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Enhancement of p-type conductivity in nanocrystalline BaTiO 5 ceramics
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Undoped BaTiQ ceramic samples with an average grain size-& nm were prepared and the
electrical properties investigated. The defect structure is dominated by acceptor impurities;
therefore, the conductivity of nanocrystalline BaTi® of p-type. Comparing with microcrystalline
BaTiOs, the conductivity of nanocrystalline BaTids about 1 to 2 orders of magnitude higher and
the activation energy remarkably lower, which is ascribed to a greatly reduced oxidation enthalpy in
nanocrystalline BaTi@ (~0.3 versus~0.92 eV for microcrystalline BaTig). © 2005 American
Institute of Physics[DOI: 10.1063/1.1864232

In the last few years, a number of dense nanocrystallingies, are characterized, featuring an enhaneéghbe conduc-
oxides, for example, undoped and /©&d-doped CeQ@ with tivity.
an average grain size of10 nm}? ~11-36 nm> ~26 BaTiO; powder with an average particle diameter of
(Ref. 4 and ~30 nm? respectively, undoped TiOwith an ~ ~10 nm was synthesized through the hydrolytic decomposi-
average grain size of 35 nm® and Y,Os-doped ZrQ with  tion of a barium-titanium-isopropoxide solution in a water-
an average grain size 6§20 ~418 and~50 nm? respec- in-oil microemulsion, consisting of 10.47 wt. % of Tergitol
tively, either in bulk form or thin-film form, have been pre- NP35, 80.70 wt. % of cyclohexane, 6.04 wt. % of 1-octanol

pared and the electrical properties investigated. Among thesgnd 2.79 wt. % of ultrapure and degassed water. Since the
nanocrystalline oxides, the most dramatic property change&action is confined to the ultrasmall space of individual
were observed for nanocrystalline CeQComparing with ~ 2dUeous mlcialles, thls apprpach allows the formation of
microcrystalline counterparts, nanocrystalline Gé®char- na_mopowderé. The Ti/Ba ratio of the powder was deter-
acterized by an orders-of-magnitude enhannetipe con- mined to be 1.0035+0.0004 by x-ray fluorescence spectros-

ductivity and a significantly reduced activation energy. This®OPY: According to inductively coupled plasma mass spec-

phenomenon was explained by a greatly reduced reductio?iOSCOpy analyses, the nomlnally. undqped Bainbwder
enthalpy of nanocrystalline CeQand the grain-boundary was actually doped with acceptor impuritigsainly 82 ppm

it £l ¢ i thal d tMn, the others, e.g., Al, Sc, Fe, etc., are below the detection
sies of lower vacancy formation enthalpy Were propose cﬁmit). The powder was densified by hot isostatic pressing at
be the atomic-level origin of this behavibf.However, Kim

iop . o 860 °C under 200 MPa in nitrogen. The density of the ce-
and Maier proposed that the higher conductivity of nano- ., i pellets thus obtain was about 93% of the theoretical

crystalline CeQ is due to the electron accumulation at the yensity. Figure 1 shows the transmission electron micrograph
grain boundaries. With its comparatively high electronic bU|k(ModeI JEOL 4000EX, operating at 400 k\6f the nano-
contribution and high density of grain boundaries, the grairgrystalline BaTiQ ceramic, indicating an average grain size
boundaries in nanocrystalline Ce@an become electroni- of ~35 nm. The high-resolution transmission electron mi-
cally conducting and dominate the overall behavior. crograph shown in the inset demonstrates that the grain
Nanocrystalline BaTi@ materials of high density have boundaries were free of impurity phases. For comparison,
also been prepared in thin-film form with an average grainmicrocrystalline samples with an average grain size of
size of ~25 nm*° and in bulk form with an average grain ~5.6 um were prepared by firing the nanocrystalline
size of ~70 nm?™ respectively, and the ferroelectric proper- samples at 1100 °C for 2 h.
ties characterized. It is found that the ferroelectricity is weak-  The electrical properties were investigated by impedance
ened and the dielectric constant is remarkably lower forspectroscopy performed at an amplitude of 100 tmbdel
nanocrystalline BaTiQ ceramics! The ferroelectric re- 1260 frequency response analyzer, Solartron Instruments
sponse is even absent when the grain size is 28%im.  Within the frequency range of 0.1 to 18z, normally two
neutral to oxidizing atmospheres, acceptor-doped BaTiOrelaxation processe@emicircles were recorded in the im-
shows ap-type conductivity"**In this letter, the defect and Ppedance spectra of the microcrystalline san(glig. 2). In
transport properties of nanocrystalline Ba}fi@eramics’ the order of decreasing frequency, the two semicircles corre-

nominally undoped but actually doped with acceptor impuri-SPond to the impedance responses of the bulk and the grain
boundaries? respectively. The impedance spectra were fitted

author o wh P hould be add J ¢ add according to an equivalent circuit consisting of tR® (R:
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xinguo@ufl.edu arc was recorded in the impedance spectra of the nanocrys-
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FIG. 3. Temperature dependence of the conductivities of nano- and micro-
crystalline BaTiQ samples measured in pure oxygen.

temperature range of 400 to 700 °C, the conductivity of the
nanocrystalline sample is about one to two orders of magni-
tude higher than that of the microcrystalline sample, and the
FIG. 1. Transmission electron micrograph of BaJi@ramic with an aver- activation energy s .remarkably lower for the nanocrystalline
age grain size of~35 nm. The high-resolution transmission electron micro- sample. After the |mpedance measurements, the average
graph shown in the inset demonstrates atomically abrupt grain boundariegrain size of the nanocrystalline sample was checked again,
with no intergranular impurity phase. and it was determined to be39.5 nm from the full width at
half-maximum of the200) peak using the Scherrer formula,
talline sample. The arc was fitted by a large high-frequencylémonstrating no grain growth during the electrical measure-
semicircle and a small low-frequency semicir¢iég. 2. In ~ ments.
nanocrystalline materials, the grain boundaries parallel to the ~As the samples are doped with acceptor impurities, the
current direction, the contribution of which is negligible in Principal defect reaction in an oxidizing atmospheré13
microcrystalline materials, make considerable contribution to

.. X .
the impedancé® The high-frequency semicircle in the im- Vo +1/20;, < Op+ 21, (13
pedance spectrum of the nanocrystalline BaTi€ample 5
most probably results from the superposition of the bulk and __ b ) _ AHox

- . Kox(T) = =775 = Koy €X . (1b)
the parallel grain boundaries, whereas, the low-frequency [VO]P02 kgT

semicircle may come from the perpendicular grain bound-
aries that are still blocking the charge carrier transport acros! Ed. (1b), AHo, is the oxidation enthalpykd, the pre-
the grain boundaries. From the intersections of the fittexponential constankg the Boltzmann constant, the abso-
semicircles on the real axis, the bulk resistance and the totdiite temperaturePq, the oxygen partial pressure and[Vg]
(bulk plus grain boundabyresistance can be obtained, andare the concentrations of hol¢lh’) and oxygen vacancies
then the electrical conductivity is simply/ (RA). HereL is  (V{), respectively. Owing to the higher mobility of holes, the
the sample thickness, aidthe cross-section area. The elec- conductivity of the nanocrystalline sample is pitype, as
trical conductivities of the nano- and microcrystalline demonstrated by the oxygen partial pressure dependence
BaTiO; ceramics measured in pure oxyg(eﬂbflos Pa are (Fig. 4). Although a similar electron accumulation at the
plotted in Fig. 3 as a function of temperature. Within thegrain boundaries is expected for acceptor-doped BaTis
proved for acceptor-doped SrTiQRef. 17], the higher con-
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FIG. 2. Typical impedance spectra for nano- and microcrystalline BaTiO FIG. 4. Oxygen partial pressure dependence of the bulk conductivity of
samples measured at 500 °C in pure oxygen. nanocrystalline BaTiQ
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ductivity of nanocrystalline BaTi@shown in Fig. 3 cannot smallerAHg,). At nanometer scale, the defect thermodynam-

be due to the electron accumulation at the grain boundariesgs of BaTiO; is most probably dominated by the grain

this is because of thp-type conductivity of nanocrystalline boundaries.

BaTiO;. In conclusion, the-type conductivity of nanocrystalline
At 700 °C, both the nano- and microcrystalline samplesBaTiQ; is about 1 to 2 orders of magnitude higher than that

were annealed undePo,=2 Pa for 30 h, afterwards, pure of microcrystalline counterparts, and the activation energy is

oxygen was introduced and both samples were annealed jBwer. This phenomenon can be explained by a significantly

oxygen for another 30 h. This treatment caused a Welght gaiféduced oxidation entha|py of nanocrysta”ine Baajo
of ~0.023 wt. % in the microcrystalline sample, whereas
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