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Crystal structure, luminescence properties and thermometric
characteristics of Ba,Gd,Ge;0,;:Th*t, Tb*+/Eu’*t germanates
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In this work, the synthesis of Ba,Gd;_xTbxGesO13 (X =0.05—0.2) and Ba,Gd;ss—yTbo 15EuyGesOi3
(y = 0.1 — 0.6) solid solutions was carried out for the first time and the crystal structure of the synthesized phases
was studied. The XRPD study has verified that all the samples are isostructural to Ba,Gd,Ge4O13 and crystallize
in the monoclinic system, S.G. C2/c, Z = 4. The photoluminescence spectra of Ba,Gd,_xTbxGe;O13 germanates
consist of a number of lines in the range of 365—650nm, caused by D3 4 — ’F; transitions in Tb** ions. Based on
the results of concentration studies, it has been found that Ba,Gd; gsTbg 15GesO13 germanate exhibits the highest
emission intensity. This content of Tb** (x = 0.15) was fixed and the codoped Ba,Gd;.gs—yTbo.1sEuyGesOi3
phases were synthesized. Codoping with Eu®* ions has led to the appearance of additional luminescent lines in
the 570—720 nm region, which is associated with °Dy — 'Fy transitions in europium ions. As the Eu** content
increases, the color coordinates gradually change, which allows fine-tuning of the emission color of the phosphors.
High-temperature studies (T = 298—498K) were carried out for BayGd;.75Tbo.15sEu.1GesO13 germanate. The
temperature dependences of the luminescence of the bands at 530—560nm (°D4 — ’Fs transition in Tb*")
and 603—640nm (5D0 — "R, transition in Eu3+) as well as 1603—640 nm/|530—560nm Were plotted. The calculated

maximum values of absolute and relative sensitivity were 0.34% x K~! and 0.15% x K.
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Introduction

Development of the methods allowing accurate remote
temperature measurement in nanoscale items is currently
a key challenge for microelectronics, microoptics and
photonics [1]. It is difficult to use traditional contact sensors
(for example, thermistors and thermocouples) when the size
of an item is not larger than 1um, because temperature
equilibrium is set due to the contact between the sensor
and item during temperature measurement, which leads
to distortion of measurements. Creation of luminescent
thermometers, whose main advantages are noninvasiveness,
high accuracy, measurement in corrosive media and ad-
verse conditions, and micro/nanoscale applicability, is a
very promising research area [1-5]. Operating principle
of the luminescent sensor is based on the measurement
of temperature-dependent optical parameters, which may
include width, intensity or position of the emission band
in the photoluminescence spectra, lifetime of the excited
state, luminescence intensity ratio (LIR) of two emission
bands [1-3].

In case of LIR thermometry, emission bands detected
in the luminescence spectra of compounds activated by
the Er’t, Tm**, Ho’*, Dy**, Eu’*, Sm**, Nd3* or
Pr3* ions often serve as the analytical lines [1,2,4,6-11].
LIR value varies due to partial intracenter transitions from
one excited state 1 to overlying thermally-coupled excited
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state 2, whereby LIR = f(T) may be described [1,2] by
equation
(1)

where A is the constant, AE,; is the energy gap between
two states of an ion, kg is the Boltzmann constant, T is the
temperature.

It should be noted that to perform the thermally induced
transition 1 — 2, AE,; shall not exceed 2000 cm !, which
imposes restrictions on the maximum absolute and relative
sensitivities [1-6,11,12]:

LIR = Aexp(—AEzl/kBT),

S, = dLIR/AT = (AEy; /kpT2)[Aexp(—AE/KgT)], (2)

(3)

This restriction may be overcome by means of introduc-
tion of additional luminescent ions into the phosphor com-
position and determination of the intensity ratio of bands in-
duced by transitions from thermally uncoupled levels of two
different centers. Oxygen-containing hosts codoped with the
Bi*t/Sm**, Bi*t/Eu*t, Bi*t/Dy**, Bi**/Tb**, Tb3*/Eu’t,
Tb3*/Pr** ions, having high thermal stability, chemical
resistance and high temperature-sensing properties shall be
primarily highlighted among the candidates for temperature
measurement applications [13-23]. Moreover, in phosphors
activated by two and more types of ions, fine tuning of
emission color is possible by varying the dopant concentra-
tion. The Eu** and Tb*" ions are the most frequently used

S = (1/LIR)(dLIR/dT) = AEy; /kgT>.
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activators due to their characteristic emission in the range
of 480—650 and 570—720 nm, respectively. Excitation in
both cases is induced by UV radiation [24]. The exist-
ing literature provides data on the luminescence proper-
ties of Y2BaAl4SiO2:Tb3/Eu?t, LizLusTe, 02T /Eu™,
NaCaGd(WOy);:Tb**/Eu3t [25-27], that are promising
phosphors with tunable color characteristics and may be
used for creation of white light-emitting diodes (WLED).

This study has investigated the crystal structure and
optical properties of BayGdyGesO13:Tb3+, Tb**/Eu’*. The
influence of dopant concentration, exciting radiation wave-
length and temperature on the luminescence properties of
the powders has been found. Note that the features of
crystal structure of Ba,RE;GesO13 (RE =Pr, Nd, Eu, Gd,
Dy, Y) tetragermanates were analyzed for the first time
in [28-30]. The results of X-ray powder diffraction studies
have shown that the lattice of the compounds consists of
[Ge4O43] groups, [RE;Oy;] dimers and barium atoms coor-
dinated by ten oxygen atoms. The authors of [30] demon-
strated high temperature resistance of the luminescence
properties of Ba;Gd,Ge4O13:Dy>* and Ba,Y,GeysO13:Dy>+.
During heating to 423 K, reduction of luminescence inten-
sity was not higher than 10% of the initial value measured
at room temperature and the shift of color coordinates was
just AX < 0.0055 and Ay < 0.0050. In [7], potential use of
Ba;Gd,Ge4013 activated by the Sm3* ions as a material for
a sensing element of a non contact temperature sensor was
studied. The findings showed that the phosphor has high
relative sensitivity, S (max) = 1.57% x K~!, and there is a
good reproducibility of the obtained LIR values. All of the
aforesaid indicates that promising phosphors may be created
on the basis of Ba;RE;Ges0;3 for light-emitting diodes as
well as for non contact temperature measurements.

Materials and methods

Ba,Gd,_TbyGesOg3 (X =0.05 - 02) and
BazGdl,gs_yTbo,15EuyGe4013 (y =0.1- 06) were
obtained by the solid state method.  The following
substances were used for the synthesis of the powders:
BaCOs3 (99.9%), Gdy0; (99.999%), TbsO7 (99.998%),
Eu,03 (99.99%), GeO;, (99.9%). TbsO; was preliminary
reduced to Tb,O3 by annealing in Ar/H, flux at 1573 K
during 24h. The initial oxides and barium carbonate taken
in stoichiometric quantities were mixed in a mortar and
thoroughly ground with addition of ethanol, and then
stage annealed in 100K steps from 1073K to 1473K .
Intermediate grindings were performed after each synthesis
stage.

X-ray diffraction analysis of the synthesized compounds
was performed using the STADI-P (STOE) diffractometer
equipped with a linear position-sensitive detector. The
record was performed in CuK,;-radiation in 0.02° steps in
the angle range 20 = 5° — 120°. Polycrystalline silicon with
the lattice cell parameter a = 5.43075(5) Awas used as an
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Figure 1. General view of BayGd,_yxTbxGesOp3 and
Ba,Gd; 35—y Tbo.15sEuyGesO13 crystal structures along [010] orien-
tation.

internal standard. Structure refinement was performed in
PowderCell 2.4 [31] using data for BayGd,GesO;3 [29].

Photoluminescence spectra and excitation photolumines-
cence spectra of the samples as well as photoluminescence
decay curves were measured using the Cary Eclipse (Var-
ian, USA) fluorescent pulsed spectrophotometer: excita-
tion source — 75kW pulsed Xenon lamp, detector —
PMT R928. Measurements in the range of 298—498 K
were conducted using the GS-21525 (Specac Ltd, UK)
thermostat with optical windows.

Results and discussion

Description of crystal structure

The results of X-ray diffraction analysis have
shown that BayGd;_xTbxGesO13  (x = 0.05—0.2)
and BazGd1‘35_yTb0‘15EuyGe4013 (y:0.1—0.6) solid
solutions crystallize in a monoclinic crystal system, space
group C2/c, Z=4. All compounds are isostructural
to Bap;Gd;GesOp3.  Proximity of crystal radii of the
Gd** (CR=1.14A), Tb** (CR=1.12A) and Eu’"
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Table 1. Crystal lattice parameters for solid solutions BayGd;—xTbxGesO13 and Ba,Gdi g5y Tbo.15EuyGesO13

Dopant concentration a, A b, A c, A B V, A3
BazGdz,bexGe4013
0.05 13.0751(4) 53667(2) 17.9938(6) 105.086(2)° 1219.11(7)
0.1 13.0743(5) 5.3668(2) 17.9924(38) 105.083(4)° 1218.98(10)
0.15 13.0736(8) 5.3665(3) 17.9922(12) 105.091(4)° 1218.79(14)
02 13.0726(5) 53677(2) 17.9902(8) 105.146(3)° 1218.52(9)
BaxGdi 85—y Tbo.15sEuyGe4 O3

0.1 13.0732(4) 5.3654(2) 17.9897(6) 105.086(3)° 1218.36(7)
02 13.0710(3) 53691(2) 17.9925(7) 105.168(2)° 1218.72(7)
03 13.0757(5) 53676(2) 17.9919(7) 105.111(3)° 1219.11(8)
04 13.0783(5) 5.3694(2) 17.9951(8) 105.142(3)° 1219.79(9)
0.5 13.0765(4) 5.3694(2) 17.9944(7) 105.141(2)° 1219.57(7)
0.6 13.0814(5) 53679(2) 17.9918(8) 105.090(3)° 1219.82(9)

(CR=1.15A) ions [32] suggests that the dopant ions

occupy the gadolinium positions in the Ba;Gd;GesOq3 400 | L5065 5 D, 7 Fs

lattice. As can be seen from the data listed in Table 1, E: O/d\

as the concentration of Tb3" increases, lattice cell § o

parameters and volume of the BayGd;_xTbyxGesOr3 300 F 2 13"55‘80 nm

phases gradually decrease, while substitution of the Gd** é ~ Q/D/ \\ — =005

ions by the Eu?t ions in BazGdl_gS,yTbo.15EUyGe4013 = L ini iy = 010

i : : : ) 0 0.1 0.2 .
facilitates gradual increase in the lattice cell parameters and % 200 + ¥ — x=0.15
volume. ~ —x=0.20
The crystal structure of the synthesized compounds is 5D3_>7FJ 5D, TF,

shown in Figure 1. All atoms occupy common positions, 100

except the O(3) atoms through which the a two-fold

rotation axis goes parallel to [010] direction. The O(3)

atoms are bridging atoms that interconnect two equivalent
fragments of the Ge4Oq3 tetragroup. Rare earth atoms
are coordinated by seven oxygen atoms and form RE,Oq;
dimers. By interconnecting through the GeO, tetrahedra,
they form a heteropolyhedral framework. The Ba atoms
occupy the voids between polyhedra (coordination number
is 10).

Luminescence properties of Ba,Gd,_,Th,Ge;O;

Under uv radiation (Aex = 3121nm),
Ba,Gd,;_xTbyGesO13 luminesce in the range of
365—650nm (Figure 2). The most intense line for
all samples is located at 530—560nm and caused by
the D4 — ’Fs transition in the Tb** ions.  Some
bands with maxima at 487, 583 and 620nm are also
caused by intracenter transitions from the excited Dy
level.  Additionally, the photoluminescence spectra of
Ba,Gd,_xTbyGe4O13 contain peaks in the short-wavelength
range of spectrum connected with °D3 — ’Fs (379 nm),

0
350 400 450 500 550 600 650
A, nm

Figure 2. Luminescence spectra (Adex = 312nm) of the
Ba,Gd,_xTbxGesOy3 samples. Inset — dependences of the
emission intensity on concentration in the ranges of 365—480 and
480—650 nm.

D3 — "Fs (416nm), °D3 — "F4 (437nm) and °D3 — 'F3
(462nm) transitions. Investigations of the dependence on
concentration have shown that the Ba,Gd g5Tbg 15Ge4O013
sample has the highest luminescence intensity, while
for germanate with the maximum dopant concentration
(x =0.2), luminescence intensity reduction is observed
throughout the examined wavelength range due to
concentration quenching and cross-relaxation process:
SD3(Tb*) + TRg(Tb>) — 5D4(Tb>) + 7Ry(Tb>*), that is
described in detail in [33].

Optics and Spectroscopy, 2024, Vol. 132, No. 6
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Figure 3. Luminescence spectrum of germanate Ba,Gdi75Tbo.15sEuo.1GesO13, Aex =377nm  (a); excitation spectra

Ba,Gd;.75Tbo.15Eu0.1GesO13, dem = 542 (b), 614 nm (c); dependences of integral line intensity at 542 (d) and 614 nm on concentration (e).

Luminescence properties of
Ba,Gd; 35—y Th.1sEu,GesOq3

As an example, Figure 3, a shows the luminescence spec-
trum of the BayGd; 75Tbg 15Eug.1GesO3 sample recorded
in the range of 460—750nm measured under radiation
with Aex = 377 nm. It can be seen that doping of
Ba;Gd; g5Tbg 15GesO13 with the Eut ions leads to ap-
pearance of additional bands in the luminescence spectra
within 570—720 nm associated with the transitions from
the excited Do-level to the 7F; levels (J=0-—4) in
the Eu3" ions. Figure 3,b,c shows excitation spectra
of the sample obtained by monitoring the radiation with
Aem = 542nm (transition D4 — 7Fs in Tb**) and 614 nm
(transition 3Dy — ’F, in Eu3*). Note that spectrum shape
significantly depends on the chosen A.,. The excitation
spectrum obtained by monitoring the emission at 542 nm
(Figure 3,b) contains a wide band at 200—260 nm. The
suggested excitation mechanism in this range is most
probably connected with charge transfer from the oxygen
ions to the europium ions and subsequent energy transfer
to the Tb* ions. In addition, the specified wavelength range
may contain bands connected with spin-allowed electronic
transitions 4f8("Fs) — 4f7(3S)5d("D) in the Tb>* ions.
Some narrow peaks at 270—330nm correspond to the
8S;/2» — %D72 and 8S;/, — ®lg, transitions in the Gd**
ions; their existence and high intensity indicate that the
energy transfer from Gd>* to Tb>* is very effective. The fact
that the Gd>* ions absorb and effectively transfer energy to
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the codopant ions additionally demonstrates that excitation
of samples by radiation with 1.x = 275nm is not followed
by emission at 300—320nm (transition °P7, — %S/, in
the Gd®>' ions). Luminescence sensitization of Tb**
ions by the Gd*" ions was previously observed for the
phosphors:  Na3;Gd(BO3),:Tb**, LaAlGe,07:Gd**, Tb*,
(La,Gd)PO4:Tb** [34-36]. In the long-wavelength range
of the excitation spectrum (330—390nm), there is also a
wide band corresponding to 4f — 4f transitions in the
Tb3* ions: "Fs — Lo (352nm), "Fs — °Ljo (364nm) and
"Fs — D3 (377 nm). The excitation spectrum obtained by
monitoring the emission with Ae,, = 614nm (Figure 3,c¢)
contain a wide intense charge transfer band and a set of
narrow peaks associated with the transitions 4f — 4f in the
Gd3+, Tb3+ and 1‘3113+ ions: 887/2 — 6|9/2 (275 nm, Gd3+),
887/2 — 6P7/2 (3121111’1, Gd3+), 7F() — 5D4 (3621111’1, Eu3+),
7F6 — 5D3 (377 nm, Tb3+), 7F0 — 5|_7 (381 nm, Eu3+),
"Fy — 3Le (394nm, Eu**), "Ry — 3D3 (393 nm, Eu**).
Investigations of the dependence on concentration
show that the increase in codopant concentration in the
BayGd; g5_yTbg.1sEuyGe4O13 phases leads to the gradual
decrease in the luminescence intensity in the range of
480—560nm, while the luminescence intensity in the
range of 570—720nm increases and achieves its maxi-
mum value at y =0.5 (Figure 3,d,e). Thus, targeted
tuning of emission color may be performed by varying
the content of Eu". During further investigations, the
excitation of the samples was carried out by radiation with
Aex = 377 nm, because in this case intense luminescence of
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Table 2. Color  parameters of  phosphors
BazGdl_gsfyTb()A15EUyGe4013 (y =0.1-— 06), lcx = 377 nm
y chromaticity coordinates CCT
0.1 (0.528; 0.426) 2056
0.2 (0.603; 0.378) 1649
0.3 (0.634; 0.357) 1988
04 (0.648; 0.347) 2308
0.5 (0.654; 0.343) 2473
0.6 (0.656; 0.341) 2552
30t S,
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Figure 4. Energy level diagrams of the Tb**, Eu*" ions and
energy transfer in phosphors Ba;Gdj g5y Tbo.15EuyGesO13.

the BazGd1.85,yTb0.15EuyGe4013 samples was achieved in
a wide wavelength range. For BayGd g5_yTbo 15EuyGesO13
phosphors, chromaticity coordinates and correlated color
temperature (CCT) were determined in comparison with
International Standard CIE 1931. The correlated color tem-
perature was calculated [37] using the following equation

CCT = —449n° + 3525n* — 6823.3n + 5520.33,  (4)
no X — xe’

Y —VYe

where Xe and Yy are ,epicenter* coordinates in
the chromaticity diagram of a white light source

(5)

equal to 0.332 and 0.1858, respectively, X and
y are the chromaticity coordinates of the test sam-
ple. The obtained data is summarized in Ta-
ble 2.

Energy level diagrams of the Tb**and Eu®* ions are
shown in Figure 4. When germanates are excited by
377 nm radiation, the Tb** ions are initially excited and
transfer from the ground state ’Fs to the excited D3
state. Then, nonradiative relaxation or cross-relaxation
SD3(Tb>H) +7 Fg(Tb*H) —5 D4(Tb>") +7 Fo(Tb**)  results
in filling the 3Dy state. Transition from this state to the
underlying "F; 4,56 levels leads to appearance of emission
at 480—650nm. At the same time, energy transfer from
Tb3* to Eu** may be possible because the excitation and
emission region of the Tb3*ions overlaps with the excitation
region of the Eu®' ions [38]. As a results of further
nonradiative transitions, the °Dy level is filled in the Eu3t
ions, transition from this level to the underlying "F; levels
leads to luminescence in the range of 570—720 nm.

Figure 5,a shows the luminescence spectra of
Ba,Gd; 75Tbg 15Eug.1GesO13 recorded with stage heating
up to 473K. As can be seen from the shown spectra,
the luminescence intensity gradually decreases through-
out the investigated wavelength range as the temper-
ature grows. It should be noted that the intensity
of luminescent lines caused by the -electronic transi-
tions in different types of ions decreases unevenly (Fig-
ure 5,b). At T =473K, band intensity in the range of
603—640nm (transition in Eu’*) is 69.9% of the initial
value, while band intensity in the range of 530—560nm
(transition in Tb3*) is 62.5%. Figure 5,c shows how
LIR = l503_640nm(EUT) /1 530_s60nm (Tb> ") varies with tem-
perature. The obtained dependence is adequately described
(R > 99.7%) by the following equation [39,40]:

LIR= B _ IOE“[I + Cr exp (%)}

I |0Tb[1 + Ceu exp (7@5“’)} |

(6)

where |og, and gty are initial intensities of the correspond-
ing lines, Cg, and Cry, are constants, AEg, and AEp, are
the temperature quenching activation energies, Kp is the
Boltzmann constant, T is the temperature.

Dependences of the relative and absolute sensitivities are
shown in Figure 5,d, e. Relative and absolute sensitivities
decrease with temperature.

Absolute and relative sensitivities of temperature
measurement for the BayGd; 75Tbg 15Eug 1GesO13 sample
were evaluated from equations (2), (3). All obtained
values of S; and S are listed in Table 3 together with
previously published data for compounds doped with
Ew?t/Tb** [19-23]. According to the obtained results,
the maximum values of S; and S equal to 0.34 and
0.15% x K~ , respectively, are achieved at 298 K. The
obtained absolute sensitivity values do not imply that
BayGd; 75Tbg.15Eu0.1GesO13 may be used as a material for
non contact temperature measurement, however, stability of
color characteristcs of the sample is suggested.

At the final stage of the study, luminescence decay
curves with Aepm = 542 and 614nm were measured for

Optics and Spectroscopy, 2024, Vol. 132, No. 6
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Figure 5. Luminescence spectra of Ba,Gd.75Tbo.15Eu0.1GesO13, recorded at various heating temperatures (a); temperature dependences
of integral intensities luminescent lines caused by the Dy — ’F» (603—640nm) transitions in the Eu®" ions and the *D4 — 'Fs
(530—560 nm) transitions in the Tb*" ions (b); temperature dependences of the intensity ratio of two analytical lines (c); temperature
dependences of the absolute (Sa) and relative (S) sensitivities of temperature measurements (d, ).

Table 3. Temperature-sensing properties of various compounds activated by the Tb**/Eu’" ions

Compound S, (max), % x K~! S (max), % x K~! ReferenceT -range, K
CagZnLa(POy4)7Th*t /Eu®" - 0.53 298—448 [19]
BaY,(MoOy)Tb>* /Eu** 6.02 (293K) 1.06 (256K) 89—293 [20]
SrsMoOg:Tb* " /Eu* 0.27 0.24 14-300 [21]
Ca,AlLSiO7:Tb* /Eu* 0.54 1.17 303—483 [22]
Gd,05:Tb*" /Eu’* 0.19 244 (473K) 123—473 [23]

Ba,GdyGes013:Th* /Eu®* 0.34 (298K) 0.15 (298K) 298This study—473

BayGd, 75Tbg 15Eug 1GesOy3 (Figure 6). To describe all The mean lifetime 75,:

dependences, the following functions was used [41]:
- AT 12 + A2T22
—t —t av — N A >
I(t) = A exp (T—) + Agexp (r_> (7) ATt + Aoy
1 2

varied from 125 to 1.18ms and from 146 to 1.32ms
where |(t) is the luminescence intensity at time t, A; and for emission at 542 and 614nm, respectively, which is
A, are constants, 7; and 7, are the exponential component attributed to the increase in the probability of non-radiative

decay times. transitions with temperature growth.

(8)

Optics and Spectroscopy, 2024, Vol. 132, No. 6
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Figure 6. luminescence decay curves of phosphor

Ba;Gd; 75Tbg.15Eup.1GesO13 measured at 298 and 473K,
Aem = 614 (a), 542nm (b). Insets — 7a, Vs. temperature.

Conclusions
Bangg,bexGe4013 (X =0.05 - 02) and
BazGd1.85,yTb0.15EuyGe4013 (y =0.1- 06) were

synthesized using a standard ceramic technique. According
to the X-ray powder diffraction data, all compounds
crystallize in the monoclinic crystal system, space group
C2/c, Z=4. Under UV radiation, germanates exhibit the
luminesce in the range of 450—730nm. The luminescence
spectra of BayGd;gs_yTbg 1sEuyGesO13 contain the
typical peaks of the Eu®" ions caused by transitions
from the Dy level to ’F; (J=0—4) states as well as
peaks associated with transitions in the Tb* ions from
the °Dy4 level to ’F; (J=3—6) states. It has been
found that Ba,Gd; 75Tbg 15Eug 1Ge4O;3 has the maximum
luminescence intensity in the range of 480—650nm.
Chromaticity coordinates and correlated color temperature
have been calculated for all samples, the investigations have
shown that Ba,Gd;.gs—yTbo 15EuyGesO13 phosphors are
promising materials with adjustable emission color.

For the Ba;Gd; 75Tbyg 15Eug.1GesO13 sample, dependence
of the optical characteristics from temperature has been
studied. It has been found that the temperature increase
leads to the growth of |03—40nm (Eu>")/1 530—s60mm (TH>1).
Calculated sensitivities reach the maximum values at room
temperature and are equal to 0.34% xK~! (S,) and
O.IS%XK_I (S() For BazGd1,75Tb(),15EU0,1G€4013, lu-
minescence decay curves have been also measured for
radiation with Aey, = 614 nm (transition Dy —7 F, in Eu3*)
and Aem = 542nm (transition Dy —7 Fs in Tb’*), the
calculated lifetime gradually decreases in both cases as the
temperature grows.
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