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Synthesis, the study of the structure of YAG
and YAGG phosphors in the radiation field

In the present work, an attempt is made to synthesize a phosphor using powerful hard radiation fluxes. The
surface, elemental composition, structure, and luminescent characteristics of the obtained YAG:Ce ceramics
were studied. Ceramics have a heterogeneous structure. The main phase of the obtained ceramics is YAG,
which ranges from 72 to 91 % of the total volume of samples. The remaining volume of the samples consists
of the ALL,O; and CeO, phases. The synthesized ceramics has the characteristic properties of YAG:Ce,
YAGG:Ce phosphors. The surface condition and elemental surface composition of the synthesized ceramic
sample were studied using a scanning electron microscope. The images showed that there are particles with a
well-defined faceting, which indicates the formation of microcrystals. X-ray diffraction analysis of the syn-
thesized ceramic samples was carried out on a diffractometer. X-ray diffraction analysis showed that the re-
sulting ceramic has a high degree of crystallinity. The quantitative phase dependence was determined in the
TOPAS-4.2 program. The results of measuring the luminescence spectra measured upon excitation of the
specimen split surface are presented. The maximum luminescence of Y AG:Ce ceramics accounts for 555 nm,
the half-width of the band is 0.45 eV. In YAGG:Ce ceramics, the luminescence maximum at 555 nm, the
half-width of the band is 0.48 eV.

Keywords: white LEDs, yttrium-aluminum garnet, phosphor, ceramics, synthesis in the radiation field.

1 Introduction

White light-emitting diodes (LEDs) are considered a good lighting devices due to their unsurpassed
qualities, such as energy saving and long service life [1, 2]. In the most common LEDs, the blue radiation of
the chip is converted into yellow by the phosphor. The combination of blue chip radiation and yellow
phosphor gives white light. As phosphors, microcrystalline powders of yttrium-aluminum garnet (YAG:Ce),
activated with cerium, are most often used [2—4].

YAG:Ce®" phosphor emits in the range of 500-700 nm, the luminescence maximum is 550 nm [5]. The
quantum efficiency of YAG:Ce®* phosphor radiation can reach 85 % [6].

YAG:Ce phosphor is most often synthesized from metal oxides under extreme conditions: thorough
mixing of the initial powders, high temperatures during sintering, crushing to the desired size, annealing at
high temperatures. The reproducibility of the synthesis with this technology is clearly insufficient. Therefore,
other methods are being developed: sol-gel method [7], combustion method [8], coprecipitation [9] and
others. But all the methods of synthesis still end with high-temperature annealing. In the practice of
industrial synthesis is dominated the method of solid-state reaction as the cheapest.

In recent years, radiation methods for modifying, synthesizing films and even ceramics have been
developed [10, 11]. In this paper, it was attempted phosphor synthesis using powerful hard radiation fluxes.
The surface, elemental composition, structure and luminescent characteristics of obtained YAG:Ce ceramics
were studied.

2 Objects and research methods

YAG:Ce and YAGG:Ce ceramics samples were synthesized in the radiation field. For the synthesis, a
mixture from a powders mixture of Al,O;, Y,0s, Gd,0s, and Ce,0; oxides brands ch.c was prepared. The
ratio of oxides in the charge was equal to stoichiometric. With cerium dopping for activation and gadolinium
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for modification, the ratio of the initial compositions was adjusted. It was supposed that the activator and
modifier ions enter the lattice by replacing yttrium ions. The oxide powders had particles form of irregular
shape with dimensions of about 1 micron and less. In a liquid medium, the particles are trying to combine
into complexes. The charge was poured into a copper melting pot with a layer 5 mm. A flux of electrons with
an energy of 1.4 MeV from the ELV-6 accelerator with an average power of 23 kW/cm® was directed to the
melting pot with the charge. The beam section of a Gaussian shape at half-height was 0.7 cm”. The beam
scanned on the surface of the melting pot at a speed of 1 cm/s. All surface processing of the melting pot was
25 s. As a result of processing, ceramic samples were formed in the melting pot in the form of droplets with
sizes up to 0.5%1.0x2.0 cm. The samples had a high hardness close to sapphire. The split plane had a charac-
teristic for ceramics form with a rough surface. YAG:Ce ceramics samples had a light yellow color like a
YAG:Ce and dark yellow-YAGG:Ce.

The state of the surface and the elemental composition of synthesized ceramics samples surface were
studied using Hitachi TM-scanning electron microscope (SEM) 3030 with the Bruker XFlash MIN SVE en-
ergy dispersive analysis system at an accelerating voltage of 15 kV. X-ray diffraction analysis of synthesized
ceramic samples was performed on a D§ ADVANCE ECO diffractometer with an X-ray tube with a copper
anode and a graphite monochromator. Diffraction patterns were recorded in the range of angles (20—110°)
20 with a step of 0.02 20. Quantitative phase dependence was determined in the TOPAS-4.2 program. The
half-width of the measured reflections was used to determine the sizes of crystallites and microstresses in the
sample. The ratio of the integral intensity of reflections to the total intensity of x-rays was used to evaluate
the degree of crystallinity of the sample.

3 SEM images and elemental analysis of phosphors

The morphology, elemental composition, structure ofobtained samples were investigated. In the chips
SEM images it can be seen that the ceramic samples are soldered to each other particles with sizes of
~5...50 microns (Fig. 1). Most particles have a melt appearance. There are particles with a well-defined cut,
which indicates about microcrystals formation.

HFW |
mm | 149 ym

a—YAG:Ce; b — YAGG:Ce
Figure 1. The morphology of synthesized ceramics in a radiation field

The elemental composition of obtained YAG:Ce, YAGG: Ce samples differ from initial composition in
charge. The proportion of aluminum ions exceeded the charge during the charge formation relative to Y, Ce,
Gd. Therefore, the resulting ceramics has a non-stoichiometric composition (Tables 1, 2).
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Table 1

The elemental composition of the surface of obtained samples of ceramics

AlLO; (56,8 %) + ALO: (59,5 %) + ALO; (56,8 %) + ALO; (59,5 %) +
Atom Y,0; (34,1 %) + Y203 (35 ; %) + Y505 (22,7 %) + Y505 (23,8 %) +
(at.%) Ce,05(9,1 %) Co 02( 438 0/’) (22 KB1) Gd,05 (11,4 %) + Gd,05 (11,9 %) +
(22 KBT) 20 70 Ce,05(9,1 %) (22 KBr) | Ce,05 (4,8 %) (25 KB1)
0 65.84 62.74 69.58 57.51
Al 26.16 33.02 28.72 36.36
Y 723 3.66 0.93 4.15
Ce 0.77 0.53 0.63 0.71
Gd — 0.06 0.15 1.26
Table 2
The elemental composition of the crushed phosphor
0 o,
Atom | ALO; (56,8 %) + Y05 (34,1 %) + %2(106(5(61’18 4@ ;’fé?(gzgl/;’/); ALOs (56,8 %) + Y05 (34.1 %) +
(at.%) Ce,05 (9,1 %) (22 KBT) 2B (2; KBT)2 300 Ce,05(9,1 %) (25 KBT)
0 57.39 52.81 66.32
Al 33.26 37.76 25.65
Y 7.55 7.29 7.49
Ce 1.8 1.35 0.54
Gd — 0.8 —

X-ray structural analysis showed that the resulting ceramics has a high degree of crystallinity, about 80 %
(Fig. 2). The basis of YAG ceramics is made up of crystals with a size of 47 nm, YAGG — 81 nm. The exist-
ence of a separate phase of corundum was found in ceramics. The lattice parameters of YAG, YAGG, and
Al,O; are close to those known for crystals: a, b, =<12.023 in YAG, 12.055 in YAGG, 4.75 in Al,O; (Table 3).
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a— ALO; (59,5 %) + Y,05(35,7 %) + Ce, 05 (4,8 %);

b— ALO; (56,8 %) + Y105 (22,7 %) + Gd,0; (11,4 %) + Ce;05 (9,1 %)

Figure 2. Diffractograms of the investigated samples
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Results of X-ray diffraction analysis of synthesized ceramics

Table 3

Initialcomposition Pha Lattice Crystallite size, | Crystalline | Phase contain,
cOmpOsto s¢ parameters, A nm degree, % %
A1203 (59,5 %) + A12Y3012 — Cubic _
V0,057 %) + 11-34(230) a=11.98300 64.5 oo 71.7
Ce,05 (4,8 %) Al,O; — Rhombo.H.axes — | a=4.74657, 615 ’ 283
(22 KB, 12.04.2018) R-3¢(167) c=13.01621 ' :
ALO; (56,8 %) + ALY301, — Cubic a=11.96366 483 82.4
Y05 (34.1 %) + 1a-3d(230)
23 Al,O; — Rhombo.H.axes — | a = 4.80604, 91.1
Ce,05 (9,1 %) - 44.7 14.9
(22 KBr, 11.04.2018) R-3¢(167) c=13.04118
L CeO, — Cubic Fm-3m(225) | a = 5.53065 51.7 2.6
A1203 (59,5 %) + A12Y3012 — Cubic _
Y10.(23.8 %)+ 12-34(230) a=11.95920 28.7 83.0
o,
GO; (11.9%) = | \1 6, Rhombo.Haxes— | a=4.72784, 88.1
Ce,0; (4,8 %) R-3(167) 5 03ans 42.9 17.0
(25 KBr, 11.04.2018) ¢ €= e
Aleg (56,8 %) + A12Y3012 — Cubic _
Y.0: A1 %)+ 1-34(230) a=12.01313 46.1 o 91.2
Cey05 (9,1 %) Al,O; — Rhombo.H.axes — | a =4.76400, 44.4 ’ 38
(22 KBr, 11.04.2018) R-3¢(167) c=12.99785 ' '
ALO; (56,8 %) + A123§3()31(212—3 gub“’ a=11.94255 47.4 82.3
Y,05 (34,1 %) + a-3d(230)
NGO Al,O; — Rhombo.H.axes — | a =4.79379, 92.4
Ce,05 (9,1 %) - 44.7 2.0
(22 KBr, 12.04.2018) R-3¢(167) c=13.11022
’ Ce0, — Cubic Fm-3m(225) | a = 5.52306 50.6 15.7
ALO; (56,8 %) + ALY;0,, — Cubic _
Y0, 027 %)+ 11-34(230) a=11.96328 71.5 73.6
Gd,0;(11,4%) + [ALO; — Rhombo.H.axes —| a = 4.79285, 082 89.8 7
Ce,05 (9,1 %) R-3¢(167) c=13.07166 ' '
(22 KB, 11.04.2018) | CeO, — Cubic Fm-3m(225) | a = 5.50465 81.7 24.6
ALO; (56,8 %) +
Y,05 (22,7 %) + e
GdyOs (11,4 %) + Alz\;;glém Oc)“blc a=11.91594 48.5 86.3 100
Ce,0; (9,1 %)
(22KBr, 12.04.2018)

Thus, obtained ceramics is a system of small crystallites, which can be combined into microcrystals up
to 50 um, has a dominant YAG (or YAGG) phase, the composition is close to the corresponding this phase,
but non-stoichiometric.

4 Photoluminescence when excited by a blue LED

The synthesized YAG ceramics samples intensively luminesce when excited by radiation of a chip at
460 nm in the range of 500—700 nm, like a YAG:Ce and YAGG:Ce phosphors [9, 12—-14].

Figure 3 (a, b) shows the results of measuring the luminescence spectra measured when excited the
sample splitting surface. The whole area of split well luminesces, however, the brightness distribution over
the surface is non-uniform. The luminescence maximum of YAG:Ce ceramics falls on 555 nm, the band
half-width is 0.45 eV. In YAGG:Ce ceramics, the luminescence maximum at 555 nm, the band half-width is
0.48 eV. The shift of the band in YAGG:Ce ceramics relative to the strip in YAG:Ce is a characteristic
feature of phosphors containing Gd** ions as modifiers. The half-widths of the luminescence bands in the
synthesized ceramic samples are within the limits of the corresponding phosphors and ceramics [15] based
on YAG:Ce, measured in [13, 16].
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Figure 3. Luminescence spectra of ceramics when excited at 460 nm

5 Discussion

YAG:Ce ceramics first synthesized in the field of powerful flux of radiation. Ceramics has a heteroge-
neous structure. The main phase of obtained ceramics is YAG, which makes up from 72 to 91 % of the total
volume of the samples. The remaining volume of samples consists of phases Al,O; and CeO,. Synthesized
ceramics has characteristics like a YAG:Ce, YAGG:Cephosphors.

Thus, the synthesis of luminescent YAG:Ce, YAGG:Ce ceramics in a radiation field is possible. The
advantages of this method are obvious. The synthesis time is 1 second. The efficiency of synthesis compared
to the commonly used thermal is determined by ionization processes, but not by thermal ones. With used ir-
radiation modes, during the exposure to the radiation flux, the charge absorbs 6.10” eV/cm’® in the charge,
~ 6...10” cm™ electronic excitations (ions, excitons, electron-hole pairs) are creating. Consequently, the
formation of structural phases occurs from a set of charge elements with a high degree of ionization, that is,
from a state close to the plasma state. This provides good mixing of the elements of the composition, can be
obtained ceramics with a composition close to stoichiometric. The radiation field, the distribution of the ab-
sorbed energy in the charge can be well controlled. Consequently, synthesis in the radiation field can provide
high reproducibility of obtained materials.
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Pamnanus epicingeri UAI :xone UAI'T mromuno¢opiapbIHbIH
KYPBLIBIMBIH 3€PTTeY KJHE CHHTe3/1ey

Maxkanaza KaTThl paJMalUsHbIH KYIITI aFbIHIAPbIH IaiJanaHbll, JIOMHHO(GOPABI CHHTE3/EYTe OpEKeT
sacanasl. AnbiaFaH Y AG:Ce kepaMuKaHblH O€TKi KYPbUIBIMBI, JIEMEHTTTIK KYpaMbl JKOHE JIFOMUHECLIEHTTIK
KacuerTtepi 3eprrenni. Kepamuka reTeporenzi KypbpuibiMFa ue. AJbIHFaH KepaMHUKaHbIH Herisri ¢a3acsl YAG
6ol TaOBLTAABI, OJ1 YITUIEPAiH *Kanmbl KedeMminiy 72-91 % kypaiiasl. Yirizepain kanrad kememi Al,O;
xoHe CeO, dazanapeiHan Typanpl. CunresmenreH kepamuka YAG:Ce, YAGG:Ce noMuHODOPIAPHIHBIH
curnarramanapbiHa ToH. CKaHepl AJIeKTPOHABI MUKPOCKONTHIH KOMETIMEH CHHTE3/IeNITeH KepaMuKa OeTi MeH
OeTiHiH KYHi 3eprTenmi. 3epTTey HOTIXKECIHAE MUKPOKPHCTAIJApAbIH Taiifia OOIyBIH KOPCETETIH HaKTHI
aHBIKTaJFaH OemmrekTep Oap exeHairi kepcerinai. CHHTe3IeNreH KepaMHKAJBIK YIATUICpAIH PEHTIEHIIK
tanpaysl gu¢ppakromerpae okyprizinmi. TOITAC-4.2 ©OarmapnamacslHga caHIBIK  (asa  ToyemuIiri
aHBIKTANABL. YIrinepain OerTik OeiiHy Ke3iHZEri JIIOMHUHECHEHTTIK CHEKTpJICPIHIH elliey HOTHKenepi
kentipinren. YAG:Ce KepaMHUKachbIHbIH MaKCHMAJIIbl JIOMHHECUEHLHACH: 555 HM Kypailabl, jKOJaKThIH
xaptel eHi — 0,45 3B. YAGG:Ce kepamuKkacbiHIa JIOMHHECUCHLHMSHBIH MaKCHUMaJabl MoHI 555 HM,
JKOJIAKTHIH >kapThl eni — 0,48 3B.

Kinm ce30ep: ax apblK AWOATAphl, WUTTPUI-aIIOMUHMI TpaHaT, JIOMHHOG(Op, KepaMuKa, pajuarfis
epiciHyeri cuures.
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Cunre3, ucciaenoBanue crpykryposl UAT' u UAI'T momunogoposn
B M0JIe paquanuu

B crarbe mpeanpuHsATa MONBITKA CHHTE3a JIOMHUHO(Opa C UCIONB30BAaHIEM MOIIHBIX TOTOKOB JKECTKOH pa-
Jquanyu. I[IpoBeneHs! MccienoBaHNUs MOBEPXHOCTH, 3IEMEHTHOTO COCTaBa, CTPYKTYPBI U JTIOMHHECHEHTHBIE
xapakTepucTiky nonydeHHod YAG:Ce kepamuku. Kepamuka nmeeT reTeporeHHyo cTpykTypy. OCHOBHOM
(azoii nonyuenHoi kepamuku asinserca AL, kotopas cocrasiser oT 72 10 91 % ot Bcero oobema obpas-
1oB. OcTanpHOit 06beM 00pa3ioB coctaBisiioT (a3l Al,O3 u CeO,. CHHTE3UpOBaHHAS KepaMUKa UMEET Xa-
paxtepubie a1 MAI:Ce, MAI'T:Ce momunopopoB cBoiicTBa. COCTOSHHE NOBEPXHOCTU M JIEMEHTHBIH co-
CTaB IIOBEPXHOCTH 00pa3lia CHHTE3NPOBAaHHOH KePaMUKH ObUIH H3y4YEHBI C HCIOJIb30BAaHUEM CKAaHHPYIOIIETO
JIEKTPOHHOTO MUKpocKkoma. CHUMKH ITOKa3aly, 9YTO BCTPEUAIOTCS YACTUIIBI C XOPOIIO BBIPAKEHHOH OTpaH-
KO, 3TO CBU/ICTENBCTBYET O (JOPMHUPOBAHUN MHUKPOKPUCTAIUIOB. PEHTIeHOCTPYKTYPHBII aHAJIN3 CHHTE3UPO-
BaHHBIX 00pa3I0B KEPaMHUKH IPOBOIWIN Ha IU(ppaKkTOMeTpe. PeHTreHOCTpYKTYpHBIH aHaIHM3 MOKa3all, 4To
MoNTy4YeHHas: KepaMUKa MMEET BBICOKYIO CTENeHb KpUcTautnuyHoCcTH. KonmmyecTBeHHas a3oBasi 3aBUCUMOCTh
onpenensace B nporpamme TOPAS-4.2. TIpuBeneHs! pe3ynbTaTbl U3MEPEHUS CIEKTPOB JIIOMUHECLICHLIUH,
M3MEPEHHBIX TpU BO30YXKAEHUU NMOBEPXHOCTH packosia 00pas3noB. Makcumym momunecueHimu MAT:Ce ke-
paMuKu mpUXoAuTCcs Ha 555 HM, momymmpuHa nosockl paBHa 0,45 3B. B MAIT:Ce kepamMuke Makcumym
JIOMMHECLIEHIIMY Ha 555 HM, noymupuHa noaocs! pasHa 0,48 3B.

Knrouesvie crosa: Genble CB€TOAUOIHI, HTTprI-aIIIOMPIHPICBbeI I'paHart, IIIOMI/IHO(i)Op, KE€pamMuka, CHHTC3 B I10-
JIC paauanuu.
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