6 3.4
5.0 9 3.3
Oxygen 100 %, 5.0 4 2.0
5.0 6 19
5.0 9 1.8

* Excitation current density 102 A/m?, voltage 4.5 keV.

Theoretical calculations of electric dipole, magnetic dipole and electric quadrupole transitions
in Lanthanides show that these quantities have the following values: te1= 10 S; Tmag = 0.5%1072 s;
Tq = 2 S [19]. Comparing our values with these results based on the spectral composition of the
radiation (Fig.1), it can be seen that we have a luminescence caused by electric dipole transitions
and that the Eu* ions emitting in the 612 [nm] region are located at the sites of the Y,Oj3 crystal
lattice with the C, point symmetry.

Note also that the values of the decay time constant t obtained by us are in good agreement
with the known studies of the decay of luminescence in various Y20s:Eu samples [20-24]. Thus,
in [20], when determining the decay time of the SD¢—"F transition in Y.Os:Eu ceramics with
crystallite sizes of 10 nm, a value of 1.3 ms was obtained. When studying the damping constant in
Y20s:Eu nanocrystals, it was found in [21] that the damping time constant is in the range from 2.0
to 3.7 ms. Studies [22] show that the lifetime of 5-7 nm Y,O3:Eu nanophosphorites for an
activator concentration of 2.4 mol% is 3.08 ms, and for an activator concentration of 5.2 mol%,
respectively, 2.40 ms. For microcrystals, the decay time constant for the 612 nm luminescence is
shorter and for an activator concentration of 3.5 mol% t = 1.07 ms, and for 5.2 mol% t = 1.02 ms.
According to [23], in Y20s:Eu single crystals, the decay time constant is t~ 4 ms, while in [24] for
Y,0s:Eu single crystals, the decay time constant is determined as 1.90 and 1.72 ms for activator
concentrations of 3 and 8%.

Our studies show that such differences in the value of the decay time constant during the
glow of the phosphor Y.Os:Eu in the 612 nm region, caused by the Do—'F; electric dipole
transition, are due to the fact that this value of t is a complex function, which is determined by the
method and conditions of production, the method and dose of excitation, the perfection of the
structure and the concentration of the activator.

When analyzing the kinetics of CL rising and decay, it was found that, in a number of cases,
there is a delay in CL rising relative to the decay of the electronic excitation pulse (Fig. 4). This
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situation is more pronounced in Y,0s:Eu films deposited in an oxygen atmosphere, and this shift,
in addition, depends on the energy and radiation dose. In particular, with an increase in the dose of
electron irradiation (due to an increase in the pulse duration), a shift with time of the maximum of
CL burnup relative to the decay of the electronic excitation pulse is observed. This effect can be
explained by structural inhomogeneities, which are clearly manifested in films deposited in an
oxygen atmosphere. Due to such inhomogeneities, the activator ions Eu®* can be located in the
interstitial defect positions of the Y,0s:Eu crystal lattice, or carry out transitions due to diffusion
between C; and C; and the sites of the Y03 matrix. Thus, the structural perfection of Y,0s:Eu thin
films can be analyzed on the basis of the dependence of the CL flare-up on the energy and
radiation dose.

Conclusion

Based on the analysis of the shape of the CL spectra at various energies and current densities
of electronic excitation, the possibility of the formation of irregular solutions of yttrium and
europium oxide in thin Y,03:Eu films and an increase in the number of Eu®* ions in the state of
reduced C, symmetry in the depth of the film relative to the surface are shown. It was found that an
improvement in energy transfer from electrons absorbed by the film to activator centers is
observed with an increase in the irradiation dose, i.e. the duration of the exciting CL pulses from 3
x10* s to 102 s. The obtained values of the CL decay time constant indicate that the emission of
Y20s:Eu in the 612 nm region is caused by an electric dipole transition between the °Do—"F;
energy levels. From the analysis of the dependence of the CL decay time constant on the activator
concentration, preparation conditions, and irradiation time, it is shown that the near-surface layers
are structurally inhomogeneous than the bulk ones. It has been established that the structural
perfection of Y,0s:Eu thin films can be analyzed on the basis of the dependence of the CL flare-up
and the CL decay time constant on the energy and radiation dose.
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JlocnimkeHo CIIeKTpH Ta KIHETHKY PO3TOPSHHSA 1 3aracaHHs katojomoMiHectenuii (KJI) Torkux
wiiBok Y203:EU, oTpumaHux meronom BY-MarHeTpOHHOrO HammiIeHHS B arMocepi KHUCHIO Ta
aprosy. [licist HaHeCeHHsI IPOBOAMIACH TEPMOOOPOOKa OTPUMAHHUX TOHKOILTIBKOBHX MaTepianiB. Ha
ocHOBI ¢opmu crekrpiB KJI mpu pi3HHUX eHepriix Ta TyCTHHaX CTpyMy 30yKEHHS ITOKa3aHO
MOXJIMBICTH YTBOPEHHS HEPETyJSIPHUX PO3UMHIB OKCHIY ITPIO i €BPOIIIIO Ta 0COOIMBOCTI CTPYKTYpH
MOBEPXHEBUX 1 00’eéMHUX mmiapiB. [IpoBeJCHO MOCTIMKEHHS 3aleXHOCTi iHTeHcuBHOCTI KJI Binm
eHeprii 30y/DKYyIOUMX €JEKTPOHIB 1 TYCTHHH CTPYMYy €JIEKTPOHHOTO ONpOMiHEHHs. Bu3HaueHO
noctiitny wacy 3aracanHs KJI mms cBideHHs 612 HM, BenmmuuHa sKoi mepeOyBae B Mexax (1.8 —
4.1) mc. TlokazaHo, 10 JaHa BEIMYHWHA € CKIAJHOK (YHKIIEI Bif BULY atMocdepu HalMICHHS
IUTIBOK, KOHIIGHTpPALii aKTUBaTOpa Ta TPHUBAIOCTI 30yMKYIOUMX IMITyIbCiB. BcraHOBIEHO, IO
KIHETHKH 3aracaHHs JIIOMIHECISHIIIT B JOCIIXKYBaHHUX IJTIBKaX OKCHIY ITPilO MPH PI3HUX CHEPTisX Ta
JI03aX OINpPOMIHEHHs JI00pe ampOKCHMYIOThCS MOHOEKCIIOHEHIianbHUMH (yHKuismu. [Ipu anamisi
KiHeTHUK po3ropsiHHs i 3aracanHs KJI Oyio BCTaHOBIICHO, IO B psji BHIAJIKIB CIIOCTEPIraeThes
3aTpuMka posropsiHHs KJI BimHOCHO crmamy iMIyJbCy eneKTpoHHOro 30y/pKeHHs. Taka cuTyaris
sicKpaBinie BupaxeHa y miBkax Y203:Eu, Hamunenux B atMocdepi KUCHIO i AaHe 3MilIeHHS KpiM
TOTO 3AJICKUTH BiI €Heprii i J03M OmpoMiHEHHsA. 30KpeMa, MpH 30UIBIICHHI JI03U EIEKTPOHHOTO
OTPOMIHEHHS, CIIOCTEPIraeThcs 3MIMIEHHS 3 YacoM MakcuMyMy posropsHHs KJI BimgHOCHO cmamy
IMITyJIbCY ~ €NEeKTPOHHOro  30y/keHHs. JaHuii epekT MOKHAQ MOSCHHTH — CTPYKTYPHUMH
HEOJHOPITHOCTSAMH, SKi UITKIIIe MPOSBISIOTECA Y IUTBKAaX, HANIICHHX B aTMocdepi KHCHIO.
HocmimpkeHo ocobauBocTi posropsiHHs KJI 1 3ampornoHOBaHO Ha OCHOBI 3aTPUMKH PO3TOPSIHHS
KaTO/IOJFOMIHECIICHIIIT aHaJli3yBaTH CTPYKTYPHY JIOCKOHAIIICTh TOHKHX IuTiBoK Y203:EU.
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