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Luminescence of ZrO, compacts irradiated with high energy ions'

Abstract: phosphors based on zirconium dioxide of various phase composition, widely used in
modern technology, should have high stability of characteristics under various radiation effects. This
is especially important when used in military and space technology, as well as in the nuclear industry.
The determining factor influencing the stability of the luminescence properties of oxide dielectrics
under irradiation is the formation of radiation-induced defects. The study of synthesized compacts
and ceramics based on ZrO o is necessary to predict and improve the radiation resistance. This
paper presents the results on the synthesis of zirconium dioxide compacts. The compacts were
synthesized by pressing in the form of tablets under pressure in the range of 900-1500 kgf/cm 2. The
nanopowder of ZrO o consisted of 100% monoclinic phase. The compacts were irradiated with 220
MeV 132 Xe and 4.8 MeV ' N ions to fluences (101°-10!) ions/cm? at accelerator DC-60 (Nur-
Sultan, Kazakhstan). The spectra of photoluminescence (PL), pulsed cathodoluminescence (PCL)
and thermoluminescence (TL) were investigated. Degradation of PL and PCL at high fluences is
observed. The TL results indicate that ion irradiation leads to a change in the type of trap activation
energy dependence on temperature.

Keywords: zirconium dioxide compacts, photoluminescence pulsed cathodoluminescence, ther-
moluminescence, swift heavy ions.
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Introduction. Zirconium dioxide (ZrO ) (bandgap E, = 5.0 - 5.5 eV) is now considered as
one of the most important materials used in modern measurement technology, nanoelectronics and
photonics [1]. Tt has a significant luminescence yield, high reflection coefficient, low phonon energy,
and high thermal and chemical resistance [2]. ZrO o -based phosphors are used to manufacture
oxygen sensors, biological sensors, laser devices, optoelectronic devices, UV and ionizing radiation
dosimeters, scintillators, high-energy radiation imaging devices, etc. [3]. For these applications, an
important task is to ensure the stability of the luminescent properties of the material, when exposed
to various types of radiation. This problem is especially relevant when using ZrO 5 -based devices in
military and space technologies, as well as in the nuclear industry.

This paper presents the results on the synthesis of zirconium dioxide compacts and the effect of
irradiation with swift heavy ions (SHI) simulating fission fragments on the luminescence properties
of the synthesized compacts.

Samples and research methods. To produce nanocompacts, ZrO o powders were subjected to
cold uniaxial pressing with pressures in the range of 900-1500 kgf/cm 2. The mass of powders of all
compacts was 60 mg. The compacts were pressed in the form of a disk with a diameter of 6.1 mm

1The work was performed under grant project AP09260057 "Luminescence and radiation resistance of synthesized
under different conditions micro - and nanostructured compacts and ceramics based on ZrO 5”7, MES RK
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and height of at least 1 mm. According to the information of the nanopowder manufacturers, ZrQO o
was 100% the monoclinic phase, so the phase composition was not studied by X-ray diffraction in
this work.

The samples were irradiated with Xe ions (220 MeV) and N ions (4.8 MeV) at cyclotron DC-60
(INP, Nur-Sultan, Kazakhstan) to fluences (101 - 1014) jons/cm? at room temperature.

Excitation and photoluminescence (PL) spectra in this work were measuredby an LS-55 spec-
trometer at room temperature. The PL was excited by a 150W xenon discharge lamp operating
in pulsed mode with a frequency of 50Hz. PL was analysed using a R928 photomultiplier, whose
spectral range of sensitivity ranges from 200 to 900 nm with a maximum at 400 nm [4].

Registration of the pulsed cathodoluminescence spectra (PCL) of crystals was performed using a
cathodoluminescent pulsed substance analyzer "CLAVI". Luminescence in the samples was excited
when compacts were irradiated in air at room temperature with an electron beam of 2 ns duration,
with a maximum electron energy of 130 4 10 keV and a current density of 60 A/cm 2. The spectral
range of registration was from 350 to 750 nm, the spectral resolution was 2 nm.The measurement
error of wavelengths at the highest gain position of the electron-optical transducer is 1A = 4+0.75
nm [5].

Thermoluminescence (TL) was measured in the linear heating mode at a rate of 2 K/s in the
temperature range 60 - 600 °C. Photomultiplier -130 (spectral region of sensitivity 200-650 nm
with the maximum at 400-420 nm) and Photomultiplier - 142 (spectral region of sensitivity 112-365
nm) were used for registration of TL luminescence. Due to air absorption, the spectral region of
sensitivity for the Photomultiplier - 142 is reduced to 200-365 nm.

Results and discussion. The luminescence spectra of the initial and irradiated compacts were
measured. It was found that excitation by light with a wavelength of 230 and 280 nm, the PL
spectra of the virgin samples show a band with maximum at 480 nm (Figure 1). Irradiation with a
beam of 4N ions with a fluence of 10'* ions/cm? leads to a decrease in the PL 480 nm.
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Ficure 1 — PL spectra of initial and 4 N-irradiated ZrO 2 compacts

The effect of irradiation with 220 MeV 32 Xe ions on the luminescence properties of ZrO o was
also investigated by the PCL method. The pulsed cathodoluminescence spectra of unirradiated
compacts were found to contain a luminescence band at 490 nm (Figure 2). Irradiation with a beam
of N ions with a fluence of 10* ions/cm? leads to a decrease in the intensity of luminescence,
i.e. to the degradation of luminescent properties of compacts.

It is known that ZrO o has a maximum of own luminescence in the wavelength range of 470-490
nm (2.5 - 2.7 eV) [6, 7]. This band is observed in both photoluminescence (PL) and PCL spectra.

Despite the active study of zirconium dioxide luminescence and the large number of publications,
there is no consensus in the scientific community about the nature of this luminescence band. There
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F1GURE 2 — Pulsed cathodoluminescence spectra of initial and 132 Xe-irradiated ZrO o compacts

are three main points of view on this issue. The first is that the luminescence band is associated
with the presence of Zr3* ions. For example, in [8] the authors suggested that the 480 nm band
was associated with the recombination of holes from the valence band with electrons trapped by
Zr3T traps, based on the analysis of the optical absorption and EPR spectra of ZrO » single crystal
irradiated with X-rays to create its own defects.

Another point of view attributes the luminescence of this band to the presence of an uncontrolled
Ti3*+ ion impurity, which is present even in nominally pure ZrO o samples [9, 10]. For example, in
[11] the authors investigated the effect of Ti and Lu impurities on the luminescent properties of ZrO o
produced by the sol-gel method and annealed at 1000 ° C for 5 hours. The alloying of zirconium
dioxide samples with Ti (0.5 mole %) leads to a more than 10 - fold increase in the intensity in the
luminescence band at 480 nm compared to pure ZrO o , which confirms the relationship of this band
with an admixture of titanium. The authors also performed a comparative analysis of the normalized
spectra of pure ZrO 2 and doped samples. This indicates the same nature of the luminescence centers
in these samples. A similar increase in the luminescence intensity of the 480 nm ZrO o band when
doped with Ti was observed in [12]. However, the authors noted that this growth with increasing Ti
concentration is not linear. At a concentration of Ti over 0.175%, a sharp decline in band intensity
in the excitation and luminescence spectra is observed, indicating an ambiguous influence of the
Ti impurity on the luminescence band at 480 nm in ZrO o . Finally, there is evidence that the 480
nm band in ZrO s is associated with the presence of oxygen vacancies in different charge states
in the material under study, the so-called F-type centers. It is known that the defects associated
with these oxygen vacancies largely determine the optical and luminescent properties of oxides and
oxygen-containing compounds [13].

The thermoluminescence (TL) properties of ZrO 2 compacts were investigated to determine the
possibility of their use for dosimetry of pulsed electron beams (130 keV, 2 ns). For this purpose, the
virgin and irradiated with ion beams (Xe and N) compacts were irradiated with a test dose of 5 kGy
from the pulsed electron beam, and then TL measurement was carried out. The TL curves of the
virgin and irradiated compacts contained two TL peaks at 330 - 430 K and 430 - 550 K. The peak
at 430 - 550 K is the most intense in the original sample. The greatest change in the TL intensity of
this peak occurs in the sample irradiated with 4 N ions: a 2.3-fold decrease in intensity is observed.

Using the analysis of TL curves recorded during linear heating, the kinetic parameters of the TL
peak at 430 - 550 K (kinetic order b, activation energy E and frequency factor S) were determined,
the results are shown in Table 1. The order of kinetics was determined through a shape factor (as
the ratio of the high-temperature part of the peak width to the full width at half the peak height),
the E and S values were calculated by peak shape analysis. It was found that the TL of the virgin
and irradiated 32 Xe compacts are characterized by close values of the activation energy (1.4-1.5
eV) and the kinetic order (1.6-1.7). The greatest changes in the kinetic parameters compared to the
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virgin compacts are observed in the samples irradiated with '* N jons. They are characterized by
an order of kinetics close to 1 (b = 1.1), indicating that the probability of trap recapture of charge

carriers is low.

TaABLE 1 — Kinetic parameters of TL peak at 430 - 550 K

Samples b [E, eVv] S, st
Compacts irradiated with 3 Xe ions (10 ions/cm?) | 1,7 | 1,52 | 9,10-10™%

Compacts irradiated with ' N ions (10" ions/cm?)) | 1,1 | 1,28 | 1,74-10'2
1,6 | 1,40 |3,07-10"3

Virgin compacts

The trap activation energy responsible for the TL peak at 430 - 550 K was also determined by
fractional heating. Figure 3 shows the thermal luminescence curves of the studied samples measured
in the fractional heating mode and the change in the activation energy within the specified peak.

The results indicate that ion irradiation leads to a change in the type of trap activation en-
ergy dependence on temperature. It was found that in the high-temperature part of the TL peak,
the activation energy decreases with increasing temperature, which may indicate the processes of

temperature quenching of luminescence.
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Ficure 3 — TL curves of ZrO 2 compacts measured in fractional heating mode and the change in activation energy within

the TL peak at 430 — 550 K
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FIGURE 4 — Isothermal attenuation curves of TL of ZrO 5 compacts measured at 463 K
Isothermal attenuation curves of TL at 463 K were measured for the virgin and irradiated ions
(132 Xe and 4N, fluence 103 ions/cm?) compacts (Figure 4). It was found that irradiation with
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ion beams leads to a decrease in the TL attenuation time; this effect is most noticeable in compacts
irradiated with 32 Xe ions.

Conclusion. The study of PL and PCL of SHI-irradiated zirconium dioxide compacts shows
that at high fluences there is a degradation of luminescent properties of compacts. The TL results
indicate that ion irradiation leads to a change in the type of trap activation energy dependence on
temperature. It was found that in the high-temperature part of the TL peak, the activation energy
decreases with increasing temperature, which may indicate the processes of temperature quenching
of luminescence.
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JIromuHectieHIusi KOMIIAKTOB ZrO 2 , 00JIyYeHHBIX OBICTPBIMU TSIXKEJIBIMUA MOHAMU

Annoranusi.  JlioMuHODOPHI HA OCHOBE JUOKCHJA IUPKOHUS Pa3IUIHOrO (a30BOrO COCTABA, NIMPOKO HCIOJIb3yeMble
B COBPEMEHHOH TEXHWKE, JMOJI?KHBI O0JIaJaTh BBICOKON CTaOUJIBHOCTHIO XapAKTEPUCTUK, IPU PAa3JUYHBIX PaIAAIlAIOHHBIX
BO3JEHCTBUAX. DTO OCODEHHO Ba)XXHO IPH HMX [PUMEHEHHM B BOEHHOW M KOCMUYECKON TEXHUKE, a TaK»Ke B ATOMHON
orpacimu. OmnpenenstiomuM (HaKTOPOM, BJHUSIONUM Ha, CTAOUJIBHOCTH JIIOMUHECIICHTHBIX CBOWCTB OKCHIHBIX JUIJICKTPUKOB
IpU  PAJUAIMOHHOM BO3AEHCTBUAM, SABJSIETCA OOPA30BAHME PAJUANMOHHO-UHIYIIMPOBAHHBIX J1e(DEKTOB. Uccnenosanne
CHHTE3MPOBAHHBIX KOMIIAKTOB U KepaMHWK Ha ocHoBe ZrQO 9 HeOOGXOAMMBI JJisi TPOTHO3UPOBAHUS W TIOBBIICHUS PaIHAIlAOHHON
crotikoctu ZrO o . B Hacrosmieit pabore mpencTaBiIeHbl pe3ybTaThl 10 CAHTE3y KOMIIAKTOB JMOKCHA UPKOHUA. KoMIaxThl
GBI CHHTE3UPOBAHBI IIPpeccoBanueM B (hopMe TabJIeTOK Mo JasjienueM B auanasone 900-1500 krc/cm 2 . Hamonoporok ZrO o
Ha 100% cocros u3 MoHOKIMHHOM daze. KoMmakre 6buim 06mydens: nonamu 220 MaB 132 Xe u 4.8 MaB % N 1o dunoencos
(1019 — 1014 ) mon/cm 2 ma yckopuresne J11-60 (Hyp-Cynran, Kazaxcran). WccmenoBanbl CHEKTPBI (hOTONFOMUHECIICHITHI
(®JI), nmuysnbcnoit karomomomunecuennun (UKJI) u repmomomunecunennuu (TJI). Habmonaerca nerpamanua ®JI u MKJI
npu BBICOKHX durioeHcax. Pesysnbrarel TJI CBHIETENBCTBYIOT O TOM, YTO MOHHOE OOJIydeHUE NMPUBOIUT K U3MEHEHWIO BHJA
3aBUCUMOCTHU SHEPTUU AKTUBAIMY JIOBYIIIKU OT TEMIIEPATYPHI.
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KiroueBbie cJioBa: KOMITAaKT JHOKCHUJA UMPKOHUS, (OTOJIOMUHECIEHIU, HUMIIYJIbCHAs KAaTOJOJIOMUHECICHIUS,
TEPMOJIFOMUHECIIEHIUSI, OBICTPhIE TSXKEJIble HOHBI.
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2Krbuinam aysIp moHZapMeH coydiesieHreH ZrO 3 KOMIIaKTTapbIHBIH, JIIOMAHECIIEHIIUSICHI

AnvoTanmsi. 3aMaHayd TEXHUKaJa KEHIHEH KOJIJIAHBLUIATBHIH OpPTYpJi dasasblK KypaMmaarbl JoMuHoMOp Herisinzeri
IUPKOHUH JTUOKCHUJII OPTYPJIi paIMALASIBIK dCEPJIEp Ke3iH/e XKOFapbl TYPAKTBUIBIK CUIIATTaMaJIapbiHa re 601yl Kepek. By ken
Karaila OCKepH KOHE FAPBIIITHIK TEXHUKAJA, COHIAN-aK aTOM ©HEPKOCIOiHe KONJAHBUIAHYAA aca MAHBI3JIbI. AHBIKTAYIIbI
daxTop periHjie paJualUsSIbIK 9CED €Ty Ke3iH/e OKCUATI JUIJIEKTPUKTEPIH JIFOMUHECIIEHTTIK KACUETTEPIHIH TYPAKTHLILIFBIHA
9CEep eTeTiH paJualusAIal TybIHIAFaH aKayJIapAblH maiaa 60ysl 60sbin Tabbutanbl. By 3eprrey ZrO o Herisinie cUHTE3eIreH
KOMIIAKTTapAbl »KoHe KepaMuKajaapAbl 3eprrey ZrO o coyieseHyre Te3iMaimirin 60skay *KoHe KaKcapTy VIIH KaxkeT. By
JKYMBICTA IIMPKOHMH JUOKCHI KOMIIAKTTAPBIHBIH cuHTe3l GoiibiHmia moTuxkesep Gepinren. Kommakrrep 900-1500 kre/cm 2
JMAaTa30HbIHIa KBICKIMMEH TabyieTKaaap TYPiHIeri ChIFbIMAAY apKblibl cunTesaeni. ZrO o nanoynTarb 100% MOHOKITMHMKAJIBIK,
daszaman Typaer. Yorinep JL1-60 yaerximinge (Hyp-Cynran, Kazakcran) 220 MsB 132 Xe sxone 4,8 MaB 4 H pongapeiven
(10 10 1014) I/IOH/CM2 duroencra coynenengipinren.  Poromomunecrennus (PJI), UMIYIbCTIK KaTOZOTIOMUHECICHIIHS
(TIKJI) »kone Tepmosniomunectennus (TJI) cuekrprepi seprrenai. 2Korapsr duoennusnapaa @JI »xone ITKJI merpananusce
Gaiikanaapl. TJI HoTHKeIepl MOHIBIK, COYJIEJIEHYIIH TeMIIEpaTypaFra TOYeJIIIK KaKIIaHbIH aKTUBTEH 1Py SHEPrUsiCHIHBIH, TYPIiHIH,
e3repyiHe 9KeJIETiHIH KepceTei.

TyitiH ce3aep: IUPKOHUN KOMIIAKT, (POTOJIIOMUHECICHIIMS, UMITYJIbCTIK KATOAOJIOMUHECIEHIUsI, TEPMOJIOMUHECIICHIINS,

KbLIIaM aybIp UOHIAP.
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