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Spectral Characteristics of Photoluminescence Synthesized
in the Field of Radiation YAGG Phosphors with Different Al/Ga Ratio

In the study the results of luminescence spectra investigating and excitation of ceramics luminescence with
different Al/Ga ratios, synthesized by irradiating a mixture of initial materials with different prehistories were
presented. Mixtures of oxides powders with stoichiometric composition corresponding to Y 3Al,Gas.4O1,: Ce,
where x ranged from 0 to 5, were prepared for synthesis. All initial materials had a purity of no less than ana-
Iytical grade. The synthesis was carried out under the influence of an electron beam with an energy of
1.4 MeV and a power density of 20 kW/cm?. The yield of the synthesis reaction, the ratio of the sample mass
to the mixture, was 90-95 %. Research has shown that decreasing the Al/Ga ratio results in a shift of the lu-
minescence band towards the short-wavelength region of the spectrum. Additionally, the excitation spectrum
changes. As the Al/Ga ratio decreases, the excitation band shifts towards the long-wavelength region around
350 nm. The characteristics of luminescence are influenced by the prehistory of the initial materials.

Keywords: Al/Ga ratio; luminescence; radiation synthesis; high-energy electron beam.

Introduction

Materials based on metal oxides have found wide application in electronics, photonics, optics, laser
technology, dosimetry [1-4] due to the variety of functional properties possible for practical use. They are
used in the form of crystals, ceramics, films, powders. Most often these materials are complex in composi-
tion. Materials are characterized by high resistance of their functional properties to external influences: tem-
perature, radiation, and aggressive media. The range of such materials is very wide and continues to grow.

The main obstacle in expanding the range of possible applications is the complexity of their synthesis.
The most widespread method is thermal synthesis, using which many materials with a variety of functional
properties have been obtained [5]. However, the thermal synthesis methods of refractory materials are com-
plicated, characterized by the duration of the process, as a rule of thumb for a few dozen hours. This restrains
the possibility of expanding the range of materials, optimization of processes in order to increase the main
functional characteristics. Less common are such synthesis methods as sol-gel [6], co-precipitation [7] and
similar [8]. The main disadvantage of all these methods is the duration of the process, the need to use addi-
tional substances to facilitate synthesis, which must be discarded at the final stages of synthesis.

Combustion, flame heating methods allow to accelerate the synthesis process considerably [9, 10].
However, they require complicated procedures for purification from additionally introduced substances. The
methods of pulse flame sintering [11, 12], which have been spreading in recent years, are universal, fast, but
do not exclude the necessity of purification from additionally used substances. It is difficult to obtain volu-
minous materials with these methods.

The radiation method of synthesis by direct impact of powerful flux of high-energy electrons on the
mixture of stoichiometric composition seems promising. The method was first implemented in 2017 [13, 14].
Radiation method allows to provide synthesis of ceramics in time less than 1 s without using any substances
to facilitate the process. The main features and examples of synthesis are described in [15-17].

At present, in the formation period of the radiation synthesis method, it is urgent to prove the possibility
of its implementation for obtaining multicomponent materials from powders of refractory monocomponent
metal oxides. The confirmation of obtaining such a material can be the correspondence of its properties to
the obtained materials properties by other methods. The synthesis of activated yttrium-aluminium-gallium
garnets (YAGG), whose structural and luminescent properties are well studied, is of interest. The present
work involves the synthesis of YAGG: Ce ceramics under different modes of radiation exposure, the study of
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luminescent properties and comparison with the available information on the properties of materials of simi-
lar composition were obtained by other methods used.

Ceramic synthesis

The synthesis of ceramics was carried out by direct impact of a powerful electron beam with an energy
of 1.4 MeV on the mixture in a massive copper crucible using the UNU ‘Stand ELV-6’ of the INP SB RAS.
The synthesis of Y3(Al,Ga;,)s01,: Ce ceramics with different Al/Ga ratios in the composition was carried
out by electron fluxes with the energy of 1.4 MeV. The electron beam had a diameter at the mixture surface
of 1 cm, scanned in the transverse direction of the crucible with an amplitude of 5 cm and a frequency of
50 Hz. During synthesis, the crucible with internal dimensions of 10x5 cm? was stretched relative to the
scanning electron beam at a speed of 1cm/s. As a result of synthesis in the crucible samples were formed in
the form of plates with the crucible dimensions. The total time of electron flux impact on the mixture treated
surface of crucible was 10s. The synthesis of ceramics was realized only due to the radiation energy flux,
only from the mixture materials, without additives of other materials facilitating the process.

Powder mixtures of Y,0;, Al,Os, Ga,0O5 oxides in stoichiometric ratio were prepared for synthesis,
Ce,0; was added for activation in the amount of 0.5 % from the total mass of the mixture. All the initial
powders were obtained from Hebei Suoyi New Material Technology Co., Ltd. (K1, K6, K7, K8) and
Chemreactiv (F800, ITO). The mixtures compositions are shown in Table 1. The activator was added in the
amount of 0.5 % of the mixture mass of the main components. The initial powders had purity degree not
lower than 99.95, close distribution of particle sizes of powders. Sample numbers in the table means their
number in the accounting system adopted by the authors. All experiments of ceramics synthesis were carried
out using electron fluxes with energy 1.4 MeV, power density 20kW/cm?.

Table 1
Description of samples and initial mixture composition
0 1 0
Ne Sample, Initial mixture composition description Wei;lte{\(/j[ﬂ)/ M
m 0

630 | Y3Als05,: Ce- Al,O3(43 %) (F800), Y,05(57 %)(UTO), Ce,03 (0.5 %)(K1) 90,1

631 Y;Al,Ga0,,: Ce — Al,O3 (32 %) (F800), Y,03 (53 %)(UTO), Ga,05 945
(15 %)(K8), Ce,03 (0.5 %)(K1) ’

632 Y3AI3Ga2012: Ce- A|203 (285 %) (FSOO), YzOg (50 %)(I/ITO), Ga203 9.6
(27.5 %)(K8), Ce,03 (0.5 %)(K1) ’

633 Y3A|26a3012: Ce'A|203 (14 %) (F800), Y,0; (47 %)(I/ITO), Ga,03 97.4
(39 %)(K8), Ce,03 (0.5 %)(K1) ’

634 Y3Al;Ga,05;: Ce -Al,O3 (6.7 %) (F800), Y,03 (44.3 %)(UTO), Ga,03 97 4
(49 %)(K8), Ce,03 (0.5 %)(K1) ’

635 | Y3Gas Og,: Ce -Y,03 (42 %)(UTO), Ga,03 (58 %)(K8), Ce,05 (0.5 %)(K1) 97,7

636 Y3Al;04;,: Ce -AlL03 (43 %) (K7), Y203 (57 %)(K6), Ce,03 (0.5 %)(K1), 965
Cezo3 (05 %)(Kl) !

637 Y3 Al;GaO1,: Ce -Al,05 (32 %)(K7), Y205 (53 %)(K6), Ga,O3 (15 %) (K8), 96.3
Cezo3 (05 %)(Kl) !

638 Y3AlIGa,05;: Ce- Al,O3(K7) (28.5 %) (K7), Y203 (50 %)(K6), Ga,03 96.3
(27.5 %)(K8), Ce,03 (0.5 %)(K1) ’

639 Y3AlLGaz0y;: Ce -Al,O3 (14 %)(K7), Y203 (47 %)(K6), Ga,0; (39 %)(K8), 97 2
Cezo3 (05 %)(Kl) !

640 Y3AIGa, Oyp: Ce -Aly03 (6.7 %)(K7) (K7), Y203 (44.3 %)(K6), Ga,03 966
(49 %)(K8), Ce,03 (0.5 %)(K1) ’

641 Y3Gas O1,: Ce+ Y,03 (42 %)(K6), Ga,03 (58 %)(K8), Ce,O3 (0.5 %)(K1) 94,4

As shown in the table, the synthesis was carried out using initial materials from different manufacturers
to check the validity of obtained samples.

Figure 1 shows photos of typical synthesized samples in crucibles. Y3;AlsO;,: Ce ceramics have a char-
acteristic bright yellow color. The color changes when Ga is introduced instead of Al.

Y; AI3G&2012: Ce- A|203 (285 %) (FSOO), Y203 (50 %)(lTO), Ga203 (275 %), Cean (05 %)(Kl)

Y; AI3G&2012: Ce- AIQOQ,(K7) (285 %) (K?), Y203 (50 %)(KG), 63.203 (275 %), — Cean (05 %)(Kl)
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Figure 1. Photo of typical synthesized samples in crucibles

Table 1 shows the values of synthesis reaction yield. In this article we understand the synthesis reaction
yield as the ratio of the synthesized sample mass to the mass of the mixture used. The mass of the obtained
ceramic samples is in the range of 44-58 g. One of the reasons for the difference may be the poorly con-
trolled process of pressing the mixture in the crucible during its leveling before synthesis and the crucibles
size used. The mixture amount in the crucible was such that the electron flux did not reach the crucible bot-
tom. The remainder of the mixture could be used in further experiments. It should be emphasized that to date
the authors have succeeded in selecting initial materials that provide ceramics with a high yield of 90 to
97 %.

Spectral properties of luminescence

Excitation and luminescence spectra were measured using a Cary 5000 UV-Vis-NIR spectrophotome-
ter. The measurements were performed as follows. Three small ceramic samples were spun off from different
areas of each synthesized plate. The excitation and luminescence spectra of each were measured. In the
measurements, the excitation flux was directed to the outer surface of the sample, which was facing the in-
coming electron flux during synthesis. Each sample was then crushed mechanically to powder. The powders
were poured into cuvettes, and the excitation and luminescence spectra of each were measured. An example
of excitation and luminescence spectra measurements results is shown in Figure 2. The excitation (a) and
luminescence (b) spectra of ceramics (630-1, 630-2, 630-3) and their powders (630P-1, 630P-2, 630P-3) are
shown. The difference in the luminescence spectra of the ceramic samples and their powders is clearly visi-
ble. The difference of luminescence spectra of samples of the same ceramics taken from one and the same
plate, ceramics and complete coincidence of spectra of powders from them draws attention.

Loy
=)
y

g
=}
i

—— 630-1 —— 630-1
- - 6303 b hex=460nm | — 630-2
—— 6302 . —— 6303

o
3
o
@

630P-1
630P-2
630P-3

N

S
T T T T T T T T ==
300 350 400 450 500 500 550 600 650 700

—— 630P-1
630P-2
630P-3

o
o
o
o

o
~
!

Normalized intensity a.u
o
=
L

Normalized intensity a.u.
o
o

o
N

o
=)

o
=]

Wavelength, nm Wavelength, nm

Figure 2. Excitation spectra (a) of ceramics (630-1, 630-2, 630-3)
and their powders (630P-1, 630P-2, 630P-3) and luminescence (b).

Clearly, the powders exhibit averaged characteristics of the excitation and luminescence spectra of the
entire sample material. The excitation of ceramic samples by UV radiation occurs only in the near-surface
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region. Therefore, the contribution of surface luminescence to the integral is minimal. Considering this, only
the results of the spectral characteristics of the powdered materials are presented below.

In Figure 3, the excitation spectra of luminescence at the maxima of the luminescence bands and the
luminescence spectra under UV excitation at 340 and 445 nm for the powders from samples 632 and 638 are
presented. The ceramic samples 632 and 638 have the same composition: Y ;Al;Ga,0,,: Ce, but were syn-
thesized from initial materials with different histories. Sample 632 was synthesized from powders of Al,O;
(F800), Y,0; (ITO), Ga,03 (K8), and Ce,0O3 (0.5 %) (K1). Sample 638 was synthesized from powders of
Al,O; (F800), Y,03 (ITO), Ga,03 (K8), and Ce,03 (0.5%) (K1). Sample 638 was synthesized from pow-
ders of Al,O; (K7), Y,03; (50%) (K6), Ga,0O; (K8), and Ce,03 (0.5%) (K1). The results of the measure-
ments show that the origin of the selected initial powders for synthesis does not affect the position of the lu-
minescence spectra bands.
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Figure 3. Excitation (a) and luminescence (b, ¢) spectra of powders 632 and 638

Note that the excitation and luminescence spectra of the powders do not depend on the part of the plate
from which the sample was taken for measurements. This means that the luminescent properties are uniform
throughout the entire plate. We emphasize that this conclusion holds well for all studies of 12 ceramic com-
positions.

Figure 4 shows the luminescence spectra of powders from ceramics 630-634 and 636-540 upon excita-
tion by UV radiation in the region of 450, 350 and 220 nm. The luminescence spectra of ceramics 635 and
641 are not shown. Their luminescence is weak and could not be measured correctly by the spectrophotome-
ter used. The luminescence of the powders clearly depends on the Al/Ga ratio in the composition. With a
change in this ratio, a shift in the luminescence band and its shape occurs.
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Figure 4. Luminescence spectra of powders from ceramics 630-634 and 636-540 upon excitation
by UV radiation in the region of 450, 350 and 220 nm

Quantitative comparison of spectral characteristics: band positions and their half-widths are summa-
rized in Table 2. We have intentionally provided this extensive information in table form, but not in the
compact form of graphs. We believe that quantitative information in table form is more important.

Table 2
Spectral characteristics of luminescence
Initial materials for ITO, F800, K1 K6, K7, K1
synthesis
No. Sample 630 631 632 633 634 636 637 638 639 640
Ratio Al/Ga 5/0 4/1 3/2 2/3 1/4 5/0 4/1 3/2 2/3 1/4

hex=450 NM | Aem M 521 501 516 521 525 540 540 534 529 517
AE,ev | 0416 | 0,444 | 0,331 | 0,313 | 0,321 | 0,375 | 0,368 | 0,356 | 0,35 0,412
hex=340NM | e M 543 525 530 529 525 537 540 532 530 510
AE,ev | 0,382 | 0,389 | 0,306 | 0,296 | 0,314 | 0,363 | 0,356 | 0,466 | 0,328 | 0,404
Aex=220NM | AgmNM 549 535 534 - 535 - 541 537 - 535
AE,evV 0,381 | 0,375 | 0,29 0,389 0,354 | 0,288 0,245
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It follows from the results presented in Figure 4 and Table 2 that with a change in the Al/Ga ratio in the
ceramic composition, there is a shift in the band position and in their half-width. It is significant that the
bandshapes and their position generally do not depend on the wavelength of UV excitation. We emphasize
that the studies results of the luminescence spectra dependence on the Al/Ga ratio in the ceramic composition
are in good agreement with the regularities obtained in [18] in the crystals grown study by the thermal meth-
od. This means that the ceramic samples obtained by us by the radiation express method from Y ,0s;, Al,Os3,
Ga,03, Ce,05 powders have the same crystalline structure as those obtained by the thermal method.

For luminescent materials, not only qualitative and spectral properties are important. Information on
guantitative properties is no less necessary: the value of the luminescence flux. The most correct way to as-
sess this value are measurements of energetic (or light) brightness. Brightness is the value of the radiation
flux from a unit of the emitter surface in a single solid angle.

The luminescence brightness of the phosphor depends on the excitation conditions and the direction of
measurement. However, with an unchanged mutual arrangement of all excitation sources, sample, brightness
meter and unchanged excitation modes, it is possible to measure the relative brightness of a series of sam-
ples. Moreover, it can be shown that when these conditions are met, the brightness of the surfaces when
changing the spectra in the range of 520-545 nm, the measurement error does not exceed 5-7 %. When the
specified conditions are met, the brightness of the powder surfaces is proportional to the luminous fluxes of
the samples.

During photoexcitation, the brightness value reflects the probability of energy transfer to the lumines-
cence center. In the study of luminescence dependence YAGG: Ce ceramics on the Al/Ga ratio in its ceramic
composition, relative brightness measurements are of interest.

To measure relative brightness values, a stand was created based on the CS-200 brightness meter with a
constant mutual placement of all stand elements. Samples in cuvettes were placed strictly in the same place.
Measurements of relative brightness values of samples were performed relative to the brightness of the SDL
4000 phosphor. Standard LED modules with radiation in the range of 450 and 340 nm were used as excita-
tion sources.

Measurement results of relative brightness values L., = Lee/Lspr, Where Leg, Lsp. — brightness of the
ceramics and the standard are shown in Figure 5 in the form of histograms.
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Figure 5. Dependence of relative brightness of ceramic samples on Al/Ga ratio

The dependence of the relative brightness of ceramic samples on the Al/Ga ratio under excitation in the
450 nm region qualitatively corresponds to the regularity given in [18]. With a decrease in the Al/Ga ratio,
the width of the forbidden band decreases 5d the level of the Ce ion appears near the bottom of the conduc-
tion zone, passes into the conduction zone. The probability of radiative transition decreases sharply [19].

The difference of this pattern from that measured under excitation by radiation in the 340 nm region
seems unexpected. Among the most probable reasons, in our opinion, is the following. The two excitation
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bands at Amac=460 and 340 nm are due to transitions 4F;,—5D,, 5D,, the broad luminescence band at
Amac=520 and 580 nm is due to transitions 5Dy—4Fs,, 4F;;, in Ce ions [20]. It is known that modification
(so doping) affects the electronic structure of the luminescence centers [21, 22]. The position of 5d levels
relative to 4f and cleavage changes with the change in the structure of the environment [23]. This manifests
itself in a change in the appearance of the excitation and luminescence spectra and possibly leads to a change
in the probability of radiative transitions.

Conclusion

We emphasize that the study results of the luminescence spectra dependence on the Al/Ga ratio in the
composition of ceramics correspond well to the regularities obtained in [Zorenko, 2012 or 2014] when study-
ing crystals grown by the thermal method. This indicates that the ceramic samples obtained by the radiation
express method have the same crystal structure as the crystals grown by traditional thermal approaches. The-
se results confirm the versatility and reliability of the radiation method of synthesis, opening new horizons
for further research in the field of luminescence and creation of high-quality materials.
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Op Typai Al/Ga kareinacel 6ap YAGG coyesneHy epicinae cHHTe3IeJreH
JIOMUHO(OPABIH (POTOJTIOMHUHECHEHIMSICHIHBIH CIEKTPJIIK CHIIATTAMAJIAPbI

Maxkanazna opTypii OacTankpl MaTepHalAapblH KOCIAChIH COYJENESHAIPY apKbUIbl CHHTE3JENreH SpTYpII
Al/Ga katbiHacel 0ap KepaMHKaHbBIH JIFOMHHECUCHIHMS J>KOHE KO3y CIEKTpJEpiH 3epTTey HOTHXKeNIepi
kentipinren. Cunrtes ymrin Y3AlGas O, Ce creXHOMeTpWsUIbIK Kypambl 0ap OKCHI YHTaKTapbIHBIH
KocTianapbl JalbiHAanmel, mMyHnmarel X O-meH 5-xe neifin esrepemi. bapnblk Oacranmkel Marepuangap
AQHAIMTHKAIBIK MaTepHaIap/iaH TOMEH eMec Ta3ajblkka ue 6osabl. CuHTes sHeprusicel 1,4 MaB xoHe Kyar
THIFBI3IBFET 20 KBT/cM? GONATHIH SIEKTPOHAB COYNCHIH ocepiHeH Kyprizimai. CHHTE3 peaKIHsICHIHBIH
NIBIFBIMBI — YJITiHIH MAacCachbIHBIH KOCIaHBIH MaccachiHa KaThiHackl — 90-95% kypanmel. 3eprtreynep
kepceTkeHiei, Al/Ga KaThIHaCHIHBIH TOMEHJIEYi JIIOMUHECIIEHIINS YKOJIAFBIHBIH CHEKTPAIH KbICKA TOJIKBIHIBI
aiiMarpiHa aybicyblHa okeneni. COHbIMEH Kartap, Ko3y crekTpi ne esrepemi. Al/Ga KaTbIHAChl TOMEHJETEH
Ke3/ie K03y JKoJyarbl mramMmaMeH 350 HM y3bIH TOJKBIHIBI aliMakKKa aybicaabl. JIIOMUHECIEHIUSHBIH CUIaTTa-
MaJlapbIHa 0acTanKbl MaTepHAIapIbIH TapUXbI dCEp ETei.

Kinm ce3dep: Al/Ga KaTbIHACHI, JIIOMHHECIEHINS, PaIUalUsUIBIK CHHTE3, JKOFaphl SHEPTHUSUIBI SIEKTPOHIBI
coyIe.

A.T. Tynerenosa, ['.)K. Horaitbekosa, .A. Caitnazumos, C.C. Bunpunnckas, A.A. MapxabaeBa

ChnekTpajibHble XapaKTepPUCTUKH (POTOTIOMUHECHEH NI
CHHTEe3UPOBAHHBIX B NoJje paananuu YAGG momunogopos
¢ pa3au4HbIM cooTHomeHueM Al/Ga

B crarbe npezcTaBiIeHbl Pe3yabTaThl CCIIENOBAHMSA CHEKTPOB JTIOMUHECHEHIIMH U BO30YXKIECHNS JTIOMHUHEC-
LEHIUY KePAMHUKH C Pa3IUYHbIM cooTHOmeHHeM Al/Ga, cHHTe3MpOBaHHON IMyTeM OOJIy4eHHUs] CMECH HCXO]I-
HBIX MaTepUajoB C Pa3IUYHON npeasicTopuei. g cuHTe3a ObUIM IOATOTOBIEHBI CMECH MOPOLIKOB OKCUIOB
CO CTeXHOMETPHYECKHM COCTaBOM, cooTBeTcTByIomuM Y 3AlGas «O;,: Ce, rae X Bapsupyeres ot 0 1o 5. Bee
UCXOIHBIE MaTE€pHaibl UMEJIN YUCTOTY HE HHUKE a"HanuTHdyecko. CuHTE3 MPOBOAWJICA T10J BOSﬂCﬁCTBHeM
3JIEKTPOHHOTO MydKa ¢ 3Heprueit 1,4 MsB u miaoTHOCTHIO MomHOCTH 20 kBr/cM?. Bbixox peakuuu CUHTE3a
— OTHOIIEGHUE Macchl 00pasla k Macce cMec — coctasui 90-95 %. MccnenoBanus nokasaji, 4To yMEHb-
meHue cootHoueHust Al/Ga IpuBOANT K CMEIEHHIO TT0JI0CHI JIIOMHUHECLIEHIIMN B KOPOTKOBOJIHOBYIO 00J1aCTh
criektpa. Kpome Toro, nzmensercs cnekrp Bo3Oyxaenus. IIpu ymensmenun cootHomenus Al/Ga monoca
BO30YX/EHHS CMEILAeTCs B JITMHHOBOJIHOBYIO 0071acTh 0k0J10 350 HM. Ha XxapakrepucTHKH JIFOMHHECHEHIINN
BIIUSAET IIPEIBICTOPHUSI HCXOAHBIX MAaTePUATIOB.
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