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ELECTRICAL AND OPTICAL PROPERTIES OF HEAT TREATED
Nao_sBio,sTiOQ, CRYSTALS

Electrical properties in AC field (f=1 kHz, T=300-800 K) and optical absorption spectra (A=400-
900 nm, T=300 K) were studied in as-grown and heat treated in air and in vacuum Na,sBi,;TiO;
crystals. It was shown that permittivity €, conductivity o, and optical absorption o strongly depended
on heat treatment atmosphere and temperature. Annealing at T,,,=1100 K in air resulted in the
disappearance of permittivity relaxation maximum and significantly decreased conductivity.
Subsequent annealing at T,,, in vacuum restored the low-frequency relaxation maximum of € but
practically did not change . Optical absorption was slightly decreased after heat treatment in air and
significantly increased after annealing in vacuum. The obtained data are discussed in assumption that
heat treating in air decreases the content of oxygen vacancies V,, whereas annealing in vacuum
generates an additional number of V. It is supposed that the observed changes of electrical and optical
properties are determined by proper structural defects, such as F**, F* and O centers, concentration of
which can be controlled by a heat treatment in various atmospheres.

Keywords: permittivity, electrical conductivity, optical absorption spectra, sodium bismuth titanate.

Eaextpuyni BiaactuBocti B 3minHomy mnoui (f=1 kI'm, T=300-800 K) i cmekTpu omTH4YHOro
noraunanust (A=400-900 um, T=300 K) nocaixkeHo y nHeoGpoG.ieHHx i BigmajaeHux y moBiTpi Ta
BakyyMi kpuctanax NagsBijsTiO;. Iloka3ano, mo gie1eKTpuYHa MPOHUKHICTH €, €1eKTPONPOBiTHICTH
G Ta ONTHYHE NMOIJIMHAHHA O, CWJIbHO 3ajeKaThb Bil aTMocdepu Ta TeMmepaTypH TepMooOpoOOKH.
Binnamoanus npu T,,,=1100 K y noBiTpi npuzBoautb 10 3HHKHEHHs peJaKcalliiilHOro MakcumMymy
JieJIeKTPUYHOI MPOHMKHOCTI Ta MOMITHO 3HHKY€ ejJeKTponpoBinHicTb. [logajabue BignanaoBaHHs y
BakyyMmi npu T,,, BiTHOBII0€ peslakcaniiiHnii MakcHMyM €, ajle IPAKTHYHO He 3MiHIOE 6. OnTHYHE
NMOTIMHAHHA 3HMIKYEThCSI MicJsl TepMooOpoOKHM B MOBIiTpi i 3HA4HO 30LIBLIYETbCS Micjasi Biamaay y
Bakyymi. OTpumaHi 1aHi 00roBopIOIOTHCS B IPUIYIIEHH], 1[0 TepMivyHa 00po0Kka B MOBITPi 3HMKY€E BMicT
KHCHeBHUX BakaHciii Vg, Toai Ak BiAnaa y BakyyMi NopoaKye 10AaTKOBY KijibKicTh V(. [lependauaerbes,
O 3MiHM eJEKTPUYHHX TA ONTHYHUX BJIACTHBOCTeH BH3HAYAIOTHCSl BJIACHHMH CTPYKTYPHHUMM
nedexramu, takumu sk F™¥, F* Ta Q" neHTpH, KOHUEHTPALII0 SIKHX MOKHA KOHTPOJIOBATH HLISXOM
TepMivHOi 00po0KH B pisHHX aTMocdepax.

Kunrouosi cioBa: jienekTpuyHa NPOHUKHICTD, €IEKTPONPOBIAHICTD, CIIEKTPU ONTUYHOTO HOTJIMHAHHS,
HATpiii-BICMyTOBHUII TUTAHAT.

dnexTpHyeckue cBoiicTBa B nepeMeHHoM noue (f=1 kI'u, T=300-800 K) u cnekTpbl 0NTHYECKOr0
norJomenus (A=400-900 um, T=300 K) ucciieqoBansl B HeoGpabOTAHHBIX U OTOMIKEHHBIX B BO3yXe H
BakyyMe kpuctamaax NaysBiysTiO;. ITokazano, uYTo aMdJIeKTPpHYecKas MNPOHHULAEMOCTh €,
3JIEKTPONPOBOJHOCTL G H ONTHYECKOE NOIJIOIEHHe O CHIILHO 3aBUCAT 0T TeMIEPaTyphbl H aTMOChephbI
Tepmoodpadorku. OTkur npu T,,,=1100 K B Bo3ayxe NpHBOIUT K MCYE3HOBEHHIO PEJIAKCALHOHHOIO
MaKCHMyMa JHIJIEKTPUYECKOll NPOHMIAEMOCTH H 3HAYHTEIHHO IOHMKAET 3JIEKTPONPOBOIHOCTD.
Mocaenyrommii oT:ur B Bakyyme npu T,,, BOCCTaHABJIMBAaeT peJaKCAMOHHBLIA MaKCHMyM €, HO
NpPaKTUYeCKH He MeHseT 6. OnTHYecKoe MOIJIOLIeHHe CHHKACTCS 10cJjIe TepMo0OpadoTKH B BO3AyXe H
3HAYUTEJIbHO YBeJHYHBAaeTcsl nocjae oT:xkura B Bakyyme. IloaydeHHble naHHBIE 00cCy:KIalOTcs B
NpelnoaoKeHHH, 4TO TepMHuYecKkass 00pa0oTka B BO3JAyXe CHUIKAaeT cOJep:KaHHe KHCJIOPOIHbIX
BakaHcuii Vo, Toraa Kak OTKMI B BaKyyMmMe IIOPOKAaeT ONOJHHUTEIbHOE KOJHYecTBO V.
IIpeanonaraercsds, 4YTO H3MEHEHHUSl DJJIEKTPHYECKHX M ONTHYECKHX CBOHCTB ONpeaesiioTcs
COOCTBEHHBIMH CTPYKTYpHBIMH XepekTamu, Takumu kak F™, F* u O weHTphl, KOHHEHTpaumio
KOTOPBIX MOKHO KOHTPOJIMPOBATL yTeM TepMHUYecKkoii 00padoTKH B pa3IMYHBIX aTMochepax.
KiroueBble cj10Ba: Qu3/1eKTpUUECKask IPOHULAEMOCTb, EKTPONPOBOJHOCTD, CIIEKTPBI ONITHYECKOI0
OTJIOLIEHHUS], HATPUIA-BUCMYTOBBIN TUTaHAT.
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1. Introduction

Structural defects noticeably influence physical properties and efficiency of solid
state materials used in functional electronics. For active dielectrics this fact is of
particular importance because the lattice defects determine electronic and ionic
conductivity at operating temperatures. The ferroelectric-relaxor Nag sBigsTiO; (NBT) is
the most promising material for use in functional micro-electronics due to high dielectric
permittivity and piezoelectric coefficients, transparency in the visible range of
wavelengths (band gap of 3.03 eV width) and environmentally safe lead-free chemical
composition [1]. According to [2, 3], electrical properties of NBT crystals strongly
depend on temperature and atmosphere of annealing that is explained by changing the
concentrations of mobile charged and dipolar defects formed by oxygen vacancies Vq. In
this paper we study electrical and optical properties of as-grown and heat treated NBT
crystals in order to clarify the nature of electrically and optically active defects.

2. Experimental part

NBT single crystals were grown from the melt by the Czochralski method. In order
to control the concentration of oxygen vacancies Vg, the samples were heat treated in
various atmospheres. As-grown samples were annealed in air at 7,,,=1100 K for 1 hour,
then in vacuum at the same temperature 7,,, for 2 hours. Permittivity, conductivity and
transmittance spectra were measured for as-grown samples and after each heat treatment
step.

Measuring € and ¢ were performed in AC field (f=1 kHz) in the temperature range
300-800 K by using bridge P5083. Platinum electrodes were deposited by magnetron
sputtering in argon atmosphere. The optical transmission spectra were measured by using
spectrophotometer Specord M-40 in the wavelength range 400-900 nm at room
temperature. The absorption spectra a(/v) were calculated by dint of relation [4]

t=(1-RYexp(- ad)/[l—Rzexp(— 2ad)], )]

where & — Planck’s constant, v — frequency of light wave, ¢ — transmission coefficient,
R=(1-n)*/(14n)* — reflection coefficient, d — thickness of the sample. The spectral
dependence of the refractive index n(hv) of NBT single crystals is taken from [5].

3. Results and discussion

Temperature behavior of permittivity € and conductivity ¢ are illustrated by the
Fig. 1. For as-grown crystals one can see broad relaxation peak of &(7) near 670 K and
exponential growth of ¢ above 500 K (curves 1 in the Fig. 1). After annealing in air
(T,,,=1100 K) the relaxation maximum of & disappears and conductivity decreases
significantly (curves 2 in the Fig. 1). Subsequent annealing in vacuum restores and
sufficiently increases the relaxation maximum of &(7), but the conductivity is practically
unchanged (curves 3 in the Fig. 1). As it is argued in [2], in the range of T,,, oxygen
atoms in NBT structure become mobile enough. Thus, two types of the structural defects
connected with oxygen vacancies (Vo) could be responsible for the features observed:
reorienting dipolar complexes contributing to € relaxation peak near 670 K and mobile
charged defects increasing conductivity at high temperatures. The data in the Fig. 1
demonstrate that the content of the dipolar complexes can be regulated by annealing in
different atmospheres. The mobile defects disappear after annealing in air and cannot be
restored by subsequent annealing in vacuum.
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Fig. 1. Dependencies €(7) and 6(1/7T) of NBT measured in AC field (f=1 kHz) for: 1 - as-grown

crystal; 2 - the sample after annealing in air (7,,,=1100 K); 3 - the sample after subsequent annealing
in vacuum at the same temperature 7,,,,,.

It should be noted that after annealing in vacuum, the samples changed their color
and became dark. Fig. 2a shows the heat treatment effect on the optical absorption spectra
a(hv). One can see that annealing in air slightly decreases absorption, whereas heat
treating in vacuum sufficiently increases a. Such result demonstrates optical activity of
defects formed by V. The defects that have dipole moment and contribute to optical
absorption can be associated with F-centers. Extended absorption edge indicates presence
of tail impurity energy states localized near the valence band top and the conduction band
bottom. Existence of electronic and hole traps evidences that electronic hopping
conduction is possible in NBT structure.
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Fig. 2. (a) Absorption spectra of NBT for: 1 - as-grown crystal; 2 - sample after annealing in air
(T,,,=1100 K); 3 - the sample after subsequent annealing in vacuum at 7,,,. Inset shows the difference
of optical absorption Ac of heat treated and as-grown samples. (b) Derivative spectra, calculated for Aa
for the samples annealed in air (4) and annealed in vacuum (5).

The difference of optical absorption Aa, shown in the inset (Fig. 2a), demonstrates
that annealing in air slightly decreases optical absorption, whereas heat treating in

108



T. V. Kruzina, T. V. Panchenko, V. M. Sidak, S. A. Popov, V. S. Shchetinkin

vacuum sufficiently increases o. Fig. 2b shows the derivative spectra dAa/d(hv) for the
samples annealed in air and in vacuum. One can see that the derivative spectra for the
samples treated in air and in vacuum (curves 4 and 5 in the Fig. 2b) sufficiently differ
near the absorption edge. It may evidence for the different nature of the defects,
responsible for optical absorption in as-grown and heat treated in vacuum samples.

It may be assumed that F™", F" and hole O centers simultaneously exist in as-grown
crystal. At higher temperatures the F* centers are destructed due to thermal fluctuations.
Electrons occupy the vacant places in the electron shells O, therefore, the holes centers
disappear. Oxygen vacancies contribute to the ionic conductivity. This is confirmed by
the results of [6], in which concluded that the ionic conductivity prevails in nominal
stoichiometric NBT crystals.

The heat treatment in air decreases the content of oxygen vacancies Vg that can
change the valence of bismuth (Bi**>Bi’") or generate the hole centers (0*—>0"). The
increase of binding energy of oxygen vacancies (mobility decrease) due to charge state
change of the neighboring ions causes a substantial decrease of the conductivity.

The heat treatment in vacuum generates the oxygen vacancies and negatively
chargeddefects appear. Oxygen vacancies and such defects may form the F-centers.

4. Conclusions

The study of electrical properties and optical absorption of NBT crystals shows the
presence of electrically and optically active defects sensitive to the oxygen content in the
atmosphere. Such defects may be F™, F" centers and O centers, concentration of which
can be controlled by heat treatment in various atmospheres.
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