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Spectral-luminescence properties of ZrO,—Sc,0;—Tb,0; crystals
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Crystals of the concentration series ZrO,—(8—10) mol.% Sc,03—(1—2) mol.% Tb,O3 were grown by the method
of directional crystallization of the melt from a cold container. Analysis of the spectral-luminescence characteristics
of these crystals after growth and after annealing processing in a vacuum revealed the presence of both Tb*" and
Tb*" ions in them. In crystals ZrO,—(8—10) mol.% Sc;03—(1—2)mol.% Tb,0s3, the presence of a process of
non-radiative energy transfer from Tb*" ions to Tb** ions was revealed.
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Introduction

Materials doped with terbium ions attract considerable
interest from researchers. This is due to a wide range of
their applications in the production of LEDs, X-ray and
cathodoluminescent screens, scintillators, as well as the
potential use of these materials for the development of
volume optical memory, high-energy radiation dosimetry,
medical diagnostics and bioimaging [1-7].

Many practical applications are due to the luminescence
presence in trivalent terbium ions in the visible range
of the spectrum due to optical transitions D4 — F;
(J=2,3,4,5,6). However, depending on the chemical
nature of the matrix, the conditions of its synthesis
and processing the terbium can present in it with ox-
idation states of both 3+ and 4+. The presence of
both Tb** and Tb** ions in the composition of the
compound has a significant effect on the luminescence
efficiency of Tb** ions. Tb* ions do not contribute
to radiation in the visible region, and in some cases,
due to the presence of absorption bands in the visible
region of spectra of Tb*" ions, they can contribute to
luminescence quenching of Tb?* ions [8,9]. Consequently,
the oxidation of Tb?* ions is one of the problems for
materials whose application is based on their luminescent
properties.

Crystals based on zirconium dioxide are a promising
material serving as a matrix for rare earth (RE) elements
with luminescence properties. Thanks to their thermal
and chemical stability and high refractive index, single
crystals and polycrystals based on ZrO, doped with RE ions
are of interest for various practical applications (optical
products, material for electrolytic membranes of solid oxide
fuel cells, biomedical materials, phosphors, etc.) [10-14].
Currently, there are numerous studies of compounds based
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on zirconium dioxide compounds activated by various
RE elements: Eu*t [15-18], Er** [19-22], Dy** [23-25],
Ce3* [26,27] etc.

Studies of the spectroscopic characteristics of films,
nanosized particles and fibers based on ZrO, doped with
terbium ions are the subject of papers [28-31]. At the same
time, studies on the spectral-luminescence characteristics
of terbium ions in single crystals based on zirconium
dioxide have not been carried out by now. Accordingly,
the purpose of this paper was to study the spectral-
luminescence properties of ZrO,—Sc,O3—Tb,03 crystals
immediately after growth, as well as after annealing of these
crystals in a reducing atmosphere (vacuum).

Characteristics of objects and research
methods

For research, ZrO,-Sc,03-Tb,Os crystals were grown.
Crystals were grown by direct high-frequency heating in
a cold crucible on a ,Kristall-407“ unit with the crucible
diameter of 130 mm and the crucible lowering rate
of 10mm/h. The compositions and the corresponding
designations of crystals used further in the work are given
in the Table.

After growth the crystals of compositions 1—-5 were sub-
jected to heat treatment in reducing atmosphere (vacuum)
at a temperature of 1600°C for 4 h.

The phase composition of the crystals was studied by
Raman spectroscopy using a Renishaw InVia confocal
microscope-spectrograph (Aex = 532 nm, Aex = 632 nm).

Absorption spectra were recorded on a Perkin Elmer
Lambda 950 spectrophotometer.
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Chemical composition and symbols of crystals

Ne Composition Designation
1 91 mol.% ZrO;—8 mol.%Sc203;—1mol.% Tb,0; 8Sc1TbSZ
2 90 mol.% ZrO,;—8 mol.% Sc203;—2mol.% Tb,0O3 8Sc2TbSZ
3 90 mol.% ZrO;—9mol.% Sc203—1mol.% Tb,03 9Sc1TbSZ
4 89 mol.% ZrO;—9 mol.% Sc203—2mol.% Tb,03 9Sc2TbSZ
5 89 mol.% ZrO,—10mol.% Sc203—1mol.% Tb,03 10Sc1TbSZ
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Figure 1. Raman spectra of 8Sc1TbSZ, 8Sc2TbSZ, 9Sc1TbSZ,
9Sc2TbSZ, 10SclTbSZ crystals after growth (Aex = 532nm,
T = 300K).

The luminescence spectra were recorded using a
Horiba FHR 1000 monochromator under laser excitation
Aex = 351 nm.

The excitation spectra were recorded on an RF-5301PC
spectrofluorimeter (Shimadzu) using a xenon lamp as an
excitation source.

Research results

Figure 1 shows the Raman spectra of crystals with
compositions 1—-5 after growth, recorded under excitation
by laser radiation with a wavelength Acx = 532 nm.

The presence in Raman spectra of a characteristic
line with a maximum of ~ 617cm~! [32-34] indicates
that all crystals after growth predominantly have a cubic
structure. Also, in the Raman spectra of samples 8Sc1TbSZ,
8Sc2TbSZ, 9Sc1TbSZ the low-intensity lines ~ 150 cm™!
and 478cm~!, inherent to the tetragonal t phase [35-
37] and a band with a maximum of 391cm~!, which
was not previously detected in the characteristic Raman
spectra of compounds based on zirconium dioxide, were
identified. To establish the nature of this band occurrence
Raman spectra were recorded upon excitation by laser
radiation with a wavelength of 1ex = 633nm (Fig. 2). As
can be seen, as the excitation wavelength changes, the
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Raman spectra contain bands corresponding to the cubic (c)
and tetragonal (t) phases, while the band with maximum
of 391cm™! is absent. Therefore, we can conclude that
this band occurrence is due to the length choice of the
excitation wave and is not related to the structural features
of the crystals under study.

For more detailed study of the presence of
Tb3*+/Tb*" ions in ZrO,—Sc,03—TbyO3 crystals, as well
as to establish possible reasons for the line occurrence
in the Raman spectra in 391cm™! region the absorption
spectra of terbium ions were recorded in the range of
200—3300nm (Fig. 3). The assumption of the presence
in ZrOy—Scy,03—Tb,03 crystals grown in air of both Tb3+
and Tb*" ions is due to introduction of Sc;O3 and Tb,O;
oxides in the solid solutions based on zirconium dioxide
is accompanied by the formation of anion vacancies (Vp),
which are formed due to different valences of Zr*+ and R3*+
(R — Sc, Tb).

Absorption spectra of ZrO,—Sc,03—Tb,03 crystals after
growth (Fig. 3) is represented by a wide band in the range
of 340—580 nm, due to transition of charge O~ — Tb*", as
well as by a number of lines in the IR region corresponding
to intraconfigurational 4f —4f optical transitions from the
ground state 'Fs to excited multiplets "Fo 12, 'Fs — 'F3,
"Fe — "F4 of TH?T ions.

t t c
1 | |
[}
2.5 : |
[}
o |
20 !
>
O
815
= 10Sc1TbSZ
g 1o 9Sc2TbSZ
E 9ScIThSZ
0.5 8Sc2ThSZ

8Sc1TbSZ
I NS NN S BN SR N S U R

200 300 400 500 600 700 800 900 1000
Raman shift, cm™!
Figure 2. Raman spectra of 8Sc1TbSZ, 8Sc2TbSZ, 9Sc1TbSZ,

9Sc2TbSZ, 10SclTbSZ crystals after growth (A = 633 1nm,
T =300K).
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Figure 3. Absorption spectra of Tb*"/Tb*" ions in 8Sc1TbSZ,
(T = 300K).
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Figure 4. Luminescence spectra of Tb>" ions of 8Sc1TbSZ,

8Sc2TbSZ, 9Sc1TbSZ, 9Sc2TbSZ, 10SclTbSZ crystals after
growth (Aex = 351 nm).

It can be seen from the absorption spectra shown in Fig. 3
that the radiation wavelength used to excite the Raman
spectra, and equal to 532nm, falls on the edge of the
absorption band of Tb** ions. Since Tb** ions have no ra-
diative transitions in the visible spectral range, the 391 cm™!
(543nm) line cannot be due to the luminescence of
Tb** ions. Along with this, the most intense luminescence
bands of Tb** ions are present in the green region of the
spectrum. This is confirmed by the luminescence spectra of
crystals with compositions 1—5, recorded upon excitation
by radiation with wavelength of 351 nm to the level °D3 of
Tb3* ions (Fig. 4). The most intensive lines in the spectrum
with maxima ~ 489, ~ 543, ~ 584, and ~ 620nm refer

L L L 1 L I
1500 1750 2000 2250 2500 2750 3000 3250
A, nm

8Sc2TbSZ, 9Sc1TbSZ, 9Sc2TbSZ, 10Sc1TbSZ crystals after growth

to optical transitions Dy — "Fgs, D4 — 'Fs, Dy — 'F4
and °D4 — 'F; of Tb3* ions, respectively. A change in
the concentration of Sc,O3 and Tb,O3 oxides in the crystals
under study does not affect the ratio of the line intensities
in the luminescence spectra.

Comparison of the Raman spectra and luminescence
spectra of ZrO;—Sc,03—Tb,03 crystals revealed that the
position of the line with maximum of 391 cm™! observed
in the Raman spectra coincides with the maximum in the
luminescence spectrum corresponding to the most intensive
transition D4 — "Fs of Tb>* ions (Fig. 5, ).

The mechanism of energy transfer from Tb** ions to
Tb3t ions, which causes the luminescence of trivalent
terbium ions upon excitation Acx = 532nm, is shown in
Fig. 5,b) and is as follows. Tb*" ions, due to the absorption
of laser radiation Acx = 532 nm, pass from the ground state
to the excited state. As a result of the nonradiative energy
transfer from Tb** ions to Tb?>* ions, the former are in the
ground state, and Tb** ions from the ground state 3F; go
to level °D4. Luminescence is observed from Dy level of
Tb3*t ions due to °D4 — ’Fs transition of Tb3>T ions with
maximum of 543 nm, which corresponds to 391cm™! line
in the Raman spectra.

For further study of the degree of oxidation of terbium
ions in ZrO,;—Sc,03—Tby O3 crystals, the crystals were an-
nealed at a temperature of 1600°C in reducing atmosphere
(vacuum) for 4 h.

From Fig. 6 it is evident that after annealing two
regions, ie. transparent (/) and dark opaque in the visible
spectral range (2), formed in the crystals.

The formation of a dark region is apparently associated
with the formation of a color center, the presence of a trans-
parent region is due to change in the valence Tb** — Tb**.
This is confirmed by the absorption spectra of 8Sc1TbSZ,
8Sc2TbSZ, 9Sc1TbSZ, 9Sc2TbSZ, and 10Sc1TbSZ crystals
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transfer between Tb*" and Tb*" ions.

recorded after vacuum annealing (Fig. 7). The appearance
in the absorption spectrum of a wide band in the region
of 340—800 nm, which is absent in the spectrum of crystals
after growth, is associated with the presence of color centers
(Fig. 7).

Figure 8 shows the excitation spectra of
ZrO,—Scy03—Tb,03 crystals before and after vacuum
annealing (lem = 543nm). In the excitation spectra of
the crystals shown in Fig. 8,a—d, a wide asymmetric
band is observed in the range from 220 to 350 nm with a
maximum of ~ 290 nm, and also lines with maxima ~ 380
and ~ 488 nm, due to 'Fy — D3, 'Fs — >Dy transitions of
Tb3* ions, respectively.

To reveal the reason for the formation of the complex
contour of 220—350nm band, the comparative analysis of
the excitation spectra of 8Sc2TbSZ, 9Sc1TbSZ, 9Sc2TbSZ,
and 10ScITbSZ crystals after growth and after vacuum
annealing (Fig. 8) was carried out, it made possible
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to reveal the following regularities. In the excitation
spectra recorded for region of the crystal 7, this band
becomes more asymmetric, and its maximum shifts to
longer wavelengths ~ 319 nm as compared to the position
of the similar line in the crystal spectrum after growth
(~289nm). The transformation of the excitation spectra
of crystals after heat treatment in vacuum can be explained
as follows. The line with a maximum ~ 319nm is due
to 4f% — 4f75d! transitions of Tb?*, this is confirmed
by the relative intensity increasing of this line for the
corresponding regions of crystals after vacuum annealing,
due to the change in valence Tb**—Tb’*. This fact
confirms the relative increase in the lines for the D3 — 7F,
’D4 — 'Fg transitions of Tb3* ions in the excitation spectra
of crystals after vacuum annealing in comparison with
similar lines in the excitation spectra of post-growth crys-
tals.

Another proof of the relative increasing of the
line ~ 319nm in the excitation spectra for region 1 of the
crystals under study as the result of the change in valence
Tb*" — Tb>" is the increasing of the absorption coefficient

1 cm

Figure 6. Photo of plates cut from 9Sc2TbSZ (a), 10Sc1TbSZ (b)
crystals after vacuum annealing at temperature of = 1600°C,
t=4h.
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Figure 7. Absorption spectra of 8Sc2TbSZ, 9Sc1TbSZ,
9Sc2TbSZ, 10Sc1TbSZ crystals after vacuum annealing at 1600°C,
t=4h (T =300K).
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Figure 8. Excitation spectra of 8Sc2TbSZ (a), 9Sc1TbSZ (b), 9Sc2TbSZ (c), 10Sc1TbSZ (d) crystals after vacuum annealing at 1600°C,

t =4h (em = 543nm, T = 300K).

of Tb3+ ions for 7F6 — 7F(),1,2, 7F6 — 7F3, 7F6 — 7F4
transitions in the absorption spectra (Fig. 9) and the line
absence in the range of 340—580nm, associated with the
charge transfer band of Tb*" ions.

In the excitation spectra for region 2 of crystals after
recovery annealing, the following can be noted. The band
in the region of 220—350nm in the excitation spectra
of crystals after annealing becomes more symmetric, the
position of its maximum is retained with respect to the
spectra of crystals after growth (except for 10Sc1TbSZ
sample, where the area of this region is minimum).
Apparently, the band with maximum ~ 289 nm is due to
the ionization transition of the electron from the Tb** ion in
the ground state to the conduction band. This mechanism
was proposed by the authors [38] when determining the
nature of the line with maximum of ~ 282 nm observed by
them in the excitation spectra of Y,O0,S:Tb crystals. Also,
due to the presence of oxygen vacancies in solid solutions
based on zirconium dioxide, this band can be determined by
Tb** — V2 transition, ie. electron transition from Tb>* ions
to oxygen vacancy.

Conclusion

Thus, in this paper, crystals of the concentration series
were synthesized, they were subsequently subjected to heat
treatment in vacuum at 1600°C for 4 h.

Study of ZrO,—(8—10) mol.%Sc,03—(1—2) mol.%Tb, 03
crystals by Raman spectroscopy identified the presence
of cubic phase in them. Also, in the Raman spectra of
8Sc1TbSZ, 8Sc2TbSZ, 9Sc1TbSZ crystals, low-intensity
lines ~ 150 and 470 cm~! inherent to the tetragonal t phase
were found.

Results of studies of the spectral-luminescent properties
of ZrO,—(8—10) mol.%Sc,03—(1—2) mol.%Tb,05 crystals
indicate the presence of both Tb** ions and Tb** ions.
Upon excitation into charge transfer band 02~ — Tb*", a
process of nonradiative energy transfer from Tb*" ions to
Tb3* ions was observed.

The vacuum annealing of ZrO,;—(8—10) mol.%Sc,O3—
—(1-2) mol.%Tb, 03 crystals at 1600°C for t = 4h leads to
the color centers occurrence in them and the terbium ions
transition from the tetravalent state to the trivalent state.

Optics and Spectroscopy, 2022, Vol. 130, No. 1
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