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Luminophores Gd2O2S : Tb(3−7mol.%), obtained through the stage of sol-gel formation of Gd2O3 : Tb precursors

with their subsequent sulfidation in sulfur vapor with LiF flux at 700◦C, showed high luminescence efficiency. The

characterization of the obtained samples by a set of physicochemical methods established that an increase in the

concentration of the Tb3+ activator leads to its specific distribution: over gadolinium vacancies (VGd)
′′′, by replacing

Gd3+ ions and concentrating it at the boundaries of crystallites. It is noted that in this case, the morphology of

crystallites changes, the short-range order of the structural unit of the lattice (Gd2O2) changes with the introduction

of S2− ions into oxygen vacancies [VO]•• or the substitution of O2− anions, as a result of which the long-range order

of the anionic sublattice is violated and the band gap decreases. At high concentrations of the photoluminescence

activator Tb3+ 7 mol.%, radiation quenching does not occur due to the presence of the GdOF and TbOF phases.

Variations of these effects with an increase in the Tb3+ concentration lead to an increase in the intensity of the

emission in the green region of the 5D4 →
7Fj transitions and a decrease in the intensity of the emission in the

blue region of the 5D3 →
7Fj transitions.

Keywords: phosphor Gd2O2S : Tb(3−7mol.%), real lattice structure, photoluminescence activator distribution,

far infrared spectroscopy, Raman spectroscopy, XPS spectroscopy.
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1. Introduction

There are several known methods for the making of

phosphors based on oxosulfides of rare earth elements

(REE). Some of these methods are used to make REE

oxosulfides at relatively low temperatures (up to 290◦C)
by the decomposition of a complex compound of REE

with sulfur-containing ligand [1] or by the deposition of

the sulfide product using thiourea of inorganic salts or

complex compounds of REE in aqueous or organic solu-

tions [2]. However, these methods have low performance

and therefore cannot be used for large-scale production of

phosphors for a wide application sphere. More acceptable

methods are the methods for the deposition of REE

hydroxohydroxides from aqueous solutions of inorganic salts

using alkalis, followed by dehydration and dehydroxylation

to REE oxides and sulfidation of the obtained precursor at

the final synthesis stage using reactant gases CS2, H2S or

sulfur-containing decomposition products, e.g., ammonium

rhodanide [3]. The latter method eliminates the fire

hazard and toxicity of production in factory conditions.

However, sulfidation rate in this method is very low due

to too high temperatures required for the reaction 1350◦C.

Temperature is reduced by the use of fusing agents Na2CO3,

Li2CO3, Na3PO4 in solid-state reactions [4–6,], including

LiF with the concentration of 0.01−0.06wt.% [7]. In

the present paper we have used an integrated method

for the deposition of Gd hydroxohydroxide, followed by

annealing in air to the Gd2O3 oxide and its sulfidation

with sulfur vapors in a dispersed mixture with LiF. An

increased number of different chemical elements in reaction

processes complicates the phase composition of the end

product, affects the distribution of these elements across

the real crystal lattice of the product and must manifest

itself in a change of photoluminescent (PL) properties of

the phosphor. That’s why the goal of the present paper is to

analyze morphological, phase and structural changes of the

phosphor based on the Gd2O2S matrix with Tb3+ and F−

impurity ions and to study their influence on PL-properties

of the product.

2. Experimental part

Gd dioxosulfide doped with Tb3+ was synthesized in

two stages. The sol-gel method was used to obtain

an oxide precursor. The reagents used in the work

were nitrates Gd(NO3)3 · 6H2O, Tb(NO3)3 · 5H2O having a

content of the main components not less than 99.9% (they
were obtained from the corresponding oxides). Synthesis

was performed from aqueous solutions of mixtures of
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the said salts having the required compositions for the

formation of sol-gel solid solutions of hydroxocarbonates

Gd1−xTbx (OH)y (CO3)z · n(H2O). To do so, we used a

mixture of 0.2M nitrate solutions, which corresponded to

the compositions of the required oxides Gd2O3 : 2xTb3+

at x = 3, 5 and 7mol.% in relation to the Gd content.

A twofold excess of NaOH solution of
”
extra pure“ grade

in double-distilled water was used as a precipitator. The

obtained product was washed with double-distilled water

to a neutral pH. Then the product was dried at 50◦C to a

constant weight and annealed at 700◦C in air. Sulfidation

was performed at 960◦C 2h in the following mixture:

Gd2O3 : Tb+LiF (1wt.%)+ sulfur excess (extra pure) till

complete sulfur evaporation. The obtained product was

washed in hot double-distilled water.

The phase composition of the obtained products was

determined by the powder diffractometry method using

a XRD-7000 diffractometer (CuKα-radiation 1.5406 Å, Ni-

filter, range 5−70◦2θ, increment 0.03◦, accumulation 2 c)
made by Shimadzu. Crystallite size was determined

according to the revealed coherent scattering region (CSR)
using the Hall–Williamson formula. Spectra of far IR-

spectroscopy (FIR) were recorded using a VERTEX 80v

spectrometer with the spectral resolution of 0.2 cm−1.

Powder samples were ground with PE-spectral polyethylene

and tablets were pressed. FIR spectra were recorded

in pure dry nitrogen atmosphere. The Raman scattering

spectra (RS) were obtained using a Spex Triplemate RS-

spectrometer (Ar laser, 514 nm). Luminescence spectra

(PL) were studied using a Cary Eclipse fluorescence spec-

trophotometer (made by VARIAN) at room temperature,

excitation wavelength λex − 290 nm. Diffuse reflection

spectra (DR) Rd = f (λ) of powders were recorded by the

standard method using a UV-3101PC spectrophotometer

(made by Shimadzu) in the range of wavelengths λ

from 240 to 800 nm. The accuracy of wavelength axis

calibration was ±0.3 nm for the UV and visible ranges,

the reproducibility of wavelength values was ±0.1 nm.

Measurement errors due to light scattering were 0.01%.

BaSO4 was used as a reference material. The obtained

spectra were corrected to eliminate the edge luminescence

using the previously described procedure [8]. The powder

DR spectra were used to calculate the samples’ optical

absorption in relative units using the classical Kubelka–
Munk function (K-M) [9] and the band gap (BG) was found
using a Tauc plot [10]:

(

F(Rd)
)

×hν
)

=
((

(1− Rd)
2/(2Rd)

)

× hν
)

= C(hν − 1Eg)
n, (1)

where Rd is the value of sample’s optical reflection in

relation to the reference reflection, h is the Planck constant,

ν is reflected light wave frequency C is a constant, n is an

index of power.

The powders’ atomic composition and morphology were

studied by energy-dispersion analysis (EDX) using a Hi-

tachi TM3000 TableTop SEM unit with a Bruker QUAN-

TAX 70 EDS add-on device. The chemical composition

of the samples’ surface and near-surface region was stud-

ied using a FLEXPS X-ray photoelectronic spectrometer

(Specs, Germany). The spectrometer is equipped with

a Phoibos 150 hemispherical electron analyzer and an

electron detector with a multichannel plate for 150 chan-

nels and a delay line 1-DLD. Spectra were excited by

monochromated AlKα radiation from an X-ray tube with

a double anode XR-50M. The transmission energy of the

electron analyzer was 20 eV. Measurements were performed

at room temperature, system vacuum during shooting of

the samples was ∼ 10−9 mbar. Electron binding energy

was measured in relation to an external standard — the

line of C 1s = 284.8 eV from the hydrocarbon superficial

layer of contaminations, in compliance with the published

data [11]. Relative atomic concentrations of elements were

calculated using peaks C 1s , O 1s , Gd 4d, S 2s taking into

account the electron photoionization cross-section, electron

free path length and electron transmission function. For

a detailed analysis, the spectra were broken down into

symmetrical components which modelled a convolution of

the Lorentzian and Gaussian lines. The contribution of

spectrum S 2p to Gd 4d was modelled taking into account

the line shape for Gd2O3. The background of inelastic

electron scattering was deduced by the Shirley method.

3. Experimental results

Fig. 1 shows the diffraction patterns of Gd2O2S sam-

ples doped with PL activator Tb3+ having the following

concentrations in relation to Gd3+ content : 3, 5, 7mol.%.

Then these samples will be marked as GOS : Tb3, GOS : Tb5

GOS : Tb7, whose matrix crystal structure is represented by

hexagonal dioxosulfide Gd2O2S (PDF 000-26-1422) space

group P3̄m1 (164) with the lattice unit cell parameters

(UC) a = b = 3.852 Å; c = 6.667 Å), and lattice UC pa-
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Figure 1. Diffraction patterns for the GOS : Tb3 (1),
GOS : Tb5 (2) and GOS : Tb7 (3) samples.
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Table 1. UC volume, atomic composition, ratio of the main RS modes and samples’ CSR values

Sample VUC, Å3 EDX, at.% RS CSR, nm

Gd O S Tb F R1/R3, ±0.02 R2/R4, ±0.02

GOS : Tb3∗ 99.351 46.9 27.4 20.9 3.1 1.4 1.91 1.69 273

GOS : Tb5 98.586 48.9 23.6 22.0 5.2 < 1 1.97 1.75 398

GOS : Tb7 98.652 47.6 24.3 21.1 5.8 1.2 1.97 1.65 290

XPES, at.% −

GOS : Tb3 40.1 45.7 14.3 5.6 ∗∗ − −

No t e. ∗ For the reference sample of Gd2O2S VUC = a2c = 98.924 Å3 (PDF 26-1422). ∗∗ Concentration is low for a quantitative estimation.

rameters of the GOS : Tb3, GOS : Tb5 and GOS : Tb7 sam-

ples: a = 3.858(2) Å, c = 6.675(3) Å; a = 3.848(2)AA,
c = 6.658(3) Å and a = 3.849(2) Å, c = 6.659(3) Å, re-

spectively. The values of unit cell volumes VUC are

given in Table 1. The diffraction pattern processing

computer software shows the presence of an impurity

phase with reflections at the angles of 2θ = 27.7, 28.2,

32.6 and 46.4 deg. The impurity phase reflections are not

seen in the figures, except the GOS : Tb3 sample, since its

concentration is low and is at the diffractometer resolution

level of 1wt.%. The impurity phase is not eliminated by

repeated product washing and additional annealing for 6 h at

1200◦C in sulfur vapors. The position of the impurity phase

reflections corresponds to the GdOF phase (space group

R3̄m (166) ICSD 184007), which forms in a concurrent

reaction of Gd2O3 with LiF fusing agent in the course of

oxide sulfidation, similarly to interaction with NH4F [12], as
distinct from the conjecture of inclusion of F− ions into the

Gd2O2S matrix lattice [7]. It can be assumed that the TbOF

impurity phase forms also at increased concentrations of

Tb3+ ions. Of course, the used methods for the characteri-

zation of reaction products do not allow for separating these

impurity phases due to their identical structural and physical

properties. An increase of terbium content from 3 to 5

and 7mol.% in the system causes an increase of the lattice

UC parameter a and a decrease of the parameter c . Values
of these parameters exceed the parameters a and c of the

reference Gd2O2S. Along with that, there is a change of the

reflections’ width at half maximum, which is due to a change

of CSR and, consequently, a change of crystallite sizes.

Indeed, the average CSR value for the GOS : Tb3, GOS : Tb5

and GOS : Tb7 samples is in the region of 273−398 nm

(Table 1). The given estimated CSR values are not identical

to the true crystallite sizes due to the fact that the reflection

widening values are comparable to these parameters for the

Si-reference. However, the relative change of the given

values is proportional to the change of crystallite sizes

in different samples. Moreover, a solid solution forms,

since the trigonal phase Tb2O2S (space group P3̄m1 (164)
ICSD 109331) has the UC parameters a = 3.8249(5) Å
and c = 6.6260(8) Å which are close to the matrix UC

parameters, while the angles 2θ are slightly greater. The

study of the morphology of the powders (Fig. 2) and CSR

has shown that the particles are mainly represented by

crystallite aggregates.

When the concentration of Tb3+ ions in the system

increases from 3 to 5 and 7mol.%, the particle distribution

maximum shifts towards smaller sizes from 2.00 to 1.30, but

then increases to 1.38µm.

Table 1 gives the EDX data which shows that the amount

of F impurity in the GOS : Tb3 and GOS : Tb7 samples

is 1.47 and 1.15 at.%, while this level in the GOS : 5 sample

is below the error of chemical composition determination

by the EDX method ∼ 1 at.%.

The EDX results have revealed an inexplicable effect of

a small oxygen content in the samples (see Table 1) —
it is 2 times smaller than the reference Gd2O2S. Our EDX

spectrum is similar to the one obtained in [13], however,
the authors paid no attention to the decreased oxygen

content. The mismatch of the XRD results with the EDX

results is probably related to an overlap of the O2− peak

onto the peak of another ion within the capabilities of

the spectrum machine processing software. Due to this,

we have analyzed the composition of the obtained product

GdOS : Tb3 by the XPES method, and the analysis results

(Fig. 3) have confirmed the oxygen composition close to

the anticipated one for the given compound (Table 1).
However, an increased sulfur content is observed. This

effect is probably related to the fact that the region of

the 169 eV energies has a wide peak of non-elastic losses of

the Gd 4d spectrum, which partially overlaps the spectrum

of sulfur S 2p (Fig. 3,A), and there is an overlap of the

sulfate sulfur peak (Fig. 2, b). A quantitative analysis of the

composition of the main compound was performed without

consideration of the molecular forms located on the sample

surface: SO2−
4 , carbonate anions and hydrocarbons. Carbon

is a process-related impurity caused by sample sintering in

a glass-carbon container.

Fig. 4 shows the PL spectra of the GOS : Tb3, GOS : 5,

GOS : 7 samples and the reference industrial sample

Gd2O2S : Tb3% (Toshiba G brand). All the spectra were

normalized in terms of intensity.

The excitation band λex = 290 nm was chosen on the

main emission band λem = 542 nm in compliance with the

excitation spectra. The PL 542 nm band has the highest

intensity and corresponds to transitions of the 4 f −5d

Physics of the Solid State, 2022, Vol. 64, No. 11



Increasing the intensity of the glow of the phosphor Gd2O2S : Tb(3−7mol.%), caused by a change... 1801

10 mm 10 mm 10 mm

a b c

0 2 4 6 8 10 12

0

10

20

30

40

C
o
u
n
t,

 a
rb

. 
u
n
it

s

2 , mR m

2.02 mm

d

0 1 2 3 4 6 7

0

80

20

60

40

C
o
u
n
t,

 a
rb

. 
u
n
it

s

2 , mR m

1.3 mm

e

0 2 4 6 8 10 12

0

10

20

30

40

C
o
u
n
t,

 a
rb

. 
u
n
it

s

2 , mR m

1.38 mm
f

5

Figure 2. Powder morphology according to SEM (a, b, c) and particle size distribution (d, e, f). GOS : Tb3 (a, d), GOS : Tb5 (b, e) and

GOS : Tb7 samples (c, f).
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Figure 3. XPES spectra of the GOS : Tb3 sample.

level charges of Tb3+ ions [14–17] with excitation energy

transfer to their 5D j -levels. Thereat, the increase of PL

band intensity in the green spectrum region > 490 nm is

confirmed at Tb3+ ion concentrations of > 3mol.% [18] due
to an increase in the population of 5D4−

7Fj transitions in

relation to 5D3−
7Fj transitions [17]. This effect was found

previously [19] for the Y2O2S : Tb compound, but was not

checked for the Gd2O2S compound. It was concluded

that energy transfer to the optically active level 5D3 is

not affected by the nearby level 5D4, at least, up to the

Tb3+ concentrations > 0.25%. This influence in the form

of exchange interactions with the dissipation of excitation

Physics of the Solid State, 2022, Vol. 64, No. 11
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Figure 4. PL spectra of the samples at λex = 290 nm (a), change in intensity of the main PL bands with a change of Tb3+ concentration:

3 (1), 5 (2), 7mol.% (3) (b). The inset shows the PL intensity for the 542 nm band vs. concentration of Tb3+.

energy of the level 5D3 of Tb3+ ions manifests itself

at their high concentration, so that the excitation energy

of 5D3 →
7Fj radiative transitions is insufficient. At the

same time, PL quenching in the region of > 490 nm is

not observed in our case when the Tb3+ concentration is

above 3mol.%, while the intensity of the main PL band

of 542 nm increases linearly (Fig. 4, b). Thus, when

the concentration of Tb3+ ions in the system increases,

the known maximum limit of concentration quenching

development, previously determined as < 4.5mol.% [20,19]
or 1mol.% [21], is not present in our case, at the least, up

to 7mol.%, the same as in [22]. It appears that when the

GdOF : Tb3+ impurity (and/or TbOF) is present, channels of
radiative transition excitation transfer in Tb3+ ions change

with the participation of lanthanoid oxofluoride levels. The

GdOF compound is known to be a good matrix for PL

activators Tb3+ and Eu3+ [23]. Thereat, the appearance

of the excitation spectra at the PL band of 542 nm is

virtually unchanged. Predominant PL excitation occurs due

to 4 f −4 f and 4 f −5d transitions of Tb3+ ions in Gd2O2S

sublattices of the matrix and GdOF : Tb3+ impurity. Fig. 4, a

and b show that the PL band intensity for the GOS : Tb3

sample is 5 times higher than that for the Toshiba (G)
reference sample. When excitation wavelength changes

to 280 and 240 nm, the ratio of PL band intensities is

virtually unchanged, but the intensities themselves increase

in magnitude. Thereat, PL quenching is not observed, while

excitation energy is also transferred with the participation of

Gd3+ ions of the Gd2O2S matrix [15].

Since lattice volume VUC (Table 1), X-ray diffraction

pattern and PL spectra of the samples change with an

increase of the concentration of Tb3+ ions, it is interesting

to analyze the change of chemical bonds using infrared

spectroscopy. Since the Gd−O, Gd−S, Tb−O, Tb−S,

Gd−F and Tb−F bonds are well resolved in the far-infrared

region(FIR), we studied this region of optical spectroscopy.

The authors of [22] point out the fact that Gd-S bonds mani-

fest themselves at wave numbers < 300 cm−1, while Gd−O

bonds manifest themselves at > 300 cm−1. According

to other data, the weak absorption bands of 260, 430, 460

and 510 cm−1 FIR pertain to Gd−O, Gd−F dipole bonds

of Gd2O2S and GdOF compounds [5,23]. Fig. 5 shows the

FIR-spectra of the obtained samples. As is known [22], the
short-range order structure of hexagonal oxosulfide Gd2O2S

resembles the structure of cubic sesquioxide C-Gd2O3 with

a distorted coordination sphere of the cation due to a partial

substitution of O2− ions by S2− ions. It is known [24] that
the region of 90−140 cm−1 for REE sesquioxides of the

cubic modification, and gadolinium in particular, pertains

to cation movement, while the region of 200−280 cm−1

pertains to anion movement. The region of 400−600 cm−1

corresponds to absorption by tetrahedral and octahedral

groupings. It appears that the said regions will pertain to

oxosulfides [22,5]. In compliance with this, the FIR-spectra

can be interpreted as follows. The cation sublattice does not

greatly change with an increase of Tb3+ concentration, but

the intensity of anion sublattice bands increases by an order,

which indicates its considerable rearrangement.

In addition to the FIR-spectra, we have analyzed the

RS spectra (Fig. 6). A series of bands of 347, 363,

380, 509, 524, 668, 708, 717, 883 and 912 cm−1 is

observed at the Tb3+ concentration of 3mol.%. These

bands have a very low intensity for the GOS : Tb5 and

GOS : Tb7 samples where the concentration of the GdOF

impurity phase is considerably lower. That’s why these

bands can be ascribed to the GdOF impurity phase.

In compliance with the presented description of the RS

spectra of Gd2O2S and Gd2O2S : Eu(0.1, 5.0%) [25], the

main groups with unchanged centers of mass in the

symmetry operation D3d are S atoms and the Gd2O2

parallelogram. The Raman-active modes in this structure

are the internal modes of a parallelogram: R1 = Eg(Q2, Q3),
R2 = A1g(Q1), R3 = Eg(Q5, Q6) and R4 = A1g(Q4), where

Q1, Q2, Q4 and Q5 [25] reflect the atomic motion in the

plane of the Gd2O2 parallelogram and Q3, Q6 — atomic

motion in the direction of the normal to this plane. To

understand the nature of phonon spectrum changes with

an increase of Tb3+ concentration, we analyzed the ratios

Physics of the Solid State, 2022, Vol. 64, No. 11
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Figure 5. FIR spectra of the samples: GOS : Tb3 (a), GOS : Tb5 (b) GOS : Tb7 (c).
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Figure 6. RS spectra of the samples: GOS : Tb3 (a), GOS : Tb5 (b) and GOS : Tb7 (c).
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of intensities of normal vibration modes A1g and Eg : R1/R3

and R2/R4 (see Table 1). It can be seen that the R1/R3 ratio

increases with a concentration increase from 3 to 5mol.%

and remains constant up to 7mol.%, which correlates with

the change of the ratio of the band intensities in the low-

frequency and high-frequency FIR regions. The R2/R4 ratio

increases under a transition from 3 to 5mol.% and decreases

at 7mol.%.

Optical band gap 1Eg is one of the basic characteristics

of dielectrics and semiconductors which gives an insight

into the nature of charge carrier transfer from the valent

state band into the conduction band. Fig. 7 shows the

samples’ diffuse reflection spectra in
(

F(Rd) × hν
)1/2

− hν
coordinates. The matrix of the Gd2O2S : Tb compound

is characterized by indirect charge transitions [26], that’s

why the band gap is found as the average value between

[(1Eg + εPh) + (1Eg − εPh)]/2, where εPh is the energy

of phonons involved in charge transfer, (1Eg + εPh) and

(1Eg − εPh) are the values of the points of intersection

of the tangents to the straight-line curve portions with the

axis of abscissas [27]. Accordingly, the values of εPh are

determined by a deduction of these components (Table 2).

The obtained results show that the band gap 1Eg of the

Gd2O2S : Tb compounds decreases with an increase of Tb3+

ion concentration and is small as compared to the pure

matrix 4.3−4.6 eV [26,7]. A band-band charge transition

takes place with the participation of phonons, and phonon

energy increases with an increase of the Tb3+ ion concen-

tration from 3 to 5mol.% and then remains constant up

to 7mol.%. Thereat, an exciton can form at the long-wave

fundamental absorption edge with emission of a phonon

having the energy hνPh = 1Eg + εPh − Eex [27] (Table 2).
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Table 2. Band gap 1Eg , phonon energies εPh, exciton energies Eex and energies of emitted phonons hνPh

Sample
1Eg + εPh, eV; 1Eg − εPh, eV, 1Eg , εPh,

Eex, R2 hνPh, eVR2, ∗ R2
±0.02, eV ±0.02, eV

GOS : Tb3 4.01; 3.88; 3.95 0.07 3.68; 0.33

1.000 1.000 0.997

GOS : Tb5 3.84; 3.62; 3.73 0.11 3.50; 0.34

1.000 0.976 0.953

GOS : Tb7 3.55; 3.37; 3.46 0.11 2.86; 0.69

1.000 0.991 0.986

No t e. ∗ R2 is the squared regression coefficient for the plotting of tangents to a curve as per tabular data of the chosen segments of function

(F(Rd) × hν)1/2 − hν .

4. Discussion of results

Gd2O2S : Tb phosphors in our case were synthesized by

the mechanism of a topochemical heterogenous reaction —
sulfidation of the C-Gd2O3 : Tb solid solution. Synthesis

was performed by the partial substitution of oxygen ions

by sulfur ions at an increased temperature. Sulfur delivery

and oxygen withdrawal were performed by the diffusion

of components along crystallite boundaries and by relay-

race substitution of one type of O2− anions by another

S2−. The process included a reconstruction of the long-

range order while the short-range order of cations was

relatively unchanged [22] — the structural lattice unit, a

parallelogram (Gd2O2), was maintained with insignificant

changes of bond lengths. A significant rearrangement of

the long-range order in this case takes place across the

anionic sublattice (a comparison of the FIR-spectra of

Gd2O2S : Tb (Fig. 5) and Gd2O3 : Tb,Eu compounds [24]. It
is known that the reconstruction of the long-range order of

the C-Gd2O3 matrix into a Gd2O2S matrix is accompanied

with the formation of rather a large number of cationic and

anionic vacancies Ln2−x [ ]xO2−y [ ]2−yS1−z [ ]1−zS
o
w [28,29].

The quantity of cation vacancies reaches 2mol.%. Anionic

vacancies during lattice reconstruction facilitate the relay-

race diffusion of anions. Probably, it is energetically more

favorable for Tb3+ ions to fill cationic vacancies of the

matrix at low concentrations. Considering the fact that

cation radii are R(Gd3+) = 1.00 Å > R(Tb3+) = 0.98 Å at

the coordination number 7 [30], the observed increase of

the UC volume (Table 1) can be explained by filling of

vacancies [VGd]
′′′ at low concentrations of the PL activator

for Tb3+ ions equal to 3mol.%. A description of the

mechanism of charge change compensation requires in-

depth studies for the given system in elaboration of the

results of papers [28,29], but this is outside the scope of

the present paper. We can conventionally adopt the variant

of filling of [VO]•• and/or [VS]
•• vacancies with O2− or S2−

anions in the required correlation. At the same time, Gd and

Tb oxofluorides also form at the crystallite boundaries due

to the partial decomposition of a fusing agent LiF, which

is shown in the diffraction patterns and RS-spectra. The

width of the BG-matrix decreases due to the formation of

an impurity band of Tb3+ ions in it (Table 2).

When concentrations of Tb3+ ions are 5mol.%, the con-

centration of vacancies [VGd]
′′′ decreases, and substitution

of Gd3+ ions in the cationic sublattice begins. Thereat, the

UC volume decreases, matrix crystallinity increases (CSR
increases), the anionic sublattice changes (see the FIR-

spectra in Fig. 5), phonon energy εPh increases. A decrease

of the level of GdOF impurity content is observed (Fig. 1
and Table 1). The BG continues decreasing due to the

population of the levels of the Tb3+ impurity band, and

there is an increase in the ratios of RS intensities of

the longitudinal and transverse modes R2(A1g)/R4(A1g) —
parallel to the c axis and R1(Eg)/R3(Eg) perpendicularly

to this axis. The excitonic component of charge transition

excitation decreases. The combination of these facts shows

the peculiarities of rearrangement of the sample’s crystalline

and electronic structures. Since the cation substitution

energy is higher than the energy of embedding of Tb3+ ions

into vacancies, the process is slower and the accumulation

of Tb3+ ions at crystallite boundaries, probably, blocks

the diffusion of F− ions into the crystallite bulk with

the formation of a GdOF impurity phase which also acts

as an efficient matrix for the PL-activator Tb3+. On

the whole, activator concentration increases, and intensity of

the 542 nm PL band increases with an increase of sample

crystallinity degree, while an increase in phonon energy

causes the dissipation of the energy required for efficient

excitation of 5D3 →
7Fj radiative transitions. Thereat, the

intensity of the < 450 nm bands decreases.

A further increase of Tb3+ concentration to 7mol.% is

accompanied with a decrease of CSR, decrease of the

ratio of phonon mode band intensity R2(A1g)/R4(A1g),
which indicates a rearrangement of the short-range order

of cations. There is a decrease in the BG value 1Eg while

εPh is constant, a decrease of Eex and an increase of hνPh.
The decrease of CSR characterizes the decrease of crystallite

sizes and, respectively, the increase of the specific surface

area of crystallites (Table 1). This is determined by an

inhibitory limitation of crystallite growth rate at an increased

concentration of Tb3+ ions at the crystallite boundaries. An
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increase in the concentration of these ions at boundaries

can be due to energy difficulties in the substitution of Gd3+

ions by Tb3+ ions under exchange interactions of the latter

with each other at increased concentrations. A similar

inhibitory effect of Tb3+ has been noted earlier for the

Gd2O3 matrix [31–33]. Implantation of Tb3+ ions into

lattice interstices by the Frenkel model is obviously hindered

energetically. Along with that, an increase in the UC volume

is observed; it can be related to a partial substitution of

O2− anions in the parallelogram [Gd2O2] by S2− anions or

to the implantation of S0 atoms into interstices according

to the Frenkel mechanism [28,29] with a change of the

BG electronic structure. Thereat, the symmetry of internal

vibrations of the parallelogram (Gd2OS) must change in

relation to the reference one (Gd2O2), which is confirmed

by a change in the vibrational mode ratio R2(A1g)/R4(A1g)
parallel to the c axis of the lattice (Table 1).

A further increase of intensity of the 542 nm PL bands

and a decrease of intensity of the < 490 nm bands is

probably due to an extension of the impurity band in the

BG, which determines a decrease of the energy required to

pass through it. The latter means an increase of excitation

energy of 4 f −4 f 5d-transitions of Tb3+ ions, which causes

an increase of the population and, consequently, an increase

of intensity of 5D4 →
7Fj radiative transitions, particularly

the 5D4 →
7F5 transition (the 542 nm band). Withdrawal of

the PL quenching limit in this case, according to the above-

mentioned facts, is probably facilitated by the GdOF : Tb

impurity phase, which is an efficient matrix for Ln3+

activators of PL [23,34] or the TbOF phase.

5. Conclusion

An integrated method for phosphor synthesis on the basis

of a Gd2O2S matrix with the addition of a fusing agent

LiF 1mol.% at the sulfidation stage and an increase of

concentration of the PL-activator Tb3+ to 7mol.% allow

for increasing the PL intensity in relation to the known

Toshiba (G) phosphor. This effect is probably achieved due

to the participation of GdOF and TbOF impurity phases

in population of the main 5D4 →
7F5 radiative transition

of Tb3+ ions and redistribution of Tb3+ ions across the

vacancy cation sublattice of the main Gd2O2S matrix, their

concentration being about 3mol.%. With an increase of

Tb3+ concentration to 5mol.%, the impurity implantation

mechanism is mainly related to the substitution of matrix

cations. Thereat, the blocking of the flow of F− ions to the

main matrix increases because Tb3+ ions are concentrated

on the crystallite surface. This results in an increase of

the product crystallinity degree. When Tb3+ concentration

further increases to 7mol.%, S2− ions start substituting

oxygen ions, which leads to a change of the short-range

order of the cation sublattice, and phonon energy increases.

This reduces the energy of excitation of 5D3 →
7Fj radiative

transitions. Due to this and with the participation of charge

transitions from the levels of Tb3+ ions of GdOF : Tb3+ and

TbOF impurity phases, the population of the 5D4 →
7F5

radiative transition (the 542 nm band) increases, which

causes an increase of phosphor luminescence intensity.
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