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Luminescent properties of solid solutions of yttrium-scandium
phosphates doped with europium ions
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1. Introduction

Lanthanoid-doped orthophosphates are being widely
studied due to their possible application in various fields of
science and engineering. In particular, orthophosphates are
suggested for plasma panels [1], scintillation detectors [2],
light-emitting diode [3], solar panels [4], thermal barrier
coatings [5] and optical thermometry [6]. Among the
many orthophosphates of rare earth elements, phosphors
based on YPO4 and ScPOy attract particular attention due
to their high thermal, chemical and radiation stability, as
well as excellent luminescent properties [3,7]. The wide
area of potential application of these phosphates explains
the interest in their further study and improvement of
luminescent properties. The formation of orthophosphate-
based solid solutions is a possible way to solve this task.

The structure of luminescence spectra of Eu’* ions,
conditioned by intraconfiguration SDy — F; transitions, is
sensitive to environment symmetry, so that the given ion can
be used as a luminescent probe. It has been demonstrated
earlier that a disorder of the crystal structure in solid
solutions of phosphates due to a statistical distribution of
substitution cations across the lattice sites, causes widening
and shift of Eu*" luminescence bands [8] and makes it
possible to obtain additional information about the pecu-
liarities of symmetry of luminescence centers. A gradual
change of solid solution composition allows for adjusting

its luminescent properties and making a compound with
the specified characteristics. For instance, it was shown for
solid solutions Lus(AlxGa;_x)sO12 that gradual substitution
of AI** by Ga** ions leads to a decrease of the band gap and
an overlap of energy levels of defects with electronic states
of the conduction band bottom, thus reducing the adverse
influence of shallow traps on energy transfer and improving
the kinetic characteristics of Ce*" luminescence [9,10].

Another interesting effect found in solid solutions is a
non-linear increase of luminescence intensity for interme-
diate concentrations of substitution cations [11-14]. For
instance, solid solution GdgsYy sPOs :Tb>* was charac-
terized by a twofold increase of luminescence intensity as
compared to YPO4 :Tb3* [15]. The effect was attributed
to peculiarities of morphology and phase composition of
the studied solid solution. However, intensity does not
always increase. Solid solutions LuyY;_xPOy4 :Eu features a
gradual decrease of luminescence intensity with an increase
of x [8]. The obtained dependence was explained by a
higher mobility of low-energy electrons in the conduction
band with an increase of lutetium content in solutions.

The influence of composition on luminescence intensity
of solid solutions Y;_xScxPO4:Eu?* has been previously
studied in [16]. The solid solutions featured an increase
of luminescence intensity with the maximum at X = 0.5,
which was associated with an increased efficiency of energy
transfer from the matrix to luminescence centers and
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a decrease of nonradiative energy losses. Thereat, the
luminescence spectra of YPOy4:Eu** revealed additional
bands not typical for Eu** luminescence in the given matrix,
which indicated the presence of impurity phases in the
studied samples and was related to a low temperature of
solution synthesis.

In the present paper we study the influence of composi-
tion of solid phosphate solutions Y;_xScxPO4: Eu* (x = 0,
0.2, 04, 0.5, 06, 0.8, 1) on the structure of activator’s
luminescence spectra. The luminescence excitation spectra
are analyzed to show the peculiarities of formation of
electronic states of the conduction band bottom and upper
edge of the valence band and their influence on a change of
optical band gap with a change in solution composition.

2. Experimental procedure

The  samples of solid phosphate  solutions
Y1 _xScxPO4:0.5mol.% Eu3t, where x =0, 0.2, 04, 0.5,
0.6, 0.8, 1 were synthesized by the sol-gel method. Synthesis
consisting of several stages, including solubilization of non-
water-soluble oxides, preparation of reaction mixture
containing ions of rare earth elements and the dissolved
form of boric acid, followed by deposition of the
obtained product. The material obtained by synthesis
was crystallized at the last stage. To do so, the sample
underwent high-temperature annealing under the following
conditions: annealing temperature 960°C, holding time 2 h,
atmosphere — air. A study of the synthesized phosphates
by the X-ray diffraction method did not reveal additional
phases in the solid solutions, but additional bands were
found in the luminescence spectra of YPO, [16]. This
indicates that the luminescent method is more sensitive to
revelation of additional phases as compared to the X-ray
diffraction analysis method. The problem of the presence
of an additional phase was solved by additional annealing
of the whole series at 1450°C for 20h. According to [17],
this temperature is sufficient for formation of the whole
series of solid solutions Y;_xScxPO4. After annealing,
the structure of the YPO,:Eu?* luminescence spectrum
corresponded to the structure given in the literature [18].

The luminescence spectra and spectra of luminescence
excitation in the ultraviolet (UV) and vacuum-ultraviolet
(VUV) ranges were measured using specialized units for
luminescence spectroscopy of solid bodies. The excitation
source for spectroscopy in the UV-range was a 150 W xenon
lamp, excitation wavelength was chosen using a MDR-206
primary monochromator. The samples were placed in a
Cryotrade LN-120 vacuum optical cryostat. Luminescence
was recorded using an Oriel MS257 spectrograph equipped
with a Marconi 30-11 CCD detector having the spectral
resolution of 0.3nm. The luminescence spectra were
corrected for the instrument function.

Measurements in the UV-VUV spectrum region
(130—400 nm) were performed using a Hamamatsu L11798
deuterium lamp with a window of MgF, as the excitation
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source. Monochromatization of the lamp radiation was
performed using a McPherson 234/302 vacuum primary
monochromator. The samples were placed in an ARS
vacuum cryostat that allows for measurements in the
temperature range of 5—300 K. The luminescence spectrum
was recorded using a Shamrock 303i monochromator
equipped with a Hamamatsu H8259 counting head. All
measurements were performed at 300 K.

3. Results and discussion

3.1. Luminescence spectra Y;_,Sc,PO,: Eu’t

The luminescence spectra for the series of solid solutions
Y| _xScxPOy4:Eu3t are shown in Fig. 1. The most intensive
narrow luminescence bands in the region of 580—720 nm
are related to intraconfiguration SDo—"Fy_4 transitions in
the 4f-shell of Eu’* ions. The structure of the lumi-
nescence bands depends on symmetry of the europium
ion environment. It is known that yttrium and scandium
phosphates pertain to the structure type of xenotime, which
is isostructural to zirconium (ZrSiO4),and have a tetragonal
crystal system with space group I4i/amd, Z =4 [19-21].
The crystal lattice sites where Sc or Y is located are
characterized by symmetry group D,q. Each cation is
surrounded by eight O%>~ ions and has two different lengths
of the cation to oxygen bond, thus forming a distorted
dodecahedron (Fig. 2), while oxyanion groups PO, are a
distorted tetrahedron. An europium ion substitutes a Y3+
or Sc** cation in the crystal lattice, and Eu chiefly occupies
the place of Y, given their closer ionic radii, the coordination
number being equal to 8 — Y3 (1.02A), Eu’* (1.087A),
Sc*t (0.87A) [22].

The spectral line of an Eu* ion located at a site with
symmetry D,y must have two components corresponding
to a magnetic dipole transition *Dy—'Fj, and 2, 3, 3 for
transitions *Do—'F,, Do—'F3, >Do—’F4 respectively [23].
The peaks obtained herein for YPOy4:Eu* were identified
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Figure 1. Luminescence solutions

Y1_xScxPOs4 :Eu*t, dex = 397 nm.

spectra of solid



1898 V.S. Voznyak-Levushkina, A.A. Arapova, D.A. Spassky, I.V. Nikiforov, B.l. Zadneprovsky

a b DI=0.0117 a b DI=0.0241

Figure 2. Polyhedra YOs and ScOs in YPO; and ScPO4
structures respectively.

according to paper [18], the results are given in the table.
It should be noted that, in addition to transitions from the
Dy level, the spectrum also contains low-intensity groups
of luminescence bands, which correspond to transitions
from the higher °D; level: °D;—"F4 (615—618, 620—633
nm), 5D;—’F; (583—588nm) (Fig. 1). The region of
550—580nm contains several other low-intensity peaks
related to a ’D; —F, transition.

The low intensity of transitions from the D; level
is related to the nonradiative process of energy transfer
between two Eu?* ions with the participation of phonons as
follows: ion 1 being in state >D; relaxes to state Dy, while
the liberated energy (with the help of phonons) enables the

Position of luminescence bands for YPO,: Eu** and their interpre-
tation according to paper [18]

Transition Spectral position of
luminescence band, nm
*Do(A1)—"Fo(A1) 581.10
Dy (E)—"F3(B,) 583.80
D1 (A2)—"F3(By) 586.76
Dy (E)-"F3(B)) 587.40
Dy (E)—"F3(EW) 588.10
SDo(A1)—"F:(E) 592.70
SDo(A1)—"Fi(Az) 596.00
*Do(A1)—"Fa(B2) 61327
Dy (E)—"F4(A?) 616.53
D1 (Az)—"F4(B) 617.66
Do (A1) —"F1(E) 619.16
Dy (E)—"F4(Bs) 620.25
Dy (A2)—"F4(EY) 625.30
D (E)—"Fa(A!") 631.40
SDo(A1)—"F3(B2) 650.10
>Do(A1)—"F;(E) 652.03
*Do(A1)—"F3(E) 655.45
SDo(A1)—"F4(E@) 694.24
*Do(A1)—"F4(B2) 696.00
SDo(A1)—"F4(EW) 703.37

neighboring ion 2 to go from the ground state "Fy to state
TF1_4 [24].

The recorded luminescence spectra for ScPO4: Eu* also
agree with the literature data [7]. Europium substitutes
Y3* and Sc** cations and occupies dodecahedral sites with
centrosymmetric point group Dyg, for which the Dy—"F,
transition is prohibited. The luminescence band corre-
sponding to this transition is characterized by a very low
intensity in the luminescence spectra of YPO,:Eu** and
ScPO4:Eu’t (Fig. 3,a). A disorder of the crystal structure
in solid solutions causes a decrease of symmetry of crystal
lattice sites where Eu®* is located, and partial enabling
of the °Dy—'F, transition in the 580nm region, which
allows for reliable recording of this band for solid solutions.
The highest band intensity was recorded for sample with
X = 0.5, which indicates the greatest distortions of point
symmetry of the site where Eu®* is located. The position
of band °Do—’F, shifts to the long-wave region when X
increases (Fig. 3,b). It is known that position of the band
corresponding to the Dy—'Fy transition depends on length
of the Eu—O bond due to the influence of the nephelauxetic
effect [25] and shifts towards greater wavelengths when the
Fu—O distance decreases. In Y;_xScyPO4:Eu?t, when a
Y3+ cation is substituted by Sc**, the unit cell volume and
constants decrease due to a smaller ionic radius of Sc*.
This, in addition to a decrease of the distance between Eu
and O, on the whole causes a change in the force of the
crystalline field, which determines the position of the Eu**
luminescence bands (Fig. 4, a).

Widening of the luminescence bands was also observed
in solid solutions Y;_,ScxPO,:Eu3". Fig. 4,b shows the
dependence of the luminescence band’s full width at half
maximum (FWHM), which corresponds to the *Dy—’F,
transition, on value of X in the solid solution. The FWHM
value is determined by the multitude of different local
symmetries of the Eu’* luminescence center. The average
number of substitution cations (Y>* or Sc**), located in
the second coordination sphere, is determined by the value
of X, however, their exact quantity varies from cell to cell.
The maximum quantity of various combinations of Y>*/Sc¢*
substitution cations in a unit cell is reached at X = 0.5,
which causes the greatest disorder of the crystal lattice
for the Yo 5ScosPO4:Eu?t sample, and, consequently, the
maximum widening of the luminescence band.

It should be noted that splitting is observed for several
luminescence bands in solid solutions, in addition to shifting
and widening. Thus, a single narrow band was recorded for
YPO, :Eu3t at 592.70 nm, which corresponds to a transition
from the Dg(A;) level to the doubly degenerate 'F;(E)
level. This band in solid solutions splits into two widened
lines (Fig. 5). A doublet structure forms because of a
decrease of the symmetry of the Eu luminescence center
due to a distortion of the crystal lattice in solid solutions
and withdrawal of degeneration of the ’F;(E) level. Thus,
the luminescence spectra in solid solutions in the region of
the Dy—"F transition are represented by three bands.

Physics of the Solid State, 2022, Vol. 64, No. 12
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The luminescence spectrum for ScPOg4:Eu®t in the
region of Dy—'F; is represented by only one intensive
band at 595.35 nm despite the fact that a doublet at 592.70
and 595.95 nm is observed for the isostructural YPO,4: Eu3t.
We can assume that this is related to a higher symmetry of
the center where Eu®* is located in ScPO,4 as compared
to YPO4. This hypothesis is indirectly confirmed by a
change of the coefficient of asymmetry in solid solutions
under a transition from Y to Sc (Fig. 6). The coefficient of
asymmetry is determined as the ratio of integral intensity
of the Dy—'F, transition to °Do—'F; [26]. When the
scandium concentration in the series of solid solutions
Y1 _xScxPO4:Eut increases, intensity of the °Dy—'F;
transition increases as compared to intensity of the >Dy—F,
transition. ~ The highest intensity of the luminescence
band, corresponding to the Dy—'F; transition, was found
for the sample of the extreme composition ScPOg4:Eu’*.
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Symmetry of the Eu®® environment in systems, where
the Do—'F; transition prevails, must be higher because
the >Dy—'F; transition is a magnetic dipole one and is
permitted by the Laporte rule. Other transitions from the
Dy level, including *Dy—'F,, are electric dipole ones and
prohibited by the Laporte rule. The prohibition on them
can be partially withdrawn due to a decrease of symmetry
of the center where Eu’* is located.

Symmetry of the coordination environment can be also
estimated from X-ray data by calculating the coordination
polyhedron distortion index (DI):

1= [l = layl
DI:_ I_av’

where n is the coordination number of the central atom,
I is the distance from the central atom to O atom and
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lay is the average distance in the polyhedron. The data
about bond lengths were taken from the revised data
about the crystal structure of YPO, and ScPO4 [21].
A calculation performed on the basis of the literature data
shows that DI for the ScOg (0.0241) polyhedron is higher
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Figure 5. Luminescence spectra of solid solutions
Y1 xScxPO4:Eu*" in the region of transition >Do—’Fi,
Aex = 397 nm.

1.3

12+ 1
L1 i
I~
S+

1.0 5 .

09

0.8 1 L 1 L 1 L 1 L 1 L 1
0 0.2 0.4 0.6 0.8 1.0

X

Figure 6. Coefficient of asymmetry (Ryi) vs.
solid solution Y; xScxPO,: Eu®.

composition of

as compared to YOg (0.0117, Fig. 2). This manifests
itself, in particular, in the fact that the ScOg polyhedron
is more elongated along axis ¢ as compared to YOg (Fig. 2).
As a result, the oxygen coordination environment of Sc
is more distorted as compared to Y, which presuppose a
lower point symmetry of the center and contradicts the
hypothesis of a higher point symmetry of the luminescence
center in scandium phosphate. It should be noted that the
given DI calculation does not take into account changes
in the environment symmetry upon substitution of yttrium
and scandium cations by europium. The ionic radii of
Y3t and Eu’" cations are close to (1.02 and 1.087A),
so we can assume similar coordination environments of
these cations. However, the coordination environment of
the EuOg polyhedra may differ considerably from the one
for distorted ScOg polyhedra, due to a significant difference
of the ionic radii of Sc** and Eu3* (0.87 and 1.087A),
which may lead to additional distortions.

It should be also noted that one band, corresponding
to the °Do—’F; transition, can be observed only for
high-symmetry point groups: T, Th, Td, O, Oh [27].
The maximum quantity of components, corresponding to
the SDy—’F, transition, cannot exceed one, while the
experiment results show two pronounced bands at 615.15
and 620.65nm (Fig. 1). Thus, we can assume than
the bands, corresponding to the >Do—’F; transition in
ScPO,:Eu3t, are located sufficiently close to one another
and the spectral resolution of the used equipment (0.3 nm)
does not allow for resolving them.

3.2. Luminescence excitation spectra
Y:_xSc,POy4: Eut

The luminescence excitation spectra of
Y,_xScxPO4:Eu*t in the region of 2.5—10eV are
shown in Fig. 7. The region of 2.5—4.5 eV, features several

Physics of the Solid State, 2022, Vol. 64, No. 12
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Figure 7. Luminescence excitation spectra of Y|_xScxPO4: Eu",
Aem = 600nm. The inset shows the dependence of position of the
maximum for the charge transfer band on the value of X.

narrow low-intensity bands which correspond to intracenter
excitation and are typical for intraconfiguration 4f —4f
transitions in Eu*" [16]. The region of 5—7eV features
an intensive wide excitation band — a charge transfer
band. The position of the band maximum shifts by 0.5eV
into the high-energy region when the Sc concentration in
Y1-xScxPO4: Eu*" increases (Fig. 7). The charge transfer
band is related to electron transitions from the upper
edge of the valence band, formed by 2p O, to the ground
state 4f7 of Eu?* [28]. According to [29], electrons at the
4f" levels are virtually fully shielded from the external
crystalline field, that’s why the energy position of the levels
in Eu does not change significantly for the whole series of
the studied solid solutions. Thus, a change of the position
of the maximum of the charge transfer band in the series
of solid solutions indicates a change of the energy position
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Figure 8. Luminescence excitation spectra of Y;_xScxPOy4 :Eu* in the region of 6.7—8.3 eV (a) and dependence of E

of the upper edge of the valence band, formed by the
2p—0 states.

With a further increase of energy E. > 6.5¢V, the
luminescence excitation spectra have an abrupt increase
of luminescence intensity, which is related to electron
transitions in the region of the excitonic absorption band
on the fundamental absorption edge. The optical band
gap EJ™ can be estimated by interpolating the intensity
growth threshold in the excitation spectra to the axis of
abscissas (Fig. 8,a). The values of Eg™ obtained for
YPO, (7.93 £0.41eV) and ScPO4 (7.12 £ 0.37eV) agree
with the literature data [23,30,31]. The optical bandgap
in solid solutions changes nonlinearly within 7.93 + 0.41 eV
(x =0)t06.73 +0.39¢eV (x = 0.2) (Fig. 8, b). Thereat, the
band edge gradually shifts to the low-energy region when X
decreases from 1 to 0.2 and abruptly shifts into the region
of the higher ones for X = 0.

One of the reasons which affects the non-linear pattern
of band gap change can be the different nature of the
electronic states of the conduction band bottom in the
extreme compounds — ScPO4 and YPOy4 [32,33]. A similar
effect of a non-linear band gap change (the so-called
bowing effect) was observed earlier for solid solutions
NixMg;_xO, where the 3d-levels of Ni form a separate
subband in the conduction band [34]. The conduction
band bottom in ScPOy is considerably shifted into the low-
energy region in relation to YPO4 and is formed by the
3d-states of Sc. According to [35], compounds based on
Sc3* are characterized by a relatively low energy of the
conduction band bottom, which is explained by a strong
electronic bond in the scandium 3d-shell. Thus, local regions
on the conduction band bottom arise in solid solution
Y| _xScxPO4:Eudt already at X = 0.2; these regions have
an energy close to the position of the conduction band
bottom in ScPO4 and determine the obtained value of Eg™.
Indeed, the value of shift of the charge transfer band
into the low-energy region (0.38¢eV) at a decrease of X
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Figure 9. Scheme of change of the conduction band bottom and
upper edge of the valence band in Y;_xScxPOjs.

from 1 to 0.2 (Fig. 7) corresponds to the value of change
of Eg™ (0.39 eV, Fig. 8,b). Since the position of the charge
transfer band determines the energy position of the upper
edge of the valence band, it can be concluded that a
band gap change is determined by a shift of the energy
position of states of the upper edge of the valence band. It
follows from this assumption that the energy position of the
electronic states, which form the conduction band bottom,
remains constant regardless of scandium concentration in
the solution. The scheme of the suggested change of the
Y1_xScxPO4 band structure is shown in Fig. 9. The scheme
demonstrates that an optical band gap smaller than that
of YPO,:Eu3* and ScPO4:Eu?t can be obtained for solid
solution .Y gScg oPO4 : Eu3+.

4. Conclusion

A series of solid phosphate solutions
Y1_xScxPO4:0.5mol% Eu*t (x =0,0.2, 04, 0.5, 0.6,
0.8, 1) were synthesized by the sol-gel method. A disorder
of the crystal structure in solid solutions manifests itself in
a change of the structure of Eu’* luminescence spectra,
namely — in luminescence band widening and splitting
(for degenerate transitions). A disorder also manifests itself
in the intensity of the band, which corresponds to the
SDo—"Fp transition in Eu** (this transition is prohibited
in the Dyy point symmetry). The maximum intensity of
this transition is observed at X = 0.5, which indicates
the greatest distortions of symmetry of the luminescence
center for the given correlation of substitution cations in
the solution. There is also a shift of the said band into the
long-wave region when X increases, which is related to a
decrease of the Eu—O bond length. In the present paper
we have estimated the change of band gap Egpt depending
on solid solution composition. A model of the structure of
energy bands in the region of the conduction band bottom
and upper edge of the valence band is suggested to explain
the nonlinear change of Eg” with the minimum value of
6.73£0.39eV at x =0.2.
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