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Grain boundary characteristics of Na-diffused SrTiO3; were investigated. It was observed
that Na ions are segregated in grain boundaries by secondary ion mass spectroscopy
analysis. Using /-V characteristics and C-V measurement, the non-linearity coefficient and
the potential barrier height were found to be 15.6, 0.82 eV, respectively. The /-V
characteristics, complex plane analysis, and dc voltage step technique were performed to
study the electrical properties of a single grain boundary. From the results of complex
plane analysis, the deep electronic level was varied from 0.10 to 0.31 eV, which can be
explained by the substitution of Na ions for Srions. © 17999 Kluwer Academic Publishers

1. Introduction In this study, Secondary ion mass spectroscopy
SrTiOz is one of the mostimportant electroceramic ma-(SIMS) was employed to ensure the profile of Na-
terials [1, 2]. When doped with proper dopants and fireddiffusion along the grain boundary and an investigation
in reducing atmosphere, it is known to show semicon-on the changed electrical properties of SrJi@th the
ductive characteristics [3-5]. It is also used as a matediffusion of Na was carried out using a micro-electrode
rial for producing a grain boundary barrier layer capac-method.
itor (GBBLC) which has insulating grain boundaries
and semiconductive grains [6—9]. More recently, a new-
type of SrTiQy has been reported, which has not only a2. Experimental
high dielectric constant, but also non-ohmic electricalCeramic specimens were prepared by a conventional
characteristics [10, 11]. Since the dielectric constant ofnixed-oxide route, starting from 1.00 mol of Srg,O
SrTiOz is 100-1000 times larger than that of ZnO, a1.01 mol of TiG, and 0.006 mol of NJOs. Powder
SrTiOs varistor shows a large surge capability and amixtures were wet-milled for 12 h and then completely
sharp pulse response [12]. Therefore, it can be used alied at 150C. After drying, the powders were calcined
a capacitor-varistor as well [13, 14]. at 1200°C for 2 h. Each specimen was pressed under
Generally, the fabrication of SrTigbased varistor 100 MPa into a disk-shape of 10 mm in diameter and
is done by a two-step firing method, in which a speci-1.5 mm in thickness and fired at 1570 for 8 h in re-
men is sintered with dopant in reducing atmosphere talucing atmosphere (90%,N- 10% H,). N&O pastes
make semiconductive grains and then alkaline ions arevere painted on the top of specimen and annealed at
diffused in postsintering heat treatment [10, 11]. By1000°C for 1 hin air. Inorder to compare the electrical
Na-diffusion along grain boundaries, a potential bar-property of air-diffused (without the diffusion of Na)
rier such as double-Schottky barrier is formed betweerspecimen, the specimens were annealed at 10G6r
grains and grain boundaries. Fujimogd al. has re- 1 hin air. The specimens annealed with Na and without
ported that the source of potential barrier height on @Na were termed a®N1 and N2, respectively. After
grain boundary layer is substitution of Sr sites for Napolished carefully and chemically etched, the diffusion
ions [10]. Since Nais an acceptor thathas a considerablgrofile of Na in the specimen was obtained by TOF-
strain energy driving force for segregation due to theSIMS (7200, PHI, USA). The dielectric properties of
misfit in ionic radii, the segregation of Na ions producespecimens were measured with Ag-electrode using
the potential barrier height. Zou and Meng observedan impedance/gain-phase analyzer (4724A, Hewlett-
the diffusion and distribution of Na ions by HRTEM Packard, USA).C-V measurements of the bulk
and STEM-EDX [15]. However, there have not beenspecimen were carried out by an impedance/gain-phase
many investigations that covered change in the electrianalyzer (4194A, Hewlett-Packard, USA)V charac-
cal properties of grains and grain boundaries layer dugeristics were employed by a high voltage source
to Na-diffusion. measurement unit (237, Keithly, USA). For the
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Figure 3 |-V characteristics of bulk specimem:without Na-diffusion;
o, with Na-diffusion.

Figure 1 Optical micrographs of polished surface with micro- the surface, sputtering was carried out in chamber for
electrodes. 30 min. The map of SIMS analysis indicated that Sr and
o Ti uniformly existed throughout most of specimen and
measurements of-V characteristics, complex plane Na jons segregated in grain boundary layers. The map
analysis, and dc voltage step technique of a single graigt sy and Ti show the enrichment of Ti in near grain
boundaries, the specimens were polished and micrgsoundaries. The stoichiometry of Sr and Ti in grain

electrodes were formed with Pt pastes at polishegyoyndary layers was not confirmed, however, because
surfaces of sintered specimens as illustrated in Fig. 1.of the limitation of SIMS analysis.

3. Results _ 3.2. |-V characteristics

3.1. SIMS analysis , . Dielectric constants and non-linearity coefficients of
A grain boundary is known as more dominant diffusion specimens were listed in Table I. Fig. 3 shows Ithe

path of solute than agrain [16]. In this study, SIMS anal--haracteristics of bulk specimerid1 andN2. When
ysis was employed to ensure that Na ions segregate i jons were diffused in the sintered specimen, the
grain bou_ndarles and was per_formed in lO(D_OOM_m non-linearity coefficient was reached to 15.6, whereas
region (Fig. 2). In order to avoid any contamination onha¢ of specimen annealed in air was a relatively low-
value, about 5. In order to observe thev charac-
teristics of a single grain boundary, a micro-electrode
method was employed in this study. From the obtained
I -V curves as shown in Fig. 4, the non-ohmic behav-
ior in grain boundary layer was substantially observed.
Thel -V curves of Na-diffused SrTi@at various tem-
peratures were shown in Fig. 5. TheV characteris-
tics revealed that log is proportional toV/? below

the breakdown voltage, similar to behaviors of ZnO
varistors [17]. Therefore, it can be concluded that the
conduction mechanism at below breakdown voltage de-
pends on the thermoionic conduction-emission process.

3.3. C-V measurement

The potential barrier height and the donor concentration
of specimen were determined by measurements-of

V relationship [18, 19]. The donor concentratid¥y]

in bulk and the potential barrier heighi{] at grain
boundaries can be determined by following Equation 1:

Figure 2 SIMS micrographs of a representive region of the Na-diffused 1 1 2 2
SITiOs. Clockwise from left corner: total, Sr, Ti, and Na ion maps. <— — —) = (v +V) Q)
Images are taken from 160100..m? area. C 2Co qe Ng
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Figure 4 1-V characteristics of a single grain boundary of sintered spec-
imen: 0, without Na-diffusion;e, with Na-diffusion.
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Figure 5 1-V characteristics of a single grain boundary of the Na-
diffused specimen at various temperatures.

whereC is the capacitance of a specimeiatC, is the
capacitance af =0, g is the electron charge,is the
dielectric constant of SrTiQ V is the applied voltage
per grain boundary. Fig. 6 shows the result@{Vv
measurement o1 andN2 specimens. The potential
barrier height of N1 andN2 were obtained to be 0.82
and 0.14 eV, respectively.

3.4. Conductance measurement
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Figure 6 G-V measurement of the bulk specimen; without Na-
diffusion; e, with Na-diffusion.
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Figure 7 Current-Voltage rati¢l /V| vs. time for a single grain bound-
ary of the sintered specimen; (a) without Na-diffusion, (b) with Na-
diffusion.

very shorttimes[20, 21]. Fig. 7 shows the results of con-
ductances of specimens with and without the diffusion
of Na against time. When Na was diffused in the grain
boundaries of Nb-doped SrTiDMaxwell-Wagner re-
laxation instead of Debye relaxation was found to be
dominant. On the other hand, when annealed without
the diffusion of Na, Debye relaxation was the dom-
inant relaxation process. Maxwell-Wagner relaxation
appears when there is a big difference in resistances be-
tween the grain and the grain boundary developed [22].
Therefore, it can be concluded that the diffusion of Na

In order to measure the conductance of bulk and grai@ﬁected the electrical properties of grain boundaries.
boundaries at room temperature, dc voltage step tech-

nigue with a micro-electrode method was also em-

ployed to observe the conductance of a single grain t8.5. Complex plane analysis

grain junction atroom temperature. This method allowsComplex plane analysis has already proven to be a use-
the measurement of very high impedance but limited aful means of characterizing the electrical nature of a
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Figure 8 Arrhenious plots of |I’t()p/T2) vs. 10007 for a single grain )
boundary of the sintered specimen; without Na-diffusion;e, with Sr substituted for Na becomes an acceptor that the
Na-diffusion. negative charge is attained in the grain boundaries and

this phenomenon would lead to a negatively charged
number of heterogeneous materials [23, 24]. By applygrain boundary with a positively space-charge layer
ing small ac signal to the specimen, a relaxation occurgn either side [10]. Consequently, the potential bar-
when the angular frequency of the ac signal becomesier height is expected to increase with the diffusion of
equal to the emission rate of electrons in a trapping\a. In this study, it was confirmed that the potential
state. Time dependency of ensuing charge transition isarrier height of grain boundary is 0.82 eV frddaV

expressed via relation, described as Equation 2: measurement.
According to the data calculated from the complex
& = 1/7p = opvinNc exp(— E/kT) (2) plane analysis, it can be observed the deep electronic

levels are changed with the diffusion of Na. If the sub-

whereo, is the capture cross section of the trappingstitution pf Srby Na affect'sthe electronic states of'grain
state v, is the free-electron thermal velocitl; is the ~ boundaries, the electronic states of depletion region on
activation energy anil is the conduction-band density €ither side of grain boundary were varied. When an-
of states. Thus, the slope of i/ T2) versus 1000V, neal_ed in air without the diffusion of Na, 0.10 eV was
whereawy, is the peak frequency anilis the measured obtained for the value of deep electronic level. The ori-

temperature, represents the activation energy of deen Of this activation energy was postulated to be the

electronic defects. Fig. 8 provides the results of the deep@lue of electrons from oxygen vacancy state. After Na
electronic levels within the depletion regions formed atwas diffused in grain boundaries, the measured value
the grain boundaries of the specimen. The activatiof®f activation energy was obtained to be 0.31 eV. Fig. 9

energies forN1 and N2 were found to be 0.10, 0.31 represents the energy scheme with and without the dif-
eV, respectively. fusion of Na. It shows that the electronic states of both

grain boundaries and depletion regions were changed
by the diffusion of Na in grains.

4. Discussion

SrTiOs was doped with 0.6 mol % NIDs to carry semi- .
conductive grains and Na was also diffused in grair®: Conclusion o ,
boundary layers to improve varistor characteristics.! "€ influence of Na-diffusion on the electrical prop-

When NbOs is doped to SrTi@, the defect reaction erties of SrTiQ@ was investigated in this study. When
occurs as described below [4] Na ions were diffused at 100C, the segregation of

Na ions was observed by SIMS analysis. It was also
observed that the resistance of grain boundaries was
significantly increased by the diffusion of Na. The non-
] linearity coefficient and the potential barrier height
andn = [Nby], wheren is the electronic concentration. of Na-diffused specimen were found to be about 15
Since Na ions in the bulk of SrTigare more likely  and 0.82 eV, whereas those of air-annealed specimen
to substitute with Sr, it works as the source of grainyithout the diffusion of Na was about 5, 0.14 eV re-
boundary potential barrier with the diffusion of Na in spectively. This phenomenon, that the potential barrier
grain boundaries. With Na replacing with Sr, the defectheight and the non-linearity coefficient of Na-diffused

Nb,Os — 2Nby; + 2€ 4+ 405 + 1/2 0,

relation may be written as the following [4], specimen were increased, might be explained by the
substitution of Sr sites for Na ions. To verify this phe-
Na,O — 2N&;, + 2h + Of nomenon, the change of electronic states in depletion
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region on either side of grain boundary was obtained. If 7.

the substitution of Sr by Na affects the electronic states

of grain boundaries, the electronic states of depletiong' "

region on either side of grain boundary should be var-

ied. From the complex plane analysis, it was obtainedg

that the deep electronic levels near grain boundaries
were changed from 0.10 to 0.31 eV.
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