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DEPOSITION OF Na, sBi)sTiO; FILMS BY MAGNETRON SPUTTERING

The polycrystalline films of bismuth sodium titanate Na,sBijsTiO; were obtained by radio-
frequency magnetron sputtering. Deposition was performed on fused quartz and Si(100) substrates
heated to 200°C in Ar atmosphere. The target was sputtered at 10 mTorr working pressure and with
3 W/cm? average RF power. The films were crystallized by subsequent annealing in air at 600°C and
higher temperatures. X-ray patterns indicate that thin films exhibit the amorphous structure even after
annealing at 600°C. A crystalline NBT phase was observed after annealing at 650°C. X-ray studies of
films indicate the formation of bismuth sodium titanate and appearance of an additional phase. It is
shown that annealing at 750°C and higher temperatures decreases the content of NBT phase and
increases the content of non-NBT phase (presumably Bi,Ti,0,). Optical transmission spectra of NBT
films were measured in the wavelength range 280-500 nm. At the absorption coefficient a evaluation,
the refractive index dispersion of the substrate and the interference in NBT films were taken into
consideration. Band gap E, was calculated from the Tauc relation. The calculations for the NBT film
with the thickness of 290 nm showed that for the direct forbidden transitions E,=3.16 eV and for
indirect allowed transitions E,=3.07 eV.
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MeToa0M BHCOKOYACTOTHOIO MATHETPOHHOTO HANMJICHHS OTPMMAaHi NOJIKpUCTAIIYHI IUIIBKH
HaTtpiii-BicMyToBoro Tutanaty NaysBiysTiO;. Ocamkenns 3ailicHioBasiocst B aTMocgepi Ar Ha MiAKIAAKH 3
nJjasjaeHoro ksapuy i Si(100), Harpiti 1o Temnepatypu 200°C. Po3nuiennsi mimeni 3aiiicHioBasocs 3a
THCKY poGoyoro rady 10 mTopp, npu cepenniii RF noryskHocTi 3 Br/em’. Tloansma KpucTatizanis mIiBoK
3ailiicHioBasiacs B noBiTpi npu Temnepatypi 600°C ta Buie. PenTreniBebki AudpakrorpaMu nokaszai, 1o
micas Binnaay npu 600°C miaiBku Maau amopdny cTpykrypy. Kpucraniuna NBT ¢a3za Bunukana micas
Bimnany npu 650°C. PeHTreHiBebKi JoC/IilikeHHsl IUTIBOK MOKa3aad, o ¢opmyBaHHsI (a3su HaTpiii-
BiCMYTOBOI0 THTAHATY CYNPOBOMKYETHCSI MOSIBOIO Jo1aTkoBoi (asu. Iloka3amo, mo Bixmaga mnpu
Temnepatypax 750°C Ta Bume 3menuye yactuny NBT ¢asu i 36i1b1mye yactuny He-NBT ¢asu (imoBipno
Bi,Ti,O,). Bysu Bumipsini ciekTpn onTu4yHOro nponyckanns miisok NBT B niana3zoni qos:xun xsuib 280-
500 am. IIpu obuncienHi koediuienTa NOrIMHAHHS 0. BPAXOBYBAJIHCSA AUCHepCis KoedillieHTa 3a/10MJICHHS
MIKJIAAKH, a TakoK iHTepdepenuis y miiBkax NBT. lllupuna 3a6oponenoi 3onu E, ofuuciaoBaiacs 3a
piBasaaaM Tayna. Pospaxynkm miaa miaiBku NBT toBmmuor 290 HM mokasaiu, 10 I8 HPSMHX
3a0oponennx nepexonis E,=3,16 eB, a st Henpsimux 103B0J1eHux nepexonis E,=3,07 eB.

KurouoBi c10Ba: TOHKI IUIIBKM, MarHETPOHHE HAIIMIICHHS, HATPiH-BiCMyTOBHI THTaHAT.

MeTtonoM BBICOKOYACTOTHOIO MATHETPOHHOTO HAMBLICHHS TOJY4YeHbl IOJHKPHCTAIHYECKHE
IUIeHKH HaTpuii-BucMyToBoro tTutanara NagsBi)sTiO;. Ocaxnenne ocymecTBisuioch B atMocgepe Ar Ha
TOJIOKKH M3 MuiaBjieHoro kBapua u Si(100), narpersie 10 Temneparypsl 200°C. PacnbliieHne MuiieHH
ocymIecTBIsIOCh NpH AaBaenuu paGouero raza 10 mTopp W cpemmeii RF mommmoctn 3 Br/em’.
Iocuenyomasi KpUCTAJIN3aIMS IUVIEHOK OCYIIEeCTBJIsIach B Bo3ayxe npu Temneparype 600°C u Bbimie.
PentreHoBckne AM(PaKTOrpaMMbl NMOKA3ad, YTO mocjie orkura npu 600°C mieHkn uMesn amMoppHYI0
crpykrypy. Kpucrammdyeckas NBT ¢a3za mnosiBasiiace mnocie or:kura mpu 650°C. PentreHoBckue
HMCCJIEOBAHMS IUIEHOK II0OKa3ajd, 49T0 ¢opmupoBanue (a3pl HATPHII-BHCMYTOBOIO THTAHATA
CONPOBOKIAETCS MOsSIBJIeHHeM JIoN0JIHUTeNbHON (a3bl. IlokazaHo, 4To oT:kUT npu Temmepatypax 750°C u
BbIle yMeHblaeT 10110 NBT ¢asel u yBeanuusaer gomo He-NBT ¢aspl (npeqnonoxurensno BiTi,O;).
BbuM n3MepeHbI ClIeKTPbI ONTHYECKOro npomyckanus njieHok NBT B qnana3zone aimn Boan 280-500 nm.
IIpn BerMuCIeHNH KO3 PHIHEHTA NONIOMIEHHS 0 yIUTHIBAIUCH AUcHepcus KO3 PuIMenTa npeaoMIeHust
MOVIOKKH, a TakKike HHTeppepeHunoHnble sibieHnss B mieHke NBT. Illupuna sanpeumenHoi 30Hb1 E,
BbIYHCIIACH U3 cooTHomeHns1 Tayna. Pacders! ans miienkn NBT tonmmnoii 290 HM nokasasy, 4To Aas
NPSIMBIX 3aNpelieHHbIX mepexonos E,=3,16 3B, a Juist HenpsiMbIX paspeiueHnbIx nepexonos E;=3,07 5B.

Ki1io4eBble cj10Ba: TOHKHE TJICHKH, MAarHETPOHHOE HalbUICHHE, HATPUI-BUCMYTOBBIM THTAHAT.
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1. Introduction

High piezoelectric parameters and lead-free composition attract attention to
ferroelectric Nag sBigsTiO; (NBT) as a perspective material for piezoelectric devices.
However, high coercive field and electric conductance [1] prevent using of bismuth
sodium titanate piezoceramics in commercial products. Efforts of many research groups
are focused on developing of bismuth sodium titanate ceramics sintering technology and
special attention is paid to thin films sputtering. It is reported that NBT thin films were
prepared by chemical solution de-composition [2], pulse laser deposition [3], radio
frequency (RF) magnetron sputtering [4]. Excess surface energy of thin films enables to
increase the rate of reaction and to decrease synthesis temperature. The structure and
properties of the films are strongly dependent on such characteristics as deposition rate,
substrate temperature, substrate-target distance, pressure and sort of the working gas.
Using of active oxygen or inert argon as working gas mainly determines chemical
composition and structure of the films prepared. Understanding of the processes which
accompany the film deposition enables to control the properties of the obtained
compound. In this paper we report deposition of the polycrystalline NBT films including
details of the ceramics target preparing, sputtering conditions and subsequent annealing.
Optical transmission spectra of the deposited films were studied in the range of self-
absorption edge.

2. Experimental setup

The polycrystalline films of NBT have been obtained by RF magnetron sputtering
method with high-frequency power (13.56 MHz). The inert argon was used as working
gas.

The ceramics of bismuth sodium titanate was prepared by traditional technology [5]
and was used as the target. The starting components of Bi,Os;, TiO,, Na,CO; were
weighed in stoichiometric proportions and then powdered in a ball mill. After that the
mixture obtained was pressed into tablet and annealed at 800°C during 15 h in air. Then
the tablet was milled, subjected to pressure of 15 MPa during 1 h at 40°C. Finally the
target, prepared as disk of 40 mm diameter and 3 mm thickness, was annealed at 1100°C
during 4 h. The phase composition of the ceramics target was controlled by X-Ray
diffraction (the insert to Fig. 1). The films were deposited on heated substrates of fused
quartz and crystalline silicon. Heating of the substrate to 200°C during deposition was
carried out by halogen lamp.

The target was sputtered at 10 mTorr working pressure and with 3 W/cm® average
power. The structures of the targets and films were controlled by X-ray phase analysis;
DRON-4M diffractometer operating with copper K, radiation was used. Optical
transmission spectra were studied in a wavelength range 280—500 nm with the help of the
spectrophotometer Specord M40.

3. Experimental results

In the absence of oxygen in the plasma, films deposited on the Si substrate are
characterized by metallic luster. It could be the result of metal atom transport and absence
of gas-transport reactions during sputtering. The X-Ray patterns show that obtained films
are condensed in amorphous state.

The deposited films were synthesized by annealing in air for 1 h at temperatures in
the range 500-800°C. It has been observed that NBT phase is formed after annealing at
650°C and higher temperatures. At the same time, the annealed films become non-
transparent and matted.
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Fig. 1. X-ray diffraction patterns of NBT films (d=240nm) deposited on Si substrate and annealed
during 1 h at following temperatures: a — 650°C, b — 750°C. X-Ray diffraction pattern for NBT
ceramics target is shown in the insert.

According to [6], the structure of bismuth sodium titanate can be identified by the
X-Ray reflexes at 20=23°15" corresponding to (100) plane, 20=33°20" — (110) plane,
20=40°25"' — (111) plane. The X-ray diffraction patterns of annealed films indicate
formation of bismuth sodium titanate and show appearance of some additional non-NBT
phase (Fig. la). However, the intensity of bismuth sodium titanate reflexes is
significantly higher. NBT reflex absence at 40°25' ((111) plane, Fig. 1a, b) could be
attributed to certain orientation of crystallites and formation of textured films. Presence of
the non-NBT phase demonstrates difficulties of the films synthesis, so some components,
sputtered from the targets, do not react to form a bismuth sodium titanate structure. It
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shows that synthesis of thin films differs sufficiently from the case of bulk compounds
synthesis [7].

As it has been shown in [7], amorphous titanium is a catalytic agent of the synthesis.
One can assume that titanium atoms can react with Bi and Na before the appearance of
TiO, stable oxide. The formation of Ti bonds with Na can be hindered and bismuth-
titanium bonds would have advantage in contrast to traditional synthesis process when
titanium oxide reacts with bismuth oxide and sodium carbonate. Some authors [6, 8]
assume that the accompanying non-NBT phase corresponds to Bi,Ti,O; with pyrochlore
structure and give thermodynamic arguments to support this assumption. However, our
results show that annealing at 750°C and higher temperatures decreases the content of
NBT phase and, correspondingly, increases the content of non-NBT phase (Fig. 1). Most
probably, it is connected with a deviation from Bi stoichiometry due to evaporation of Bi
and Bi,0; at temperatures above 700°C [9]. The excess of unreacted titanium stimulates
formation of non-NBT phase and, most likely, changes unit cell parameters of the NBT
phase.

Using the film deposition technology described above, we synthesize a set of NBT
films with thickness in 230-290 nm range. In order to obtain information on electronic
structure and optical parameters valuable for optoelectronic applications, we study optical
transmission spectra of the NBT films deposited on fused quartz substrates.

Optical transmission spectra measured in a wavelength range 280-500 nm are given
in Fig. 2 for NBT films and for bulk single crystal (d=110 pum).

70
60
50 1
40 +
=
F 304
1-d=230nm
2 - d=270nm
20 4 3 -d=290nm
4 - d=110um (bulk)
10 H
0 7 4

T T T T T T T T T T T T T T T T T T T 1
280 300 320 340 360 380 400 420 440 460 480 500
A [nm]

Fig. 2. The optical transmission spectra of NBT films deposited on fused quartz substrate
(curves 1-3) and bulk single crystal (curve 4).

To calculate an optical band gap from the transmission spectra, one has to know
direct or indirect electronic transitions determine the self-absorption edge [11, 12]. Our
evaluation of the absorption coefficient a took into account the dispersion of the substrate
refractive index and the interference fringes, which appear in the optical transmission for
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the NBT/SiO, heterostructure. The band gap energy (E,) for both NBT thin films
(d=290 nm) and bulk single crystal (d=110 pm) was evaluated by the “method of the
envelopes” which is explained in details in [10]. E, was calculated by dint of the
expression (ohv)=A(hv—E,) where r characterizes the transition process, E, is the optical
band gap value, hv is the photon energy and A is a constant. Optical band gap value E,
can be defined by extrapolating the linear part of Tauc plot ((ahv)" versus (hv)) to the
abscissa axis. The r parameter can take the following values: 2/3 — for a direct transition
forbidden and 1/2 - for an indirect transition allowed.

The calculations for the NBT film of d=290 nm in thickness showed that the optical
band gap energy E,=3.16 eV when r=2/3, and E,=3.07 eV when r=1/2. These results are
in agreement with the data presented in [10]. The calculated values of energy do not
differ a lot and do not allow to make conclusion about nature of the transitions in NBT
thin films on the basis of optical transmission spectra analysis. Results of the calculations
are shown in the Table 1.

Table 1
Optical band gap in NBT films and bulk single crystal
Thickness d [nm] Optical band gap E, [eV]
290, r=1/2 3.07
290, r=2/3 3.16
Bulk crystal d=110 pm, r=1/2 3.027
Bulk crystal d=1 mm [12] 3.03

The optical band gap for NBT bulk single crystal d=1 mm is taken from [12] and is
given for comparison.

4. Conclusions

The technology used makes possible to prepare the ceramics targets with correct NBT
stoichiometric composition. The polycrystalline NBT films were obtained by RF
magnetron sputtering method with further annealing at temperatures above 600°C. The X-
ray diffraction patterns of the obtained films showed formation of both NBT phase and
additional non-NBT phase. It is shown that varying the annealing temperature
significantly influence the ratio of the bismuth sodium titanate and additional non-NBT
phases and by this way allow to control the phases ratio. The effect is presumably
connected with appearance of unreacted titanium atoms because of evaporation and lack
of Bi content. The optical transmission spectra of the NBT films (230-290 nm in
thickness) were obtained in the wavelength range 280-500 nm. Calculated E, values for
both indirect allowed transitions and direct forbidden transitions are quite close each
other (3.07 eV and 3.16 eV, respectively) and therefore these data do not allow to
conclude about the nature of the transition processes in the NBT films.

Acknowledgments

The authors express their appreciation to Mr. Vitalii Golovko for assistance in X-
Ray phase analysis.

References

1. Avramenko, V. P. Peculiarities of electrophysical properties of NagsBigsTiOs; single
crystals [Text] / V. P. Avramenko, T. V. Kruzina, A. Yu. Kudzin & G. Kh. Sokolyanskii //
Ferroelectrics — 1995. — Vol. 174. - P. 71 — 75.

2. Yang, C. H. Properties of Nag sBij sTiO; ferroelectric films prepared by chemical solution

104



Deposition of Na, ;Bi, ;TiO, films by magnetron sputtering

decomposition [Text] / C. H. Yang, Z. Wang, and Q. X. Li //J. Cryst. Growth. — 2005. — Vol. 284.
—P. 136 — 141.

3. Duclere, J. R. Lead-free Nay sBiy sTiO; ferroelectric thin films grown by Pulsed Laser
Deposition on epitaxial platinum bottom electrodes [Text] / J. R. Duclere, C. Cibert, and A.
Boulle // Thin Solid Films . — 2008. — Vol. 517. — P. 592 — 597.

4. Zhou, Z. H. Leakage current and charge carriers in (Nag sBig5)TiO3 thin film [Text] / Z.
H. Zhou, J. M. Xue, W. Z. Li, J. Wang, H. Zhu, and J. M. Miao // J. Phys. D. Appl. Phys. — 2005.
—Vol. 38. — P. 642 — 648.

5. Takenaka, T. Sodium Bismuth Titanate-Based Ceramics [Text] / T. Takenaka, H. Nagata
/I Lead-Free Piezoelectrics / S. Priya, S. Nahm, (Eds.). — New York: Springer, 2012. — P. 255 —
290.

6. Zhou, Z. H. Ferroelectric and electrical behavior of (Nay sBig5)TiO; thin film [Text] / Z.
H. Zhou, J. M. Xue, W. Z. Li, and J. Wang // Applied Physics Letters. — 2004. — Vol. 85, No. 5. —
P. 804 — 806.

7. Sidorkin, A. S. Preparation and properties of lead titanate thin ferroelectric films [Text] /
A. S. Sidorkin, A. S. Sigov et al. // Physics of the Solid State. — 2000. — Vol. 42, No. 4. — P. 745 —
750.

8. Xu, J. The negative effect of non-NBT phase on the ferroelectric properties of Sr-doped
NBT film and solutions [Text] / J. Xu, H. Xu, Y. Wang, D. Li, Z. Wang, and L. Zhen // Surface
Review and Letter. —2013. — Vol. 20, No. 2. — P. 1350012-1 — 1350012-6.

9. Diao, C. C. Effects of rapid thermal annealing treatment on 0.95(NaysBigs)TiOs-
0.05BaTiO; thin films [Text] / C. C. Diao, C. F. Yang // Advances in Applied Ceramics. —2010. —
Vol. 109, No. 7. — P. 421 — 425.

10. Bousquet, M. Optical properties of an epitaxial NaysBiysTiO3 thin film grown by laser
ablation: Experimental approach and density functional theory calculations [Text] / M. Bousquet,
J. R. Duclére, E. Orhan, A. Boulle, C. Bachelet et al. // J. Applied Physics. —2010. — Vol. 107. — P.
104107(1) — 104107(13).

11. Avramenko, V. P. Electrical properties of bismuth sodium titanate crystal [Text] / V. P.
Avramenko, T. V. Kruzina, A. Yu. Kudzin, G. Kh. Sokolyanskii, A. S. Yudin // Physics of the
Solid State. — 1989. — Vol. 31. — P. 325 — 327.

12. Zeng, M. First-principles study on the electronic and optical properties of Nay sBiy sTiO3
lead-free piezoelectric crystal [Text] / M. Bousquet, J.-R. Duclére, E. Orhan, A. Boulle, C.
Bachelet et al. // J. Applied Physics. —2010. — Vol. 107. — P. 043513-1 — 043513-5.

Received 15.05.2016

105



