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Computation of Schottky barriers in semiconducting ferroelectric barium titanate
in reducing atmospheres
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The time and temperature dependencies of the double Schottky barriers in semiconducting ferroelec-
tric barium titanate (BaTi03) in the presence of a reducing or an oxidizing atmosphere are considered.
Numerical computations of the local variation of barrier heights as a function of time and temperature

are presented for both bulk and thin Slms. Experimental observations and theoretical results are ana-

lyzed for donor-doped semiconducting polycrystalline BaTi03.

M+RODUCr ION

Experimental observations of the dependence of the
room-temperature resistivity and the magnitude of the
positive temperature coefficient (PTC) of the resistivity
anomaly of semiconducting donor-doped BaTi03 poly-
crystals in reducing or oxidizing atmospheres are well do-
cumented in the literature. ' It has been observed that
the magnitude of the PTC anomaly can be drastically de-
creased or even eliminated in reducing environments
such as carbon monoxide. Conversely, oxidizing atmo-
spheres (e.g., oxygen) restore this anomaly. The observed
steady-state and transient responses' of semiconducting
BaTi03 polycrystals under the influence of carbon
monoxide and oxygen are displayed in Figs. 1 and 2, re-
spectively.

In this work we will seek to develop a theoretical
framework which could explain "semiquantitatively" the
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phenomena exhibited by Figs. I and 2. The treatment is
based on the diffusion-reaction theory in porous media,
the double Schottky model of the grain boundary bar-
riers, and the Landau-Ginzburg-Devonshire phenomenol-
ogy of ferroelectric phase transition in BaTi03. We hope
this analysis will provide further insights into the PTC
phenomenon and its stability.

Semiconducting donar-doped polycrystalline barium ti-
tanate BaTi03 exhibits an anomalous increase in resistivi-
ty ' known as the positive temperature coefficient of
resistivity above the ferroelectric Curie temperature Tc.
No appreciable anomaly was observed in the doped single
crystal. The semiconducting properties are produced by
(i) doping with a trivalent element such as La3+ or Y3+

which substitutes for Ba~+ on the cubo-octahedral site,
or (ii) doping with a pentavalent element such as Nb5+ or
Sb + which substitutes for titanium. In this manner free
electrons are generated in the titanium 3d conduction
band through the formation of a Ti +: Ti + complex:
(Ba&+„Ln„)(Tit+„Ti„+)0&.The dopant concentration is
usually less than 0.3 at %.

Below the ferroelectric-paraelectric phase transition
temperature Tc, Schottky barriers between the semicon-
ducting BaTi03 grains are neutralized by the spontane-
ous polarization I', associated with the ferroelectric
phase transition. Above Tc the barrier height increases
rapidly with temperature due to the disappearance of I',
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FIG. 1. Resistivity vs temperature characteristics of a semi-

conducting Bao998S10002Ti03 PTC composition upon heating
(1) in air and (2) in CO (Ref. 1).
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FIG. 2. Transient response isotherms (Ref. 1).
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and the decrease of the paraelectric state dielectric con-
stant (Curie-Weiss law). Semiconducting BaTi03 (PTC)
elements are commercially available with Curie tempera-
ture ranges from —80'C to 300'C and room-temperature
resistivities between 10 and 20 0 cm with eight orders of
magnitude change in the resistivity at Tc. They are used
in a variety of applications. '

The existence of surface acceptor states is a necessary
condition for barrier formation. It is generally believed
that the grain boundary (back-to-back) Schottky barriers
are due to chemisorbed oxygen or halogen. Acceptor
states are generated at the grain boundary through oxy-
gen adsorption and diffusion during the high-temperature
sintering of BaTi03. Conduction electrons become
trapped in the interfacial states leading to the formation
of depletion layers. Since a large amount of charge is
trapped at the grain boundary, a high capacitance is ex-
pected. Formation electrical junctions with good PTC
properties require values of surface-state densities rang-
ing from 2X10' /m to 4X10's/m .

The depletion region between the semiconducting
grains in BaTi03 has been observed by several imaging
techniques. " Other lattice defect models have been pro-
posed for the surface acceptor states. ' ' These include
oxidized impurities which are expected to provide fairly
deep traps, a gradient of Ba vacancies, and a gradient of
Ti vacancies, however, their nature still is controversial.
Whatever their source may be (chemisorbed oxygen, or
hole compensated acceptor-doped skin}, surface states
must exist for grain boundary barriers to occur.

The barrier layer potential in semiconducting donor-
doped BaTi03, in addition to its temperature dependence,
is also a function of the electric' *' and elastic' ' boun-
daries and of the size of the semiconducting grains. The
decrease of the magnitude of the PTC anomaly with dc
field bias is attributed to Schottky emission across the
barriers. Barriers can also be raised or lowered depend-
ing upon the nature of the elastic boundaries. Hydrostat-
ic pressure, for example, raises the barrier potential,
whereas uniaxial stresses would either raise or lower the
barrier depending upon the sign of the electrostriction
tensor components in the Landau-Ginzburg-Devonshire
free energy density function. ' '

Above the Curie temperature Tc, the Curie-Weiss 1aw

is obeyed and the dielectric constant for BaTi03 is given

by

e= C/( T T—o), (2)

where a, is the tensor coe5cient of the second-order po-
larization term in the free energy density function (de-
scribed under thin film). For high permittivity solids
such as BaTi03, it is valid to assume that y= e. Thus

ai =(1/2eoC)( T To) =P—( T —To), (4)

where p=1/(2eoC). The expression for barrier height
under the conditions of zero applied stress and field is ob-
tained by combining Eqs. (1)—(3) to yield,

4=(Pe n, /4Nd)(T To) . — (5)

The surface acceptor states, according to Heywang's
model are assumed to lie at one fixed energy level E„well
below the Fermi level Ef (fully occupied}, and the donor
levels are sufficiently close to the conduction band (fully
ionized). The net concentration of the ionized surface ac-
ceptor states n, is given by

n, = N /{1 +exp[( E++4—E, )/kT]I, (6)

where N, is the density of the surface acceptor states, the
occupation probability F (Fermi-Dirac) is given by

F= 1/[ 1+exp[(EF +4—E, ) /kT] J,
where k is Boltzmann's constant. The position of the
Fermi level Ez is determined from the effective density of
states in the conduction band N, and the donor concen-
tration Xd by

where C is the Curie-%eiss constant and Tp the extrapo-
lated Curie-gneiss temperature. According to the
Landau-Ginzburg-Devonshire theory of a proper fer-
roelectric derived from a prototypic symmetry group
Pni 3m (e.g., BaTi03), the single-domain paraelectric state
dielectric stifFness (dielectric reciprocal susceptibility)

' is given by

(3)

E~=kT 1n(N, /Nq), (8)

BULK POLYCRYSTALS

The grain boundary barrier of a semiconducting poly-
crystalline (PTC) BaTi03 is modeled as a strong-
depletion —slight-inversion, back-to-back Schottky bar-
rier. The expression for the static, quiescent condition
(zero current) Schottky-Heywang barrier height 4 is ob-
tained by solving Poisson's equation under the assump-
tion that barium titanate is a linear and isotropic dielec-
tric, a valid assumption above T&.

@=e n, /8eeoNd,

where e is the electronic charge, n, the net concentration
of ionized surface acceptor states, e the dielectric con-
stant, eo the free space permittivity (8.854 X 10 ' Flm),
and Nd the donor concentration per unit volume.

where N, =2(2n.m,'kT/h ), with m,' being the elec-
tron effective mass, and h Planck's constant. Equation (8)
is a valid approximation for EF & —k T, i.e., for
Xd &2%~. The grain boundary resistivity p of BaTi03 is
written as

p=poexp(@/kT) . (9)

Substituting from Eq. (8) into Eq. (6), the transcendental
equations (5) and (6) can be solved iteratively to give the
barrier height 4 and the occupation probability of the
surface acceptor states as a function of temperature.

The time dependence of the Schottky barriers in the
presence of a reducing or an oxidizing atmosphere can be
treated as a diffusion reaction phenomenon. The reduc-

ing gas species, for examp1e, diffuses into the semiconduc-
tor and reacts with the oxygen at the surface states {be-
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comes immobilized}. This reaction frees the trapped elec-
tron which can enter the conduction band of the semi-
conductor. Consequently, the net concentration of the
ionized surface acceptor states n„and hence the barrier
height @, will be a function of the reducing gas species
concentration C in the semiconducting BaTi03 sample at
any given time. The form of this function will be dis-
cussed next.

We will consider the diffusion-reaction model through
a porous medium as treated by Crank. In this model
the reducing gas species diffuses within the pores of the
semiconductor element and becomes immobilized very
rapidly, i.e., the chemical reaction with the oxygen at the
surface states is much faster compared with the diffusion.
Therefore diffusion is the rate controlling process. In this
manner, local equilibrium can be assumed to exist be-
tween the free and immobilized components of the
diffusing species. The concentration S of the immobilized
species is directly proportional to the concentration C of
the species free to diffuse, i.e.,

S=RC,
and the diffusion adsorption equation becomes

as ac
at at

(10}

where D is the diffusion coeScient which is assumed to
be isotropic and independent of concentration. Substitut-
ing from Eq. (10) into Eq. (11),we get

D ~2c ac
(R+1) at

(123

If the linear relation [Eq. (10)] holds, solutions of the
above difFerential equation with reaction, for given initial
and boundary conditions, are the same for the corre-
sponding problem in simple difFusion, except the effective
diffusion coeScient D, is to be used. For a rectangular
parallelepiped with constant surface concentration C0
and with dimensions 2a, 2b, and 2c such that —a &x & a,—b &y & b, and —c &z &c, the solution of the diffusion
equation subject to the initial and boundary conditions
C=O at time t =0 at all points of the medium and
C =C0 at t )0 at all points of the surface is reduced to
the one-dimensional case (for a «b, c),

c(x, t) =C /CO=1 —(4/m ) g [(—1)'l(21+1)]
1=0

Equation (12) shows that the overall diffusion process is
slowed down by a factor (R +1) as a result of
adsorption-reaction process. We may consider
D, =D /(R +1) as being an effective diffusion coefficient.
Thus, Eq. (12) becomes

D VC= C
e

Equation (14) is identical to that of a linear heat ffow in a
solid bounded by two parallel planes kept at a constant
temperature or insulated. Carslaw and Jaeger. ' Numer-
ical computation of c (x, t) for different values of the nor-
malized distance (x/a) and normalized time t (expressed
as fractions of the diffusion time constant a /D) is shown
in Fig. 3.

Let us write the following expression for the uncom-
pensated net concentration of acceptor surface states n„

n, =N, F[1 c(x, t—)], (16)

where F and c (x, t) are given by Eqs. (7) and (14), respec-
tively. For oxidizing atmospheres the negative sign in
Eq. (16) is replaced by a positive one. Thus, in order to
determine the temperature and time dependence of the
Schottky barriers 4(T, t) and the occupation probability
of the surface acceptor states F ( T, t), we need to solve the
following transcendental equations with the appropriate
parameters written between ( ):

4(T, t)=(pe n, /4Nd)(T —To),

n, =N, F(T, t)[1—c (x, t)],
F(T,t)=1/(I+exp[[Et, +4(T, t) E, ]/kT—] ) .

(16')

(7')
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Hall measurements ' on semiconducting PTC sam-
ples revealed low electron mobility (=10 cm v 's '),
so that the conduction band is most probably narrow.
Hence, the density of the states in the conduction band
N, will be the number of Ti ions per unit volume
(=1.6X10 m ), just as is usually found for transition
metal oxides with completely localized electron states.
This was further confirmed by thermoelectric power and
Hall measurements on samples whose barrier layers were
destroyed by reduction, and small polaron formation
whose mobility is enhanced by successive hops. ' Oth-
er physical constants for BaTi03 which were used in the
numerical analysis are well documented in the litera-
ture ' and are as follows: %&=10 m, N, =2X10'
m 2, E,=1.442X10 19 Cv, C=1.7X105 K, TO=381
K.

Xexp( —ta, ), (14}

Xcos(21 + 1 }(n.x /2a) 0 I

D
I I I

0.4 0.6
NORMALIZED DISTANCE (x/a)

I

0.8

where

a& =(vr D/4)(21 +1/a)

FIG. 3. Computed concentration profiles vs distance at
difFerent times (t) taken as fractions of the difFusion time con-
stant (a /D).
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FIG. 4. Computed (4/kT) vs temperature at different times

(t) taken as fractions of the diffusion time constant, x /a =0.0.
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FIG. 6. Computed (4/kT) vs temperature at different times

(t) taken as fraction of the diffusion time constant, x /a =0.5.

Equations (5') and (16') are solved iteratively using the
bisection method to yield the barrier height ItI(T, t) and
the occupation probability of the surface acceptor states
as a function of temperature and time. The temperature
and time dependencies of 4/kT and the occupation
probability of the surface acceptor states are shown in
Figs. 4 and 5 respectively, for x/a=0. 0. A graphical
representation of 4/kT for an element coordinate
x/a=0. 5 is shown in Figs. 6. Figure 7 illustrates the
manner in which the barrier height varies with time un-
der isothermal conditions.

Model computations (Figs. 4 and 7) of the temperature
and time dependencies of the grain boundary barriers in
semiconducting BaTi03 polycrystals agree semiquantita-
tively with the experimental observations displayed in
Figs. 1 and 2. The experimental resistivity curves
displayed in Fig. 1 show an interesting feature of the
steady-state PTC response after exposure to CO. That is,
the PTC maximum is not only lowered relative to that in
air but is also Ratter. A plausible explanation would be
an energetic distribution of the surface acceptor states
after exposure to CO, i.e., they occupy a range of energy
states below the Fermi level, rather than a single degen-
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FIG. 7. Computed isothermal transient response for
x /a =0.0 and 0.5 at 490 K (theoretical PTC maximum).
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FIG. 8. Computed transient isotherm at 420 K (PTC region),

along with the response at PTC maximum for comparison

(x/a =0.5).
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FIG. 9. Computed transient isotherm at 630 K (NTC region),

along with the response at PTC maximum for comparison

(x/a =0.5).

There has been an increasing interest in recent years in
the development of ferroelectric thin films for memory
and linear integrated circuit (IC) applications. 3 A
great deal of effort has been devoted to the deposition of
the perovskite family ferroelectrics, particularly BaTi03,
(Ba, Sr)Ti03, PbTi03, and (Pb, Zr)Ti03 on a variety of
sub str ates. Film deposition techniques range from
sputtering, metallo-organic chemical vapor deposition,
laser ablation, etc., to sol-gel, pyrolysis, spin coating, etc.
The most commonly used substrates are Si, MgO, sap-
phire, and to a lesser extent quartz. Pulsed excimer laser

crate level E, . Another possibility is the existence of
inhomogeneous stresses at the grain boundaries. The iso-
thermal transient response computed at 490 K (theoreti-
cal PTC maximum} displayed in Fig. 7 is in a general
agreement with the experimental results (Fig. 2). The
manner in which the isothermal transient responses vary
with temperature will depend on the location of the
operating temperature on the PTC curve. This is illus-
trated in Figs. 8 and 9, which show the theoretical tran-
sient isotherms in the PTC and NTC regions, respective-
ly. Further comments on the experimental and theoreti-
cal time and temperature dependencies of the double
Schottky barriers in semiconducting BaTi03 will be given
in the discussion section.

THIN FILMS

deposition of La -doped semiconducting BaTi03 on p-
type Si, quartz, glass, and alumina substrates has been de-
scribed in a recent article.

In ferroelectric thin films, additional factors must be
considered due to the presence of a stress pattern which
could conceivably evolve for a number of reasons, such as
thermal expansion mismatch with the substrate, stress re-
laxation from the lattice, microstructural imperfections,
or the film substrate interface. " Recent x-ray diffraction
measurements on epitaxially grown thin ferroelectric
lead titanate PbTi03 films showed that the tetragonal-
cubic phase transition occurred for some films at a tem-
perature =50'C higher than the single crystal {=490'C).
In addition, the films were elongated along the crystallo-
graphic c axis compared to pure PbTi03. Using a phe-
nomenological Landau theory for PbTi03, the observed
shifts in Curie temperature were attributed to a two-
dimensional compressive stress pattern.

In ferroelectric polycrystals and thin films, a complete
free energy function is particularly valuable, since often
the elastic and electric boundary conditions upon the in-

dividual crystallites are uncertain. It is frequently not
clear whether the "unusual properties" are intrinsic and
to be associated with these boundary conditions or are
extrinsic and associated with such phenomena as domain
and phase boundary motion.

The ferroelectric nature of the grain boundary layer in

semiconducting barium titanate makes it possible to use

the Landau-Ginzburg-Devonshire phenomenological
theory. For many ferroelectric crystals, this formalism

gives an excellent semiquantitative description of the
dielectric, elastic, and piezoelectric properties when only
the lowest-temperature terms are linearly temperature
dependent, higher-order terms temperature independent,
and often for a very truncated series expansion. For a
more accurate description over a wider temperature
range, additional higher-order terms, and/or
temperature-dependent higher-order coeIcients can be
included.

Consider the free energy density function for a proper
ferroelectric derived from a prototypic symmetry group
Pm3m. For Brillouin zone center lattice modes, the
Landau-Ginzburg-Devonshire free energy density func-

tion (thermodynamic potential) may be written as a
power series in terms of the order parameter (the dielec-
tric polarization vector) P, (i =1,2, 3) as follows:

G =a,(P, +Pi +P3 )+ai, (P i +P2+P3 )+a,i(P iP2+P3P3+P3P i )+ai, i(P, +P3+P3 )

+a»2[P, (P2+P3 )+P2(P3+ P f )+P3(P, +Pz )]+a]23PfP2P3 —1/2s» (Xi +X2+X3 )

s i2 (XiX2 +X2X3 +X3X& ) —1 /2s44 (X~ +X& +X6 ) —Q & i (Xi P &
+X2P2 +X3P3 )

Q)2[X) (P2+P3 )+X2(P3 +P( )+X3(Pi +P2 )] Q44(X4P2P3+X3P3Pi+K6PiP3), (17)

where a;, a;j, a;Jk (in the reduced tensor notation} are re-
lated to the dielectric stiffness {dielectric reciprocal sus-
ceptibility) and higher-order stifFness coefficients at con-
stant stress and Q», Q, 2, Q44 are the electrostriction
constants written in polarization notation. In Eq. (17)

tensile stresses are denoted by X„X2,X3, and the shear

components by X4, X~, X6, respectively. The expression

is complete up to all six power terms in polarization, but
contains only first-order terms in electrostrictive and elas-

tic behavior.
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The first partial derivatives of the free energy density
function with respect to the components of P;, X;, and T
give the conjugate coordinates, the electric field E, , the
negative of the strain —x;, and the entropy change —S,
respectively,

n, =N, F(T, t, Xb )[1 c—(x, t)], (31)

F(T, t,Xb ) =1/(1+exp{ [EF+4(T,t,Xb ) —E, ]/kT] ),
(30)

aG
ap,

(18)
where Qb (=Q»+2Q, 2) is the hydrostatic electrostric-
tion coeScient.

(ii) Uniaxial stress X3 perpendicular to the film plane:
BG

ax,,
6 = —S.

BT

(19) 4( T, t, X3 ) = (pe n, l4Nd )[T (Tp
——Q» p 'X3 )], (32)

F(T, t,X3)=1/(1+exp{[Ez+4(T, t,X3) E, ]—/kT] ),
(20)

(33)

n, =N, F(T, t, X3)[1 c(x, t—)] . (34)

(iii) Uniaxial stress XI in the film plane:

4&(T, t,XI)=(pe n, l4Nd)[T (T —
p
—QI2p 'XI)], (35)

F(T, t, X, ) =1/(1+exp{ [Et;+4(T,t,XI ) E, ]/k—T] ),

82G 1

aP, aP,
(21)

Equation (17} has two solutions of interest for the
stress-free "unclamped" ferroelectric grain boundary lay-
er of semiconducting BaTi03 PTC polycrystals. The first

solution corresponds to the prototypic paraelectric cubic
state (symmetry group: Pm3m} and the second to the
ferroelectric tetragonal state (P4mm). These follow.

(i) Paraelectric state ( T & Tc ):

(36)

n, =N, F( T, t,X, )[1 c(x, t) ] —. (37)

(iv) Biaxial stress Xb in the film plane:

4(T, t,Xb}=(pe n, l4Nd)[T —(Tp 2Q, 2p
—'Xb)], (38)

F(T, t, Xb)=1/(1+exp{ [EF+4(T,t,Xb) E, j/k—T j ),p2 p2 p2 01 2 3

X'j $ X22 ~ X33 Xp ~ X]2 X23 X3]

(1/X~ ) =2aIe, ,

(22} (39)

(23) n, =N, F(T, t, Xb)[1 c(x, t)] —. (40)

The single domain dielectric stifFness (reciprocal suscepti-
bilities) 1/X; is given by the appropriate second partial
derivatives.

according to the Curie-Weiss law, the dielectric stiffness
constant a& is given a linear temperature dependence,

a =I(1 /2 eCp)(T —Tp) .

(ii) Ferroelectric state ( T & T, ):

P =P =0,
1 2

(24)

and the spontaneous polarization (P, =P3) is determined
from the stability conditions dG/BP3 =E3=0, therefore

A hydrostatic stress or a uniaxial stress oriented nor-
mal to the film plane will have the eff'ect of shifting the
Curie temperature to a lower value relative to the un-
stressed state. Nevertheless, a uniaxial or a biaxial stress
in the film plane will tend to shift the Curie temperature
to a higher value relative to the stress-free state. The
electrostriction tensor components Q» and Q, 2 for Ba-
Ti03 have the values 0.1107 and —0.0432 m C, re-
spectively.

According to Eqs. (38) and (29), respectively, a biaxial

P3 =
{
—a»+[(a») —3aia»I] ]/3a»I,

Xl I X22+X33 & X12 X23 X31

(1/X33) =(2uI+ 12a»P3+ 30a»IP3 )ep,

(1/X») =(2a, +2a,2P3+2aII2P3 )ep .

(25)

(26)

(27)

(28)

The expressions for the barrier heights under different
thermal and elastic boundary conditions have been de-
rived from the free energy density function. ' ' We sum-
marize below the expressions which are required for the
numerical solutions of the barrier heights and the occu-
pation probability of the surface states in the presence of
reducing or oxidizing atmospheres, under different
thermal and elastic boundaries.

(i} Hydrostatic stress (Xb }:

C
e Q

5

Il
4

0
400

g O O 0
+ + QO VPa

++PC) + $00 MPa+

+

480 520 5SO 60O 640 680
TEMPERATURE (K)

4(T, t, Xb )=(pe n, /4Nd )[T (Tp Qbp 'Xb )], — —(29)
FIG. 10. The eitect of a biaxial stress on 4/kT vs tempera-

ture characteristics for thin film semiconducting PTC.
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FIG. 11. The influence of a biaxial stress on the occupation
probability of the surface acceptor states of thin film semicon-
ducting PTC.

FIG. 12. Variation of (4/kT) vs temperature at different

times (t), for a thin film semiconducting PTC, x/a =0.0.

stress in the film plane will have a much more pro-
nounced effect on the Curie temperature than a hydro-
static one. This is because in ferroelectric perovskites de-
rived from the prototypic symmetry Pm 3m, the strain is
electrostrictively coupled to the order parameter via the
electrostriction tensor components Q „, Q i2, and Q~
[Eq. (17)]. Since for most perovskites, Q» = —2Q, 2, and

Qi,
=Q» +2Q,2, therefore a large hydrostatic stress

would be required to produce the same magnitude of Cu-
rie temperature shifts as it would be for a biaxial stress.

Computational results of barrier heights and the occu-
pation probability of the surface states for a biaxially
clamped thin film are shown in Figs. 10 and 11. The tem-
perature and time dependence of 4/kT for thin films are
depicted in Fig. 12. Qualitatively they are similar to the
corresponding bulk results except they are shifted to a
higher temperature as a result of the biaxial stress com-
ponents in the film plane. Consequently, the isothermal
transient response of a thin film will be suppressed rela-
tive to that of the bulk with the same composition as
shown in Fig. 13. Experimental data on the infiuence of
reducing or oxidizing atmospheres on the resistivity of
thin films are unavailable at this time.

perimental measurements on the grain boundary density
of states in polycrystalline semiconductors. Equation
(10), which is used to describe the adsorption-reaction
process, has been found to be "true" in the case of metal
oxide semiconductors. Further verification of its form
in BaTi03, together with the assumption defined by Eq
(16), is desirable.

In a polycrystalline ensemble, such as ferroelectric
(PTC) BaTi03, the nature of the elastic and electric
boundary conditions upon the individual crystallites, is
uncertain. The manner in which these conditions vary
with temperature and time needs to be quantified, at least
relative to a fixed temperature on the PTC anomaly
curve, for reasons which are discussed below.

Owing to the observed large piezoresistivity coefficients
in PTC barium titanate compositions, ' ' the shape of
the resistivity vs temperature curve is rather sensitive to
changes in the elastic boundaries. ' ' In addition,
Samara has shown that for both single and polycrystal-
line BaTi03 the Curie constant C decreases with hydro-
static pressure. The effects of a distributed Curie con-
stant (due to inhomogeneous stresses) on the shape of the
PTC anomaly have been discussed in Ref. 40.

DISCUSSION

A semiquantitative treatment has been developed
which accounts for the time and temperature dependen-
cies of the double Schottky barriers in semiconducting
positive temperature coeScient of resistivity barium ti-
tanate in the presence of a reducing or an oxidizing envi-
ronment. Further refinements of model computation re-
quire an accurate knowledge of the nature of surface ac-
ceptor states, their density and energetic distribution. In
principle, surface-state density can be measured by
capacitance —voltage techniques with metal electrodes
near the surface or on surface barrier diodes. As pointed
out by Miller, the problems of obtaining a clean surface
complicated the first technique. On the other hand, unsa-
tisfactory results were obtained due to an apparent and
variable surface-state density when the second method
was attempted. Unfortunately, there have been few ex-
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FIG. 13. Bulk and thin film transient response (x/a =0.0).
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In semiconducting-ferroelectric-semiconducting struc-
tures such as donor-doped PTC barium titanates, the fer-
roelectric properties of the grain boundary layer strongly
control the electrical transport (below and above Tc ). In
addition to the semiconducting properties discussed ear-
lier, a complete set of measurements of the ferroelectric
properties of the grain boundary layer which are of in-

terest for model computations is required. These proper-
ties include the electrostriction tensor components Q»
and Q,z. the extrapolated Curie-Weiss temperature To;
and the Curie constant C. This type of measurement
would be allowed on an insulating sample of the same
composition, or on an excessively doped semiconducting
sample to render it insulating.
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