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Abstract: Samples of Lu,05:Eu?t (3 at. % Eu) and Lu,05:Sm3* (1 at. % Sm),
were prepared via the polymer complex solution method using poly(ethylene
glycol) as the fuel and as nucleation agent for crystallization process. Knowing
that lutetium oxide has high chemical stability and temperature resistance, in
this study, the possibility for its application in high-temperature phosphor ther-
mometry was investigated. This non-contact technique uses the thermal depen-
dence of phosphor fluorescence to measure temperature remotely. The struc-
tural and morphological properties were investigated by X-ray powder diffrac-
tion (XRPD) analysis and transmission electron microscopy (TEM). The ob-
tained results confirmed that this synthesis yields the desired crystalline struc-
ture with particle sizes in the range from 30 to 50 nm. Photoluminescence
emission measurements were recorded in the temperature range from ambient
up to 873 K. The obtained results demonstrated the performance of Eu?*- and

Sm3*-doped Lu,Oj5 as high temperature thermographic phosphors of very good
sensitivity.
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INTRODUCTION

Rare-earth luminescent phosphor represents a very important group of mate-
rials since they find application in biomedical multicolor imaging, scintillators,
high-energy physics, lamps and display devices, etc.1=5 Recently, their applica-
tion as temperature sensors has become very popular. In order to obtain an opti-
cal temperature sensor with appropriate characteristics, it is necessary to choose
an adequate optically active ion and a suitable host matrix. Rare earth ions, such
as Eu3*, Sm3*, Er3*, Tm3*, Ho3* and Nd3*, are luminescent activators that have
coupled energy levels required for application in optical temperature sensors.
These ions accommodate easily into a variety of different host materials. It is

* Corresponding author. E-mail: dramican@vinca.rs
doi: 10.2298/JSC121021140L

1735

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




1736 LOJPUR et al.

known that rare-earth sesquioxides are significant host materials due to their
good chemical stability, thermal conductivity and high light output. Among
them, lutetium oxide LuyOj3 represents a promising matrix material because of
the high band gap between the valence and conduction bands (=5.8 eV), high
melting point (<2763 K), very high mass density (=9.42 g cm3) and large atomic
number (Z = 71) that contributes to a high stopping power for ionizing radiation.
In addition, LuyOs3 has a cubic bixbyite crystalline structure with space group /a-3
which is isostructural with the well-known Y03 structure.6-8

In order to avoid potential problems that could occur during synthesis in the
solid phase, such as non-homogeneity, imprecise control of the cation stoichio-
metry and high processing temperature, it is more convenient to use wet chemical
processes, such as hydrothermal synthesis, sol—gel, spray pyrolysis, co-precipi-
tation, combustion synthesis, pulsed vapor deposition, etc.”~15 In this study, the
polymer complex solution (PCS) method, which is very simple, fast and cost-ef-
fective, was used. The PCS preparation procedure provides powders composed of
well crystalline and uniform in size nanoparticles, which is a prerequisite for ob-
taining high-quality, transparent ceramics. The utility of the polymeric approach
comes from the coordination of metal cations onto the poly(ethylene glycol)
(PEG) chains during the gelation process, resulting in very low cation mobility.
In this way, PCS provides mixing of constituting elements at the atomic level and
allows homogeneous control of very small rare earth concentrations, providing in
this way, a uniform structure of the materials.16

Thermographic phosphors (TPs) are oxides doped with rare earth or tran-
sition metal ions that emit visible, infrared or UV radiation upon excitation from
an external energy source. Their luminescent properties, such as the positions and
widths of the luminescence peaks, the intensities of the luminescence lines and
decay lifetimes of luminescence, change with temperature. The fluorescence in-
tensity ratio (FIR) method is based on the intensity ratio between two emission
lines or areas in the PL spectrum. This technique is flexible and successful in
measuring temperatures where conventional methods employing pyrometry, ther-
mocouples or thermistors, may prove to be unsuitable. The intensity, wavelength
or lifetime (duration of light) of the detected emission is used to determine the
temperature of a surface. This approach is very precise, simple, non-intrusive
with a wide temperature range (from 10 to 2000 K).17.18

Using this technique, very good results were previously obtained by mea-
suring and comparing peak intensities and areas in different host matrixes.19:20
Although, according to the literature, LuyO3 proved itself to be a host material
that gives better luminescent properties in comparison to Y,0O3, it has not been
sufficiently studied.2! Hence, in the present study, Lu,O3 doped with either 3 at. %
Eu3* or 1 at. % Sm3* prepared by combustion synthesis were elaborated as opti-
cal temperature sensors in the range from 293 to 823 K.

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




Eu** AND Sm** DOPED Lu,0; NANOPHOSPHOR 1737

EXPERIMENTAL

Lutetium oxide doped with either 3 at. % Eu?* or 1 at. % Sm?* was fabricated by the
polymer complex solution method. The starting materials, Lu,03, Eu,03 and Sm,0; (all Alfa
Aesar, 99.9 %), were appropriately measured and dissolved in hot nitric acid. To the obtained
solutions, PEG (Alfa Aesar, My = 200) was added in a 1:1 mass ratio to the starting oxides,
whereby metal-PEG solutions were formed. The solutions were continuously stirred at 80 °C
for a few hours until solid complexes were formed that were subsequently combusted at 800
°C in air for 2 h, giving white powders as the resulting products.

The phase composition was investigated by X-ray powder diffraction analysis (XRPD)
on a Philips PW 1050 instrument, using Ni filtered CuKa, , radiation. The diffraction data
were recorded in the 26 range from 10° to 120° counting for 12 s in each 0.02° step. The mic-
rostructure at the local level was analyzed by the TEM technique using a Philips/FEI CM300
electron microscope operating at 300 kV. The photoluminescence spectra were collected
under the excitation light of a 450 W xenon lamp on a Fluorolog-3 model FL3-221 (Horiba
Jobin-Yvon) spectroflurometer (Aq,.(Lu,O3:Eu) = 393 nm and A, (Lu,O3:Sm) = 406 nm),
elevating the temperature from ambient to 823 K in steps of 50 K.

RESULTS AND DISCUSSION

The X-ray diffraction pattern for the LuyO3:3 at. % Eu sample is shown in
Fig. 1. The XRD analysis confirmed that during calcination at 800 °C the sample
crystallized in a cubic bixbyte crystal structure with the space group /a-3. The
peak positions were indexed according to the JCPDS card No. 12-0728 for the
cubic LuyO3 structure. The narrow peaks of high intensities imply good crystal-
linity of the sample.
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Fig. 1. XRD Pattern of Lu,05:3 at. % Eu?" nanopowder sample with diffraction peaks indexed
according to JCPDS card No. 12-0728.
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The morphology of LuyO3:3 at. % Eu3*™ sample analyzed with transmission
electron microscopy (TEM) is presented in Fig. 2. The micrograph revealed the
presence of agglomerates that consisted of nanoparticles in the range from 30 nm
to 50 nm. High-resolution TEM (HR-TEM) showed a good crystalline structure
without any irregularities, which are in good agreement with results obtained in
the XRD measurements.

Fig. 2. Bright field image showing agglomerates of the powder sample with particle sizes
ranging from 30-50 nm (A) and high-resolution images of constituting
nanosized particles (B).

The FIR method is based on the selection of two emission lines from photo-
luminescent spectra and estimation of the temperature based on the ratio of their
intensities. Two lines are considered appropriate for the intensity ratio method if
they both have strong emission intensities over the whole temperature range and
if their intensity ratio gives high temperature resolution.?? This approach elimi-
nates a number of errors arising from fluctuations of the excitation light source,
temperature changes of excitation bands and non-uniform dopant concentrations.
A special case of the FIR measurement technique involves using the fluorescence
intensities from two closely spaced, “thermally coupled” energy levels, the rela-
tive population of which follows a Boltzmann type population distribution and is
dependent on the temperature and the energy gap. Here, the ideal case was used,
where the intensity of one of the emission lines is independent of temperature
(internal reference); in this way, a calibration between the ratios of emissions is
indicative of temperature. The main mechanism behind this phenomenon is ther-
malization: when two energy levels of the RE activator are closely separated by a
difference of approx. 1000 cm™!, the upper level will not emit fluorescence at
low temperatures due to the high multi-phonon relaxation that quenches the energy.
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With increasing temperature, the upper level becomes more populated and there-
fore the fluorescence from this level gradually increases at the expense of that of
the lower level population.23 The relative population between the two levels, R,
which follows a Boltzmann-type population distribution, is given by:

R =—==Cexp(—— 1
I (=) (D
where k is the Boltzmann constant, k= 0.695 034 76(63) cm™! K1, and AE = E3,
is the energy gap between two excited levels (upper i = 3, lower i = 2, ground i = 1).
The rate at which the ratio R changes with temperature represents the sensor

S= dr

sensitivity, S:
AE
—|=R 2
dr (szj @

For Eu3*, temperature could be determined using the FIR technique for the
5Dy — 7F; and Dy — 7F; transitions that have separation of approx. 1700 cm™!
(Fig. 3a). At higher temperatures, the population of the Dy level increases at the
expense of the 5D level population, causing an enhancement of emission inten-
sity from the SD; — 7F; transition. The photoluminescence emission spectra of
the (Lup03):3 at. % Eu3" sample under excitation of 393 nm in the temperature
range from 293-823 K are presented in Fig. 3b. Four characteristic emission
bands from Eu3* localized at around 580, 593, 611, 656 and 708 nm can be as-
signed to the 5Dy — 7F; (i = 0, 1, 2, 3 and 4) spin forbidden f-f transitions,
respectively. The peak at 533 nm can be assigned to the 5D; — 7F; transition.
Obviously, at higher temperatures, the intensities of the emission band strongly
decrease.

Dependence of emission intensities at 533, 580, 593 and 611 nm with tempe-
rature for LuyO3:3 at. % Eu3" sample are presented in Fig. 4. It is obvious that
the peaks centered at 533, 580 and 593 nm are independent of temperature, while
the peak centered at 611 nm gradually decreases with increasing temperature and
exhibits a maximum value at 300 K.

The FIR relation was checked by recording the emission spectra at different
temperatures from 293 to 823 K and the results are shown in Fig. 5. From the fit
of these experimental data according to Eq. (1), the values C = 3.06 and AE =
= 1596 cm! were found, with a goodness of fit R2 = 0.9993. The maximum sen-
sor sensitivity calculated according to Eq. (2) is approximately 6 x 10~4 K- at
823 K.

In the case of the LuyO3:1 at. % Sm3* sample, a schematic representation of
the characteristic transitions is provided in Fig. 6a. Photoluminescence emission
spectra of the sample under excitation of 406 nm in the temperature range from
293-823 K are presented in Fig. 6b. Three emissions at 578, 608 and 656 nm are
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Fig. 4. Temperature dependant variations of the selected peaks’ intensity centered at 533, 580,

593 and 611 nm for Lu,05:3 at. % Eu?' sample. The sizes of the symbols represent
the error of the measurements.

ascribed to the 4Gs, — ©Hs)n, ®H7)p, ®Hg), transitions of Sm3™, respectively. As
internal reference, the 4Gs, — ©Hsp transition (emission line at 578 nm) was
chosen.

The dependence of the emission intensities at 578, 608, and 656 nm on tem-
perature for LupO3:1 at. % Sm3* sample are presented in Fig. 7. In this case, the
peaks centered at 608 and 656 nm gradually decreased with increasing tempera-
ture, while the peak centered at 578 nm showed irregular behavior with changing
temperature.

The FIR of the emission at 578 nm relative to the emissions at 608 nm and
656 nm was checked by recording the emission spectra at different temperatures
from 293 to 873 K and the results are presented in Fig. 8. From the fit of the
obtained experimental data to Eq. (1), values of C = 8.02 and AE = 842.8 cm!
were found for 4Gs;» — ®Hs)p, ®Hgn, and C = 4.16, AE = 972.4 cm™! for the
4G5/, — ®Hsjp, ©H7)5 transition ratio, with goodness of fits of 0.9871 and 0.9912,
respectively. The maximum sensor sensitivities were approximately 3.6x10-3 K1
at about 580 K for the 4G5/, — ®Hs)», ®Hg/, ratio and 1.6x10~3 K-! at about 700
K for the 4G5/ — ®Hs)p, 6H7/; ratio.
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Fig. 5. FIR of the D; — 7F, and °D, — 7F, transitions for 3 at. % Eu3"
as a function of temperature.
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CONCLUSION

Lutetium oxide doped with either Eu3* or Sm3" was synthesized via the po-
lymer complex solution method. The FIR technique was used to examine poten-
tial use of these materials in high-temperature phosphor thermometry. For Eu3*,
the emission intensity was monitored with increasing temperature for the main
transitions 5D; — 7F; and 3Dy — 7F,, and detected the maximum sensitivity of
approximately 6x10~4 K-! was detected at 823 K. For the Sm3* ion, the 4G5, —
— 6Hsp, ®Hoy and 4Gsy — ©Hsjn, ®H7» emission intensities were tracked and
the maximum sensitivities of 3.6x10-3 and 1.6x10~3 K-! were found at about
580 K and at about 700 K, respectively. Based on these results, it is evident that
these materials could be used as temperature sensors at elevated temperatures.

Acknowledgement. This research was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia through Project Numbers
45020 and 171022.

U3BOJ
TEPMOTPA®CKA CBOJCTBA Eu’* ¥ Sm** HOOIMUPAHOT Lu,03 HAHO®OCPOPA

BECHA JIOJIIYP, XKEJbKA AHTHUR, PAIEHKA KPCMAHOBHWR, MUHA MEJIUR, MAPKO I'. HUKOJIMh
u MHUPOCJIAB [I. IPAMURAHUH

Hncmuinyi 3a HykieapHe nayxe Bunua, Ynueep3uitieii y beoipagy, 4. ip. 522, 11001 Beoipag

Yaopuu Luy05:Eu3* (3 at. % Eu) u Luy05:Sm3* (1 at. % Sm), cy npunpembeHH Me-
TOZIOM NOJIMMEPHOT KOMIUIEKCHOT pacTBopa y3 KopHulrhemwe IMoMMeTHIeH INIMKOJIa Kao ropusa
¥ HyK/IealJHOHOT areHca 3a Inpolec KpucTanusanuje. Y3umajyhu y od3up ma myTenujym-oKkcun
HUMa BUCOKY XEMHjCKY U TeMIepaTypCKy CTadWIHOCT, y OBOM pafy UCTPakKWiIu CMO Moryh-
HOCT 1EroBe NMpUMeHe 3a BUCOKO-TeMIIepaTypcKy TepMoMeTpHjy. OBa TepMOMETpHjcka Me-
TOZla je 3acHOBaHa Ha TeMIEpaTypCKoj 3aBUCHOCT QuiyopecueHle docdopa. CTpyKkTypHa U
Mopdoromika CBOjCTBA Cy WCMUTaHa KopuinheweM mudpakudje X 3paka U TPaHCMHUCHOHE
eJIeKTPOHCKe MHUKpOCKomnuje. [lobujeHn pesysiTaTd Cy NOTBOWIM fa NpUMemheHa MeTolla CHH-
Te3e Jaje Y30pKe JKebeHe KPUCTalHe CTPYKType, ca YecTullaMa Ipaxa npevyHuka of 30 o 50
nm. PoToTyMUHECLIEHTHA Mepewa Cy M3BefleHa Yy OICcery o codHe TemepaType mo 873 K.
OcTBapeHH pesynTaTd mokasyjy Aa Eu* u Sm3+ gomupan Lu,05; uma nob6pe nepdopmance
K20 BHCOKO-TEMITepATypCcKu Tepmorpadcku docdop.

(ITpumibeHo 21. okrodpa, peBuaupano 8. nenemdpa 2012)
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