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Luminescence properties of Yb1−xScxPO4 solid solutions
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Luminescence properties of Yb1−xScxPO4 solid solutions obtained by solid-state reaction were studied.

According to the data of XRD analysis the synthesized solid solutions are single phase; the change of crystal

lattice parameters is described by Vegard’s law. The origin of emission centers was determined under the excitation

in UV and VUV spectral regions. It was shown that all solid solutions are characterized by the emission in

UV region related to the charge transfer luminescence (x 6= 1) or radiative relaxation of excitons (x = 1). The

increased efficiency of energy transfer to the emission centers was shown for solid solutions and attributed to the

separation length constrain of the non-thermalized electrons and holes. This effect results in the UV luminescence

enhancement in Yb1−xScxPO4 solid solutions and may be of applied interest for the creation of new phosphors

with intense luminescence in the UV range.
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1. Introduction

Phosphors with ultraviolet (UV) luminescence are of

interest for high energy physics, medicine, environment, se-

curity applications [1–4]. UV-emitting scintillation detectors

allow solar-blind radiation detectors to be used and, thus,

to solve the ambient illumination problem [1]. 200−260 nm

UV emission has antibacterial properties and may be used

for surface sterilization, in water treatment systems and

surgery [5,6]. In addition, UV phosphors, including long-

persistence phosphors, may be used in solar panels and in

photocatalysis [7,8].
It has been shown before that wide-gap phosphates with

structural type of monazite and xenotime, doped with rare-

earth ions Ce3+, Pr3+ and Yb3+ and with ions Bi3+ have

bright UV-luminescence [9–12]. In addition, the benefit

of phosphates is in relatively low synthesis temperature,

chemical stability and radiation resistance [13–15]. Lumi-

nescent properties of phosphate-based solid solutions are

also widely studied [16–21]. In some cases, it was reported

that solid solutions may have quantum yield higher than

that of their constituents [18,21]. Improved properties are

associated with the possibility of creating local nanometer-

scale regions (clusters) in solid solutions where the content

of one type of substitutional atoms exceeds their statistical

distribution in the solution. This results in a decrease in the

electron-hole pair scatter length at high-energy excitation, in

increase of probability of energy transfer to luminescence

centers and in the improvement of excitation localization on

luminescence center [18,22,23].

As far as we know, luminescent properties of

Yb1−xScxPO4 solid solutions have not been studied before.

Solid solutions constituents, ScPO4 and YbPO4 have UV-

luminescence, however, luminescence centers of these

compounds are of different origin. Thus, ScPO4 features

a luminescence band with a peak at 210 nm. This

band is associated with radiative relaxation of self-trapped

excitons with electron component localization on 3d Sc

states [18,24]. Investigations of Yb3+-doped phosphates

have shown that, besides the IR luminescence typical for
7F5/2−

7F7/2 intracenter transitions in Yb3+, two broad UV

and blue emission bands are also observed and represent

charge-transfer luminescence (CTL) [10,25,26]. CTL is a

process inverse to charge transfer absorption [27,28]. For

charge-transfer absorption, an electron goes from ligands

to a rare-earth ion forming a charge-transfer excited state

consisting of Yb2+ and hole delocalized on ligands that

surround the ion. Charge-transfer luminescence is a

radiative relaxation of this state. In this case, there

are usually two bands separated by 10000 cm−1 which

corresponds to the energy gap between 7F7/2−
7F5/2 levels in

Yb3+. CTL also features short decay times ∼ 10−9−10−7 s

under high-energy excitation allowing this type of lumi-

nescence to be considered for scintillation detector appli-

cations [29,30].
Luminescent properties of Yb1−xScxPO4 solid solutions

were studied herein. The study is focused on the de-

pendence of structural and luminescent properties on solid

solution composition and on competition between the UV-

luminescence centers of different origin.
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2. Experimental procedure

Synthesis of Yb1−xScxPO4 solid solutions (x = 0, 0.01,

0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1) was conducted by a

standard solid phase method using stoichiometric amounts

of Yb2O3 (99.99%), Sc2O3 (99.99%) and NH4H2PO4

(99.99%). Initial weighed portions were homogenized in

an agate mortar. The resulting solution was slowly heated

up to 1490◦C during 10 h, and then annealed during 50 h

in air in an alundum crucible.

X-ray patterns were recorded for powder samples using

Thermo ARL X’TRA diffractometer under CuKα-emission,

λ = 1.5418 Å, in Bragg−Brentano geometry. A Peltier-

cooled CCD detector was used for recording. X-ray patterns

were measured at room temperature in the 2θ angle range

from 15◦ to 70◦ with a step interval of 0.02◦ . Lattice

cell parameters were measured by the Le Bail method

using JANA2006 sotware. X-ray images of the prepared

samples were analyzed using ICDD PDF-4 database.

The ultraviolet (UV) and vacuum-ultraviolet (VUV)
luminescence and luminescence excitation spectra were

measured using a specialized setup for solid-state lumi-

nescence spectroscopy. Hamamatsu L11798 deuterium

discharge lamp with MgF2 window was used as a source

of excitation. The excitation wavelength was chosen

using McPherson 234/302 vacuum monochromator with a

dispersion of 4 nm/mm. The samples were placed into ARS

vacuum cryostat designed for measurements in the range

of 5−350K, however, all measurements were performed

herein at room temperature T = 300K. Luminescence

signal was recorded using a Shamrock 303i monochromator

equipped with Hamamatsu H8259-02 counting head and

Newton DU970P-BVF CCD detector. The luminescence

spectra were corrected for the spectral sensitivity function

of the recording system.

3. Results and discussion

3.1. X-ray diffraction analysis of Yb1−xScxPO4

solid solutions

Figure 1 shows the X-ray patterns of the synthesized

samples. Positions and number of reflexes on the X-ray

patterns of obtained scandium-ytterbium phosphates match

pure ScPO4 (PDF Card No. 00-048-0477) and YbPO4

(PDF Card No. 00-045-0530) from ICDD PDF-4 database.

The absence of impurity reflexes suggest formation of a

continuous solid solution series. The X-ray patterns of the

phosphate solid solutions demonstrate gradual shift of the

reflexes towards large angles as ytterbium is substituted by

scandium. The shift towards high values of 2θ is observed

for all reflexes, Figure 2 shows the reflex(0 2 0) for solid

solution composition as an example. The calculation of

the lattice cell parameters (Figure 3) shows their gradual

decrease with increase of x , which may be described by

a linear function. The resulting dependence is associated

with substitution of large-radius (rVII = 0.98 Å) Yb3+ by
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Figure 1. The X-ray patterns of Yb1−xScxPO4 solid solution

series (x = 0, 0.01, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1) and position

of Bragg reflexes for YbPO4 (ICDD PDF-4 No. 00-045-0530) (1)
and ScPO4 (ICDD PDF-4 No. 00-048-0477) (2).
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Figure 2. The main reflex position (0 2 0) for Yb1−xScxPO4 solid

solution (x = 0, 0.01, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1), and posi-

tion of this reflex for YbPO4 (ICDD PDF-4 No. 00-045-0530) (1)
and ScPO4 (ICDD PDF-4 No. 00-048-0477) (2).

smaller Sc3+ (rVII = 0.87 Å) [31]. The observed linear

change of the cell parameters shows that Vegard’s law is

obeyed for these solid solutions [32], and the prepared

solid solutions form a continuous series. Thus, the X-ray

diffraction analysis has found that all synthesized samples

of the solid solution series are single-phase and crystallize

in the structural type of xenotime with tetragonal crystal

system and space group I41/amd (No 141).
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Figure 3. The lattice parameters a, c and the lattice volume for Yb1−xScxPO4 solid solution (x = 0, 0.01, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6,

0.8, 1).
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Figure 4. The luminescence (left) and the luminescence excitation (right) spectra for ScPO4 . Excitation energy for luminescence spectra

and excitation spectra recording wavelength are shown in the figures. The red vertical line in the right figure marks the exciton peak

position.

3.2. Luminescent properties of Yb1−xScxPO4

solid solutions

The luminescence spectra measured at different excitation

energies for the final composition with x = 1 (ScPO4) are

shown in Figure 4. The luminescence spectrum measured at

the excitation energy of 7.3 eV corresponding to interband

transitions has two wide bands with peaks at 210 nm and

425 nm, and a set of narrow bands. According to [18,24],
the luminescence band at 210 nm is the inherent band

for ScPO4 and is caused by the radiative relaxation of

self-trapped excitons with an electron component localized
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Figure 5. The luminescence spectra of Yb1−xScxPO4 series at

Eex = 9 eV.

on 3d Sc states and with a hole component localized

on 2p O states. This band is excited from the fundamental

absorption edge region, the first excitation peak is observed

at 7.2 eV (Figure 4) and is due to direct creation of

excitons [33]. The wide band excitation spectrum at 425 nm

has a set of bands in the crystal transparency region, thus,

this band may be assigned to the luminescence centers

associated with crystalline structure defects. Selective

excitation of this band is possible in the low-energy peak at

4.6 eV. Narrow bands are observed in the 310, 580−720 and

950−1050 nm region and are attributed to the presence of

uncontrolled Gd3+, Eu3+ and Yb3+ impurities, respectively.

The luminescence excitation spectra for Eu3+ and Yb3+

luminescence bands have low-intensity wide bands below

the fundamental absorption edge with peaks at 6.03 (Eu3+)
and 6.41 (Yb3+) eV. These bands are attributed to charge-

transfer transitions and the difference of 0.38 eV between

the excitation band peaks of Eu3+ and Yb3+ agrees well

with 0.43 eV predicted within the chemical shift model

developed by Dorenbos [34].

Luminescence spectra of the whole sample series at the

excitation energy of 9 eV are shown in Figure 5. Except for

the finished composition with x = 1 (ScPO4), the spectra

have two bands with peaks in UV (290−310 nm) and blue

(420−430 nm) spectral regions and a group of IR-region

bands (950−1050 nm). The observed luminescence bands

are attributed to intracenter transitions 7F7/2−
7F5/2 in Yb3+ .

Wide UV and blue spectral bands may be assigned to CTL,

the difference between the band peaks is ∼ 9800 cm−1,

which agrees well with the energy gap between 7F7/2−
7F5/2

levels in Yb3+ — 10000 cm−1 [27,28]. It should be

noted that the solid solutions do not have any exciton

luminescence band typical for ScPO4. For instance, in

Y1−xScxPO4 solid solutions, this band was observed up

to low concentrations of scandium (x = 0.01), and the

band intensity achieved its peak at x = 0.5 [35]. It may

be suggested that occurrence of charge-transfer states in

Yb1−xScxPO4 (x 6= 1) with participation of ytterbium elec-

tron states results in quenching of the exciton luminescence.

Relative intensity of IR luminescence and CTL depends

on the solid solution composition (Figure 6). IR band

intensity gradually decreases with an increase in ytterbium

concentration in the solution. Such dependence is attributed

to concentration quenching of 4f−4f luminescence. Actu-

ally, the distance at which excitation may migrate over the

ytterbium sublattice increases with ytterbium concentration

which, in turn, increases the probability to be captured by

a defect and reduces the probability of radiative relaxation

of excitation. CTL intensity non-monotonously depends

on the scandium content. Intensity increases with an

increase in Sc3+ concentration and achieves its peak at

x = 0.2 exceeding the CTL intensity in YbPO4 by more

than 2 times. With the increase of Sc3+ content up to

0.4, the intensity becomes 1.7 times lower and with further

increase has a low dependence on composition. An

increase in the luminescence intensity has been observed

earlier in various solid solutions both for impurity and

0 0.2 0.4 0.6 0.8
0

0.5

1.0

In
te

n
si

ty
, 
ar

b
. 
u
n
it

s

Sc content, x

1

2

Figure 6. The relative intensities of IR luminescence (1) and

charge-transfer UV-luminescence (2) derived from the lumines-

cence spectra shown in Figure 5.
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Figure 7. Luminescence excitation spectra of Yb1−xScxPO4

series, λlum = 970 nm (red curves) and 290 nm (black curves) for

all samples, except for ScPO4, where λlum = 220 nm. Solid vertical

line at 5.4 eV corresponds to low-energy threshold of the charge-

transfer band for YbPO4, line at 7.2 V corresponds to the exciton

peak energy position in ScPO4, line at 8.73 eV corresponds to the

exciton peak position in YbPO4.

intrinsic luminescence [36–39]. Increase of intensity in

solid solutions is attributed to the limitation of path length

for separated electron-hole pairs during thermalization and

migration. This will increase the probability of exciton

formation or trapping of geminate electrons and holes by

the same emission center. It is suggested that the observed

dependence for CTL is attributed to the limitation of

electron and hole path length in Yb1−xScxPO4.

CTL and IR luminescence excitation spectra (x 6= 1) as

well as exciton luminescence spectra (x = 1) are shown

in Figure 7. Peak at 7.2 eV that is attributed to exciton

formation at 2p O−3d Sc transition in ScPO4 is also

revealed in the excitation spectra of solid solutions with

high scandium content (x = 0.8, 0.6). This peak shows

that the energy of such excitons is transferred to the CTL

and IR luminescence centers resulting in a total absence of

luminescence of self-trapped scandium excitons.

The low-energy threshold in the excitation spectra shifts

intermittently into the low energy region to 5.6 eV (x = 0.8)

and then gradually to 5.4 eV with further decrease in

scandium content in the solid solution. Low-energy

threshold shift in the spectra is attributed to the possibility

of CTL and IR luminescence excitation through the charge-

transfer band. The threshold is revealed in the lumines-

cence excitation spectrum at the energies at which the

exciting radiation becomes totally absorbed by the sample,

i. e. in the region when the light penetration depth of

the sample becomes approximately equal to the sample

thickness. The absorption coefficient in the charge-transfer

band grows proportionally to the ytterbium concentration

(1− x). On the assumption of the Gaussian shape of this

absorption coefficient for ytterbium concentrations > 20%,

this threshold will correspond to the long-wavelength band

edge and will move with concentration growth into the low-

energy region, and its slope will increase. Due to high

ytterbium concentration, excitation reaches saturation in the

region much wider than full width at half maximum of the

absorption band of a single ytterbium ion.

The band gap behavior with the change of solid solution

composition from ScPO4 to YbPO4 is important for the

analysis of the luminescence excitation spectra. As far as

we know, the experimental data on YbPO4 band gap is not

available in literature.

YbPO4 band structure was calculated within the density

functional theory in [40]. According to the calculation,

Eg(YbPO4) = 6.13 eV and defined by direct electronic

transitions in point Ŵ of the Brillouin zone. Moreover, the

valence band top is formed by mixing 2p O and 3p P states

with low contribution from 3s P and 4f Yb states, and the

conduction band bottom is formed by 5d Yb states with

minor contribution of 3p P states. ScPO4 band structure

was calculated in various approximations within the density

functional theory in several papers [41–43]. Depending

on the applied approximation, Eg varies in the range of

4.11−4.6 eV and is defined by electronic transitions from

2p O and 3p P to 3d states of Sc that form the conduction

band bottom. Thus, the band structure calculations suggest

that Eg (ScPO4) < Eg (YbPO4). However, it shall be taken

into account that band structure calculations usually result

in underestimation of the crystal band gap. Thus, the

experiments for ScPO4 have shown that the band gap is

7.2−7.6 eV [24,44], which is by ∼ 3 eV higher than the

calculated values.

The band gap of YbPO4 and solid solutions with high

ytterbium content may be estimated from the IR lumines-

cence excitation spectra analysis. A fine structure consisting

of narrow peaks at 8.57 and 8.73 eV is observed in the

spectra. It has been found earlier for LiY1−xYbxP4O12 solid

solutions that the similar fine structure in CTL excitation

spectra is attributed to the energy transfer from self-trapped

excitons and excitons localized near defects [45]. The same

origin of narrow peaks may be suggested in Yb1−xScxPO4

excitation spectra. Thus, the peak at 8.57 eV may be due

to formation of excitons localized near defects and the peak

at 8.73 eV may be due to formation of excitons that are

then self-trapped. The high-energy peak position at 8.73 eV
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Eex = 5.6−6.1 eV in excitation spectra (Figure 7) on the solid
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(curve 2).

may be used to estimate the band gap in YbPO4. This

value is by approximately 2.6 eV higher than that obtained

in the DFT calculation [40], which corresponds to the above

mentioned band gap underestimation in this calculation

method for ScPO4.

In the CTL excitation spectra, the intensity only slightly

decreases in the energy region above the band gap com-

pared with the intensity in the charge-transfer bands. It

should be noted that, in previously investigated garnets and

aluminates, the excitation intensity decreased considerably

when the excitation energy exceeded the band gap [46,47].
The studied Yb1−xScxPO4 solid solutions feature efficient

energy transfer of separated electron-hole pairs to the CTL

luminescence centers. Moreover, the radiative relaxation

efficiency of electrons and holes in interband excitation

increases for solid solutions with intermediate values of x
(Figure 8). This is an additional argument in favor of

the assumption that the e-h pairs path length in this solid

solution series is limited during thermalization and further

migration over the crystal to the luminescence centers.

Thus, the investigated solid solutions may be of interest for

application as converters of high-energy radiation into UV

and blue luminescence.

4. Conclusion

Using the solid-phase synthesis method, the

Yb1−xScxPO4 (x = 0, 0.01, 0.05, 0.1, 0.2, 0.4, 0.5,

0.6, 0.8, 1) solid solution series has been obtained.

Interpretation of the X-ray patterns has shown that

formation of a continuous solid solution series took place.

The lattice parameters a , c and the lattice cell volume

decrease linearly with ytterbium substitution by scandium

in accordance with Vegard’s law. It is shown that exciton

luminescence is observed only in the luminescence spectra

for the ScPO4 while, energy transfer from excitons to

charge-transfer states occurs in solid solutions. CTL

intensity depends on the solid solution composition and

is maximal at x = 0.2. The excitation spectra analysis

suggests that the increase in intensity is attributed to

the limitation of electron-hole pair path length in solid

solutions. The band gap of YbPO4 was also estimated by

means of the excitation spectra analysis as 8.73 eV. It has

been concluded that Yb1−xScxPO4 solid solutions may

be of interest for applications as UV phosphors with high

luminescence yield.
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