https://doi.org/10.31489/2024PH3/25-33 Received: 13.12.2024
UDC 535.37:535.34:539.19 Accepted: 11.06.2024

T.N. Nurakhmetov?, R.Z. Bakhtizin?, D.A. Tolekov'", R.K. Shamieva!, Zh.M. Salikhodzha?,
B.M. Sadykova', B.N. Yusupbekova’, S.A. Pazylbek®, G.B. Bairbaeva', B.M. Rakhymzhanov*

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
2Bashkir State University, Ufa, Republic of Bashkortostan;
3zZhumabek Akhmetuly Tashenev University, Shymkent, Kazakhstan
“Corresponding author’s e-mail: doszhan_ta_93@mail.ru

Formation of a combined electron-hole emission state
in the LIRbSO, — Eu phosphor

In the irradiated phosphor LiRbSO, —Eu , the mechanisms of formation of the induced or combined elec-

tron-emitting state at 3.1-2.94 eV were studied using optical and thermal activation spectroscopy methods. It
has been shown experimentally that the combined electron-emitting state of the phosphor is formed from the

electron states of impurity and intrinsic electron and hole trapping centers of Eu®* —SO, and SO -SO; .

Electron and hole trapping centers are created by irradiating the phosphor with photons exceeding the width
of the forbidden band of the matrix, where free electrons are created in the conduction band and a hole in the
valence band. The trapping center is formed by the capture of free electrons by impurities and anionic com-

plexes according to the reaction Eu®* +e” — Eu**, SO,*+e” — SO . In one process with electron centers,
holes in the form of SO? are localized. Thus, impurity and intrinsic Eu** —SO, and SO} —SO, electron-
hole trapping centers are formed. Similarly, trapping centers are formed as a result of charge transfer from the
excited anion of the SO?” complex to the Eu®* impurities and to the neighboring SO?" anions according to
the reaction (O* —Eu®") and (0> —SO?% ), and localized holes are also formed in one act along with it.
Combined electron-emitting states consisting of impurity and intrinsic electron states are excited by photons
with energies of ~4.0 eV and ~4.5 eV.

Keywords: electron; hole; recombination emission; intrinsic emission; sulfate; excitation.

Introduction

LiRbSO, — Eu phosphors, like other sulfates, can be used in dosimetry, as can CaSO, — Dy and CaSO, —
Eu. In phosphors activated by impurities, the Eu ion in the matrix may exist in different valences. For exam-
ple, in CaSO, — Eu impurities can be in the divalent state Eu** with an internally centered emission of about
390 nm. If Eu is in the trivalent state of Eu®" in this matrix, emission is observed at 595-610 nm.

The luminescent properties of activated phosphors with an impurity of Eu have been studied for several
decades [1-8]. In the works of the authors [9], redox reactions between Eu?* < Eu®* ions in CaSO, — Eu
were investigated. During thermal annealing up to 975 K and irradiation with gamma rays, based on meas-
urements of photoluminescence, thermoluminescence, and EPR signal, the conversion of Eu*, ions to Eu**,
as well as reverse reduction to Eu**, is demonstrated in phosphors.

In the work of the authors [10], a red glow was detected in a single crystal of sodium oxosulfate and yt-
trium NaY (SO.),-H,O activated with Eu** to illuminate emitting displays.

In a review article by the authors [11], the luminescence of Eu®" in various molybdates is considered. It
was found that the emission at 615 nm corresponds to the 5D,—7F, transitions in La,M0,09 — Eu molyb-
denum.

In the work [12], authors detected red emission at 617 nm, which is excited in La,ZrsMo,0y — Eu®*
molybdates by Zr*" and Mo®" sensitizers at photon energies of 395.5 nm and 465 nm, respectively. These
sensitizers are formed as a result of charge transfer from the matrix to the sensitizer ions, such as 0% — Zr*"
and O — Mo®".

The mechanisms of formation of electron-hole trapping centers in sulfates of alkaline and alkaline earth
metals activated by Mn?*, Cu® and Dy** impurities were studied in the works of the authors [13-21]. It is
shown that induced or combined electron-emitting states are formed in sulfates, which are excited in the
transparency regions of the matrix at photon energies of approximately 4.0 eV and 4.5 eV.

A brief review of the literature shows that phosphors activated by Eu** ions emit photons in the red re-
gion of the spectrum. These intracenter emissions are mainly excited by sensitizers, which themselves are
excited by the intrinsic electronic excitations of the matrix.
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In this paper, the nature of the intracenter emission of the Eu** ion in the LiRbSO, matrix will be inves-
tigated, as well as the mechanism of formation of an induced or combined electronic emission state, which is
formed from the electronic states of its intrinsic and impurity trapping centers when irradiated with photons
exceeding the band gap.

Experimental part

The studied samples were synthesized by slow evaporation. To prepare the sample, 1.2 g of LiRbSO,
powder and 0.3 mol% (0.37 g) Eu,O; were used as starting materials.

Li,SO, and Rb,SO, (SigmaAldrich) were dissolved in double deionized water at a temperature between
35 and 40 °C. After ensuring the solution was transparent, each lanthanide was added and mixed one by one,
checking the transparency of the solution. In a separate container, Eu,O3 was dissolved in a deionized solu-
tion of 40 ml at a temperature of 35-40 °C. Then both solutions were mixed at 35—40 °C within 1 hour. The
solution was slowly heated, LiRbSO, (Sigma-Aldrich) powder was added and dissolved with stirring.

For luminescent measurements, a LiRbSO, sample doped with Eu** (0.3 mol.%) was obtained by add-
ing Eu,0; (Thermo Scientific, 99.99 %) to the process. LiRbSO, — Eu®* was prepared by drying the doped
sample at 550 °C in air. The finished powders were pressed into tablets with a size of 8-9 mm and a thick-
ness of 1-2 mm. It was found that the optimal concentration of the Eu impurity in the LiRbSO, matrix is
0.3 mol.%. The resulting Eu impurity concentration of 0.3 mol.% was found to be optimal for spectroscopic
properties in research.

Emission and excitation spectra were obtained using a spectrofluorimeter CM2203 (Belarus). The Solar
CM2203 spectrofluorometer was used to measure the emission spectra in the spectral range of 1.5-6.2 eV.

Chemical analysis (EDX) was carried out on a TESCAN VEGA 3 LMH scanning electron microscope
with an Oxford Instruments (UK) microanalyzer system. The resolution was 3 nm at 30 kV (SE), 6 nm at
30 kV (BSE), the magnification ranged from 6x to 300000x%, and the screening magnification ranged from
12x to 600000x.

The thermally stimulated luminescence (TSL) method is one of the main experimental methods for
studying trapping centers in dielectrics. To obtain TSL curves, the crystal under study is cooled to the boiling
point of liquid nitrogen, 77 K. Under these conditions, the crystal is excited for some time by UV emission
or X-ray emission. After the excitation stops, the crystal heats up at a constant rate of 0.2 deg/s, and the in-
tensity of thermoluminescent emission is measured depending on the temperature.

Results

The nature of the intracenter emission of the Eu®* impurity and new Raman emissions resulting from
the interaction of impurities with the electronic excitations of the matrix were investigated.

The SEM figure (Fig. 1) shows that the powders have different sizes, approximately ranging from 5 to
200 microns (Fig. 1a). According to the results of SEM-EDX, a large number of peaks characteristic of met-
al ions were registered (Fig. 1b), confirming the presence of Eu content in the LiRbSO, powder.

Figure 1. The result of SEM-EDX powder LiRbSO, — Eu

Figure 2 shows the emission spectrum of the LiRbSO, — Eu phosphor irradiated with photons with an
energy of 5.46 eV at 300 K (curve 1). It can be observed from the figure that intracenter emissions of the
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Eu®* impurity appear at 2.03 eV, 1.9 eV, 1.8 eV, and 1.7 eV. The same phosphor was irradiated at 80 K
(curve 2). Figure 1 shows that at 80 K, in addition to intracenter emission, new radiation bands appear at
3.1eV,3.0eV,29¢eV, 26eV,24¢eV,2.3eV,and 2.2 eV.
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Figure 2. The emission spectrum of the LiRbSO, — Eu crystal at 300 K and 80 K:
when excited by photons: 1) E = 5.46 eV; 2) E =5.46 eV

Figure 3 shows the excitation spectrum of new electronic radiative states at 3.1 eV, 3.02 eV, 3.4 eV,
294 eV, 2.43 eV, 2.32 eV, and 2.23 eV at 300 K and 80 K. It can be seen from the figure that at 300 K, the
excitation bands are not clearly distinguished, and at 80 K, the excitation bands appear for emission of
294 ¢V, 3.02eV,3.1eV,3.92 eV, 443 eV, 5.64 eV, 5.9 eV, and 6.2 eV. From Figure 3 (curves 1-5), it can
be seen that the newly formed emission states located in two spectral ranges, 3.1-2.94 eV and 2.43-2.23 eV,
are mainly excited in three spectral regions of matrix transparency, 4.43-4.5 eV and 3.9-4.0 eV. Additional-
ly, the same emission states related to trapping centers are created near the fundamental region at 5.64—
6.2 eV as a result of charge transfer from anion to impurities or when an electron is captured by impurities or
neighboring anions.
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Figure 3. The excitation spectrum of the LiRbSO, — Eu crystal at 80 K: when excited by photons:
1)E=31eV;2)E=294¢eV;3)E=243eV;4) E=2.32¢V; 2) E=2.23eV
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Figure 4 shows the excitation spectrum of a pre-irradiated phosphor at 300 K and 80 K for the bands
2.06 eV, 1.9 eV, 1.8 eV, and 1.7 eV of intracenter emission. From Figure 4 (curves 1, 2, 3, 4, and 1', 2', 3/,
4", it can be seen that excitation bands appear corresponding to the emission of Eu®* ions in the LiRbSO, —
Eu phosphor. The emission bands of the Eu** ion are excited by the emission of the Eu** ion in the red region
of the spectrum.
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Figure 4. The excitation spectrum of the LiRbSO, — Eu crystal at 300 K and 80 K: when excited by photons:
1)E=2.06eV;1")E=2.06eV;2)E=19¢eV;2)E=19eV;3)E=1.7¢V;3)E=17eV;4)E=18¢V;4)E=18eV

Figure 5 shows the emission spectra of a pre-irradiated phosphor excited in the transparency region of
the matrix by photons with energies of 4.43-4.5 eV and 4.0 eV at 300 K and at 80 K.
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Figure 5. The emission spectrum of the LiRbSO, — Eu crystal when excited by photons:
1)E=4.43eVat300K;2)E=4.43¢eV at80K; 3) E=3.87eV at300K; 4) E=3.87¢eV at 80 K

Figure 5 (curves 1, 3) shows that when excited by photons with energies of 4.43-4.5 eV and 3.87-4.0 eV
at a temperature of 300 K, intracenter emissions appear at 2.06 eV, 1.9 eV, 1.8 eV and 1.7 eV (curves 1 and
3). At a liquid nitrogen temperature of 80 K (curves 2 and 4), the intensity of the intracenter emission de-
creases 4-5 times, the positions of the bands are preserved. At 80 K, in addition to the intracenter emission,
new radiation bands appear at 3.1 eV, 3.02 eV, 2.44 eV, 2.32 eV and 2.29 eV (curves 2, 4).
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The measurement of the intensity of the intracenter and newly created emission radiation bands from
the temperature of the matrix is shown in Figure 6.
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Figure 6. Temperature dependence LiRbSO, — Eu luminescence of radiation during excitation:
1)E=31eV;2)E=295¢eV;3)E=2.06eV;4) E=20¢eV;5 E=179eV;1)E=1.77¢eV

It can be seen from the figure that the intensity of the new emission bands at 3.1 eV and 2.95 eV in the
temperature range of 100-150 K gradually decreases and flares up at 150-200 K, then rapidly decreases to a
minimum value in the range of 200-350 K (curves 1, 2). The temperature dependence of the change in the
intensity of intracenter emission at 2.03 eV, 1.9 eV, 1.8 eV and 1.7 eV looks like this: in the temperature
range from 100 K to 250 K, the intensity of all intracenter emission decreases rapidly, with some flare-up in
the temperature range of 150-200 K, then in the temperature range of 280-450 K it rapidly increases to the
maximum value.

Discussion

The novelty of the work is associated with the appearance of new emission bands when irradiated with
photons in the fundamental region of the spectrum at 80 K, where free electron-hole pairs are created or as a

result of charge transfer from the excited anionic complex SO?™ to impurities or to neighboring anions. In

the early works of the authors [17], it was known that in irradiated alkali metal sulfates, recombination emis-
sion at induced trapping centers occurred in the spectral range of 3.0-3.1 eV, 2.6-2.7 eV, and 2.3-2.4 V.
Figure 5 (curve 2, 4) shows that at 80 K, the intensity of the intracenter emission band at 2.06 eV, 1.9 eV,
1.8 eV, and 1.7 eV decreased and new recombination emission appeared at 2.94-3.1 eV, which are excited at
photon energies 3.92-4.0 eV and 4.43-4.5 eV. Low-energy recombination emission at 2.23-2.43 eV is also
excited in this spectral region. These recombination emissions are generated in the fundamental spectral
range of 5.64 eV, 5.9¢eV, and 6.2 eV.

Thus, two groups of new recombination emissions at 2.94-3.1 eV and 2.23-2.43 eV are excited by pho-
tons with energies of ~4.0 eV and ~4.5 eV in the transparency region of the LiRbSO, — Eu phosphor. These
photon energies at ~4.5 eV and ~4.0 eV are the absorption and excitation spectra of the electron-hole trap-
ping center formed in the transparency region.

In the next stage, an irradiated phosphor with induced trapping centers was excited with a photon ener-
gy equal to the excitation spectrum of the trapping centers at ~4.0 eV and ~4.5 eV. At the same time, new
recombination emissions appear back at 2.94-3.1 eV and 2.23-2.4 eV. The most important thing is that
intracenter emissions of the Eu®" impurity appear. These results mean that both emission, recombination, and
intracenter radiative decay identically from an induced or combined electron emissivity state. By measuring
the temperature dependence of the decay of the induced or combined electronic state, it is shown that the in-
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tensity of the recombination emission state at 2.94-3.1 eV in the temperature range from 100 K to 250 K de-
creases to a minimum value.

The intensity of the intracenter emission of the impurity increases to the maximum value at 2.06 eV,
19eV, 1.8eV, and 1.7 eV temperature range.

The decay and formation of an induced or recombined electronic emission state can be explained in this
way:

During irradiation with photons from 5.64-6.2 eV, electronic trapping centers are created during the lo-
calization of free electrons or during charge transfer from the excited anionic complex SO?” to impurities

Eu®" (O* — Eu®) electronic impurity trapping centers of Eu®* are formed in addition to the holes of SO, lo-
calized near the ground state of the Eu®* admixture. Thus, the centers of electronic trapping of impurities
Eu®* —SO; ™ are created. Similarly, when electrons are trapped or as a result of charge transfer from the ex-

cited anion SO2 (O —SO7") to neighboring anions, their intrinsic electron trapping centers SO are

formed, complementary to the holes SO . This is how the correct trapping centers SO; —SO, are formed.
Combined or induced electron-emitting states at 2.94-3.1 eV are created from the electronic states Eu®*
and SO under the conduction band with a certain ionization energy to the conduction band.
During heating of a phosphor with induced emission states in the temperature range of 100-250 K, ion-
ization of the electronic trapping centers occurs Eu* —Eu®* +e , SO} —SO? +e . The free electron

recombines with the hole SO, near the Eu*" admixture; the energy released during recombination excites the

impurity in the temperature range 250-450 K, in which we observe a rapid increase in the intensity of red
emission from the Eu®* impurity. In this way, energy is transferred from the excited matrix to the impurities.

Conclusions

1. In the irradiated LiRbSO, — Eu phosphor, new stimulated and combined radiative states were discov-
ered at 3.1-2.94 eV, which are excited at photon energies of ~4.0 eV and ~4.5 eV in the matrix transparency
region.

2. The emission states of 3.1-2.94 eV are created when the anion is excited by photons with an energy
of 5.64 eV as a result of charge transfer from the SO?” ion to the impurities Eu** and the neighboring ion by
the reaction (0> — Eu®") and (O* —SO7%).

3. Based on the measurement of the excitation spectra of recombination emission of 3.1-2.94 eV and
impurity emission of 2.06 eV, 1.8 eV and 1.7 eV, it was shown that they are simultaneously excited at pho-

ton energies of ~4.0 eV and ~4.5 eV. These values are the excitation spectrum of a new induced electronic
radiative state consisting of intrinsic and impurity electronic states of trapping centers.
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LiRbSO, — Eu aromuHo¢opbIHAaFsl 6ipikTipiiren
JJIEKTPOHABI-KEMTIK CdyJIeleHy KYHiHiH Ty3l1yi

LiRbSO,~Eu coynenengipinres moMuHO(POpAa ONTHKAIBIK JKOHE TEPMOAKTHBALMSIIBIK CIIEKTPOCKOIHS
omicrepimen 3,1-2,94 5B uHAyKIUAIAHFAaH HeMece OipiKTipiIreH 3JeKTPOHBI coyJelieHy KYHiHiH maiiia 6o-
Iy MexaHu3Mmzepi 3eprtrenmi. JIloMHHODOPIBIH OipiKTIpireH 3JICKTPOHABI COYJIENCeHY Kyili Kocma JoHe
MEHTIKTi 37eKTPOHIBI KOHE KEMTiKTi KapMay OpTAIBIKTaphl, MeKTPOHABIK Kyitinem Eu** —SO, kome
SOT —SO, Tysinerini JKCIEpUMEHTANBI TypAe KOPCETiNreH. DIEKTPOHIb JKOHE KEMTIKTi KapMmay

OpTaJBIKTAPhl JIIOMHUHOMDOPIBIH THIABIM CalbIHFaH aiiMaK eHi OSHEPrusChIHAH acaThlH (POTOHAAPMEH
CoyJIeNIeHAIPY Ke3iH/e KYpblIaabl, MyH/[a OTKI3MIITIK 30HaCkIH/Ia 0OC IEKTPOH/IAP JKOHE BaJCHTTIK aliMaKTa
KeMTiK maiina 6onazael. Kapmay opTansiFbl 60C 2JIeKTpOHIap/Ibl, KOCTIAIAPMEH JKOHE aHHOHBIK KOMILJIEKCTEp

KapmanFan Eu®* +e” — Eu®", SO’ +e — SO peakumsacs Goiipimma Tysineni. bip mpouecte SO3
TYPIHJETi KEMTIKTEp 3JCKTPOH/IbI OPTATBIKTAPMEH JIOKanu3ausuianazapl. Ochuiaiiina, Kocma »oHe MEHIIIKTI
Eu®* —S0O;, xone SO?{ —SO, 3MeKTPOHIBIK KEMTIKTIK KapMay OpTaJbIKTaphl Maiiaa 6omansl. OckIFaH yKcac
SOZ  KoMIUIeKciHiH Ko3FaH aHMOHBIHAaH EU®* Kocmanmapra skoHe peakiusra coiikec kepiinec SO3
aHWOHIApPFa 3apSANTHIH ayBICYHl HOTIDKECiHAe 6achm amy opTameiktapsl (02 —Eu®") sxome (O° —S0% ),

COHali-aK Oip mpoleciHae OHBIMEH Oipre JOKaIn3alMsAIaHFaH KeMTIiKTep Ty3iieni. Kocnamap MeH MeHITIKTI
ANIEKTPOHIBIK KYHJIEpACH TYpaThiH OipiKKEH SJICKTPOH MLIBIFapaThlH Kyiuiep sHepruscel, ~4,0 5B ixoHe
~4,5 3B QoToHIapEIMEH KO3ABIPBUTAIbI.

Kinm co30ep: dMeKTPOH, KeMTIK, PeKOMOMHAIMSUIBIK CayJIeICHAIPY, MEHIIIKTI paguanus, cyibgar, Ko3y.

Cepusa «dusmka». 2024, 29, 3(115) 31



T.N. Nurakhmetov, R.Z. Bakhtizin et al.
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O0pa3oBaHue KOMOMHHUPOBAHHOIO YJIEKTPOHHO-IBIPOYHOI0
U3JIy4aTeJbHOr0 cocTosiHusI B iomunHodope LIRbSO,—Eu

B o6nyuennom momuaodope LIRbSO,~Eu MeTogamMu ONTHYECKOH U TEPMOAKTUBALMOHHON CIICKTPOCKOIUH
HCCIIEIOBaHBl MEXaHU3MBI 00pa30BaHUS HWHIYNUPOBAHHOTO WM KOMOMHHPOBAaHHOTO 3JIEKTPOHHO-
U3JTy9aTeTIbHOTO COCTOSHUS TpH 3,1-2,94 5B. DKrepuMeHTaqbHO ITO0Ka3aHo, YTO KOMOMHHPOBAHHOE 3JIEK-
TPOHHO-HM3JTy4YaTeIbHOE COCTOSHHE JIIOMUHO(GOpPa GOopMHPYETCs U3 NEKTPOHHBIX COCTOSIHUI HMPUMECHBIX U

COBGCTBEHHBIX 3JIEKTPOHHO- U JBIPOYHEIX IIEHTPOB 3axBatoB EU”* —SO, u SO —SO; . DNeKTpOHHO- U JbI-

pOUHBIE IIEHTPHI 3aXBaTa CO3AAIOTCS MPH OOIyYCHUH JIFOMUHO(OpPa (HOTOHAMH, NMPEBBHIIAIOMINME IIHPHHY
3aIpeNIeHHOH 30HBI MaTPUIIBL, IJI€ CO3AI0TCSl CBOOOIHEIE SIEKTPOHBI B 30HE IIPOBOIMMOCTH M JBIPKA B Ba-
neHTHOH 30He. L[eHTp 3axBaTa 0OpasyeTcs IpH 3axBaTe CBOOOTHBIX HJICKTPOHOB MPUMECSIMH U aHHOHHBIMHU

KOMTITEKCcaMHy TIo peakmin Eu® + e — Eu?", SO +e~ —SO. . B 0fHOM aKTe C 3eKTPOHHBIMH IEHTpA-
MU JIOKanu3yloTcss Abipkd B Buae SO2 . TaxuM o6pa3oM, (pOPMHUPYIOTCS NPUMECHBIE M COOCTBEHHBIE
Eu* —-SO, u SO} —SO, >1eKTpOHHO-TBIPOIHEIE IEHTPHI 3aXBATOB. AHAJOTHYHO TIEHTPHI 3aXBaTa o0pa-
3yIOTCSl B pe3yJIbTaTe MepeHoca 3apsia OT Bo3Oys/IeHHOTo aHnoHa Kommiekca SO k mpumecam Eu™ u x

cocemanM annonaM SO’ mo peakm (O —Eu® ) u (O —SO% ), Takke B OJHOM aKTe BMECTE ¢ HEM

(hopMHpPYIOTCS JIOKATH30BaHHBIC IBIPKA. KOMOMHUpPOBAaHHBIE 3JEKTPOHHO-M3IIydaTeNIbHBIE COCTOSHHSA, CO-
CTOSIIIE U3 MPUMECHBIX H COOCTBEHHBIX 3JICKTPOHHBIX COCTOSHHM, BO30YKHalOTCs (OTOHAMH C SHEprueit
~4,0 u ~4,5 3B.

Kniouegvie cnosa: dNEKTPOH, ABIPKA, PEKOMOUHAIIMOHHOE H3JTy4eHHe, COOCTBEHHOE M3IIydeHHe, cynbdar,
BO30YXIEHHE.
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