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Effects of donor concentration on the electrical properties of Nb-doped
BaTiO 5 thin films
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Thin films of BaNQTi;_,O; (0<x<0.5 were epitaxially grown on MgO substrates by laser
molecular beam epitaxy. The thin films undergo tetragonal to cubic and semiconductor to metal
transitions with Nb concentrations as shown by x-ray diffraction and electrical resistivity
measurements. Room temperature resistivities are found to decrease monotonically with increasing
Nb concentration and range from1® 10 Q cm. The fact that the temperature dependence of
resistivity of the thin films can be fitted well using a small polaron model reveals the polaronic
nature of the charge carriers in the thin films. This conclusion is further confirmed by the existence
of localized states within the band gap of Baji@s revealed by synchrotron radiation-based
ultraviolet photoelectron spectroscopy.2005 American Institute of Physics
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I. INTRODUCTION ther increase conductivity, thin films should be grown under
. . . . low oxygen partial pressure. Laser molecular beam epitaxy
Barium titanate has been one of the most intensively .\gg) is a powerful tool for growing oxide thin films and
studied materials owing to its rich optical and electrical prop-j; g easy to control oxygen partial pressures on the system.
erties. Stoichiometric BaTiis an insulator with a resistiv-  \ye have grown a series of Balh,_,0; (x=0.01-0.5 thin
ity of about 16°Qcm. Insulating BaTiQ can become fjjms ysing L-MBE and found that heavily Nb doped BaTiO
n-type conductive either by substituting trivalent rare-earthshoywed metallic behavior, which is quite different from the
ions such as ¥* or '—‘5_‘3+ for Baf* (A-site doping (Refs. 1 yanorted results mentioned above. In this paper, we report on
and 2 or by substituting pentavalent ions such as’NIBr  the evolution of the conducting behavior of the thin films
Ti*" (B-site doping.” In the case of A-site doping, it is re- \ith different concentrations of Nb. First, the crystal struc-
ported thaR,Ba, ,TiOs (R=Y, Nd, and La series all have &  yres of the thin films are described. Next the resisitivity
metallic region. The metallic region is fror=0.2 t0 0.4 for  measyrement results are presented and discussed in the frame
the yttrium series, from 0.28 to 0.9 for neodymium serieso¢ small polaron. Finally the relationship between the va-

and from 0.2 to 1.0 for lanthanum seriegn the case of |gnce bands and electrical properties of the thin films is dis-
B-site doping, particularly in the case of Nb doping, there arg;,ssed.

few reports on the doping-induced metal-semiconductor
'[Sr:;?::t(l)c;lr(lj.ui;?;ered buII_< ceramics of Nb-d_oped Bag#how P' EXPERIMENTS

g behavior when doped with small amount o
Nb, but when Nb concentration exceeds 0.4—-0.5 mol %, the  Thin films of BaTi_,Nb,O5; with nominal composition
specimens revert to insulator. Single crystals of x=0.01,0.05, 0.1, 0.2, and 0.5 were deposited on M)
BaNb,Ti;_,O3 with x ranging from 0.005 to 0.1 have also single crystal substrates by L-MBE system. Ceramic targets
been investigated and were found to be semiconduftiver.  used here were prepared by standard solid-state reaction us-
ganoet al.” have fabricated BaTiQthin films with 1.5-7.5 ing BaCQ, TiO,, and NBOs powders. An excimer laser
at. % Nb using metal-organic chemical-vapor depositionwith a wavelength of 308 nm operated at 3 Hz was employed
technique. They found that the thin films showed semicon+o ablate the targets. During the deposition the substrate tem-
ductor behavior and the resistivity increased rapidly wherperature and oxygen pressure were maintained at 680 °C and
Nb content exceeded 5.7%. Leméeal® have also studied 3x 107 Pa, respectively. The thickness of each film was
the influence of Nb content on the resistivity of Nb-doped~3000 A, as estimated from oscillation numbers of reflec-
BaTiO; thin films and found similar results. The main reasontion high-energy electron diffractiotRHEED) intensity.
for the increase of resistivity when donor concentration ex-  Phase purity and structural characteristics of the films
ceeds a certain value is the fact that the compensatiowere studied by x-ray diffractiofXRD) 6/26 scan and
mechanism changes from one that mainly involves electronasymmetric rocking curve method. Temperature dependence
to one that primarily involves cation vacancie®. It is  of electrical resistivity was measured between 77 and 600 K
known that the cation vacancies will reduce when samplesising van der Pauw method. The carrier density and mobility
are prepared under low oxygen pressﬁrﬁherefore, to fur-  of the thin films were estimated from the Hall measurement

under a magnetic field of 1 T. The stoichiometry of the films

dAuthor to whom correspondence should be addressed; electronic mai¥/as examin_ed by x-ray pho_toelectron s_pe_ctroscopy and
zhchen@aphy.iphy.ac.cn found to deviate from the nominal value within 10%.
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FIG. 1. XRD patterns of BaN@i,_,Os thin films withx=0.01-0.2(a) andx=0.5(b). Lattice parametera andc (c), c/a ratios(d) of BaNbTi;_,O3 thin films
as a function of Nb concentrations

Valence bands were measured at the 4B9B beam line a@ndc of BaTiO;. Detail of the discussion is in Ref. 12. The
the Beijing Synchrotron Radiation Facility in the Beijing calculated parametessandc, and their ratios are shown in
Electron Positron Collider National Laboratory. The mea-Figs. 1(c) and 1d). Lattice parametera andc increase with
surements employed photons with the energy of 37.4 eWb content, but lattice parametarincreases more rapidly
delivered by a spherical grating monochromator. The totathanc. This is consistent with the theoretical work conducted
resolution of the experimental system was about 0.2 eV. Thgy Patino and Stashaﬁ%According to their computational
surfaces of the samples were sputtered by, Aollowed by  results, in tetragonal phase the optimization of crystal geom-
annealing at 500 °C in the UHV for 10 min. etry of BaTiO, after doping with Nb is attained by the

impurity-outward displacements of barium. The movements
ll. RESULTS AND DISCUSSION are mainly in theab plane while the motion along theaxis
Our previous work? on XRD 6/26 scan patterns and is practically negligible. The ratio of latticeanda decreases

asymmetric rocking curves were used in this work. As showrYith Nt_’ Co.ncentr'atign {:md finally rggches 1)@#0_5, as
in Fig. 1(a), only (00)) peaks of BaTiQ together with(100) ~ Shown in Fig. 1b) indicating the transition of BaTigxrystal

peaks of substrate MgO were observed for Balp,0, Phase from tetragonal to cubic.

thin films with x<0.2, indicating that the thin films are of Figure 2a) shows the temperature dependence of elec-
single phase and orientation. For thin films with0.5, two trical resistivity of the thin films. When dopant concentration
more peaks(101) and (111) of BaTiO; phase with weak is less tharx=0.2, the resistivity of the thin films decreases
intensity were observeldee Fig. 1b)]. This reflects a minor With temperature, showing semiconductor behavior; while
loss of crystalline orientation perpendicular to the substrate’¢he resistivity of the thin films with Nb concentration above
plane. From XRD#/26 measurements, the lattice parameter0.2 increases with temperature, showing metallic behavior.
perpendicular to the substrates can be extracted. From asymhe thin films withx=0.2 exhibit transitional conduction be-
metric XRD{103} rocking curves, the ratios between out-of- havior. The metallic region is similar to the results of
plain and in-plain lattice parameters can be inferred. ComR,Ba;_,TiO3 series reported by Eylermt al®

bining these results, we can get the two lattice parameters Table | gives the result of the Hall measurement at room

Downloaded 12 Nov 2005 to 159.226.36.218. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



054102-3 Liu et al. J. Appl. Phys. 97, 054102 (2005)

107
¢ x=02
o x=05
— 107
£
© et ————oe—a0_ |
e
E’ "."E 107 -
3 g
% = .
[ )
10™4 O .
FIG. 2. (a) Temperature dependence
L , of resistivity for a series of
r T ————r—— — . > s
100 200 300 400 500 600 BaNbTi; O3 thin films (x ranges
50 100 150 200 20 300 from 0.01 to 0.5. (b) Temperature de-
(a) Temperature (K) (b) Temperature(K) pendence of carrier density of the thin
films with x=0.2 and 0.5(c) Tempera-
3.0x10™ ture dependence of the resistivity and
0.20 - o mobility reciprocal of mobility of the thin films
o resistivity 1 2.5x10" with x=0.5.
o 0154 4 2.0x10*
2 £
> {1800 &
ol 0.10 1510* &
g £
o =
g 4 1.0x10* 2
2 0.05 &
= { 5.0x10°
0.00 doo
50 1 (I)O ' 1 FI)O ’ 260 ' 25rO 3(')0
(c) Temperature(K)

temperaturg(RT). The Hall coefficients of all samples are does not depend deeply on that of carrier density. Fig(e 2
negative, indicating that electrons contribute to conductiorplots the temperature dependence of the resistivity and recip-
as major carriers. As Nb concentration increases, the resigocal of mobility of the thin films withx=0.5. Two sets of
tivity drops monotonously, which is quite different from ear- gata show almost the same behavior with temperature, indi-

lier published results.® The resistivities of thin filmgwith  cating the temperature dependence of resistivity deeply de-
x>0.2) are between I8 and 10* Q) cm, a behavior of pends on that of mobility.

poorly conducting metallic oxide¥. Carrier densities also Though the nature of charge carriers in BaJi®a sub-
increase with an increase in dopant concentration. On the

. . ect of discussion as to whether it is band electron or small
other hand, mobilities are not remarkably different betweeH

h . . . . 6Polaron, our experimental results favor small polaron con-
e samples in spite of the differences in dopant concentrd- i h n th isd | ic t N
tion. Therefore, the result indicates that the differences irfqu 'on scheme. In the common wisdom, pofaronic transpor

resistivity at RT are mainly derived from the difference in the? SOlids is synonymous with activated conductivity. Actu-
carrier density. ally, small polaron conduction consists of three regimes as

Figure 2b) shows the temperature dependence of carriePointed out by AppeP and Klinger:® At low temperatures,
densities of the thin films withk=0.2 and 0.5. The carrier the polarons behave as heavy particles in a band, showing
densities are almost constant in the temperature range frofimetalliclike” resistivity. At intermediate temperature, hop-
70 to 300 K. Hence the temperature dependence of resistivitging motion prevails, leading to an activated behavior. Fi-

nally, when temperature is higher than the activation energy,
TABLE |. Resistivity, carrier density, and Hall mobility of Bali, .0,  the polaron states are thermally dissociated and the residual
thin films at room temperature. electrons are scattered by thermal phonons, leading to
~ T2, Taking into account these three regimes, the tempera-

[ Q 3 me/V: L : .
Samples per (2 cm) n (en™) n (CTTIVS) ture dependence of resistivity data can be consistently inter-
x=0.01 13.78 1.x10Y 35 preted using small polaron model.
x=0.05 5.48 3‘<101: 33 Conduction in semiconducting thin filmgx<0.2)
)’:8'; 1'3; - eeﬁ 18119 :'3 should mainly take place by the hopping motion of polaronic
=05 2 70¢ 104 4.6% 1021 5.2 carriers between neighboring Ti ions. The resistivity due to

the small polaron hopping obeys the following 1a{v:
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FIG. 3. (a) Arrhenius relations between( T*5 and 1/T of thin films with x=0.01, 0.05, and 0.1b) Temperature dependence of resistivity 510.2. The
solid lines are fitted curves by E() in the temperature interval 78 T <200 K and by the fornp=p,e**sT in the activated regimec) Resistivity p(T)
vs T for x=0.5. The solid lines are fitted curves by Ef) at temperatures below 300 K% in the interval 300-500 K, and@® above 500 K.

p = T2 exp(Wi/kgT), (1) motion breaks down. There is a maximum in the resistivity
around 245 K, indicating the crossover from coherent to hop-

whereW,, is the hopping energy; the disorder energy is omit-ping motion. At high temperatures, the activated behavior
ted since it is negligibly small compared ¥, in crystalline  prevails. The activation energy was found to be 0.034 eV by
materials. The above expression should yield a linear reIationtting to the data using the activation forpe pe**e". The
between Ifip/T*%) and the reciprocal of temperatufe This  vajue of 0.034 eV is much smaller than those for the thin
is confirmed in the semiconducting thin films as shown infims with x< 0.2, indicating the decrease in electron-phonon
Fig. 3(a). The hopping energies are 0.22, 0.18, 0.18 eV forgoypling.
thin films with x=0.01, 0.05, 0.1, respectively. The values  As for the thin films withx=0.5, below 300 K, the situ-
agree well with the thermal activation energy obtained in gagion is similar to the case of thin films with=0.2. That is,
number of previous studié -~ With the approximation  the data has to be fitted by E@) in order to get meaningful
Wp=2Wj (W, is the polaron binding energywe can esti- fitting parameters. The fit is excellent withog/ks=210 K.
mate the electron-phonon coupling constanhe theoreti-  However, in this case, the coupling between electrons and
cal expression for the relation betwedif, and « is W, phonons is so weak that there is no crossover from coherent
=0.10%hwo, Wherewq_is the frequency of the longitudinal 4 hopping motion. Instead, as temperature increases, the po-
optlca2I2 mode for which we employed the experimentaligron states are dissociated, and the contribution to the resis-
value;™ wg =7x 10" s™. From the expression, we obtain ity is mainly from thermal phonon scattering. At tempera-
values ofa ranging from 8.8 to 9.7, which is quite close t0 {,res between 300 and 522 K, the data are fittegh byT3/2
10 indicating there is strong coupling between electrons and4 apove 522 K by ~ T°. The fact that the fit is good
phonons. implies that the charge carriers are conduction band electrons

At temperatures below 245 K, thin films nwith:O.Z above 300 K and the scattering is from acoustical and longi-
show metallic behavior, but if the traditionab< T" law was ¢ ,4inal optical phonons.

used to fit to the data, no meaningful fitting parameters could  tha occurrence of bound small polaron states is con-

be obtained. So we try to fit the data using small-polarory a4 by valence band measurements. The photoemission
metallic conduction Fheqr%f The theory states that, f6&T  gnectra of BaNpTi,_,O; are displayed in Fig. 4, after back-
<2t, the resistivity is given by ground subtraction and renormalization. The most striking
o(T) = po + Ewdsint(fiwg 2ksT), ) fe_atl_Jre is the appearance qf state; arou_nd 2 eV bé&epw
within the band gap of BaTi@ The intensity of the states
wheret,, is the hopping integral of polarons, is the average increases as Nb concentration increases foon.1 to x
frequency of the softest optical phonon modejs a con- =0.2, but decreases dramatically in the spectrum of thin films
stant, which is proportional to the effective mass of polaronsyith x=0.5. Patino and Stashdndave calculated the influ-
and py is the residual resistivity due to impurity scattering. ence of Nb doping on the electronic properties of BaliO
The resistivity below 200 K can be well fitted by E@) with ~ Their calculation shows the existence of metastable states
hwdkg=194 K, as shown in Fig.(®). This suggests that a within the band gap of BaTiQand the extra electrons from
soft optical phonon mode withw/kg of about 194 K has a Nb doping tend to transfer from the metastable states to the
strong coupling with the carriers and thus contributes to scatconduction band of BaTi© But the position of the meta-
tering. Upon increasing the temperature, the mean free pattable states is quite different in different phases of BaTiO
of polarons is rapidly reduced until the picture of coherentln tetragonal phase, the state is at 2 eV below the conduction
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range from 18 to 10% Q cm. The temperature dependence

&&ﬁ of the resistivities shows that thin films withless than 0.2
£ $o . exhibit semiconducting behavior while thin films witk
5 D@ BaT‘l-onb;O-” larger than 0.2 exhibit metallic behavior. The resistivity data
a . . .
oo o ;0:, we obtained are in good agreement with small polaron
2 gﬁ o a x=05 model. The existence of localized states within band gap in
=

& the valence spectra confirms that the charge carriers in as-
E‘g deposited thin films are mainly small polarons.
@
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ACKNOWLEDGMENT

S0,
AN tert

oo,
V442220025427,

The authors acknowledge the financial support of the
- . . : . : . Key Program for Basic Research of China.
12 10 8 6 4 2 0 2

Binding Energy(eV)

;G. H. Jonker, Solid-State Electroi, 895 (1964).
L V. J. Tennyery and R. L. Cook, J. Am. Ceram. Sdé, 187 (1961J).
FIG. 4. Valence-band spectra of BaNb,_,O, thin films (x=0.1, 0.2, and yery (1969

0 °H. M. Chan, M. P. Harmer, and D. M. Smyth, J. Am. Ceram. S8@,.507
9. (1986.

“C. Eylem, G. Saghi-Szabo, B. H. Chen, J. L. Peng, R. Greene, L.
band, while in cubic phase it is at 0.3 eV below the conduc- Salamanca-Riba, and S. Nahm, Chem. Maderl038 (1992.

. . S.-H. Yoon, and H. Kim, J. Appl. Phys92, 1039(2002.

tion band. Th_erefore, itis regsonable to assume that ele_ctron§\_ Feltz and H. Langbein, Ferroelectrids, 7 (1977.

from Nb doping could remain at the metastable state in te-’p. Nagano, H. Funakuoo, K. Shinozaki, and N. Mizutani, Appl. Phys.
tragonal phase by taking into account other factors such astett. 72, 2017(1998. _ )

disorder caused by impurity and oxygen vacancies, while Eér(l)_fé?:ej g-rygugorgﬂ'g%s%-47'3(‘23'&?2‘)’“9“59' J. P. Sénateur, and F.
they. are more I|!<ely to transfer to.conduct|on ban_d V\_/hen 9H. M. Chan, M. P. Harmer, and D. M. Smyth, J. Am. Ceram. 6,507
BaTiO; is in cubic phase. As mentioned above, thin films (19s6.

with x=0.1, 0.5, and 0.2 are in tetragonal, cubic, and transi-°C. J. Ting, C. J. Peng, H. Y. Lu, and S. T. Wu, J. Am. Ceram. 96:329

. . . . 1990.

tional phases, reSpeCtlv.eIY' Therefor_e, the_dlffe_re_nce n phasf‘?(D. M. Smyth in Properties and Applications of Perovkite-Type Oxides
maY_aCC(?U”_t for th_e Va!'|at|0n of the intensity W'thm the band  ¢gjteq by L. G. Tejuca, and J. L. Fier(dlarcel Dekker, New York, 1993
gap in thin films with different Nb concentrations. From the *H. z. Guo, L. F. Liu, S. Ding, H. B. Lu, Y. L. Zhou, B. L. Cheng, and Z.
position of the stat&g, we can estimate the polaron binding  Chen, J. Appl. Phys96, 3404(2004.
energyEp. According to discussions from Fujimdi Eg and E. Patino and A. Stashans, Ferroelectr36, 189 (2001

. 143, B. Torance, P. Lacorro, C. Asavaroengchai, and R. M. Metzger, J. Solid
Er are related by the following formula: State Chem.90, 168 (1991).
15 f . . . .
J. Appel, inPolarons, Solid State Physis&l. 21, edited by F. Seitz, D.
Ep=Eg — (w12)(myr?), 3) o 4 ’

Turnbull, and H. EhrenreickAcademic, New York, 1968

16 . . . .
. . . M. I. Klinger, Problems of Linear Electron Transport Theory in Semicon-
whc_ere m, is the _conduct|on band mass anglis polaron ductors (Pergamon, Oxford, 1979
radius. Using typical valuesy,~ 3.5my (REf-zfs (wheremy YN. F. Mott and E. A. DavisElectronic Process in Noncrystalline Materi-
is the electron rest massand r,=2.7 A7 we get Ep

18als (Clarendon, Oxford, 1971
=0.5 eV. Hence the activation energg,~E,/2=0.25 eV, /> M J. H. Seuter, Philips Res. Rep., Supgl.1 (1974

19 . P
. . . J. P. Boyeaux and F. M. Michel-Calendini, J. Phys1@, 545(1979.
is in reasonable agreement with the values obtained from th v ys1€ 545(1979

e £C. Gillot, J. P. Michenaud, M. Maglione, and B. Jannot, Solid State
resistivity measurements. Commun. 84, 1033(1992.

25 R. Gilbert, L. A. Wills, B. W. Wessels, J. L. Schindler, J. A. Thomas,
IV. CONCLUSION

and C. R. Kannewurf, J. Appl. Phy80, 969 (1996.

22 Gnininvi and J. Bouillot, J. PhygPari§ 33, 1049(1967).
In summary, we have shown that the resistivity of “’G.-M. Zhao, V. Smolynainova, W. Prellier, and H. Keller, Phys. Rev. Lett.

; L S . 84, 6086(2000.

BaNbTi, O; epitaxial thin films deposngd under low OXY- 24p. Fujimori, A. E. Bocquet, K. Morikawa, K. Kobayashi, T. Saitoh, Y.
gen pressure monotonously decreases with Nb concentrationyoyyra, 1. Hase, and M. Onoda, J. Phys. Chem. Sof@s1379(1996.
Room temperature resistivities of the thin films we produced®H. Ihrig, J. Phys. C9, 3469(1976.

Downloaded 12 Nov 2005 to 159.226.36.218. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



