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The aim of research is to study the new method of thermochemical synthesis of yttrium-aluminum garnet luminescent powder, ceri-
um doped (Y;Al50,,:Ce’”, YAG:Ce) using the nitric acid salts of yttrium, aluminum and cerium, with the mixture of carbamide and hexa-
methylenetetramine used as fuel. Synthesis was performed in a microwave oven with the power of 800 W and frequency 0;2450 MHz in a
porcelain crucible closed with a perforated heat-resistant cover. The average size of coherent scattering region (! gSR) of YAG:Ce particles
(nominal diameter D) obtained in the crucible during the microwave heating is 50.3 nm. It has been established that when YAG powder is
produced by burning, the reaction cup reaches the temperature sufficient for Y;A1s0,, compound synthesis, and that the reducing environ-
ment arising due to the combustion of the organic mixture contributes to formation of Ce ions in tricharged state. Further calcination of the
resulting powder at the temperature of 450, 900 and 1100 °C in the open air leads t(;formation of practically single-phase YAG structure.
The radiation spectrum of the obtained YAG:Ce luminescent powders has a wide bandwidth caused by the energy transitions of Ce3" ion in
the garnet structure between 490 and 750 nm at LED excitation at 450 nm. It corresponds to yellow-green radiation that with blue LED
radiation creates the sensation of white light. The highest intensity of the yellow-green luminescence is reached by the YAG:Ce powders
calcinated at 900 °C in the open air.

Keywords: yttrium aluminum garnet, cerium ions, nanostructure, sol-gel burning

CHUHTE3 HAHOCTPYKTYPUPOBAHHOI' O UTTPUH-AJTIOMUHUEBOI'O
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Tomenvckuit 2ocyoapcmeennslii mexnuueckuil ynueepcumem, I'omenn, benapyce
‘Benopycckuii 2ocyoapcmeennblii mexnonozudeckuii ynugeepcumem, Munck, benapyce

Lenv pabomer — usyuerue H068020 cnOCO6A MEPMOXUMULECKO20 CUHMESA TIOMUHECYUPYIOWE20 NOPOUIKA UMMPUL-ATIOMUHUEE020
epanama, akmusupoeanno2o uonamu yepus (Y3A150;;: e’ YAG:Ce) ¢ ucnonvzosanuem a30mHOKUCTbIX CORCU UMMPUSL, ATIOMUHUS U Ye-
pusl, a 8 kayecmee 2oproye2o — cmecu Kapoamuoa u eekcamemunenmempamuna. Ipoyecc cunmesa ocywecmensiau ¢ CBY-newu npu mowHo-
cmu 800 Bm u uacmome 2450 MI'y ¢ ¢papghoposom muene, 3aKpbimom nephopuposantol mepmocmouxou kpviuikou. Cpednuil pasmep
obnacmu koeepenmnozo paccesnus (OKP) yacmuy (ycrosnwiii ouamemp D) ons YAG:Ce, nonyyennoeo 6 muene npu CBY — naepese, co-
cmasnsiem 50,3 Hm. Yemanoeneno, ymo npu noxyuenuu nopouiKa YAG:ge MemoOOM 20peHUs 6 PEAKYUOHHOM COCYOe Pa36UBaemcs memne-
pamypa, oocmamoyHas ons cunmesa coeounenus Y;AlsO;,, a éoccmanosumenvhas cpeda, 803HUKAIOWAS NPU 2OPEHUU OP2AHUYECKOU cMe-
cu, cnocobemeyem ghopmuposanuio uonos Ce 6 mpexsapsaoHom cocmosnuu. Jlanbreiiuiee npoKaiusaHue nowy4eHHO20 NOPOuKa npu memne-
pamypax 450, 900 u f 1 0({7 °C Ha 8030yxe npugooum K gpopmuposaruio npaxmuiecku ooHogasHot cmpykmypol YAG. Cnekmp usnyueHnus
noiyuenHbix nopoutkos momunogopa YAG:Ce OemoHcmpupyem wupoKylo nonocy, 00yClO6IeHHYI0 IHep2emuyecKumMu nepexooami UoHa
Ce’" 6 cmpyxmype epanama, mencoy 490 u 750 nm npu 6036yscoenuu ceemor)uogo,w na 450 um. dmo coomeemcmesyem dcermo-3eneHomy
UBTYUEHUIO, YO 6Mecme C CUHUM UTyYeHueM c6emoouoda cozoaem owyujenue benoeo ceema. Haubonvuiyio unmencugnocmo dicenmo-
3enenoti momunecyenyuu demoncmpupyiom nopouiku YAG:Ce, npoxanennvie npu 900 °C 6 6030ywnoii cpede.

KiroueBsble ciioBa: M}OMOHTTPHCBLIﬁ T'paHaT, HOHBI LEPU, HAHOCTPYKTYpA, 30JIb-I'€JIb TOPEHUE

MIKROTO'LQINLI PECHDA ZOL-GEL-KUYDIRISH USULIDA FAOLLASHGAN
SERIY IONLARINI YORDAMIDA NANOSTRUKTURALI ITTRIY-ALYUMINIY
GRANAT SINTEZI
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Andrey A. BOIKO' (boiko@gstu.by)

Ekaterina E. TRUSOVA® (trusova@belstu.by)

Ekaterina R. KRAVSOVA’ (katakl 623@gmail.com)
ISuxoy davlat texnika universiteti Gomel, Gomel, Belarus
’Belarus davlat texnologiya universiteti, Minsk, Belarus

Ishdan magsad seriy ionlari (Y;Al;0,,:Ce’*, YAG:Ce) bilan faollashtirilgan lyuminestsent ittriy-alyuminiy granat kukunini itriy,
alyuminiy va seriyning nitrat tuzlari hamda yoqilg'i sifatida karbamid va geksameti;:zntetmmin aralashmasi yordamida termokimyoviy
sintez lgi ishning yangi usulini o ‘rganishdan iborat. Sintez jara)yoni mikroto'lqinli pechda 800 Vt quvvatda va 2450 MGts chastotada teshikli
issiqlikka chidamli qopqoq bilan yopilgan chinni tigelda amalga oshirildi. Mikroto'lginli pechda tigel yordamida qizdirish davomida olin-

an YAG:Ce uchun zarrachalarning kogerent sochilish mintaqasining (CSR) o'rtacha kattaligi (shartli diametr D) 50,3 nm. Qizdirish yo'li
gilan YAG:Ce kukuni hosil bo'lganda, reaksiya idishida Y;AlsO;, birikmasini sintez gilish uchun yetarli bo'lgan harorat paydo bo'ladi va
organik aralashmaning yonishi vaqtida aydg bo'ladigan qaytaruvchi muhit Ce ionlarining hosil bo'lishiga uch marta zaryadlangan holat
yordam berishi aniglandi.. Olingan kukunni havoda 450, 900 va 1100°C haroratda keyingi qizdirish §eyarli bir fazali YAG tuzilishini
shakllantirishga olib keladi. Natijada paydo bo'lgan YAG:Ce fosfor kukunlari emissiya spektri 450 nm LED tomonidan qo'zg'atilganda
granat tarkibidagi Ce®” ionining energiya o'tishlari natijasida yuzaga keladigan 490 va 750 nm keng diapazonni ko'rsatadi. Bu sarig-yashil
emissiyaga mos keladi, LEDning ko'f emissiyasi bilan birga oq yorug'lik tuyilishini yaratadi. Sarig-yashil lyuminestsentning eng yuqori
intensivligini 900 °C neytral muhitda qizdirilganda YAG:Ce kukunlari ko'rsatadi. .

Kalit so'zlar: itriy alyuminiy granatasi, seriy ionlari, nanostruktura, sol-gel yonishi
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Introduction

Ultra-dispersed luminophores based on
yttrium-containing oxide systems are widely used
in display devices: computer screens, scoreboards,
and TV screens (Y,0;3:Eu, Y,0;:Tb), in the pro-
duction of transparent ceramics for lasers and
scintillators (Y,O3:Er, Nd ) [1-4]. The anti-stokes
luminescence of yttrium-based materials is active-
ly used in the field of intellectual property protec-
tion (YVO4:Eu) [5], in the solar cells (Y,0;, YOF)
[6], in biosensors (Y,03:Yb) [7] and thermometry
(Y203:Eu, Tb, Tm) [8]

Many years of worldwide research
(including the 2014 Nobel Prize in Physics for the
invention of blue light-emitting diodes and bright
white light sources) led to development of a new
class of lighting devices based on the nitride semi-
conductor structure covered with yellow lumino-
phore, emission of which is perceived by the eye
as white light. The cerium-doped microcrystalline
yttrium-aluminum garnet powders Y3Als0;,:Ce’
(YAG:Ce) [9, 10] are most commonly used as yel-
low luminophore.

The advantages of ultradisperse powders
in high-power LEDs and light transducers remote
from the emitting crystal comprise lower light dis-
sipation on the small luminophore particles, re-
duced consumption of luminophore and homoge-
neous distribution of compound [11, 12]. There-
fore, the objectives are to produce nanosized lumi-
nophores and, at the same time, to reduce the cost
of the products by developing energy-saving
methods for their production. Industrial methods
for luminescent garnet powders synthesis are
based on the energy-consuming direct synthesis
reactions from relevant oxides that require high
sintering temperatures (1500-1600 °C) under con-
ditions of gas reducing environment.

There are numerous options of low-
temperature synthesis of YAG:Ce-based ultra-
disperse luminophores: sol-gel process [13, 14],
coprecipitation of hydroxides [15-17], thermo-
chemical synthesis [18]. Synthesis of oxide lumi-
nophores based on nitric acid salts being burnt in
various organic compounds is attractive due to its
simplicity, low cost and possibility of use for mix-
ture ignition with both hear and microwave energy
[19, 20]. In the view of the above-mentioned, de-
velopment of new options for production of
YAG:Ce-based ultra-disperse luminophores, com-
prising the ones that are promising for vitrocrys-

talline [21, 22] and ceramic light transducers [23,
241, is of great scientific and practical importance.
The research focuses on development of
new method of YAG:Ce luminescent powder syn-
thesis by method of sol-gel burning in microwave
oven with the use of nitric acid salts of yttrium,
aluminum and cerium, and the mixture of car-
bamide and hexamethylenetetramine as a fuel.

Research methods

Thermochemical synthesis of cerium-
doped yttrium-aluminum garnet to produce lumi-
nescent powder with chemical composition

Y1.04Ce0,06Al501,, which is considered optimal for
obtaining efficient luminescence in the yellow-green
spectrum when excited by blue LED with wave-
length of 450 nm [25], it has the following stages:
weighing components 23.0 g Y(NO;);-6H,0, 38.0 g.
AI(NO3)39H20, 1.0 g. CC(NO3)36H20, 21.6 g.
CH4N,O, dissolution of reagents in 30.0 mL of dis-
tilled water, adding 2.4 g of hexamethylenetetramine
into the mixture. Hexamethylenetetramine
(CH3)¢Ny4) added to the mixture acts as initiator of
the combustion reaction. Next, components are
mixed till mixture becomes translucent, and the
resulting sol is placed in a heat-resistant glass into
the temperature cabinet with the temperature of
80 °C. When being stirred, within 1.5-2 hours the
sol increases its concentration till it reaches the
viscous gel texture.

Gel is then placed in a porcelain crucible
closed with a perforated ceramic lid and put into a
domestic microwave oven SAMSUNG MS23F
with the radiation frequency of 2450 MHz, with-
out rotation. After 3—5 minutes at the power of 800
W, a turbulent thermochemical reaction starts in
the crucible, with gases and water vapour being
released. The spongy structure of the foam-like
product easily breaks down into separate agglom-
erates and is ground in a planetary ball mill Pul-
verizette (Germany) in a zirconium dioxide glass
for 15 min.

The differential thermal analysis (DTA)
measurements have been performed by Q-1500D
derivatograph (Hungary). The heating range was
up to 1000 °C.

The crystal structure was investigated by
X-ray diffraction (XRD) measurements using dif-
fractometer DRON-7.

SEM/TEM measurements have been per-
formed by Vega II LSH microscope, Tescan and
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JEM 2100 transmission microscope (JEOL, Ja-
pan).

IR spectroscopy was performed on
Specord—IR-75  spectrophotometer. Measure-
ments range was 500-4000 cm™.

Luminescence spectra were registered
with SDL-2 spectrometer, adjusted so as to take
into account the spectral sensitivity of the regis-
tration system and distribution of the stimulating
radiation spectral density. The luminescence spec-
tra of obtained powders were examined during
luminescence excitation with a mercury lamp
light with a filter at a room temperature.

Results and Discussion

When being burnt, the gel-like mixture of
nitrate salts of aluminum, yttrium, cerium with
reducing agents produces a bright yellow foam-
like product that is carried as fibres with the flow
of reaction gases to the surface of the ceramic lid
of the crucible (Fig. 1, a).

The Figure 1, b shows the SEM-images of
agglomerated powder before it is ground. The
size of agglomerates is 2—5 pm. The agglomer-
ates have a large number of pores, voids formed
during the combustion process due to the emis-
sion of gases.

Chemical reactions during the synthesis
of yttrium-aluminum garnet with carbamide used

a

as fuel are as follows at the first stage of the syn-
thesis, complex compounds are formed of yttrium
and aluminum nitric acid salts with carbamide,
which soon decompose producing yttrium and
aluminum oxides, with gas and water vapour be-
ing thereby released [26]:

2[Y(NO3)3-3CO(NH;),] — Y203 +3CO, +
+ 24N, + 12H,0 (600 — 700 °C)

2[A1(N03)36CO(NH2)2] — 9—A1203 + 6C02 +
+ 9N, + 12H,0 (800 — 900 °C)

At the temperature of about 900 °C, reaction be-
tween yttrium and aluminum oxides starts, with a
number of intermediate steps. The overall reaction
of the garnet synthesis for anhydrous salts and
carbamide as fuel can be given as follows [27]:

3Y(NO3)3 + 5A1(NO3)3 + 20C0(NH2)2 i
—>Y3A15012 + 20C02 + 40H20 + 32N2

At incomplete reaction of garnet phase
formation at rapid combustion impurities of per-
ovskite YAIO; and yttrium aluminum monoclinic
Y4ALLOg [28] can be formed in synthesized pow-
der.

Carbamide with cerium nitrate also forms
hydrates coordination compounds [Ce(H,O),(CO

b

Figure 1. Synthesized YAG:Ce sample: a — fibers on crucible lid;
b — SEM-images of agglomerated powder.
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Figure 2. Diffractogram of the YAG:Ce powder:
1 — precursor without calcination; 2 — powder after calcination at 1100 °C (1 hour).

(NH2)2(NOs);] that, if heated above 900 °C, de-
compose producing trivalent cerium oxide Ce,0;
[29]. Cerium ions replace part of yttrium ions in
the lattice nodes, thus contributing to the for-
mation of yttrium-aluminum garnet luminescent
powder.

Diffractogram of the YAG:Ce powder
sample produced by combustion in the nitrate-
carbamide mixture in microwave oven confirm

presence of impurities, therefore, additional calci-
nation at temperatures of 650, 900 and 1100 °C
was performed in the open air in order to study
temperature effect on the powders composition
and their luminescent properties.

During the first stage, free and sorbed water
is removed at the temperature range of 20-120 °C
(endothermic process), at the second and the third
stages (180280 °C) the carbamide-oxide com-

04
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Figure 3. DTA of the heating process of a gel mixture of nitrate salts, urea and HMTA
in the range of 20-1000 °C.
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Figure 4. Infrared spectra of powders, obtained by combustion in a microwave oven and calcined for 1 hour at
the following temperatures: 1- 650, 2 — 900, 3 — 1100 °C.

plexes of yttrium, aluminum and cerium are
formed, and later, when the mixture is ignited
(280-300 °C) , the intensive combustion reaction
starts, with a sudden rise in the temperature and a
decrease in the mass. The crystalline phases of
the yttrium-aluminium oxides appear to be
formed thereby, the main one being the Y;AlsOy,
phase. Then follow the reactions of the nitric acid
residues removal and the slow burnout of the or-
ganic impurities (330450 °C). At the same time,
the mass of the samples decreases dramatically,
and after 450 °C remains almost unchanged,
which proves the absence of thermal effects till
temperature of 1000 °C. The mass loss of the gel
mixture exceeds 90%. Thus, derivatographic ex-
amination confirms formation of the crystalline
phases at the temperature of 280-300 °C, the
main phase being the garnet phase.

Analysis of the infrared spectra of pow-
ders received by gel-like mixture being burned in
the microwave oven and calcified in the open air
at the temperature of 650, 900 and 1100 °C shows
that the wide band at 3200-3600 cm™ corre-
sponds to vibrations of groups (O—H) adsorbed on
porous particles of the crystalline phase, 1500 cm’
! band is related to the asymmetric oscillations of
- CH, groups, 1600 and 1380 cm™ band is associ-
ated with asymmetric and symmetric oscillations
of NO™ groups [31], respectively (Fig. 4).

The intensity of these bands decreases as
calcination temperature increases, confirming ad-

sorbed gas removal process. The absorption peak
at 2300 cm™ is due to fluctuations in C—O bond
formed at intense burnout of organic components
and penetration of the carbon impurities in the
crystalline structure [27]. Furthermore, the peaks
at 567, 706 and 783 cm’ are characterized by fluc-
tuations in metal-oxygen bonds (Al-0O), (Y-O)
[32], the intensity of which increases with increase
in the calcination temperature, which proves con-
tinuation of crystalline structure formation.

Figure 5 shows the luminescence curves of
powders depending on the calcination tempera-
ture. It is known that Ce ion can be located in
Y,0; sublattice, partially replacing yttrium ions in
3 and 4 charge state [33]. However, C*" ion is op-
tically inactive and does not form corresponding
levels in the energy pattern. In YAG:Ce lumines-
cence spectrum, a wide band caused by the energy
transitions of Ce’" ion in the structure of the gar-
net is between 490 and 750 nm and corresponds to
yellow-green radiation, which creates sensation of
white light with LED blue radiation.

From analysis of fig.5, it is obvious that
increase in the temperature of YAG:Ce powder
treatment within the range of 650-1100 °C in air
environment leads to increase in intensity of the
luminescence up to temperature of 900 °C. At the
same time, structure ordering, crystals growth,
crystals specific surface reduction, volatilization
processes occur. However, when the calcination
temperature rises to 1100 °C, luminescence inten-
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Intensity, a.u.
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Figure 5. Luminescence spectra of powdered YAG:Ce samples depending on the calcination temperature,
Aex =450 nm.

sity decreases. This is likely due to increase of the
four-charge cerium ions share in the yttrium oxide
sublattice in oxidizing atmosphere and, conse-
quently, due to decrease of the share of Ce*" ions
that emit yellow-green luminescence in the 530—
590 nm wavelength range (curve 3).

Conclusion

Novel method has been developed for the
thermochemical synthesis of cerium-doped yttri-
um-aluminum garnet luminescent powder with the
use of nitric acid salts of yttrium, aluminium and
cerium and mixture of carbamide and hexamethyl-
enetethramine as fuel. The synthesis process was
performed in a microwave oven with the power of
800 W and the frequency of 2450 MHz in a porce-
lain crucible closed by a perforated heat-resistant
lid.

Pursuant to X-ray fluorescence analysis it
was determined that the average size of a cohesive
particle dispersion area for YAG:Ce produced in

crucible during microwave heating is 50.3 nm, and
0.8 um when the powder is calcified in the air at
1100 °C. The reaction cup reaches a temperature
sufficient for synthesis of Y;Als0;; compound and
penetration of cerium ions into the structure of the
garnet in a three-charge state. The calcination of
the powder at 450, 900 and 1100 °C in the air leads
to formation of a practically single-phase YAG
structure, and a small amount of the perovskite
impurity phase does not lead to significant change
in the spectral luminescent properties. YAG:Ce
luminophore emission spectrum, when excited by a
450 nm LED, gives a wide band between 490 and
750 nm that corresponds to the yellow-green radia-
tion that with blue LED radiation creates the sensa-
tion of white light. The highest intensity of the yel-
low-green luminescence is shown by YAG:Ce
powders calcinated at 900 °C in the air. This ap-
pears to be due to increase in the share of four-
charge cerium ions in yttrium oxide sublattice dur-
ing the treatment in the oxidizing atmosphere.
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