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Conductance decreasing with increasing temperdfirabove a characteristiE (T,) is found in

the reverse-diode characteristics of metal contacts on strained Badp@axial fiims. The
conduction mechanisms below and abdygnear the Curie temperature of the bulk BaJi&e
distinctly different. Marked similarities to these characteristics are found in the surface conduction
on BaTiQ; single crystal in a high vacuum. By comparing the observations with the positive
temperature coefficient of resistan@@TCR effect in ceramics, we suggest that the anomaly is
regarded as a PTCR effect at metal/ferroelectric contact, and discuss the origin of the effect in thin
films and single crystals. @003 American Institute of Physic§DOI: 10.1063/1.1563061

The positive temperature coefficient of resistanceode propertiesFig. 2). The conductance both in the forward
(PTCR effect has been widely usédAlthough the PTCR  high voltage and the low-voltage ohmic region increases
effect in ceramics is attributed to the change of the potentiainonotonically with T. However, the reverse-bias current
barrier at grain boundaries due to the ferroelectric—densitylr decreases witfi between 80 and 150 °(ig. 3).
paraelectric phase transitidrthe details are still controver- Most of the measured Au and Pt electrodes exhibit similar
sial. It has also been observed in single crystatsd single- anomalies. Thel—V characteristics measured afterwards
grain ferroelectricé.However, no PTCR effect in thin films show thatl increases rapidly above 180 °C. The hysteresis
has been reportetexcept for a similar effect in a paraelec- in |-V curves are due to the capacitive response or the
tric Bay Sty <TiO3 polycrystalline film and those at loW.°  emission/absorption of the trapped carriéd@lectric relax-
This is partly because of the suppression of the phase tra@tion), becauseg during the increase of the absolute voltage
sition by the strain caused by the substrateiere, we found  |V| [I (V)] is higher thanlg during the decrease of
a PTCR-like anomalous conduction in BaTi®TO) epitax-  |V| [17(V)]° and the hysteresis decreases by reducing the
ial films, by examining very small reverse current throughVvoltage sweep speed. The net dc conduction componant at
the Schottky contact on the BTO films. We report also simi-aPproximated by[1*(V)+17(V)]/2 is shown in Fig. 37
lar phenomena in the surface conduction of a BTO singlénd an effective permittivity o is deduced from the capaci-
crystal in a high vacuum. tive responsé¢l (V) —17(V)]/2 (inset of Fig. 3. T at which

BTO films are epitaxially grown on 0.5-wt% Nb-doped the T dependence change3) is 80°C in Fig. 3 andT,
SITiO; (STON) that serves an ohmic bottom contact. We tends to increase and become less well defined with repeated
concentrate on a 100-nm-thick Au electro@2 mn?) de-  €xperiments. This may be due to the _change of the strain at
posited near 25 °C on a 230-nm-thick BTO film that showsthe surface by the unintended annealing effect.
well-defined diode properties and a remnant polarization of ~ The observed” dependence resembles the PTCR effect
1-2 uClen?. The samples are annealed beforehand in air af? ceramics. Figure 4 shows thigg shifts toward a highet
the highestT of each experiment to exclude extranedus with decreasmdM. Indeed, th.IS characteristic is observed in
dependences, such as the chemical change of the contdff PTCR effect in single-grain samples, \{\{hose conductance
electrode. X-ray diffractometry shows that thexis lattice ~ Starts to decrease from 30—-40°C beldw.™ .
constant increases from the bulk value of 4.036 to 4.092 A, The T dependence of the conductance in the ohmic re-
and its ratio to the-axis lattice constant increases from 1.01
to 1.03. The estimated two-dimensional strain is approxi-
mately 2.98 GPa. According to the Ginzburg—Landau theory,
this leads to the enhanced Curie temperaflige which is
over 600 °C in a crude estimation, disregarding the effects of
the thermal expansion and the inhomogeneity. The real part
of the static permittivitye increases monotonically with tem-

perature(T), at least to 150 °C, consistently with the esti- "o {‘a 3501';"6
matedT enhancementFig. 1). [ cs oM
0 100 150

The current—voltage characteristics exhibit Schottky di- % 7o

FIG. 1. T dependence of the real part of the permittivityat 10 kHz of

dpresent address: Toshiba Corp. Au/BTO/STON from 25 to 150 °C and from 150 to 26 °C. The arrows show
PAuthor to whom correspondence should be addressed; electronic maithe direction of thel change. Inset shows any at —1 and—1.6 V, whereas
ynab7scp@mbox.nc.kyushu-u.ac.jp the absolute value has little physical significance.
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V) arrows show the peak positions.

FIG. 2. |-V characteristics of Au/BTO/STON during cooling. Similar char-

_ac_teristics are ob_served during heating. The ins_et shc_)wts—tb{echaracter- _conduction, which explains the absence of the anomaly. This

fgﬁzrgozvﬁh'?r‘:vc'g:;nvg?'tage swing of 10 mV, in which the curves shift o o5 se the Schottky barrier becomes conductive enough
for the forward bias current due to the factor exykT).

The PTCR effect in ceramics is conventionally explained

the change of the barrier height &¢.? Similarly, the

preceding results suggest that the decrease of conductance is

due to the increase of an effective barrier height abbye

Its possible origin can be ion segregation due to the in-

creased ion mobility at high, the change of the surface state

the I-V characterisics below T, is markedly by the spontaneous polarizatid®s, or the change of the

well explained by the Schottkyo emission  model leakage current path by the changeR{ and the domain

| 5 T2 exp(— q/kT—q GEATs4kT), whereq, k, &, & configuration The first possibility is improbable, because the

R ’ d>s

andE are the elementary charge, the Boltzmann constant, th "V characteristics are observed at the saimiiuring both
coolmg and heating. Therefore, we examine the last two ori-

barrier height without the barrier lowering effect, the dy-

namic permittivity, and the electric field o) gins, which are related to the ferroelectric phase transition at

respectively? More(;ver, theT dependence is explicable' by the 'T'urggcf(.)_moc belowT . of the bulk BTO (i.e., 120—

KT in this formula with a constanty below T, [inset of Fig. 13002:) similar  to th?e PTCR  effect of  the

5(b)]. Figures %a) and 5b) indicate that the conduction . . -

mechanism chanaes af. and no standard conduction single-grain samplek. The observeds—T characteristics

mechanisms explgin the Oc;onduction abdie On the other in Fig. 1 would not contradict the diffuse phase transition

hand, the forward-bias current between and+2 V shows & the surface? if tor<tiest and esui>eres, because

the ordinary actation-ypd dependence, with the aciva- L /ol e eslcl (ST i S v
tion energy 0.55-0.58 eV for 25—150 °C. With increasing P Y » 1esp Y

its 1—V characteristics become fitted well by the space- and the quantities with the subscripts “surf” and “rest” are

charge-limited-current mod@l that is applied to the bulk

gion is ordinary, which shows that the bulk properties, sucr‘b
as the mobility and the carrier density, possess a nofimal y
dependence. However, the diode-likeV characteristics
prove that the nonlinear conduction is limited by the surface
at least, at one polarity. Figure 5 confirms that the
reverse-bias current beloW, is limited by the surface:
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03 60 °C 80 °C N £ :
E 00 —= R 10} E
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— 0.1 i - 7¢C)
-03 o o ’ 10 ) 0.5 1.0 15
00 (® 120 °C |(h) 130 °C V1“2 (v V)
03l R . FIG. 5. Schottky plot (lod—V) of thel -V characteristics at reverse bias
'_2(') - 140 ‘03 _(!2) — 150 °C A below (a) and aboveT, (b) replotted from Fig. 3. Different lines correspond
vv) VV) to 80 °C (100 °Q, 60 °C (110 °Q, 40°C (120 °Q, 26 °C (130°0, and

(140 °Q), respectivelyTgr=298 K. The characteristics aboVg are inex-
FIG. 3. Enlarged replots of—V characteristics at reverse bi@segative plicable by such other established models as space conduction, Poole—
voltage on the Au electrogldrom Fig. 2. Thick lines in the middle of each Frenkel, and the Fowler—Nordheim tunneling model. Inseijrillustrates
|-V hysteresis curve show the net dc current component density. The athe model of the domains and the conduction passes. Ingb} shows the
rows show the direction of the change. Thelependence during heating is ratios of T to 299 K=26 °C (solid lineg and the prefactor ofE in
the same, except fof of the minimum conductance occurring at 130 and exp@./qE/4me4/kT) (dotted line$ obtained by curve fitting to the data,
150 °C. where its ratio is mostly given by//eg.
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0 . , reverse-bias characteristics, because Pt/BTO-surface/Pt is a
70°C : double Schottky diode and the current is limited by the most
resistive part, that is a reverse-biased contact. Actually, the
| -V characteristics of the surface conduction slightly below
Tc, for example, at 100°C, are well explained by the
Schottky emission model. These observations invoke a
speculative mechanism: the density of the carriers that pos-
“113°C 113°C sibly exist at thea—c or the head-on domain boundaries
-500+ ,'500-'2 Viv) decreases nedrc, as shown in Ref. 16, leading to the in-
-2 -1 0 crease ofg. This model appears also consistent with Fig. 5.
vv) In summary, we report the reverse-bias conductance de-
FIG. 6. Conduction on BTO surface in a high vacuum at 70, 113, andCreasing with increasing aboveT,, which we regard as a
130°C. T¢ estimated by the polarization microscope is between 113 andPTCR effect at the metal/ferroelectric contact. We suggest
130°C. The_main‘ figure sh_ows net dc current with zero bias_ current coryhat the reduction of the PTCR effect in thin films is prob-
rected. The inset is the original data showing the large capacitive response L
nearT. ably due to the current limitation by the Schottky contact
instead of the ferroelectric/ferroelectric contact, the diffuse

phase transition, and the suppression of the domain wall
those of the top surface and the bulk/bottom-surface, respegpylation.
tively. We expecttg <test aNd eg, 7> €esty  DECaAUSE the
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