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Stability of the polarization in a thin ferroelectric film on a semiconductor is theoretically
investigated using an insulating homogeneous Ginzburg–Landau theory. Dependence of the
stability on various parameters such as the ferroelectric thickness, the materials~BaTiO3, KNbO3,
PbTiO3, Bi4Ti3O12!, the interfacial defects, the work function difference, the epitaxial orientation,
and the buffer insulator thickness is numerically and analytically studied, and the results are
qualitatively compared with the past experiments on ferroelectric field effect devices. The
spontaneous polarization in a ferroelectric single-domain on a semiconductor is shown to be bistable
in agreement with recent experiments. Furthermore, its thickness limit of the ferroelectric stability
is found to be very small, implying a great potential of this structure for the miniaturization. The
single-domained spontaneous polarization is destabilized when even a very thin insulating layer
exists between the ferroelectric and the semiconductor. The formation of the multidomain is found
to be insufficient to stabilize the spontaneous polarization in thin ferroelectrics used in experiments.
The spontaneous polarization can be stabilized at one polarity by the defects or the surface states at
the ferroelectric/insulator interface, which explains its temporary stability experimentally suggested.
The thermodynamic liner susceptibility is crucial for the stability, while the ferroelectric stability is
predicted to be enhanced by modifying it effectively by changing the epitaxial orientation of the
ferroelectric film. An addition of metallic layer between the ferroelectric and the insulator changes
this restriction, although this invites another instability of the conductance modulation. To explain
the experimental instabilities, they are classified into four categories. The present study suggests
also a limitation of the assumption of an insulating ferroelectric under a very large depolarization
field. © 1998 American Institute of Physics.@S0021-8979~98!01604-1#
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I. INTRODUCTION

Advances in material preparations and methods to c
acterize small-scale-properties have clarified that finite s
effect occurs much below the previous expectations. The
effect of displacive-type ferroelectric, e.g., BaTiO3, has been
an interest of a basic research.1–16 Moreover, the effect in
thin film is currently of a practical concern. For examp
thermodynamic fluctuations pointed by Bell2 can suppress
the ferroelectricity in a small particle of about 1 nm
diameter.3 This result encourages also the use of constant
Ginzburg–Landau-Devonshire~GL! theory for ferroelectric
larger than this size. The surface effect described by an
homogeneous GL theory4–7 was suggested to produce th
size effect even if the surface charge is compensated a
metallic electrodes.8 Importance of multidomain formation
was demonstrated in small particleswithout electrodes.9–11

Enormous contribution of the incomplete surface cha
compensation to the size effect was suggested by B
et al.12–16

The ferroelectricity can be characterized by both latt
parameters and electrical properties. The most measurem
of the electrical properties useelectrodesor contactsbe-
tween different particles that can kill the depolarization
fect. This fact has been often overlooked, and the size ef

a!Electronic mail: ynabe@tobata.isc.kyutech.ac.ip
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of crystallographic properties, and the electrical propert
such as the dielectric constant have sometimes been ana
in the same way. Therefore, it is necessary to discuss the
effect of electrical properties of ferroelectric having a sp
cific electrode material.

In commonly used measurements, it is difficult to sen
directly the polarization without reversing it. Semiconduct
electrodes can allow to measure directly its surface cha
via conductance modulation and, thus, provide a unique
portunity to study the ferroelectric size effect and the surfa
polarization. Moreover, the carrier concentration and
conduction type can be arbitrarily selected. Additionally, th
system has a practical importance as ferroelectric field ef
transistors~ferroelectric FETs! or resistors.17–32 In fact, this
system has long been studied, and its limitation was war
by Batra et al.14–16 By far, no approach has succeeded
realize it with conventional semiconductor materials. The
fore, the clarification of the physical feasibility of ferroele
tric FETs and their miniaturization limit is desired.

Surface layers having crystallographic properties diff
ent from those of a bulk ferroelectric were often interpret
as a finite size effect by an inhomogeneous GL theory.4 Dis-
appearance of the ferroelectricity as detected by crysta
graphic symmetry and reduction of the dielectric const
were reported in a few hundred-nm-thick BaTiO3 or
SrTiO3.

33,34 However, the results have been dependent
preparation methods and found .to be mostly due to an
9 © 1998 American Institute of Physics
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traneous effect.35 In a novel approach, i.e., a use of singl
crystallike epitaxial heterostructures that reduce interfa
defects and disorders, a 20-nm-thick SrTiO3 film showed di-
electric constant of 160 that is only a 15% decrease from
value at 150 nm.36 Furthermore, a 14-nm-thick BaTiO3 film
exhibited crystallographic symmetry corresponding to
ferroelectric phase.37 These experimental facts do not fav
an inhomogeneous GL theory for size effect in ferroelec
films.

In this article, we report the stability of spontaneous p
larization (Ps) in ferroelectric/x/semiconductor structures
For ferroelectric FETs, there are theories that deal with
conductance modulation characteristics.38 However, few the-
oretical works on the stability have been known after
works by Batraet al.

We employ the following basic assumptions:~1! Single
crystalline ferroelectric thin film layer. The top surface of t
ferroelectric should have the same crystallographic qua
or atomic-bond energies.~2! Homogeneous GL theory fo
ferroelectric, disregarding the surface effect.~3! Insulating
ferroelectric, no carrier generation in ferroelectric. In a se
rate article, the ferroelectric is treated as a semicondu
having a wide gap.~4! Boltzmann distribution and nonquan
tum mechanical treatment of charge carriers in the accu
lation and the inversion region of a semiconductor.

In most part of this article, unidomain~single-domain!
ferroelectric is assumed. Here, a‘‘unidomain’’ means that
the width of the domains of, at least, one polarity is mu
larger than the ferroelectric thickness and the space cha
layer thickness.

Using these assumptions, we examine the dependen
the instability on~i! the thickness of the ferroelectric and th
insulating layer between the ferroelectric and the semic
ductor, ~ii ! the ferroelectric material~BaTiO3, KNbO3,
PbTiO3, Bi4Ti3O12! and the semiconductor materials~Si, Ge,
GaAs!, ~iii ! the temperature, the semiconductor-metal wo
function difference, the semiconductor doping concentrat
the buffer insulator thickness, and the trap density at
ferroelectric/insulator interface.

The quantitative results in this article changes, when
semiconductor property of ferroelectric is considered~article
II Ref. 39!. However, the semiconductivity of the ferroele
trics in the size effect is not yet established and render
theory opaque. Therefore, we construct a basic frame w
of our approach and use only established concepts and
terial parameters.

The following results and the results in article II can
translated to explain the size effect of the ferroelectric po
der by neglecting the lateral size effect, when the surf
layer of the powder is regarded as an insulator. Namel
ferroelectric powder or a ferroelectric platelet can be m
eled asS/I /F/I /S. In this case, the thickness of the ferroele
tric film below (l f) corresponds to the radius or half of th
thickness of the ferroelectric core region of the powder.

The subsequent part of the article is organized as~2!
formulation of the stability,~3! approximate analytical re
sults and guiding principles,~4! numerical results,~5! multi-
domain effect, and~6! effect of defects and disorder, an
comparison with experiments.
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
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II. FORMULATION OF THE PROBLEMS AND
ASSUMPTIONS

A. Formulation

We consider the structure as in Fig. 1, wherel f and l d

are the thickness of the ferroelectric and the insulating lay
respectively. Thex coordinate is defined in the direction pe
pendicular to the film, wherex50 is at the boundary be
tween the insulator and the semiconductor. For a while,
do not include the effect of the disorder and defects at
interface, of which effect is discussed in Sec. V.

This model corresponds to an artificially forme
multilayer and also to other structures. In one of them
ferroelectric/semiconductor (F/S) structure can also repre
sent the ferroelectric having a dead layer that lost the fe
electricity. Similarly, ferroelectric/insulator/semiconduct
(F/I /S) structure can also correspond to the ferroelect
semiconductor structure having a dead layer on the ferroe
tric surface.

For aF/I /S, the polarization (P) dependent part of free
energy densityF(per cm3) is written as

F5F f~P!1Fd~P!/ l f1Fs~P!/ l f , ~1!

whereF f , Fd , andFs , corresponds to the free energies
the ferroelectric, the insulator, and the semiconductor,
spectively.

The F f for BaTiO3, and KNbO3, and PbTiO3 is written
as:

F f5a1P21a11P
41a111P

61h~¹P!22E
0

P

dPEf , ~29!

whereEf[Ef(P) is the electric field in the ferroelectric, an
a unidomain is assumed.40–42 The inverse of the linear sus
ceptibility a1 is written asa15(T2u)/2e0C, whereu andT
are the Curie temperature (Tc) and the ambient temperature
respectively. Thec-axis of the ferroelectrics, i.e., the direc
tion of P, is assumed to be perpendicular to the film surfa
The last integral in Eq.~29! is the depolarization term which
follows the conventional expression. For¹PÞ0, Eq.~ 29!
needs to be integrated fromx52 l f2 l d to x52 l d and then
divided by l f .

To treat all the energies consistently, we express the
polarization term by an electrostatic field energy. We co
sider an infinitesimal change of dipole moment ofp,dp, in
one-dimensionalF/I /S, where p and dp are directed to
the interface with angle of w ~0°<w,90°; ex.
w50°⇔c-axis-oriented film!, and p corresponds toP in
ferroelectric. A detailed derivation is reported in Appendix

FIG. 1. F/I /S structure and distribution of potential.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. GL parameters in Eqs.~2! and ~2b! adopted from Refs. 41–43.

u
~°C!

C
~°C!

a11

(JC24 cm8)
a111

(JC26 cm12)

PbTiO3 478.8 1.53105 27.25231017 2.60631026

KNbO3 418 2.43105 24.0531018 2.98931027

BaTiO3 96.9 1.73105 21.37731018 2.7731027

Bi4Ti3O12 ~all in esu,T in °C!

a1 a3 a11 a33 a12

2.8531025 (T2540) 0.04334 21.06310212 1.3310210 22.17310215T11.4310212

a13 a111 a333 a3333

23.22310215 T24.258310212 9.56310223 21.2310219 4.52310228
th
th

-
e

rg

in
f

ic,

r-

ll
tor
ts

n

o

.

of article II.39 Charges are only in the semiconductor and
ferroelectric. Using the notations in Fig. 1, the change of
electrostatic energy is

E
0

`

dxdr~x,p!C~x,p!2Efdp cosw l f

5@ese0dE~x,p!C~x,p!#0
`1ese0E

0

`

dxdE~x,p!E~x,p!

2Efdp cosw l f ,

whereC(x,p), Ef , dE, anddp are the electrostatic poten
tial at x for p5p, the electric field in the ferroelectric, th
changes ofE andr due todp, respectively.

The potential atx50 andx5` are

C~0,p!52Dl d /ede02Efl f1C~x52 l f2 l d!,

C~`,p!50.

Using these relations, ese0dE(0,p)5dD and dD
5dp cosw1e0dEf , we have

52dD@2Dl d /ede02Efl f1C~x52 l f2 l d!#

1ese0E
0

`

dxdE~x,p!E~x,p!2Ef~dD2e0dEf !l f

5dFD2~p!l d/2ede01ese0/2E
0

`

dxE2~x,p!

1e0Ef
2~p!l f /22D~p!C~x52 l f2 l d!G ,

whered@ # means the change of the value inside of@ # due to
dp. The last expression is the change of the field ene
stored inF/I /S due todp. The final relation is obtained by
integrating the first and the last expressions fromp50 to p
5P. We disregardp50 terms because we are interested
theP-dependent part ofF and but not in an absolute value o
F.

Using the above results, we expressF f , Fd , andFs by
an electrostatic field energy.

F f5a1P21a11P
41a111P

61h~¹P!21e0Ef
2/2

2DC~x52 l f2 l d!l f

5F01h~¹P!21e0Ef
2/22DC~x52 l f2 l d!/ l f , ~2!
ul 2001 to 150.69.149.81. Redistribution subject to AI
e
e

y

Fd5 l eD
2/2e0 , ~3!

Fs5ese0E
0

`

dxE~x!2/2, ~4!

whereF0 is the free energy density of the bulk ferroelectr
Ef5Ef(p5P), e0 is the vacuum permittivity,es is the di-
electric constant of the semiconductor,E(x)[E(x,P) is the
electric field in the semiconductor,D[D(P) is the electric
flux ~displacement!, and l e is the effective thicknessof the
insulator defined in Eq.~5!.

l e5 l d /ed , ~5!

whereed is the dielectric constant of the insulator.
Equation~5! can also be used for a multilayered inte

mediate layer. If the intermediate layer consists of al d-thick
insulator havinged and a metal, which means that its overa
structure is a ferroelectric/metal/insulator/semiconduc
(F/M /I /S), Eq. ~5! holds. If the intermediate layer consis
of a l d1-thick insulator withed1 and al d2-thick insulator with
ed2 , Eq. ~5! is modified tol e5 l d1 /ed11 l d2 /ed2 .

For epitaxial thin films, the stress terms is needed,40 and
a totalF f including the stress is

F f5a1P21a11P
41a111P

61h~¹P!22E
0

P

dPEf

1Fs1~S!/2e0P21Fs2~S!

5@T2~u2CFs1~S!#/2e0CP21a11P
41a111P

6

1h~¹P!21e0Ef
2~P!/21Fs2~S!, ~28!

whereFs1(S) and Fs2(S) are functions only dependent o
the stress tensor~S!.40,41 For c-axis oriented ferroelectric
films, Eq. ~28! indicates thatthe effect of the stress is t
change an effective Tc and the zero point energyat P50. A
numerical analysis using Eq.~2! shows that this effect is
relatively small in most cases.41 Furthermore, it can be mini-
mized by selecting a material and preparation processes

For Bi4Ti3O12, F0 has the following form,43

F052a1Px
21~2a111a12!Px

412a111Px
6

1~a312a13Px
2!Pz

21a33Pz
41a333Pz

61a3333Pz
8, ~2b!
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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wherePx is the polarization perpendicular to thec axis, and
Pz is along it. The coefficients in Eqs.~2! and~2b! are sum-
marized in Table I.41–43

D andEs[E(0) are related with via Gauss’s law at th
insulator/semiconductor (I /S) and the ferroelectric/insulato
(F/I ) boundaries,

D5ese0Es ~6a!

5e0Ef1P cosw. ~6b!

If ¹P50, there is no net carrier in the ferroelectric. The
fore, using the surface potentialCs(D)[C(x50), we have
an equation for the potential~Fig. 1!,

l eD/e01Cs~D !52 l fEf1df1Ve , ~7!

where df is the work function difference between the to
electrode and the semiconductor, andVe is the external field.
The bottom of the semiconductor is grounded. We incor
rated df in the theory, following, the scheme used in t
metal–oxide–semiconductor device.44,45

For a given semiconductor material parameters~Table
II !, the doping level, and the temperature, the relations
betweenEs andCs is given by solving Poisson equation,45

2DC~x!5e~ND
12NA

21p2n!/ese0 , ~8!

wheree is the elementary charge, andND
1 , NA

2 , p, andn are
the donor density, the acceptor density, the hole carrier d
sity, and the electron density in the semiconductor, resp
tively.

Equations~2!–~8! form basic equations in this theory. I
the following, a part of them are analytically solved.

Assuming Boltzmann statistics, Eq.~8! is rewritten as,

2DC~x!5e~p0$exp@2bC~x!#21%2n0$exp@bC~x!#

21%!/ese0 , ~8a!

whereb5e/kT, k is the Boltzmann constant,T is the tem-
perature, andp0 andn0 are the hole carrier density and th
electron density atx5`, i.e., atC50. In the following ar-
gument,x.100 nm can be regarded as̀, when Cs is an
order of 1 V. The intrinsic carrier densityni , p0 , andn0 at
T are given by45

p05$NA2ND1@~NA2ND!214ni
2#1/2%/2

n05ni
2/p0

ni /ni~T0!5~T/T0!3/2 exp@2Eg/2kT2Eg~T0!/2kT0#,

where Eg is the band gap of the semiconductor atT, and
Eg(T0) andni(T0) are the band gap and the intrinsic carr
density atT5T0 , e.g., 300 K, respectively. The temperatu
dependence ofEg is given by,

TABLE II. Semiconductor band parameters~see Ref. 45!.

es

ni at 300 K
~cm23!

Eg(0)
~eV!

g
~eV/K!

g2

~K!

Si 11.9 1.4531010 1.17 4.7331024 636
Ge 16 2.431013 0.7437 4.77431024 235
GaAs 13.1 1.63106 1.519 5.40531024 204
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
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Eg5Eg~0!2gT2/~T1g2!,

whereEg(0), g, andg2 are known for a given semiconduc
tor material~Table II, Ref. 45!.

For one dimensional problem having an infinitely thic
semiconductor, the rigorous relation is known,

E@C~x!#56~2$exp~2bC!1bC211@exp~bC!

2bC21#n0 /p0%!1/2/bLD , ~9!

with a positive sign forC.0 and a negative sign forC
,0, whereC(x) is abbreviated asC.45 The extrinsic Debye
lengthLD is

LD5~es /ep0b!1/2.

Especially, Eq.~9! becomes atx50,

Es56$exp~2bCs!1bCs211@exp~bCs!2bCs

21#n0 /p0%
1/2A2/bLD , ~9b!

where Cs stands for Cs(D)5Cs@D(P cosw)#
5Cs(P cosw).

Combining Eq.~7! with Eq. ~6b!, we have

P cosw5D~11 l e / l f !2e0@df1Ve2Cs~D !#/ l f . ~10!

Using Eq.~9!, Eq. ~4! is rewritten as

Fs5ese0E
0

Cs
dCE~C!/2 . ~4b!

By neglecting the¹P term, Eq.~1! is reduced to,

F5F01ese0/2l fE
0

Cs
dCE1D2l e/2l fe01e0Ef

2/2

2DC~x52 l f2 l d!/ l f , ~11!

5F01ese0/2l fE
0

Cs
dCE1D2l e/2l fe01~df

1Ve2 l eD/e02Cs)
2/2l f

22D~df1Ve!l f . ~11b!

Minimization of Eq.~11! gives an equilibriumP or D under
the conditions of Eqs.~6a!, ~6b!, ~7!, ~9!, and~9b! for given
l e , l f , df, Ve , T, semiconductor material parameters, a
GL parameters.@According to Eq.~10!, P50 meansD50
and Cs50 for (df1Ve)50. For (df1Ve)Þ0, Eq. ~10!
needs to be solved using Eq.~9!. Equation~10! implies that
P50 corresponds toD5e0(df1Ve2Cs)/( l f1 l e). For
with typical values ofdf, l f , andl e , e.g.,df1Ve<1 V and
( l f1 l e)>200 nm,D(P50) is less than 0.005mC/cm2, and
this corresponds toCs(P50)<0.1 V through Eq.~9!.#

B. Examination of the assumptions

We summarize the related experimental aspects and
amine the assumptions.

1. Homogeneous GL theory: h„¹P…

250

The coefficienth of the ¹P term in the direction ofP
vector is not experimentally determined or the related p
nomena have not yet been confirmed. Ifh is isotropic,h can
be estimated from the 180° or 90° domain wall widthj, and
h is of order ofj2a1 .46,47The typical value ofj is 0.5–1 nm
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



is

ue
ar
th
ye
O

r
e

ul
ta
t

lt

ro

in
uc

t
is

er

ed

te

li-
c
n

c.
-

e

the
su-
al

of

the

d
nd

-

.

han
tly
ly
ing
-
we
de-

2183J. Appl. Phys., Vol. 83, No. 4, 15 February 1998 Yukio Watanabe
for BaTiO3 for the 180° domain wall. Therefore, this term
only important to the total free energyF for a spatial gradi-
ent of 1 nm. According to Zhonget al.,8 for a shortl f , the
averageP should noticeably decrease from the bulk val
for one choice of boundary condition, or the surface pol
ization should noticeably increase from the bulk value for
opposite. By far, its experimental evidences have not
been reported, especially, in high-quality epitaxial BaTi3

films of thickness of 10–30 nm.37 Therefore, we do not in-
clude this effect.

As shown in Appendix A of article II, the¹P effect is
equivalent to the change ofl e and l f to (l e1j/2) and (l f

2j/2), and an addition of the energy (hu¹Pu2). Namely,
the ¹P effect is equivalent to an insulating dead layer fo
mation. Therefore, its effect can be included in the pres
formulation.

2. Boltzmann distribution

A very thin layer of high carrier density.1020 cm23

should exist at the semiconductor surface for the accum
tion and the strong inversion. In this layer, Fermi–Dirac s
tistics are appropriate. The thickness of the layer is estima
to be below 1 nm forCs;61 V. Therefore, the resulting
changes in the band bending are small, even if the Bo
mann statistics are used.

3. Unidomain

The formation of the multidomain to reduce the elect
static energy has been commonly discussed as
magnetism.48 However, this effect would not be dominant
F/S, when the thickness of the space charge layer is m
shorter than the lateral dimension of the unidomain~Appen-
dix I!.49

4. Insulating ferroelectric

The intrinsic carrier densityni estimated fromEg

'3 eV indicatesni,1027 cm23. Therefore, we may neglec
the effect of free carrier when the depolarization field
small as inF/S structure. Moreover, the field induced carri
generation in ferroelectric is not established, although
space charge layer or a surface layer has been suggest
Känzig and others.50 If the field effect in ferroelectric is an
appropriate assumption, the subsequent results for a finil d

are only qualitatively correct.

III. APPROXIMATE ANALYTICAL RESULTS AND
GUIDING PRINCIPLES

Equation~2! is approximately estimated, using a simp
fied equation for electric field distribution in the semicondu
tor for the strong inversion and the accumulation conditio

E~x!'D/ese0~11x/2d!,

whered5ese0D/b.51 Using this equation, we have

F'F01b21D/ l f1D2l e/2l fe01e0e f~df2Cs1Ve

2 l eD/e0!2/2l f
22D~df1Ve!/ l f

'F01b21D/ l f
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
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1D2l e/2l fe01e0e f~df1Eg/21Ve2 l eD/e0!2/2l f
2

2D~df1Ve!/ l f ,

where we estimatedCs asEg/2, ande f is the relative dielec-
tric constant of ferroelectric which is set to be unity in Se
II A. We can approximateD as P cosw under the assump
tion ~4! in a F/I /S structure and obtain forwÞ90° by setting
Ve50,

F[F01b21P cosw/ l f1P2 cosw2l e/2l fe01e0e f@~df

1Eg/2!/ l f2 l eP cosw/ l fe0#2/22P coswdf/ l f . ~11c!

For aF/M /I /S structureP andD can be independent. Th
stability in this structure is discussed later.

The first, second, third, and fourth terms represent
bulk free energy, the semiconductor charging, and the in
lator polarization, the depolarization, respectively. Typic
values ofF0 for BaTiO3, KNbO3, and PbTiO3 are 1, 10, and
70 J/cm3 at room temperature, respectively, and the values
their Ps are 25, 40, and 75mC/cm2, respectively. As shown
in the numerical results below, we can approximately use
bulk Ps and the bulk free energy in Eq.~11c!. The typical
values of bothEg anddf are 1 V and 0.5, respectively, an
b21 is 0.026 V at 25 °C. By substituting these numbers a
normalizing l f by 200 nm andl e by 0.2 nm, the individual
terms in Eq.~11c! (J/cm23) is estimated for a specific ferro
electric forw50°,

BaTiO3

2110.03/~ l f /0.2 mm!13.5~ l e/0.2 nm!/~ l f /0.2 mm!

1@0.01/~ l f /0.2 mm!10.6~ l e/0.2 nm!/~ l f /0.2 mm!#2

60.7/~ l f /0.2 mm!,

KNbO3

21010.05/~ l f /0.2 mm!18.9~ l e/0.2 nm!/~ l f /0.2 mm!

1@0.01/~ l f /0.2 mm!11~ l e/0.2 nm!/~ l f /0.2 mm!#2

61/~ l f /0.2 mm!,

PbTiO3

27010.09/~ l f /0.2 mm!131~ l e/0.2 nm!/~ l f /0.2 mm!

1@0.01/~ l f /0.2 mm!11.8~ l e/0.2 nm!/~ l f /0.2 mm!#2

62/~ l f /0.2 mm!. ~11d!

It should be noted thatl e is an effective length defined by Eq
~5!.

The result indicates, that nonzerol e is the dominant
source of the depolarization that is much more intense t
usually thought. Second, the instability depends significan
on the ferroelectric material, while it depends only weak
on the semiconductor material and the semiconductor dop
concentration. Third, BaTiO3 is the sensitive to the depolar
ization instability among the three ferroelectrics. Here,
did not include the semiconductor doping concentration
pendence entering Eq.~11c! throughEg and df, while the
effect of df can be important for a smalll f .
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The ferroelectric materials dependence can be sum
rized by an effective reduction ofTc (5u). Using Eqs.~2!
and ~11c!, we have fordf50

F'a1P21a11P
41a111P

61b21P cosw/ l f

1P2 cosw2l e/2l fe0

1e0~Eg/2l f2 l eP cosw/ l fe0!2/2

'a1P21a11P
41a111P

6

1b21P cosw/ l f1P2 cosw2l e/2l fe0

1~P cosw l e / l f !
2/2e02P coswEgl e/2l f

2

'@T2u1Cle~11 l e / l f !cosw2/ l f12Ce0~b21

2Egl e/2l f !cosw/Pl f #P2/2Ce01a11P
41a111P

6

~12a!

'~T2u1Cle / l f cosw2!P2/2e0C1a11P
41a111P

6.
~12b!

Equation~12b! is sufficient for a smalll e / l f , while Eq.~12a!
is needed for largel e / l f and Eg . For KNbO3 and PbTiO3,
the maximuml e / l f of that allowsPs near 0 °C is given by

~ l e / l f !max5u/~C cosw2!. ~13!

Ferroelectric material having alow thermodynamic lin-
ear susceptibility suppresses the depolarization instabil,
and forw50°, the (l e / l f)max is 0.002 for KNbO3 and 0.003
for PbTiO3. The epitaxial stress effect discussed in Eq.~2!
can increaseu by 100–200 °C and increase the maximu
l e / l f by 20%–50%. Equation~13! also predicts thatthe de-
polarization instability due to the insulating buffer layer
suppressed by increasingw for an insulating ferroelectric.
However, the coercive field is increased by a factor
cosw21 and the switching voltage is expected to increa
proportionally.

For l e50, we have from Eq.~11c!, F'F01b21P/ l f

1e fe0(df1Eg/2)2/2l f
22P coswdf/l f . For l e50, a

polarity-, a work function-, and ane f-dependences become
evident, especially at a shortl f .

In general,Ps can be more stable in one polarity and le
stable in the other, if the semiconductor is doped ordf is
finite. This is expressed by considering more precise exp
sion of Cs in Eq. ~11c! instead ofCs'Eg . Namely, we
have Cs5Eg1d for one polarity andCs5Eg2d for the
opposite, when one carrier type is dominant in a semic
ductor by doping. Equation~11c! suggests that this asymme
try, i.e., an instability of one polarity, can be removed
choosing a metal electrode having an appropriate work fu
tion, if the effect of defects at the interface is negligib
small. Alternatively, a largedf can stabilize one polarity o
ferroelectric phase for shortl f .

IV. NUMERICAL RESULTS

We solve Eq.~11b! numerically forw50 ~Figs. 2–10,
13 and 15!. For wÞ0 with df50, the minimuml f for the
existence of ferroelectric polarization or the maximuml e / l f

is obtained approximately, multiplying the minimuml f by
cosw2 or dividing and the maximuml e / l f by cosw2.
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A. PbTiO 3

First, the result for ac-axis oriented PbTiO3/insulator/Si
is shown withND50, where the insulator is SiO2 having
ed53.9, i.e.,l e5 l d/3.9. The typical value ofdf ranges from
21 to 1 eV, and its effect was found to be small, especia
for PbTiO3 with thickness.100 nm. Therefore, we setdf
1Ve to be zero in the following calculation except Fig. 7.

Figure 2 shows the free energyF to induce the semicon
ductor surface potentialCs , while each line corresponds t
different values ofl d and NA . Each line has well-defined
double minima, indicating the bistability, and shifts paral
asNA increases. Forl d,1.2 nm, theF minima increase with
l d , where l d50.4 nm corresponds to one atomic layer. F
l d50, the values of the electric fluxD at the minima are
similar to the bulk value 75mC cm22. Furthermore, the de
polarization field, i.e., the field in ferroelectricEf is well
below the coercive field 100 kV cm21 as seen in Fig. 3.

Hence, theunidomain in this F/S structure should be
stable, allowing a sufficiently large domain size andCs to
induce the conductance modulation. Indeed, 10 month re
tion of conductance modulation by ferroelectric field effe
was recently reported.32 This conclusion is different from
that made by Batra and colleagues,14,15 but the difference is
mainly due to that of the ferroelectric materials and to t
explanation of the calculated results. Forl dÞ0, Ef is much
higher than the coercive field, although it has negativeF
minima for l d,0.9 nm.

Figure 4 shows the temperature (T) dependence ofF,
D, Cs , andEf for the three sets ofl d and l f : ~1! l d50 and
l f5200 nm; ~2! l d50 and l f55 nm; ~3! l d50.9 and l f

5200 nm. There are six different lines in each set that c
respond to the positive and the negative polarities for
three differentNA . However, they can be only distinguishe
in Figs. 4~c! and 4~d!, and, e.g., a large polarity andNA

dependence is seen for the set~2!, in accordance with Eqs
~11c! and~11d!. The lines of sets~3! and~1! are identical, if
one of them is shifted along abscissa. Namely their o
difference isTc , as discussed Sec. III.

Both shortl f and nonzerol d reduce the transition tem
perature and the absolute value ofF. Especially, the effect of
l d is significant. The transition temperature is reduced by

FIG. 2. Total free energyF to induce the semiconductor surface potent
Cs at 25 °C for l f5200 nm, l d50, 0.4, 0.8, 1.2 nm in PbTiO3 /SiO2 /Si at
25 °C. NA51010 ~—!, 1012 ~---!, 1014 ~....!, 1016 cm23 ~–.–.–!, and
1018 cm23 ~–..–..–!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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same order of magnitude as estimated in Eq.~12b!, i.e.,
Cld / l f'200 K, although it is severer. These results are su
marized in terms of the transition temperature reduction
Fig. 5. The enhancement ofEf by the nonzerol d and the
short l f is evident in Fig. 4~c!. On the other hand,D near
room temperature~RT! ~25 °C! is insensitive tol d and l f .
This allows the approximation used in Eq.~11d!. The slight
increases ofEf and Cs with T in Figs. 4~c! and 4~d! are
caused by the Boltzmann factor in Eq.~8a!.

The phase transition sharpens for a shortl f with l d50 as
shown in the set~2! in Fig. 4~b!. This agrees with the theo
retical result by Batraet al.14 that the semiconductor elec

FIG. 3. Field in ferroelectricEf vs Cs ~a! andEf vs the net space charge pe
areaD ~b! for l f5200 nm andl d50, 0.8, 1.6 nm in PbTiO3 /SiO2 /Si at
25 °C.NA51010 cm23 ~—!, 1014 cm23 ~---!, and 1018cm21~....!.

FIG. 4. Temperature dependence ofF ~a!, D ~b!, Ef ~c!, and Cs ~d! for
three sets ofl d and l f : ~1! l d50 andl f5200 nm, ~2! l d50 andl f55 nm,
~3! l d50.9 andl f5200 nm in PbTiO3 /SiO2 /Si. Three different lines in each
set correspond to the positive and the negativeD for NA51010 cm23 ~—!,
1014 cm23 ~---!, and 1018 23 ~.....!.
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
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trode changes the second order phase transition of triglyc
sulfate ~TGS! into the first order. Contrarily, a nonzerol d

mildens the change at the first-order phase transition.
Figures 6~a! and 6~b! show l f-dependence ofD andF,

which is regarded as a thickness-induced phase transi
For l d50, the ferroelectric phase is stable even atl f

51 nm, while a polarity dependence at a highNA becomes
evident asl f decreases. On the other hand, it is unsta
below l f51 mm, if the SiO2 thickness (l d) exceeds 5 nm,
i.e., l e51.3 nm. A nonzerol d mildens the change at the size
induced phase transition as seen in Fig. 6, which is consis
with the T-induced phase transition in Fig. 4~a!. For l d

53 nm the minimuml f for stable ferroelectric polarization i
;500 nm forw50° as seen in Fig. 6~a!, which means the
minimum l f is ;120 nm forw560°.

FIG. 5. EffectiveTc of PbTiO3 in PbTiO3 /SiO2 /Si for l d50, 0.5, 1, 3, 5 nm
and NA5ni ~—!, and 1018 cm23 ~----!. The difference ofTc for two NA

values are too small to be distinguished except those forl d50 at shortl f .

FIG. 6. Thickness (l f)-dependence ofuDu ~a! and uFu ~b! for l d50, 0.5, 1,
3 nm andNA5ni ~—! and NA51018 cm23 ~......: D,0, .–.–.–.: D.0! in
PbTiO3 /SiO2 /Si at 25 °C.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Figure 7 is a plot similar to Fig. 6~a! with df521 eV.
Large work function deference modify the stability an
makes the polarization monostable at a shortl f . The smallD
below 100 nm forD,0 and l dÞ0 is primarily determined
by the balance of the third and the last terms in Eq.~11!.
Namely, the minimization of these terms (D2l e/2l fe0

2Ddf/ l f) yields D5e0df/ l e , while the values in Fig. 7
are approximately a half of this number. We may say thaD
in this region is not caused by a real ferroelectricity beca
of P! a bulk Ps .

Similar result were obtained by substituting Si with G
or GaAs as shown in Fig. 8.F in PbTiO3/SiO2/GaAs with
NA51018 cm23 ~dotted line! is evidently smaller forD.0
than forD,0 below l f510 nm. The effect of semiconduc
tor material on the size effect, where the dominant cont
ling factor is the band gap, is small, especially forl dÞ0.
This is also in agreement with the analysis in Sec. III. Ad
tionally, the minimuml f for l d50 can be shorter than th
value shown in Fig. 6, if we usee f.1.

B. Other ferroelectric and the material dependence

The stability in the ferroelectric/SiO2/Si with ND50 is
examined for other ferroelectric materials. Figure 9 sho
l f-dependence ofD in BaTiO3 and KNbO3 structures. The
overall l f-dependence is qualitatively same as that
PbTiO3, although the minimuml f for DÞ0 depends
strongly on the ferroelectric material.

The ferroelectric material dependence can be charac
ized as thel d-dependence of the minimuml f that allows a
nonzeroPs . Figure 10 shows the result for ferroelectri
SiO2/Si at 25 °C, where ferroelectrics are BaTiO3, KNbO3,
and PbTiO3. The linear relation betweenl f andl d is evident,
which agrees with Eq.~13!. Its inclinations divided byed ,

FIG. 7. Thickness (l f)-dependence ofD for l d50, 1, 3 nm anddf521 eV
in PbTiO3 /SiO2 /Si at 25 °C. The curves forNA5ni at 1018 cm23 are plotted
but are indistinguishable to each other.
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
e

l-

-

s

r

r-

i.e., the maximuml e / l f(5 l d /edl f), are 0.001 and 0.0016 fo
KNbO3 and PbTiO3, respectively. These values are appro
mately halves estimated by Eq.~13!.

Ps of Bi4Ti3O12 has three components: 50/& mC cm22

along the a axis, 50/& mC cm22 along the b axis, and
4 mC cm22 along the c axis. Examining Eqs.~11c! and
~11d!, we expect that ana- or b-axis oriented Bi4Ti3O12 has
behaviors similar to KNbO3 and PbTiO3. However, ac-axis
oriented Bi4Ti3O12 should behave differently, because it a
lows a highD in plane and a lowD out of plane simulta-
neously. Additionally,Ps of 4 mC cm22 is more than suffi-
cient for the field effect modulation of the Si conductance

FIG. 8. Thickness (l f)-dependence ofuDu ~a! and uFu ~b! in PbTiO3 /
SiO2 /Ge @NA5ni and 1018 cm23 ~—!# and for PbTiO3 /SiO2 /GaAs @NA

'ni ~----! andNA51018 cm23 ~......!# with l d50, 0.5, 1, 3 nm for at 25 °C.

FIG. 9. Thickness (l f)-dependence ofD for BaTiO3 /SiO2 /Si @—:NA'ni

(D,0, D.0! and NA51018 cm23 (D,0), .....: NA51018 cm23 (D.0)#
and for KNbO3 /SiO2 /Si @.–.–.–.: NA'ni ~D,0, D.0! and NA

51018 cm23 (D,0), ----: NA51018 cm23 (D.0)# at 25 °C. The values of
l d are 0 and 0.5 nm for BaTiO3 /SiO2 /Si and 0, 0.5, 1, 3 nm for
KNbO3 /SiO2 /Si.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Figures 11~a! and 11~b! show the dependence ofF on D
and Cs in c-axis oriented Bi4Ti3O12/SiO2/Si, respectively.
Unlike those in BaTiO3, KNbO3, and PbTiO3, Ps can exist
for l d>10 nm. However,Ps along thec axis vanishes for
l d.1 nm.

V. MULTIDOMAIN EFFECT

The above results demonstrated that a unidomain ho
geneous insulating ferroelectric phase cannot exist inF/I /S,
if there are no surface states at the ferroelectric/insulator
terface. The assumptions of Boltzmann distribution and¹P
50 are unlikely to cause a significant error in estimation
the stability. Stabilization of the ferroelectric phase by t
multidomain formation has frequently been discussed. In

FIG. 10. Dependence of the minimuml f on l d in ferroelectric/SiO2 /Si at
25 °C for NA'ni and 1018 cm23, where ferroelectrics are BaTiO3 ~—!,
KNbO3 ~---!, and PbTiO3 ~.....!.

FIG. 11. Dependence ofF on D ~a! and Cs ~b! in c-axis oriented
Bi4Ti3O12 /SiO2 / at 25 °C. Different lines~—!, ~---!, ~–.–.–.!, ~...!, ~–..–..–!,
and ~......! correspond tol d50 andNA51012 and 1014 cm23, l d51 nm and
NA51012 and 1014 cm23, l d510 nm andNA51012 and 1014 cm23.
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ented thin films, no loop domain configuration has been
perimentally observed. Therefore, we consider only 180°
main walls.

We modelF/I /S asF/I /M , by neglecting the effect of
the semiconductor charging energy, because it is m
smaller than the insulator charging energy. Therefore,
results below give an upper limit of the stabilization by t
multidomain effect. The model is shown in Fig. 12, whe
P(y)5Px for 2an,y,(2n11)a and P(y)52Px for
(2n11)a,y,2a(n11) ~x: unit vector in thex direction,
n: integer!. This configuration corresponds to the netD50,
while the free energyF should have a higher energy for th
net DÞ0. F is given by

F f5F01h~¹P!21Fd5F01Fw1Fd11Fd2 ,

where Fw is the excess energy due to domain formati
given in Appendix II.

Depolarization energiesFd1 andFd2 are given by,

Fd15E
0

2a

dyE
0

l f
dx@¹C~x,y!#2/2al f

52PaS ( 8 n23r n sinh nk l f sinh nk l dD Y pe0l f ,

~14a!

Fd25ede0E
0

2a

dyE
l f

l f1 l d
dx@¹C~x,y!#2/2al f

5paS ( 8 n23r n
2ed sinh2 nk l f sinh 2nk l dD Y e0l f ,

~14b!

where(8 means the sumn52m11 (m51,2,...,̀ ), andk
and r n are given in Appendix II. Substituting these expre
sions forFd1 andFd2 , we minimize theF with respect toP
anda for given l f and l d .

Fd and Fw are rewritten asFd5cdP2/2e0 and Fw

5cwP2/2e0 , wherecd and cw are constants determined b
ed , a, l d , and l f . Using these formulasthe effect of depo-
larization in multidomain and the domain wall formation
completely expressed as an effective Tc reductiondT,

F5@T2~u2dT!#P2/2e0C1a11P
41a111P

6,

where dT5Ccd1Ccw . A low linear susceptibility sup-
presses the depolarization instabilityas suggested before
The minimization ofF with respect toa is equivalent to that
of the effectiveTc reductiondT.

FIG. 12. Multidomain configuration inF/I /M as model to estimate stability
of ferroelectric phase inF/I /S. Dashed lines indicate the electric field line
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Using the asymptotic forms, we have approximatelyFd

5Fd11Fd2'P2a/2p3e0(ed1 l ) l f . Combing Fw58hP2/
3ja, approximate analytical expressions ofa at the minimum
effective Tc reduction and the minimumdT for a; l f and
a. l d are

a54@p3he0~ed1 l !l f /3j#1/2, ~15a!

dT58C@e0h/3p3j~ed11!l f #
1/2. ~15b!

Estimatingh as in Appendix II,a is 7 nm (l f /200 nm)1/2

for PbTiO3 and 3 nm (l f /200 nm)1/2 for BaTiO3, where we
useed53.9 andj50.9 nm. For same parameters,dT is es-
timated to be 130 °C (200 nm/l f)

1/2 for PbTiO3. These esti-
mations well account for thel f-dependence and the values
the numerical results forl d>5 nm.

Figure 13 shows the numerical results for t
l f-dependence ofa and dT for PbTiO3 with ed53.9. We
approximatedj as a constant~0.9 nm!, because only a sma
change ofj by l f was found. The ferroelectric phase exist f
dT<450 °C at RT. We can virtually regard the ferroelect
as unidomain, ifa satisfiesa@ l f .

In ferroelectric thin films, the major effect of the mult
domain formation is to confine the electric flux near t
ferroelectric surface region with thickness ofa in the ferro-
electric and in the insulator, as illustrated in Fig. 12. F
F/I /M ~and alsoF/I /S!, this means the reduction of th
depolarization (Fd1) and the insulator charging energie
(Fd2) by a factor ofa/ l d . Therefore, the reduction of elec
trostatic energy by this mechanism is effective only fora
, l d . Indeed, a multidomain state is stable fora, l d in Fig.
13~a!. For example,Fd for a multidomain is reduced to on
tenth of that for unidomain, for a relatively thickl d of 30 nm.

The thickness limit given by (u2dT)'25 °C, i.e.,dT
'450 °C in Fig. 13~a! is a lower limit and is 150 nm for

FIG. 13. Numerically calculatedTc reduction and the domain sizea where
the total electric free energy is minimized in the configuration shown in F
12.
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
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PbTiO3 with l d>5 nm even for the netD50. On the other
hand,c-axis orientedferroelectric-phasefilms having thick-
ness 100 nm or less are experimentally observed, sugge
that the multidomain effect alone is insufficient to stabili
ferroelectric phase inF/I /S.

VI. DISCUSSION: INTERFACIAL DEFECTS,
THERMODYNAMIC, NONTHERMODYNAMIC, AND
PREPARATION-LIMITED INSTABILITIES

We have shown the depolarization instability in Secs.
and IV. To compare these results with experimental, we fi
examine other instabilities.

The thermodynamic depolarization instability is e
pected to change the crystallographic and the electrical p
erties of the ferroelectric. It changes also the space cha
layer in the semiconductor surface. However, there are v
ous extraneousmechanisms destabilizing the space cha
layer that are structure dependent. We define the instab
as an extraneous, when it can be removed by improving
material and the interface properties. A nonthermodyna
instability is defined, when the space charge layer disapp
without extraneous instabilities butPs is stable. The disor-
ders and the defects, or the surface states, at the interf
change the stability drastically from an ideal case and
destabilize and stabilize the ferroelectric phase and the s
charge layer. Therefore, we first summarize the effects
disorders and defects, and then, the mechanisms of the i
bility are examined for specific structures: Sec. VI BF/S,
Sec. VI CF/I /S, and Sec. VI DF/M /I /S. ~All the structures
for ferroelectric FET belong to one of these three structure!

A. Effect of the disorders and the defects at the
interface

In real ferroelectric thin-film heterostructures, a signi
cant amount of disorders and defects exist at the interfac
F/S, F/I in F/I /S, and F/M and M /I in F/M /I /S @Fig.
14~a!#. They effectively change the stability when they ex
in theF/S and theF/I interfaces. They can be classified in
two groups: the formation of semimetallic or semiconducti
layer at the interface@case A, Fig. 14~b!# and the formation

.

FIG. 14. Classification of the effect of disorder at the ferroelectric/insula
interface inF/I /S. F/I /S having the disorder layer formed through reactio
which is denoted by the gray area in~a!, is effectively modeled as~b! and
~c!. The dark area and1 represent conductive layer~b! and charged trap or
defect~c!, respectively.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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of charged layer at the interface while keeping the insulat
nature of the insulator and the ferroelectric@case B, Fig.
14~c!#.

In case A, the carriers are contained at the interface
are free to move in the interfacial layer. Therefore,F/I /S
and F/S structures becomes effectivelyF/M /I /S and
ferroelectric/metal/semiconductor (F/M /S), respectively.
The stability inF/M /I /S is discussed in Sec. VI D.Ps in a
sufficiently large unidomain inF/M /S is bistable, but prac-
tically no conductance modulation should be observed.

In case B, the interface is not severely damaged a
case A and still retains insulating properties. Namely,
assume fixed charges at the interface and no carrier con
tion in the interface. In such a situation, we can estimate
stability by modifying Eq.~6b! for w50 into

D5e0Ef1P1qS, ~6c!

whereS andq are the sheet charge number density and
charge of the defect, respectively. The effect ofS is to sta-
bilize Ps in one polarity and destabilize it in the other.
qS'2P, D'0, andPs are monostable and free from th
depolarization instability.

Figure 15 shows the thickness dependence ofD for typi-
cal values ofS in PbTiO3/SiO2/Si. We assumedq to be1e,
because the acceptor type traps, e.g., traps due to ox
vacancy, are reported for many ferroelectric thin films. T
values ofS are 1013, 1014, and 1015 cm22, which correspond
approximately to 0.02uP0u, 0.2uP0u, and 2uP0u, whereuP0u is
the absolute value ofPs in the bulk PbTiO3. For eS,uP0u,
the minimum thicknessl f for a givenl d which allows ferro-
electric phase is shorter forD,0 than for D.0. For eS
.uP0u and D,0, ferroelectric phase is totally unstabl
Here, the equilibriumP is negative foreS.uP0u and D
.0. NegativeD values, which are two order of magnitud
smaller than bulk value ('uP0u2eS), are found to exist for
eS50.02uP0u and 0.2uP0u. This was unexpected from sim
plified analytical calculation, and theD value of
0.1– 1mC/cm2 agrees with the experimentally estimat
semiconductor surface charge inF/I /S structures.27,29

The charged defects or traps can be formed before
after the polarization switching. Even forD reduced to one

FIG. 15. Thickness (l f)-dependence ofuDu for l d50,1, 3 nm andNA

51014 cm23 in PbTiO3 /SiO2 /Si at 25 °C having positively charged defec
at the ferroelectric/insulator. The sheet carrier densityS due to the defects is
1013 cm22 ~—!, 1014 cm22 ~-----!, and 1015 cm22 ~......!.
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
g

d

in
e
uc-
e

e

en
e

nd

hundredth of the bulkP, an enormous field exists in th
insulator of F/I /S for a finite l d , as inferred from Fig. 3.
This field should increase the charged trap density at
interface and finally compensateP, i.e., extinguish the con-
ductance modulation with time.

B. F/S

First, we survey extraneous mechanisms. It is extrao
narily difficult to create this structure without forming a
intermediate layer between the ferroelectric and the semic
ductor, especially when an oxide ferroelectric is used in co
bination with the conventional semiconductor materia
Such a layer is usually disordered and grown through
chemical reaction or the interdiffusion of these materials.

As discussed in Sec. VI A,a unidomain ferroelectric is
monostablein case B, and the switching properties should
suppressed. This is because the disordered layer is usua
heavily p- or n-doped semiconductor having a low carri
mobility. The layer acts also as a carrier trap, and the sp
charge in the semiconductor created by the ferroelectric
larization is also trapped. As the traps are filled with tim
the conductance modulation should decrease with time,
though ferroelectric is stable. In the most severe case,
case A, no conduction modulation is observed. There
several experiments of the conductance modulation show
the polarity-dependence opposite to the ferroelectric fi
effect,23,30 usually called as ‘‘injection dominated.’’

The conductivity modulation ofF/S using abulk ferro-
electric like TGS17–20,22or BaTiO3 ~Ref. 21! single crystals
has been reported by many authors. The present study
gests no depolarization instability. Indeed, one of them s
ceeded to retain the conductance modulation more than a
hours. In these experiments, the interface between the fe
electric crystals and semiconducting film seems still to
disordered, which have likely limited the retention.

Experiments on the depolarization instability in a TG
film on a Si crystal are performed by Batraet al. They ob-
served asymmetric polarization hystereses and attributed
the depolarization instability.15,16 However, similar experi-
ments on SiO2/Si by us demonstrated that the asymmet
hysteresis was due to ap/n junction formation in the semi-
conductor inversion layer.52 Moreover, we have found no
asymmetric hystereses in~Pb,La!~Ti,Zr!O3/p-type La2CuO4

and in ~Pb,La!~Ti,Zr!O3/n-type SrTiO3.
53 In this experi-

ment,p-type La2CuO4 andn-type SrTiO3 are heavily doped
semiconductors. According to the depolarization instabil
a heavy doping should have enhanced the asymmetry, w
is contrary to the experimental results. We can naturally
plain the absence of the asymmetry by thep/n junction
width, because thep/n junction width is significantly re-
duced for heavily doped semiconductors. Therefore, their
periments seem to be insufficient to prove the depolariza
instability.

Moreover, the conductance modulation of La2CuO4 in
350-nm-thick~Pb,La!~Ti,Zr!O3/La2CuO4 was unchanged for
one day31 and retained its half value after 10 months in air32

These results demonstrate thatF/S structures can have
stablePs and a stable conductance modulation, in agreem
with the present theory.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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We should note thatPs in TGS/CdS should be catego
rized into ‘‘metastable,’’ according to Batraet al.From prac-
tical viewpoint, we conclude that itsPs is stable.

There have been attempts to grow an oxide ferroelec
directly on Si structure. However, all the results, e.g.,
results in Refs. 23, 25, and 26, and the recent results, indi
an existence of an intermediate layer, to our best knowled
In agreement with the above discussion, the conducta
modulation was reported to die in a few minutes, or in t
best case, in a day, as long as the life time of the conducta
modulation was stated in the article. We should remind
that Ps should still be retained in this case.

C. F/I/S

First, we survey extraneous mechanisms. As long
ferroelectric has a chemically right structure, and SiO2 is
used as an insulator adjacent to semiconductor, this struc
can reduce preparation-limited depolarization instabil
One mechanism often pointed out is the series capacitanc
the insulator layer. This causes an insufficient bias fi
across the ferroelectric when the external bias is applie
reverse the polarization. Most engineers consider it as
main mechanisms of the short retention of the conducta
modulation inF/I /S andF/M /I /S.

However, a large fieldD/ede0 , e.g., 3 MV cm21 for D
51 mC cm22, exists in the insulator and an enormous dep
larization field in ferroelectric~Fig. 3!. These fields would
increase the trap-filling and the defect formation atF/I in-
terface. As shown in Sec. VI A,Ps is stable, butthe conduc-
tance modulation can be unstable, if the insulator is not p
fect. In such cases, the final state of theF/I /S should be
regarded asF/M /I /S.

All the experiments exhibit a fast decay of the condu
tance modulation which is likely related with the trap
discussed above,27–29except the for one by Sugibuchiet al.24

However, manyF/I /S’s (S5Si) show well-defined capaci
tance voltage hystereses suggesting an existence of a si
domainlike configuration. For typicall d and ed , they are
difficult to explain by the present theory without heavy d
order at theF/I interface.

Sugibuchiet al. achieved the longest retention of co
ductance modulation among the results that used the con
tional semiconductors like Si, Ge, and GaAs. They us
Bi4Ti3O12 as a ferroelectric. However, Bi4Ti3O12 has little
advantage as compared with other ferroelectric oxides
view of the thermodynamic depolarization instability~Fig.
11!. This issue is difficult to explain by the present theo
and is discussed in article II.

D. F/M/I/S

First, we survey extraneous mechanisms. For a un
main ferroelectric, the situation is identical to that inF/I /S.
However, only two domains having a positive and a nega
polarization are sufficient to extinguish a netD in the insu-
lator and the semiconductor, practically without no restr
tion on the domain size. Therefore,D should diminish until
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Ef becomes less than the coercive field, by changing
domain configuration. For typical parameters,Ef is esti-
mated to be

150 kV cm21~D/1 mC cm22!~ l d/10 nm!/~ l f /200 nm!/

~ed/3.9!150 kV cm21~Cs/1 V!/( l f /200 nm)

650 kV cm21~df/1 V!/~ l f /200 nm!.

The coercive field can be tuned to exceed this value
Ef . This means that bothPs and conductance modulatio
can be stable, if the insulator can endure a high electric fi
D/ede0 estimated in Sec. VI B. One should note thatF is
negative and approximately equal to the bulk GL energyF0

only for a netD'0, unlike inF/I /S.
However, the free carrier can flow into the metallic ele

trode on the insulator through the ferroelectric, if it has
finite conductivity. This carrier compensate the net ferroel
tric charge and extinguish the conductance modulation.
leakage currentI L of well-controlled ferroelectric film is
;1029 A cm22. The retention time should be the time co
stantD/I L'103 s for D51 mC cm22, if the top electrode is
grounded.

Experimentally, the initial net charge of the space lay
D was typically 1mC cm22 that was retained for less than
h.28 D can be explained by assuming a coercive field
200 kV cm21, and the retention time agrees with the estim
based on the resistivity. The change of the conducta
modulation is modeled as that ofD,

dD52R~Ef !Efdt'2R~Dl e /e0l f !Dl e /e0l fdt,

whereR is the resistivity of the ferroelectric. IfR5a1Ef
n ,

the equation implies

D}exp~2Rlet/e0l f ! for n50 and

D}@a21na1~ l e /e0l f !
n11t#21/n}t21/n for n.0,

wherea1 anda2 are constants.

VII. CONCLUSION

We estimated the stability ofPs and the space charge
layer in a semiconductor for typical ferroelectric heterostru
tures, by assuming the ferroelectric as an insulator.

To explain the experimentally observed instabilities, d
polarization instabilities are classified into four categori
the thermodynamic, the coercive-field limited, the resistivi
limited, the extraneous or preparation-limited, i.e., the tra
limited. Among them, the thermodynamic depolarization
stability is the conventional depolarization instability, an
the most experimental results by far can be explained w
out this instability.

First, Ps in a ferroelectric formed directly on a semicon
ductor (F/S) is stable even for a unidomain, i.e., a doma
having a lateral dimension much larger than the thicknes
the inversion layer. This results holds for typical ferroelect
oxides, e.g., BaTiO3, KNbO3, PbTiO3, and Bi4Ti3O12, when
they are modestly thick, e.g., 200 nm. For this thickne
range, the effects of the carrier doping, and the semicond
tor band gap have only a secondary effect on the stabi
especially for a ferroelectric with a low thermodynamic li
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ear susceptibility, e.g., KNbO3 and PbTiO3. Ps can also be
stable for a short ferroelectric thickness (l f), e.g., 10 nm
even in BaTiO3 which is sensitive to the depolarization in
stability, although its stability is significantly affected by th
above parameters. Combining these results with the re
experiments, we conclude that the most instabilities exp
mentally observed inF/Ssare nonthermodynamic and extr
neous, i.e., limited by traps or disorders at theF/S interface.
By overcoming these problems, a FET usingF/S structure
can be realized practically with no thickness limitation pos
by the depolarization instability, e.g.,l f,10 nm and the lat-
eral dimension of single domain;10 nm. Therefore, it
should have a great potential for the miniaturization.

An insulating layer between a unidomain insulati
ferroelectric and a semiconductor (F/I /S) induces a severe
depolarization instability much larger than conventiona
expected, if there are no surface states at theF/I interface.
The stability ofPs in a F/I /S without the surface states i
determined mainly by the thermodynamic liner susceptibi
but not by the magnitude of bulkPs . Furthermore, the ef-
fective value of the former is predicted to be adjusted
changing the orientation ofPs(w) to suppress the depola
ization instability. A thin film of a unidomain ferroelectri
phase cannot virtually exist in an idealF/I /S without defects
for w,60°. Moreover, the multidomain formation can e
plain the ferroelectric stability only atl f.150 nm for l d

>5 nm and the netD50. On the other hand, the disorde
and the defects at theF/I interface renderPs monostable.
However, the experimental values ofD and single domain-
like properties inF/I /S can be explained by assuming th
formation of a conductive layer atF/I or an appropriate
density of charged defects.

The instability inF/I /S is drastically modified by intro-
duction of metallic layer between the ferroelectric and
insulator (F/M /I /S). Namely, the thermodynamic depola
ization instability is removed by the reduction of the netD
via multidomain formation. ThisD is of order 1mC cm22

and determined by a domain wall pinning, i.e., coercive fie
Furthermore, the finite conductivity of the ferroelectric e
tinguishes thisD, if used in integrated circuits or in a shor
circuited condition, which explains the experimentally o
served short retention of the device using this structure.
coercive-field and resistivity-limited depolarization instabi
ties dominating inF/M /I /S are nonthermodynamic and d
not occur inF/S. Additionally, the application of the presen
results to an insulating ferroelectric powder suggests tha
insulating layer on its surface changes its size effect dra
cally. This implies that the finite size effect of ferroelectr
powder is very sensitive to sample preparation.

Numerical results are analytically explained by Eq
~11c!, ~11d!, ~12b!, and~13!. The fact that the experimenta
results forF/I /S was explained only by assuming a narro
range of the interfacial defect density may indicate that
difficulty of the assumption of aninsulating ferroelectric un-
der an enormous depolarization field.
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APPENDIX I

We consider aF/S structure similar to Fig. 12, where
P(y)5Px for (a1b)n,y,(a1b)n1a and P(y) 52Px
for (a1b)n1a,y,(a1b)(n11) ~x: unit vector in thex
direction,n: integer!. Here we assume that the 180° doma
wall width is negligibly shorter than domain widthsa andb.
The potential at the metal electrode is assumed to be z
without loosing generality, and we introduce the potential
the ferroelectricf f . Because we assume the ferroelectric
an insulator andP as homogeneous (¹P50), f f satisfies
the Laplace equation,

Df f~x,y!50,

with boundary conditions,

f~ l f ,y!50, f~0,y!5Cs@D~y!#5Cs$D@P~y!#%.

The second boundary condition is the continuity of the p
tential whereD is related with Eq.~6a!. Because ofl d50,
we only need to estimate the depolarization term and
semiconductor changing term (Fs) in Eq. ~1! as electrostatic
energies. For an undoped semiconductor,Fs is approxi-
mately the same for the multidomain and the unidomain
the domain width is sufficiently larger than the domain w
width. Therefore, we can compare the total electrostatic
ergies for the unidomain and the multidomain by estimat
only the conventional depolarization term*0

PdPEf .
For multidomain, this is changed to

1/@~a1b!l f #E
0

a1b

dyE
0

l f
dxE

0

P~x,y!

dP–Ef~x,y,P! .

This is rewritten as,

1/@~a1b!l f #E
0

a1b

dyE
0

l f
dxE

0

P~y!

dP@2]f f /]x~x,y,P!#

51/@~a1b!l f #E
0

a1b

dyE
0

P~y!

dPf f~0,y,P!

51/@~a1b!l f #FaE
0

P

dPf f~0,a2,P!

1bE
0

2P

dPf f~0,a1,P!G .
The two integrals byP in the last equation give the sam

values and, we obtain,

1/l fE
0

P

dpf f~0,a2,p!51/l fE
0

P

dpCs@D~P!#.

The final result shows that the depolarization energy
independent ofa and b, i.e., the domain structure. Th
equality iP(y)i5P for 0,y,a and a,y,a1b is rigor-
ously correct for an intrinsic semiconductor. When the se
conductor is doped, there is a difference betweeniP(y)i for
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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0,y,a and iP(y)i for b,y,a1b. However, this differ-
ence is very small as seen in the numerical results of a
domain calculation in the Sec. III.

If we include the effect of the finite thickness of doma
width and the space charge layer, a multidomain state sh
be slightly more stable than a unidomain state. Howeve
unidomain state can be virtually stable as long as the de
larization field is smaller than the coercive field.

Similarly, the multidomain contribution to the depola
ization energy should also be negligible inF/I /S structures,
when the thickness of the insulating layer is much thin
than domain widthsa andb. For 1d@a,b, the domain con-
figuration with a5b seems to be only stable and discuss
later. The multidomain effect should also dominate in t
F/M /I /S structures, and its ferroelectric stability can be si
ply analyzed.

APPENDIX II: DERIVATION OF EQ. „14…

First, we derive the expression for wall energy.F f for
ferroelectric film is given by

F f5F01h~¹P!25F01Fd ,

where the lateral dimension of ferroelectric is much larg
than the domain sizea.

The domain wall energyFw per domain wall area is,

Fw5E
2`

`

$F f@P~x!2F f~P!#dx

5~22a1P228/3a11P
4246/15a111P

6!j14hP2/3j%,

whereP(x) is assumed asP tanh(x/j).46,10 The half domain
width j which minimize domain wall energy is given b
]g/]j50. This is satisfied for

j5A@4h/3~22a1P228/3a11P
4246/15a111P

6!#,

yielding the minimumFw5g58hP2/3j. The material con-
stanth is estimated by equatingj with the experimentally
determined half domain-width in bulk ferroelectric. The e
pressions ofg andj give the wall energy for arbitraryl f .

Now, we derive the solution ofC for multidomain
ferroelectric/insulator/metal in Fig. 12. The potentialC at
the top metal electrode is set to be zero. Because we ass
the ferroelectric as insulating andP as homogeneous (¹P
50), C satisfies the Laplace equation in the ferroelec
and the insulator,

DC~x,y!50,

with the boundary conditions,

C~0,y!5]C~0,y!/]y50,

C~ l f1 l d ,y!5]C~ l f1 l d ,y!/]y50,

C~ l f
1 ,y!5C~ l f

2 ,y!,

2ede0]C~ l f
1 ,y!/]x52e0]C~ l f

2 ,y!/]x1P.

Fourier series of the solution ofC for 0<x< l f is,

C~x,y!5c2x1( sinh nkx~cn cosnky1sn sin nky!,
Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AI
i-

ld
a
o-

r

d
e
-

r

me

c

whereS means sum overn ~1,2,...,̀ ! andk is defined as,

k5p/a.

Using this equation, the derivative atx5 l f is given,

2]C~ l f
2 ,y!/]x52c22( nk coshnk l f~cn cosnky

1sn sin nky!.

P is also expressed in a Fourier series,

P52P( @sin nka cosnky

1~12cosnka!sin nky#/nka.

Fourier series of the solution ofC for l f<x< l f1 l d is,

C~x,y!5c1~x2 l f2 l d!1( sinh nk~x2 l f2 l d!

3~Cn cosnky1Sn sin nky!.

Using this expression,C and the derivative atx5 l f are
given,

2]C~ l f
1 ,y!/]x52c11( nk coshnk l d~Cn cosnky

1Sn sin nky!,

C~ l f
1 ,y!52c1l d2( sinh nk l d~Cn cosnky

1Sn sin nky!.

Combing these results with the boundary condition, we ha

c25c150, cn5r na sin nka sinh nk l d /n2e0 ,

sn5r na~12cosnka!sinh nk l d /n2e0 ,

Cn52r na sin nka sinh nk l f /n2e0 ,

Sn52r na~12cosnka!sinh nk l f /n2e0 ,

wherer n is defined as

r n52P/@p2~ed coshnk l d sinh nk l f

1coshnk l f sinh nk l d!#.

At large n, we have

n23r n sinh nk l f sinh nk l d;2Pn23/p2~ed11!,

n23r n
2ed sinh2 nk l f sinh 2 nk l d;4P2n23ed /p4~ed11!2.

This assures a fast convergence of the sums Eqs.~14a! and
~14b!.
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