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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 ma@aal®;, KNbO;,

PbTiO;, BisTi3045), 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 Physids§0021-897®8)01604-]

I. INTRODUCTION of crystallographic properties, and the electrical properties
such as the dielectric constant have sometimes been analyzed
Advances in material preparations and methods to chaiin the same way. Therefore, it is necessary to discuss the size
acterize small-scale-properties have clarified that finite sizeffect of electrical properties of ferroelectric having a spe-
effect occurs much below the previous expectations. The sizgific electrode material.
effect of displacive-type ferroelectric, e.g., Batidas been In commonly used measurements, it is difficult to sense
an interest of a basic researct® Moreover, the effect in directly the polarization without reversing it. Semiconductor
thin film is currently of a practical concern. For example, electrodes can allow to measure directly its surface charge
thermodynamic fluctuations pointed by Bellan suppress via conductance modulation and, thus, provide a unique op-
the ferroelectricity in a small particle of about 1 nm in portunity to study the ferroelectric size effect and the surface
diameter’ This result encourages also the use of constants igolarization. Moreover, the carrier concentration and the
Ginzburg—Landau-Devonshir@L) theory for ferroelectric  conduction type can be arbitrarily selected. Additionally, this
larger than this size. The surface effect described by an insystem has a practical importance as ferroelectric field effect
homogeneous GL thedty’ was suggested to produce the transistorg(ferroelectric FET5or resistors’~32In fact, this
size effect even if the surface charge is compensated at th§;stem has long been studied, and its limitation was warned
metallic electrode&.Importance of multidomain formation by Batraet al'*~® By far, no approach has succeeded to
was demonstrated in small particlesthout electrodeS$™"  rgajize it with conventional semiconductor materials. There-
Enormous contribution of the incomplete surface chargqore, the clarification of the physical feasibility of ferroelec-
compensation to the size effect was suggested by Batigic FETs and their miniaturization limit is desired.
etall*~1° o ) . Surface layers having crystallographic properties differ-
The ferroelectricity can be characterized by both latticegnyt from those of a bulk ferroelectric were often interpreted
parameters and electrical properties. The most measuremenys g finite size effect by an inhomogeneous GL théddys-
of the electrical properties uselectrodesor contactsbe-  gpnearance of the ferroelectricity as detected by crystallo-
tween different particles that can kill the depolarization ef'graphic symmetry and reduction of the dielectric constant
fect. This fact has been often overlooked, and the size effecfqre reported in a few hundred-nm-thick BaFiQr
SITiO;.%3% However, the results have been dependent on
dElectronic mail: ynabe@tobata.isc.kyutech.ac.ip preparation methods and found .to be mostly due to an ex-
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traneous effect® In a novel approach, i.e., a use of single- X = -lely lg 0 oo
crystallike epitaxial heterostructures that reduce interfacial : ic | Insulator Z 7
defects and disorders, a 20-nm-thick SrJidm showed di- ' ‘

electric constant of 160 that is only a 15% decrease from the =
value at 150 nm® Furthermore, a 14-nm-thick BaTiGilm Potential
exhibited crystallographic symmetry corresponding to a
ferroelectric phas&’ These experimental facts do not favor
an inhomogeneous GL theory for size effect in ferroelectric
films. Ve + 80 ; ;

In this article, we report the stability of spontaneous po- Yot Dlgleg P
larization (Pg) in ferroelectrick/semiconductor structures.

For ferroelectric FETSs, there are theories that deal with the FIG. 1. F/I/S structure and distribution of potential.
conductance modulation characterisfitslowever, few the- || FORMULATION OF THE PROBLEMS AND
oretical works on the stability have been known after theaASSUMPTIONS

works by Batraet al.

We employ the following basic assumptiori$) Single
crystalline ferroelectric thin film layer. The top surface of the We consider the structure as in Fig. 1, whéreand| 4
ferroelectric should have the same crystallographic qualityare the thickness of the ferroelectric and the insulating layer,
or atomic-bond energieg2) Homogeneous GL theory for respectively. The coordinate is defined in the direction per-
ferroelectric, disregarding the surface effe@) Insulating pendicular to the film, wher&=0 is at the boundary be-
ferroelectric, no carrier generation in ferroelectric. In a sepatween the insulator and the semiconductor. For a while, we
rate article, the ferroelectric is treated as a semiconductado not include the effect of the disorder and defects at the
having a wide gap(4) Boltzmann distribution and nonquan- interface, of which effect is discussed in Sec. V.
tum mechanical treatment of charge carriers in the accumu- This model corresponds to an artificially formed
lation and the inversion region of a semiconductor. multilayer and also to other structures. In one of them, a

In most part of this article, unidomaifsingle-domain  ferroelectric/semiconductor=(S) structure can also repre-
ferroelectric is assumed. Here,“anidomain” means that sent the ferroelectric having a dead layer that lost the ferro-
the width of the domains of, at least, one polarity is muchelectricity. Similarly, ferroelectric/insulator/semiconductor
larger than the ferroelectric thickness and the space chargdF/1/S) structure can also correspond to the ferroelectric/
layer thickness semiconductor structure having a dead layer on the ferroelec-

Using these assumptions, we examine the dependence @fc surface.
the instability on(i) the thickness of the ferroelectric and the ~ For aF/I/S, the polarization P) dependent part of free
insulating layer between the ferroelectric and the semiconenergy density (per cn?) is written as
ductor, (ii) the ferroelectric material(BaTiO;, KNbQOs;, F=F¢(P)+Fq(P)/l+Fg(P)/, )
PbTIO;, .'TD."4T'3012) and the semlconduptor materig8i, Ge, whereF;, F4, andFg, corresponds to the free energies of
GaAs_), ("'.) the temperature, the semmond_uctor—metal Wprkthe ferroelectric, the insulator, and the semiconductor, re-
function dlfference, the. semiconductor doping concgntratlonspectively_
the buffer. msulator thlckness, and the trap density at the The F; for BaTiOs, and KNbQ, and PbTiQ is written
ferroelectric/insulator interface. as:

The quantitative results in this article changes, when the P
semiconductor property of ferroelectric is considefadicle Fi=a,;P?+ a,P*+ ay,P%+ n(VP)?— f dPE:, (29
Il Ref. 39). However, the semiconductivity of the ferroelec- 0
trics in the size effect is not yet established and render thevhereE;=E;(P) is the electric field in the ferroelectric, and
theory opaque. Therefore, we construct a basic frame work unidomain is assuméd:*? The inverse of the linear sus-
of our approach and use only established concepts and meeptibility «; is written asa;= (T — 6)/2¢,C, whered andT
terial parameters. are the Curie temperaturd{) and the ambient temperature,

The following results and the results in article Il can berespectively. The-axis of the ferroelectrics, i.e., the direc-
translated to explain the size effect of the ferroelectric pow+ion of P, is assumed to be perpendicular to the film surface.
der by neglecting the lateral size effect, when the surfac&he last integral in Eq(2") is the depolarization term which
layer of the powder is regarded as an insulator. Namely, $ollows the conventional expression. F&P#0, Eq( 2")
ferroelectric powder or a ferroelectric platelet can be modneeds to be integrated fror= —1;—14 to x=—14 and then
eled asS/1/F/1/S. In this case, the thickness of the ferroelec-divided by|;.
tric film below (I;) corresponds to the radius or half of the To treat all the energies consistently, we express the de-
thickness of the ferroelectric core region of the powder.  polarization term by an electrostatic field energy. We con-

The subsequent part of the article is organized2s sider an infinitesimal change of dipole momentmbp, in
formulation of the stability,(3) approximate analytical re- one-dimensionalF/I/S, where p and dp are directed to

lewoD

A. Formulation

sults and guiding principles4) numerical results(5) multi-  the interface with angle of ¢ (0°=¢<90°; ex.
domain effect, and6) effect of defects and disorder, and ¢=0°<>c-axis-oriented film), and p corresponds td® in
comparison with experiments. ferroelectric. A detailed derivation is reported in Appendix C
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TABLE I. GL parameters in Eq92) and (2b) adopted from Refs. 41-43.

0 C gy Q111
(°0) (°C) (JC*cnf) (JC ®cm

PbTiO; 478.8 1.5¢10° —7.252x10" 2.606<107°

KNbO; 418 2.4X10° —4.05x10® 2.989x 1077

BaTiO, 96.9 1.K%10° —1.377x10% 2.77x 1077

Bi,Tiz045 (all in esu,T in °C)

ay asg a1 33 a1
2.85xX 105 (T—540) 0.04334 —1.06x10°1? 1.3x10 0 —-217x10 5T+1.4x10 2
@13 @111 @333 3333

—3.22<10 15 T-4.258<10 2 9.56x10° 2 —1.2x10 % 4.52x10 %
of article 11.2° Charges are only in the semiconductor and ther ;=1,D?/2¢,, ®)
ferroelectric. Using the notations in Fig. 1, the change of the
electrostatic energy is o

Fo= eseofo dxE(x)?/2, (4

f dxép(x,p)V(x,p)—E;6p cos ¢l;
0

a0l (PP + eseo | dXOE R PIECC)

—E;dp cosoly,

whereW¥ (x,p), Ef, SE, and ép are the electrostatic poten-
tial at x for p=p, the electric field in the ferroelectric, the
changes oE andp due toép, respectively.

The potential ak=0 andx=c« are

q’(o,p):_Dld/GdEO_Eflf'i‘\I,(X:_lf_ld),
W(e,p)=0.
Using these relations, eseqdE(Op)=6D and 6D

= 8p cose+eydE;, we have
:_5D[_D|d/EdGO_EfIf+\I’(X:_lf_ld)]

+Esfof dxSE(X,p)E(X,p) —E{(SD — € 5E¢)I ¢
0
=5[D2(p)|d/26d60+6560/2f dxE?(x,p)

0

+ €EZ(P)I/2—D(p)¥ (x=—1l:—14)

whereF, is the free energy density of the bulk ferroelectric,
Ei=E{(p=P), €y is the vacuum permittivitye, is the di-
electric constant of the semiconduct&(x)=E(x,P) is the
electric field in the semiconductoR=D(P) is the electric
flux (displacement andl, is the effective thicknessf the
insulator defined in Eq(5).

)

|e:|d/€d,

whereeg is the dielectric constant of the insulator.
Equation(5) can also be used for a multilayered inter-
mediate layer. If the intermediate layer consists of-¢hick
insulator havingeq and a metal, which means that its overall
structure is a ferroelectric/metal/insulator/semiconductor
(F/M/1/S), Eq. (5) holds. If the intermediate layer consists
of aly4;-thick insulator withey; and al 4»-thick insulator with
€42, Eq (5) is modified tol e— I d1/6d1+ Id2/€d2 .
For epitaxial thin films, the stress terms is neetfeaind
a totalF¢ including the stress is

P
Fi=a;P?+ ap P+ ay1,P%+ n(VP)?— | dPE
0

+F¢1(S)/26gP2+ F,»(S)
=[T— (60— CFg(9)]/260CP?*+ ay,P*+ a1,P®

where d ] means the change of the value insidd ¢tue to 2)

op. The last expression is the change of the field energy

stored inF/1/S due toép. The final relation is obtained by whereF,(S) and F,(S) are functions only dependent on

integrating the first and the last expressions frem0 top  the stress tensofS).*>*! For c-axis oriented ferroelectric

=P. We disregarch=0 terms because we are interested infiims, Eq. (2’) indicates thatthe effect of the stress is to

the P-dependent part dF and but not in an absolute value of Change an effectivecTand the zero point energgt P=0. A

F. numerical analysis using Eq2) shows that this effect is
Using the above results, we exprdss, Fq, andFs by relatively small in most casés Furthermore, it can be mini-

an electrostatic field energy. mized by selecting a material and preparation processes.

T : 3
F= a,lp2+ a11P4+a111P6+ 77(VP)2+€0Ef2/2 For BiyTizOq,, Fg has the following fomf',

+ (VP)2+ qE%(P)/2+ F »(9),

- D\P(X: _If_ld)lf Fo=2a1P)2(+(2all+ alz) Pi"‘ 2a111P§’

=Fo+ 7(VP)%+ eoEZ[2— DW (x=—l;—ly)/l¢, 2) +(ag+2a13PY) P2+ agsPi+ agsPo+ agzPs,  (2b)
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TABLE Il. Semiconductor band parametgsee Ref. 45 Eg: Eg(O) _ 'yTZ/(T-I— ¥a),
nat300 K E4(0) Y Y2 whereEy(0), y, andy, are known for a given semiconduc-
& (cm3) ev) (eVIK) (K) " tor material(Table Il, Ref. 45.
Si 11.9 1.45¢ 1010 117 4.7%10°4 636 For one dimensional problem having an infinitely thick
Ge 16 2.410% 0.7437 4.77%10°4 235  semiconductor, the rigorous relation is known,
GaAs 13.1 1.610° 1.519 5.40%10 204

E[V(x)]=x(2{exp(— BY)+BY —1+[exp BYV)

—BY —11ny/pe}) Y4 BLp, 9

whereP, is the polarization perpendicular to tbeaxis, and  with a positive sign for#>0 and a negative sign fo¥
P, is along it. The coefficients in Eq&2) and(2b) are sum- <0, whereW(x) is abbreviated a¥.* The extrinsic Debye
marized in Table 143 lengthLp is

D andEs=E(0) are related with via Gauss’s law at the Lo=(e /epo,8)1’2
insulator/semiconducto {S) and the ferroelectric/insulator D S '

(F/1) boundaries, Especially, Eq(9) becomes ak=0,
D=es€e9Es (6a) Es:i{exq_ﬂws)"'ﬁq,s_1+[eXF(:8\IIs)_B\Ps
=eoE¢+P cose. (6b) —1]ng/po}*2i2/BLp (9b)

If VP=0, there is no net carrier in the ferroelectric. There-where  ¥¢  stands for W(D)=¥[D(P cos¢)]
fore, using the surface potentidly(D)=¥(x=0), we have =VP cosg).
an equation for the potentiéFig. 1), Combining Eq.(7) with Eq. (6b), we have

|.D/ g+ V(D)= —1Es+ S+ Vo, @) P cose=D(1+I/l)— o[ 5p+Vo—¥(D)]/l;. (10)

where 8¢ is the work function difference between the top Using Eq.(9), Eq. (4) is rewritten as
electrode and the semiconductor, angdis the external field.

q’S
The bottom of the semiconductor is grounded. We incorpo- Fg = eseof dVYE(WV)/2. (4b)
rated 8¢ in the theory, following, the scheme used in the 0
metal—oxide—semiconductor devit&!® By neglecting theV P term, Eq.(1) is reduced to,

For a given semiconductor material paramet@rable v
II), the doping level, and the temperature, the relationship F—F 4 ¢.e./2l; *dVE+ D2 o2l €0+ €oE2/2
betweenE and ¥ is given by solving Poisson equatifh, 0

—AV(x)=e(Np—N,+p—n)/ese, (8) —DV¥(x=—1;=Iy)/l;, (11
wheree is the elementary charge, aNg, , N, , p, andn are Vg )
the donor density, the acceptor density, the hole carrier den-  —Fo™ 5560/2|ff0 dWE+D /2 €0+ (5¢
sity, and the electron density in the semiconductor, respec-
tively. +V.—1.D/eg—V)?%2A7—D(8p+Ve)l;.  (11b

Equationg2)—(8) form basic equations in this theory. In
the following, a part of them are analytically solved.
Assuming Boltzmann statistics, E(B) is rewritten as,

Minimization of Eq.(11) gives an equilibriunP or D under
the conditions of Eqs(6a), (6b), (7), (9), and(9b) for given
le, I, 6, Vo, T, semiconductor material parameters, and
— AP (x)=e(pofexd — BY(x)]—1} —ne{exd BV (x)] GL parameters[According to Eq.(10), P=0 meansD =0
and V=0 for (6¢+Ve)=0. For (5¢+V,)#0, Eq. (10)
~1b/eseo, (83 eeds to be solved using E@). Equation(10) implies that
where 8=¢€/kT, k is the Boltzmann constarl, is the tem- P=0 corresponds toD=¢ey(dp+V—V)/(ls+1e). For
perature, ang, andn, are the hole carrier density and the with typical values of6¢, |, andle, e.9.,6¢+V<1V and
electron density at=c0, i.e., at¥ =0. In the following ar-  (I;+1¢)=200 nm,D(P=0) is less than 0.00aC/cn¥, and
gument,x>100 nm can be regarded as whenW¥, is an this corresponds t&'((P=0)<0.1V through Eq(9).]
order of 1 V. The intrinsic carrier density;,, py, andn, at

T are given bf® B. Examination of the assumptions
Po={Na—Np+[(Ns—Np)2+4nZ]¥2/2 We summarize the related experimental aspects and ex-
) amine the assumptions.
No=n{/po

1. Homogeneous GL theory: n(VP)?=0

N /Ni(To) = (T/To) ™ exf — Eq/2kT— Eq(To)/2kTol, The coefficienty of the VP term in the direction ofP
where E4 is the band gap of the semiconductorfgtand  vector is not experimentally determined or the related phe-
E4(To) andn;(T,) are the band gap and the intrinsic carrier nomena have not yet been confirmedsylis isotropic,» can
density atT=T,, e.g., 300 K, respectively. The temperature be estimated from the 180° or 90° domain wall widtrend
dependence o is given by, nis of order ofé?a; .*¢*" The typical value of is 0.5-1 nm
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for BaTiO; for the 180° domain wall. Therefore, this term is + D2 /2l ¢eq+ eper( dp+ EQ2+ Ve—1 D/ €g)?/21?

only important to the total free enerdy for a spatial gradi-

ent of 1 nm. According to Zhongt al.® for a shortl;, the —D(3¢+Ve)lly,

averageP should noticeably decrease from the bulk valueyhere we estimate asE /2, ande; is the relative dielec-
for one choice of boundary condition, or the surface polaryic constant of ferroelectric which is set to be unity in Sec.
ization should noticeably increase from the bulk value for the; A e can approximat® asP cose under the assump-

opposite. By far, its experimental evidences have not yefion (4) in aF/1/S structure and obtain fap#90° by setting
been reported, especially, in high-quality epitaxial BagliO V=0,
films of thickness of 10—30 nril. Therefore, we do not in-
clude this effect. F=Fo+ B8 P cos¢/l¢+P? cos ¢?l /2 1€y + €pes[ (5

As shown in Appendix A of article Il, th& P effect is _ 29
equivalent to the change d¢f and |l to (I.+&/2) and (s TEg2)/li=1eP cosellieo]*/2=P cosdglly. (119
—&/2), and an addition of the energyy|VP|%). Namely, For aF/M/1/S structureP andD can be independent. The
the VP effect is equivalent to an insulating dead layer for- stability in this structure is discussed later.

mation. Therefore, its effect can be included in the present The first, second, third, and fourth terms represent the

formulation. bulk free energy, the semiconductor charging, and the insu-
lator polarization, the depolarization, respectively. Typical
2. Boltzmann distribution values off for BaTiO;, KNbO3, and PbTiQ are 1, 10, and

A very thin layer of high carrier density-10°°cm=2 70 J/cnt at room temperature, respectively, and the values of
should exist at the semiconductor surface for the accumuldheir Ps are 25, 40, and 7aClcn?, respectively. As shown
tion and the strong inversion. In this layer, Fermi—Dirac stain the numerical results below, we can approximately use the
tistics are appropriate. The thickness of the layer is estimateBulk Ps and the bulk free energy in E¢l1c). The typical
to be below 1 nm for¥' i~ +1V. Therefore, the resulting Values of bottEy and 5¢ are 1 V and 0.5, respectively, and
changes in the band bending are small, even if the Boltz8 * is 0.026 V at 25 °C. By substituting these numbers and

mann statistics are used. normalizingl; by 200 nm and. by 0.2 nm, the individual
terms in Eq.(110 (J/cm 3) is estimated for a specific ferro-
3. Unidomain electric foro=0°,

The formation of the multidomain to reduce the electro-BaTiO,
static energy has been commonly discussed as in
magnetisnf® However, this effect would not be dominant in —1+0.03(11/0.2 pm)+3.51,/0.2 nm/(1:/0.2 um)
F/S, when the thickness of the space charge layer is much +[0.01(14/0.2 um)+0.6(1/0.2 nm/(1/0.2 um)]?
shorter than the lateral dimension of the unidom@ippen-
dix 1).4° +0.7/(1:/0.2 pm),

4. Insulating ferroelectric KNbO,

The intrinsic carrier densityn; estimated fromE, —10+0.05(1:/0.2 pum)+8.91,/0.2 nm/(1;/0.2 um)
~3 eV indicates;<10 7 cm 3. Therefore, we may neglect 2
the effect of free carrier when the depolarization field is +L0.0L14/0.2 )+ 1(16/0.2 nm/(14/0.2 pm)]
small as inF/S structure. Moreover, the field induced carrier +1/(14/0.2 um),
generation in ferroelectric is not established, although a
space charge layer or a surface layer has been suggested ByTiO;

Kanzig and others? If the field effect in ferroelectric is an

. . .. —70+0. . + . .
appropriate assumption, the subsequent results for a fipite 70+0.09(14/0.2- um) +31(1/0.2 nmy/ (102 pm)
are only qualitatively correct. +[0.01414/0.2 um)+1.8140.2 nm/(1¢/0.2 um)]?
lll. APPROXIMATE ANALYTICAL RESULTS AND +2[(14/0.2- pm). (11d

GUIDING PRINCIPLES It should be noted that is an effective length defined by Eq.

Equation(2) is approximately estimated, using a simpli- (5)- o . '
fied equation for electric field distribution in the semiconduc- ~ The result indicates, that nonzetg is the dominant

tor for the strong inversion and the accumulation conditionsgsource of the depolarization that is much more intense than
usually thought. Second, the instability depends significantly
E(x)~D/egeq(1+x/2d),

on the ferroelectric material, while it depends only weakly

whered= e¢e,D/3.>! Using this equation, we have on the semiconductor material and the semiconductor doping
_ 1 2 _ concentration. Third, BaTigis the sensitive to the depolar-

F~Fotp "D/li+Dc/2dreot €oer( 5= Vst Ve ization instability among the three ferroelectrics. Here, we

— 1D/ €g)%212—D (8¢ + Vo)l did not include the semiconductor doping concentration de-
. pendence entering EG110 throughEy and ¢, while the
~Fo+ B "Dll; effect of 5¢ can be important for a smal} .
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The ferroelectric materials dependence can be summa-

rized by an effective reduction df. (=#6). Using Egs.(2) oF “q :5
and (110, we have fors¢=0 =:’ ‘g,-
F~a;P?+ ayP*+ ay1,P8+ B P cos ¢/l % %5
+ P? cos ¢?l /2l seq £—40 - ’4 ? "—

T eo(Eyf2l— 1P cos g/l 10)2/2 pre Pl

~a;P?+ ay P4+ aq1P® P N
1 1 111 _80 . | LOG(NA)=1012 14 16 18

+ B P cos ¢/ls+ P2 cos ¢?l /2l e -1 ‘PO W 1

+(P cosgle/l)%2e9— P cos pEgyl /217 s
T 2 —1 FIG. 2. Total free energ¥ to induce the semiconductor surface potential
~[T=0+Cle(1+le/lf)cos ¢/l +2Ceo(B W, at 25 °C forl;=200 nm,1,=0, 0.4, 0.8, 1.2 nm in PbTIJSIO, /Si at

o — 0 2 4 6 —3
—Eglo/211)cos ¢/ Pl 1P2/2C g+ ayP*+ a1 P8 2o N0 (2 10T (), 07 e, 20T (o), and
(123

%(T_ 0+ Cle/lf Ccos (,02) P2/260C+ a11P4+ all](i;b) A. PbT|03

First, the result for a&-axis oriented PbTiglinsulator/Si
is shown withNp=0, where the insulator is SiOhaving
€3=3.9, i.e.,|=14/3.9. The typical value 0b¢ ranges from
—1to 1 eV, and its effect was found to be small, especially,
(Ie/1¢) max= 0/ (C cos ¢?). (13)  for PbTiO; with thickness>100 nm. Therefore, we séi®
+V, to be zero in the following calculation except Fig. 7.
Figure 2 shows the free ener§yto induce the semicon-
tor surface potential', while each line corresponds to

Equation(12b) is sufficient for a small. /1, while Eq.(123
is needed for largé./l; andEy. For KNbQ; and PbTiQ,
the maximuml ./l of that allowsPg near 0 °C is given by

Ferroelectric material having law thermodynamic lin-
ear susceptibility suppresses the depolarization instabilityduc
%?dpfg#g OT,h;hg qifal)l(%f‘g’ﬁtlrzgogf?ei? dﬁsh::z(s%sigdn?.gg)g different values ofly and N,. Each line has well-defined
can increéseﬁ by 500_200 °C and increase the maxim'umdouble minima, indicating the bistability, and shifts parallel

: . asN, increases. Fdry<<1.2 nm, the= minima increase with
e/l by 20%-50%. Equatiof13) also predicts thathe de- I v?/herel =04 nrr(1j corresponds to one atomic layer. For
polarization instability due to the insulating buffer layer is Id;o the S/alués of the electric flup at the minima ére
suppressed by incregsin:g_ for an .insulating ferroelectric Ts?mila’tr to the bulk value 7%C cm 2. Furthermore, the de-
Howe_vler, the coercive field is mgreased by 2 factor 0 olarization field, i.e., the field in ferroelectrig; is well
cose - and the switching voltage is expected to mcreaseg

proportionally elow the coercive field 100 kV cit as seen in Fig. 3.
For 1,0, we have o Eqitio, E~Fy-g el HETEE enidonan b e 7S stuctre shoud be
+eeo(Sp+Egl2)%212—P cosedpll;.  For 1=0, < 9 y larg s

induce the conductance modulation. Indeed, 10 month reten-
tion of conductance modulation by ferroelectric field effect
In general P, can be more stable in one polarity and lessV@S recently reportetf. This conclusion is diﬁ_‘erent from

TS that made by Batra and colleagués? but the difference is

stable in the other, if the semiconductor is dopedsgris : : .
. _ o . mainly due to that of the ferroelectric materials and to the
finite. This is expressed by considering more precise expres-

sion of W, in Eq. (110 instead of W ~E,. Namely, we explanation of the calculated results. Hg# 0, E; is much

have W= E,+ 4 for one polarity and¥,=E,— & for the higher than the coercive field, although it has negafive

opposite, when one carrier type is dominant in a semiconminima forl4=0.9 nm.
’ Figure 4 shows the temperatur@)(dependence ofF,

dutor ) dopr, EQualot 1 sugess Ut NS SN, . e, o e v st i andl (0140 an
Yo 1€, y P Y, yIf=200 nm; (2) 14=0 andl{=5nm; (3) 14=0.9 andl;

c_hoos_mg a metal electrode having an appropriate Wor.k func-: 200 nm. There are six different lines in each set that cor-
tion, if the effect of defects at the interface is negligibly

small. Alternatively, a larg&¢ can stabilize one polarity of respom_j o the positive and the negative polz_ari';ies _for the
ferroelectric phase ’for shott three differentN, . However, they can be only distinguished
‘ in Figs. 4¢) and 4d), and, e.g., a large polarity and,
dependence is seen for the $8), in accordance with Egs.
IV. NUMERICAL RESULTS (119 and(11d. The lines of set3) and (1) are identical, if
We solve Eq.(11b numerically foro=0 (Figs. 2—10, one of them is shifted along abscissa. Namely their only
13 and 15. For ¢#0 with §¢=0, the minimuml; for the  difference isT., as discussed Sec. lIl.

polarity-, a work function-, and ag;-dependences becomes
evident, especially at a shdrt.

existence of ferroelectric polarization or the maximuml ; Both shortl; and nonzerdy reduce the transition tem-
is obtained approximately, multiplying the minimulp by  perature and the absolute valueFofEspecially, the effect of
cos¢? or dividing and the maximurh/I¢ by cos¢?. I 4 is significant. The transition temperature is reduced by the
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FIG. 3. Field in ferroelectri€; vs ¥ (a) andE; vs the net space charge per
areaD (b) for [;=200 nm andl4=0, 0.8, 1.6 nm in PbTig¥SiO,/Si at
25°C.N,=10" cm 3 (—), 10" cm 3 (---), and 13%m 2(...).

same order of magnitude as estimated in EIRb), i.e.,
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400
g
'__O
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0 M | L 0.. .|1 L .3..J
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If(n

FIG. 5. EffectiveT of PbTiO; in PbTiO;/SiO, /Si forl4=0, 0.5, 1, 3,5 nm
andNa=n; (—), and 108 cm 3 (----). The difference ofT, for two Nu
values are too small to be distinguished except thosé fe0 at shortl; .

trode changes the second order phase transition of triglycine-
sulfate (TGS into the first order. Contrarily, a nonzetgq
mildens the change at the first-order phase transition.
Figures §a) and Gb) showl;-dependence db andF,
which is regarded as a thickness-induced phase transition.
For 14=0, the ferroelectric phase is stable even lat
=1 nm, while a polarity dependence at a higlh becomes
evident asl; decreases. On the other hand, it is unstable
below ;=1 um, if the SiQ, thickness [3) exceeds 5 nm,

Clq/1;~200 K, although it is severer. These results are sumi-€:/e=1.3 nm. A nonzerd, mildens the change at the size-
marized in terms of the transition temperature reduction ifnduced phase transition as seen in Fig. 6, which is consistent

Fig. 5. The enhancement &; by the nonzerdy and the
shortl; is evident in Fig. 4c). On the other handD near
room temperaturéRT) (25 °C) is insensitive toly and ;.
This allows the approximation used in E§.1d). The slight
increases of; and ¥ with T in Figs. 4c) and 4d) are
caused by the Boltzmann factor in E&a).

The phase transition sharpens for a shortith | ;=0 as
shown in the set2) in Fig. 4(b). This agrees with the theo-
retical result by Batraet all* that the semiconductor elec-

~
o
~
o

1,72000m |5
1,50.9nm '

F(J/cm3)
3

| & 200nm nm

300 450

T

FIG. 4. Temperature dependencefof(a), D (b), E; (c), and ¥ (d) for
three sets ofy andl;: (1) 14=0 andl;=200 nm,(2) |4=0 andl;=5 nm,

with the T-induced phase transition in Fig.(al. For I
=3 nm the minimuni; for stable ferroelectric polarization is
~500 nm fore=0° as seen in Fig. (&), which means the
minimum I is ~120 nm foro=60°.

(a)

o]
o

[D] (uC/cm2)
3

%
(2]
~
)
w | ]
PbTiO3 Si
0 Loea e aanl NEPETA | N AT |
1 10 100 1000
I (n

f

(3) 14=0.9 and ;=200 nm in PbTiQ/SiO,/Si. Three different lines in each  FIG. 6. Thicknessl()-dependence dD| (a) and|F| (b) for 14=0, 0.5, 1,

set correspond to the positive and the negaivéor N,=10' cm ™3 (—),
10" cm 2 (---), and 108 3 (....).

3 nm andN,=n; (—) andN,=10¥cm™3(......D<0, ._._._.: D>0) in
PbTiO,/SIO, /Si at 25 °C.
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FIG. 7. Thicknessl)-dependence dd for I4=0, 1, 3 nm andS¢=—1 eV ) ) ]

in PbTIO,/SiO,/Si at 25 °C. The curves fdi,=n; at 132 cm 2 are plotted ~ FIG. 8. Thickness I¢)-dependence ofD| (a) and [F| (b) in PbTiO;/

but are indistinguishable to each other. Si0,/Ge [Na=n; and 138 cm 3 (—)] and for PbTiQ/SI0,/GaAs [N,
~n; (----) andN,=10" cm™3 (.....)] with 1;=0, 0.5, 1, 3 nm for at 25 °C.

Figure 7 is a plot similar to Fig. (@& with s¢p=—1¢eV.
Large work function deference modify the stability and i.e., the maximum,/I(=14/€4), are 0.001 and 0.0016 for

makes the polarization monostablg at a shgrfl’he sma.IID KNbO3; and PbTiQ, respectively. These values are approxi-
below 100 nm forD<0 andly4#0 is primarily determined mately halves estimated by E(L3).

by the balance of the third and the last terms in Edl). P, of Bi,TisOy, has three components: 5@/ xC cm 2

Namely, the minimization of these termsD{l/2l;eq along thea axis, 502 uCcm 2 along theb axis, and
—Dé¢ll;) yields D=¢eyd¢/l., while the values in Fig. 7 4 uCcm2 along thec axis. Examining Eqs(11d and
are approximately a half of this number. We may say that (11d), we expect that aa- or b-axis oriented BjTisO,, has
in this region is not caused by a real ferroelectricity beca“S%ehaviors similar to KNb@and PbTiQ. However, ac-axis

of P<T a bulk Ps. ) . L oriented BjTi;O;, should behave differently, because it al-
Similar result were obtained by substituting Si with Ge |5 a highD in plane and a lowD out of plane simulta-

or GaAs as shown in Fig. & in PbTiO,/Si0,/GaAs with neously. Additionally,P5 of 4 xC cm 2 is more than suffi-

— 1018 o3 a e evi
Na=10"° cm > (dotted ling is evidently smaller foD>0 " Gient for the field effect modulation of the Si conductance.
than forD<0 belowl;=10 nm. The effect of semiconduc-

tor material on the size effect, where the dominant control-
ling factor is the band gap, is small, especially fg# 0.
This is also in agreement with the analysis in Sec. Ill. Addi-
tionally, the minimuml; for |;=0 can be shorter than the
value shown in Fig. 6, if we use;>1.

B. Other ferroelectric and the material dependence

The stability in the ferroelectric/SidSi with Np=0 is
examined for other ferroelectric materials. Figure 9 shows
l-dependence ob in BaTiO; and KNbQ; structures. The
overall |;-dependence is qualitatively same as that for

: N
0‘ M W | P P

PbTiO,, although the minimuml; for D#0 depends 1 10 100 1000
strongly on the ferroelectric material. If(nm)
The ferroelectric material dependence can be character-

ized as thd 4-dependence of the minimui that allows a  FIG. 9. Thickness¢)-dependence oD for BaTiO;/SiO, /Si [—Na~n;
nonzeroP. Figure 10 shows the result for ferroelectric/ (Dd<°f' D>O)ba”‘/j ’\_‘Azll_ols cm? (D=0). i Na=10" em (Dd>0)]
SiO,/Si at 25 °C, where ferroelectrics are BaFiXNbO;, inlomzrnleo%os)l,o-z--leE:_i_dl_SncmN??S; o(g Ztoé5 DC> (')I')heavnaluglsAof
and PbTiQ. The linear relation betwedn andl is evident, | are 0 and 0.5 nm for BaTigJSiO,/Si and 0, 0.5, 1, 3 nm for
which agrees with Eq(13). Its inclinations divided byey, KNbO;/SiO; /Si.
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1000 —

~ KNbO, .
/ 3

E PbTiO,

500 T

| =

Eq_ FIG. 12. Multidomain configuration iff/I/M as model to estimate stability

- of ferroelectric phase iff/1/S. Dashed lines indicate the electric field lines.

0 . Si
0 4 8 N . , .
I (nm) ented thin films, no loop domain configuration has been ex-
d

perimentally observed. Therefore, we consider only 180° do-
FIG. 10. Dependence of the minimulmon I in ferroelectric/SiQ/Si at main walls.
25°C for Na~n; and 10 cm™3, where ferroelectrics are BaTiq—), We modelF/1/S asF/1/M, by neglecting the effect of
KNbO; (---), and PbTiqQ (....). the semiconductor charging energy, because it is much
smaller than the insulator charging energy. Therefore, the
results below give an upper limit of the stabilization by the
Figures 11a) and 11b) show the dependence BfonD  multidomain effect. The model is shown in Fig. 12, where
and V¥ in c-axis oriented BjTi;01,/SIO,/Si, respectively. p(y)=Px for 2an<y<(2n+1)a and P(y)=—Px for
Unlike those in BaTi@ KNbOs;, and PbTiQ, Ps can exist  (2n+1)a<y<2a(n+1) (x: unit vector in thex direction,
for 1,=10 nm. HoweverPg along thec axis vanishes for n: integej. This configuration corresponds to the it 0,
l4>1nm. while the free energy¥ should have a higher energy for the
netD+#0. F is given by

V. MULTIDOMAIN EFFECT Fi=F ot 7(VP)2+ Fy=F ot Fyy+Fay+Fu,

The above results demonstrated that a unidomain homQypere F,, is the excess energy due to domain formation
geneous insulating ferroelectric phase cannot exis/inS, given in Appendix 1.

if there are no surfacg states at the ferroglegtric{insulator in- Depolarization energieBy, andF 4, are given by,
terface. The assumptions of Boltzmann distribution &riel
=0 are unlikely to cause a significant error in estimation of_ (22 It 5
the stability. Stabilization of the ferroelectric phase by the':dl_f0 dy 0 dX V¥ (x.y)]"/2alt
multidomain formation has frequently been discussed. In ori-
> n73, sinhnkl; sinh nxld) / meol,

(143

=2Pa

2a li+lg
Fd2:€d€0fo dyJ'l dX[V\I’(X,y)]2/2a|f
f

NA = 1810 101 =ma| >, n~%2¢, sinl? n«l; sinh thcld) / eols,
1 930.5 0.0 05 1.0 (140
¥ V) whereS’ means the sum=2m+1 (m=1,2,...%0), andx
(b) \ ] 7 andr,, are given in Appendix Il. Substituting these expres-
|d: 10\nm f sions forF4; andF4,, we minimize theF with respect tdP
-188F N/ anda for givenl; andly.

Fq and F, are rewritten asFy=c4P?2¢, and F,,
=c,,P?/2¢,, wherecy andc,, are constants determined by
€4, &, lg, andl;. Using these formulathe effect of depo-
) larization in multidomain and the domain wall formation is
Bi,Ti 0, Si completely expressed as an effectiverdduction 5T,

D(l-lc/ocmz) ! F=[T—(0—6T)]P?26,C+ a1 P*+ a11,P°,

_ o where §T=Ccy4+Cc,. A low linear susceptibility sup-
FIG. 11. Dependence oF on D (a) and ¥4 (b) in c-axis oriented r the d larization instabili ted befor
Bi,Ti40.,/SIO, / at 25 °C. Different lines—), (), (_._._), (), (_.._..),  Presses the depolarization instabiligs suggested before.
and(.....) correspond tdy=0 andN,=102and 16*cm 3, I,=1nmand | N€ minimization ofF with respect ta is equivalent to that
N,=10"and 16* cm™3, 14=10 nm andN,=10'2 and 164 cm™3, of the effectiveT, reductionsT.
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(a) 0 'I"'l
| d
7~
é 200}
(2=}
400+ -
ah L sl 2 i1l L ) F F
10 100 1000 |E—— +++++++4+
(b) | (nm) I
102.""1 T v T ]
= - . S S
5 100l i ]
L 1007 | = 0. 1nm b
S Fod ! 5 v FIG. 14. Classification of the effect of disorder at the ferroelectric/insulator
3102f 1nm} nm interface inF/1/S. F/1/S having the disorder layer formed through reaction,
S F i P which is denoted by the gray area(a), is effectively modeled aé) and
L£10-4¢ ; S (c). The dark area and represent conductive layé) and charged trap or
g - 7 ,1'0n defect(c), respectively.
-6} . -_____._V__,,.n..f-:n....u.m
R
10 100 1000 PbTiO; with 14=5 nm even for the neD=0. On the other
If("m) hand,c-axis orientederroelectric-phasdilms having thick-

_ _ o ness 100 nm or less are experimentally observed, suggesting
FIG. 13. Numerically calculated, reduction and the domain sizewhere that the multidomain effect alone is insufficient to stabilize
the total electric free energy is minimized in the configuration shown in Fig. . .
12, ferroelectric phase if/1/S.

_ _ _ V1. DISCUSSION: INTERFACIAL DEFECTS,
Using the gsymlgto“c forms, we have aPPVOX'ma“éle THERMODYNAMIC, NONTHERMODYNAMIC, AND

=Fq1tFgo~P“al2mep(eq+1)ls. Combing F,=87P°  PREPARATION-LIMITED INSTABILITIES

3é&a, approximate analytical expressionsaoét the minimum

effective T, reduction and the minimundT for a~I; and We have shown the depolarization instability in Secs. Il
a>14 are and IV. To compare these results with experimental, we first
examine other instabilities.
a=4[ T neqeg+1)11/3¢]"2, (153 The thermodynamic depolarization instability is ex-
ST=8C[ eon/3mE(eg+1)1(1H2 (15h) pected to change the crystallographic and the electrical prop-

erties of the ferroelectric. It changes also the space charge

Estimatingz as in Appendix Il,ais 7 nm (/200 nm)*>  |ayer in the semiconductor surface. However, there are vari-
for PbTiO; and 3 nm (/200 nm)"? for BaTiO,, where we  ous extraneousmechanisms destabilizing the space charge
useeg=3.9 andé=0.9 nm. For same parameteisl is es-  |ayer that are structure dependent. We define the instability
timated to be 130 °C (200 niiy) 2 for PhTiO;. These esti-  as an extraneous, when it can be removed by improving the
mations well account for th-dependence and the values in material and the interface properties. A nonthermodynamic
the numerical results fdi;=5 nm. instability is defined, when the space charge layer disappears

Figure 13 shows the numerical results for thewithout extraneous instabilities bl is stable. The disor-
l-dependence o& and 6T for PbTiO; with €5=3.9. We  ders and the defects, or the surface states, at the interfaces
approximated as a constan0.9 nm, because only a small change the stability drastically from an ideal case and can
change of by |1 was found. The ferroelectric phase exist for destabilize and stabilize the ferroelectric phase and the space
0T=450 °C at RT. We can virtually regard the ferroelectric charge layer. Therefore, we first summarize the effects of
as unidomain, ifa satisfiesa>1;. disorders and defects, and then, the mechanisms of the insta-

In ferroelectric thin films, the major effect of the multi- bility are examined for specific structures: Sec. VFBS,
domain formation is to confine the electric flux near thesec. VI CF/I/S, and Sec. VI DF/M/1/S. (All the structures

ferroelectric surface region with thicknessafin the ferro-  for ferroelectric FET belong to one of these three structirres.
electric and in the insulator, as illustrated in Fig. 12. For

F/I/M (and alsoF/1/S), this means the reduction of the
depolarization E4;) and the insulator charging energies
(Fgo) by a factor ofa/ly. Therefore, the reduction of elec- In real ferroelectric thin-film heterostructures, a signifi-
trostatic energy by this mechanism is effective only for cant amount of disorders and defects exist at the interface of
<l4. Indeed, a multidomain state is stable &l in Fig. F/S, F/l in F/I/S, and F/M and M/l in F/M/I/S [Fig.
13(a). For exampleF4 for a multidomain is reduced to one 14(a)]. They effectively change the stability when they exist
tenth of that for unidomain, for a relatively thitk of 30 nm.  in theF/S and theF/I interfaces. They can be classified into
The thickness limit given by {— 6T)~25°C, i.e.,,6T  two groups: the formation of semimetallic or semiconducting
~450°C in Fig. 18a) is a lower limit and is 150 nm for layer at the interfacgécase A, Fig. 14)] and the formation

A. Effect of the disorders and the defects at the
interface
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hundredth of the bulkP, an enormous field exists in the

80 insulator of F/1/S for a finite |4, as inferred from Fig. 3.
| This field should increase the charged trap density at the
@40 interface and finally compensak i.e., extinguish the con-
5 0 I ductance modulation with time.
N
S B. FIS
§40 First, we survey extraneous mechanisms. It is extraordi-

narily difficult to create this structure without forming an

P S Y B P intermediate layer between the ferroelectric and the semicon-

10 100 1000 ductor, especially when an oxide ferroelectric is used in com-

I f(nm) bination with the conventional semiconductor materials.

Such a layer is usually disordered and grown through the

Fl%};_ZTLCl;nbisisosls)s-%ir;g?gfgf;eo gfrlglvil;or Ig:itci)\}i’I 3chf;r:1 :;?j’;‘?ects chemical reaction or the interdiffusion of these materials.

at the ferroelectric/insulator. The sheet carrie?dF;rSiMeyto thegdefects is As dISC_USSGd in Sec. Vl /g L!md_omam ferr(.)elecmc IS

10° em 2 (—), 104 em 2 (—---), and 165 cmi 2 (.....). monostablén case B, and the switching properties should be
suppressed. This is because the disordered layer is usually a
heavily p- or n-doped semiconductor having a low carrier

of charged layer at the interface while keeping the insulatingnobility. The layer acts also as a carrier trap, and the space

nature of the insulator and the ferroelectfcase B, Fig. charge in the semiconductor created by the ferroelectric po-

14(c)]. larization is also trapped. As the traps are filled with time,

In case A, the carriers are contained at the interface anthe conductance modulation should decrease with time, al-
are free to move in the interfacial layer. TherefoFd)/S  though ferroelectric is stable. In the most severe case, i.e.,
and F/S structures becomes effectivelf¥/M/I/S and case A, no conduction modulation is observed. There are
ferroelectric/metal/semiconductor F{M/S), respectively. several experiments of the conductance modulation showing
The stability inF/M/1/S is discussed in Sec. VICRs in a  the polarity-dependence opposite to the ferroelectric field
sufficiently large unidomain iff/M/S is bistable, but prac- effect?**°usually called as “injection dominated.”
tically no conductance modulation should be observed. The conductivity modulation oF/S using abulk ferro-

In case B, the interface is not severely damaged as iglectric like TGS'~?%#or BaTiO; (Ref. 2] single crystals
case A and still retains insulating properties. Namely, wehas been reported by many authors. The present study sug-
assume fixed charges at the interface and no carrier condugests no depolarization instability. Indeed, one of them suc-
tion in the interface. In such a situation, we can estimate théeeded to retain the conductance modulation more than a few
stability by modifying Eq.(6b) for ¢=0 into hours. In these experiments, the interface between the ferro-

D= eE,+P+qS, (60 e!ectrlc crystal; and semmondugtmg film seems still to be

o=t q disordered, which have likely limited the retention.
whereS andq are the sheet charge number density and the Experiments on the depolarization instability in a TGS
charge of the defect, respectively. The effectSos to sta- film on a Si crystal are performed by Bateh al. They ob-
bilize P in one polarity and destabilize it in the other. If served asymmetric polarization hystereses and attributed it to
qS~—P, D~0, and P, are monostable and free from the the depolarization instabilit}>*® However, similar experi-
depolarization instability. ments on SiQ/Si by us demonstrated that the asymmetric

Figure 15 shows the thickness dependend® &br typi- hysteresis was due to@n junction formation in the semi-
cal values ofSin PbTiO;/SiO,/Si. We assumed to be +e, conductor inversion laye¥ Moreover, we have found no
because the acceptor type traps, e.g., traps due to oxygesymmetric hystereses (Rb,La(Ti,Zr)Oz/p-type LaCuO,
vacancy, are reported for many ferroelectric thin films. Theand in (Pb,La(Ti,Zr)O;/n-type SrTiQ.>* In this experi-
values ofS are 13% 10", and 16° cm 2, which correspond ment,p-type LaCuQ, andn-type SrTiQ, are heavily doped
approximately to 0.02,|, 0.2Py|, and 3P,|, where|Py| is  semiconductors. According to the depolarization instability,
the absolute value dP in the bulk PbTiQ. ForeS<|Py|, a heavy doping should have enhanced the asymmetry, which
the minimum thickness; for a givenly which allows ferro-  is contrary to the experimental results. We can naturally ex-
electric phase is shorter fd <0 than forD>0. ForeS plain the absence of the asymmetry by th&n junction
>|Po| and D<O0, ferroelectric phase is totally unstable. width, because the/n junction width is significantly re-
Here, the equilibriumP is negative foreS>|P,| and D duced for heavily doped semiconductors. Therefore, their ex-
>0. NegativeD values, which are two order of magnitude periments seem to be insufficient to prove the depolarization
smaller than bulk value~£|Py|—e9), are found to exist for instability.
e5=0.04P,| and 0.2P,|. This was unexpected from sim- Moreover, the conductance modulation of,CaQ; in
plified analytical calculation, and theD value of 350-nm-thick(Pb,La(Ti,Zr)Os/La,CuQ, was unchanged for
0.1-1uClen? agrees with the experimentally estimated one day’ and retained its half value after 10 months in%air.
semiconductor surface chargefil/S structures”?° These results demonstrate tHatS structures can have a

The charged defects or traps can be formed before anstableP and a stable conductance modulation, in agreement
after the polarization switching. Even f@ reduced to one with the present theory.

oo
o

—
¢
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We should note thalP, in TGS/CdS should be catego- E; becomes less than the coercive field, by changing the
rized into “metastable,” according to Bated al. From prac- domain configuration. For typical parameteis; is esti-
tical viewpoint, we conclude that itB is stable. mated to be

There have been attempts to grow an oxide ferroelectri _q 5
directly on Si structure. However, all the results, e.g., the(iSO kVem (DL pC em =) (110 nmy/ (17200 nm/
results in Refs. 23, 25, and 26, and the recent results, indicate (e4/3.9)+50 kV cm YW1 V)/(14/200 nm)
an existence of an intermediate layer, to our best knowledge. )
In agreement with the above discussion, the conductance =20 KVem (54/1 V)/(1¢/200 nm.
modulation was reported to die in a few minutes, or in the  The coercive field can be tuned to exceed this value of
best case, in a day, as long as the life time of the conductangg; . This means that botR, and conductance modulation
modulation was stated in the article. We should remind ugan be stable, if the insulator can endure a high electric field
that P should still be retained in this case. D/eg€, estimated in Sec. VI B. One should note thratis

negative and approximately equal to the bulk GL endfgy
only for a netD~0, unlike inF/1/S.
C. FIlIS However, the free carrier can flow into the metallic elec-
trode on the insulator through the ferroelectric, if it has a
Tinite conductivity. This carrier compensate the net ferroelec-
tric charge and extinguish the conductance modulation. The

First, we survey extraneous mechanisms. As long a
ferroelectric has a chemically right structure, and Si®
used as an insulator adjacent to semiconductor, this structu[gakage current. of well-controlled ferroelectric film is
can reduce preparation-limited depolarization instability.Mlo_g Acm 2 'II:he retention time should be the time con-
One mechanism often pointed out is the series capacitancedg{amD/I  ~10° s forD=1 uC cm 2, if the top electrode is
the insulator layer. This causes an insufficient bias fiel '

across the ferroelectric when the external bias is applied tgrounded.
ectric w X 1as IS appll Experimentally, the initial net charge of the space layer
reverse the polarization. Most engineers consider it as th

) . . was typically 1.C cm 2 that was retained for less than 1
main mechanisms of the short retention of the conductamﬁ 28 - . . .
S “D n xplain min rcive field of
modulation inF/1/S andF/M/I/S. can be explained by assuming a coercive field o

. 200 kV cmi %, and the retention time agrees with the estimate
However, a large field/eqeq, €.9., 3 MV cnit for D g

AN . based on the resistivity. The change of the conductance
=1 uC cm 4, exists in the insulator and an enormous depo-

larization field in ferroelectriqFig. 3). These fields would modulation is modeled as that bf,

increase the trap-filling and the defect formationFat in- dD=—R(E¢)Esdt~—R(Dl/€ol{)Dle/ gl 1dlt,

terface. As shown in Sec. VI A is stable, buthe conduc-

tance modulation can be unstable, if the insulator is not pe

fect. In such cases, the final state of thé/S should be

regarded a$/M/1/S. Doexp(—Rlet/€pl;) for n=0 and
All the experiments exhibit a fast decay of the conduc-

tance modulation which is likely related with the trap as

discussed abov&?°except the for one by Sugibucki al>* ~ wherea; anda, are constants.

However, manyF/1/S's (S=Si) show well-defined capaci-

tance voltage hystereses suggesting an existence of a singi@i, CONCLUSION

domainlike configuration. For typicdly and €4, they are ) »

difficult to explain by the present theory without heavy dis- e estimated the stability dP and the space charges

order at theF/l interface. layer in a semiconductor for typical ferroelectric heterostruc-
Sugibuchiet al. achieved the longest retention of con- (Ures, by assuming the ferroelectric as an insulator.

ductance modulation among the results that used the conven- 1© explain the experimentally observed instabilities, de-

tional semiconductors like Si, Ge, and GaAs. They usecpolanzatlon mstapmtles are c_Iass_|f|ed_|n_to four cate_gqn_es:

Bi,Ti;O;, as a ferroelectric. However, Hii;O;, has little the thermodynamic, the coercive-field limited, the resistivity-

advantage as compared with other ferroelectric oxides ifjMited, the extraneous or preparation-limited, i.e., the trap-

whereR is the resistivity of the ferroelectric. IR=a,E},
'the equation implies

Dox[ay+nay(le/€pls)" 1t] Yot~ for n>0,

view of the thermodynamic depolarization instabiliyig. ~ mited- Among them, the thermodynamic depolarization in-
11). This issue is difficult to explain by the present th(_:,orystablllty is the conventional depolarization instability, and
and is discussed in article II. the most experimental results by far can be explained with-

out this instability.

First, P4 in a ferroelectric formed directly on a semicon-
ductor (F/S) is stable even for a unidomain, i.e., a domain
having a lateral dimension much larger than the thickness of

First, we survey extraneous mechanisms. For a unidcthe inversion layer. This results holds for typical ferroelectric
main ferroelectric, the situation is identical to thatFil /S. oxides, e.g., BaTiQ KNbO;, PbTiO;, and BjTizO;,, when
However, only two domains having a positive and a negativehey are modestly thick, e.g., 200 nm. For this thickness
polarization are sufficient to extinguish a ri2tin the insu-  range, the effects of the carrier doping, and the semiconduc-
lator and the semiconductor, practically without no restric-tor band gap have only a secondary effect on the stability,
tion on the domain size. Therefor®, should diminish until  especially for a ferroelectric with a low thermodynamic lin-

D. FIMIIIS
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ear susceptibility, e.g., KNbQand PbTiQ. P can also be Education, Science, and Sports. The author acknowledges
stable for a short ferroelectric thicknesk)( e.g., 10 nm  useful discussion with Professor S. Uchida, Professor T. Ya-
even in BaTiQ which is sensitive to the depolarization in- mada, and Professor Y. Ishibashi.
stability, although its stability is significantly affected by the
above parameters. Combining these results with the recent
experiments, we conclude that the most instabilities experiappeNnDIX |
mentally observed iff/Ssare nonthermodynamic and extra-
neous, i.e., limited by traps or disorders at S interface. We consider & /S structure similar to Fig. 12, where
By overcoming these problems, a FET usiB{S structure P(y)=Px for (a+b)n<y<(a+b)n+a andP(y) =—Px
can be realized practically with no thickness limitation posedor (a+b)n+a<y<(a+b)(n+1) (x: unit vector in thex
by the depolarization instability, e.d4<10 nm and the lat- direction, n:intege). Here we assume that the 180° domain
eral dimension of single domain-10 nm. Therefore, it wall width is negligibly shorter than domain widtlhsandb.
should have a great potential for the miniaturization. The potential at the metal electrode is assumed to be zero,
An insulating layer between a unidomain insulating without loosing generality, and we introduce the potential in
ferroelectric and a semiconductdf/1/S) induces a severe the ferroelectric)s . Because we assume the ferroelectric as
depolarization instability much larger than conventionallyan insulator and® as homogeneousVP=0), ¢; satisfies
expected, if there are no surface states atRHeinterface. the Laplace equation,
The stability of Pg in a F/1/S without the surface states is Adi(x,y)=0
determined mainly by the thermodynamic liner susceptibility iy '
but not by the magnitude of bulR,. Furthermore, the ef- with boundary conditions,
fective value of the former is predicted to be adjusted by _ _ _
changing the orientation dP<(¢) to suppress the depolar- ¢11:y)=0, d0y)=VDW]=V{DIPY]}-
ization instability. A thin film of a unidomain ferroelectric The second boundary condition is the continuity of the po-
phase cannot virtually exist in an ideall/S without defects  tential whereD is related with Eq(6a). Because ot;=0,
for ¢<60°. Moreover, the multidomain formation can ex- we only need to estimate the depolarization term and the
plain the ferroelectric stability only at>150 nm forl,  semiconductor changing ternk{) in Eq. (1) as electrostatic
=5nm and the neD=0. On the other hand, the disorders energies. For an undoped semiconducteg, is approxi-
and the defects at thE/l interface rendeP monostable. Mmately the same for the multidomain and the unidomain, if
However, the experimental values Bf and single domain- the domain width is sufficiently larger than the domain wall
like properties inF/I1/S can be explained by assuming the Width. Therefore, we can compare the total electrostatic en-
formation of a conductive layer /I or an appropriate €rgies for the unidomain and the multidomain by estimating
density of charged defects. only the conventional depolarization terf§dPE; .
The instability inF/1/S is drastically modified by intro- For multidomain, this is changed to
duction of metallic layer between the ferroelectric and the a+b I P(X,Y)
insulator F/M/1/S). Namely, the thermodynamic depolar- 1 (a+ b)If]J dyJ de dP-E;(x,y,P).
ization instability is removed by the reduction of the et 0 o Jo
via multidomain formation. ThiD is of order 1uC cm™2  This is rewritten as,
and determined by a domain wall pinning, i.e., coercive field.
- L : a+b It P(y)
Furthermore, the finite conductivity of the ferroelectric ex- 1/ (a+ b)lf]f dyf dxf dP[ —d¢¢/Ix(X,y,P)]
tinguishes thid, if used in integrated circuits or in a short- 0 0 0
circuited condition, which explains the experimentally ob- ath P(y)
served short retention of the device using this structure. The =1[(a+ b)lf]f dyf dP¢:(0y,P)
coercive-field and resistivity-limited depolarization instabili- 0 0
ties dominating inF/M/1/S are nonthermodynamic and do
not occur inF/S. Additionally, the application of the present =1[(a+b)l¢]
results to an insulating ferroelectric powder suggests that an
insulating layer on its surface changes its size effect drasti- -P
cally. This implies that the finite size effect of ferroelectric +bf dP¢(0a",P)
powder is very sensitive to sample preparation. 0
Numerical results are analytically explained by Egs.  The two integrals by in the last equation give the same
(1109, (110, (12b), and(13). The fact that the experimental values and, we obtain,
results forF/1/S was explained only by assuming a narrow P P
range of the interfacial defect density may indicate that the 1/|ff dp¢f(0,a*,p)=1/IfJ' dp¥{D(P)].
difficulty of the assumption of amsulating ferroelectric un- 0 0
der an enormous depolarization field The final result shows that the depolarization energy is
independent ofa and b, i.e., the domain structure. The
ACKNOWLEDGMENT equality IP(y)lI=P for 0<y<a anda<y<a+b is rigor-
This work was performed under the support throughously correct for an intrinsic semiconductor. When the semi-
Grant-in-aid for Scientific Research from the Ministry of conductor is doped, there is a difference betwdefy)ll for

P
af dP¢:(0,a™,P)
0
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0<y<a andlIP(y)ll for b<y<a+b. However, this differ- WhereX means sum oven (1,2,...%v) and« is defined as,
ence is very small as seen in the numerical results of a uni- = /3.
domain calculation in the Sec. lll.

If we include the effect of the finite thickness of domain
width and the space charge layer, a multidomain state should
be slightly more stable than a unidomain state. However, a —d¥(I ,y)/9x=—C,— 2>, nk coshn«l(c, cosnky
unidomain state can be virtually stable as long as the depo-
larization field is smaller than the coercive field. +s, sinnky).

Similarly, the multidomain contribution to the depolar- p s also expressed in a Fourier series,
ization energy should also be negligibleRifl /S structures,
when the thickness of the insulating layer is much thinner
than domain widtha& andb. For 1;>a,b, the domain con-
figuration witha=b seems to be only stable and discussed
later. The multidomain effect should also dominate in the
F/M/1/S structures, and its ferroelectric stability can be sim-Fourier series of the solution oF for I;<x<I;+lg is,
ply analyzed.

Using this equation, the derivative &t is given,

P=2P, [sinnka cosnky

+(1—cosnka)sin nky]/nka.

W(X,y)=cy(X—l;—lg)+ > sinhnx(x—Il;—Iq)

APPENDIX II: DERIVATION OF EQ. (14) X (C, cosnky+S, sin nky).
First, we derive the expression for wall enerdy. for
ferroelectric film is given by

Fi=Fo+ n(VP)*=Fy+Fy,

where the lateral dimension of ferroelectric is much larger
than the domain siza.

Using this expression¥ and the derivative ak=1; are
given,

—aW(l],y)lox=—cy+ >, nk coshnkly4(C, cosnky

The domain wall energ¥,, per domain wall area is, +S, sinnky),
Fo = fx (F[P(X)—F((P)]dx Y(I{ ,y)=—cilq— > sinhn«lq4(C, cosnky

— (—2a;,P?— 8/3a1,P*— 46/150,,,P®) £+ 47P?I3E}, S sinnky).
whereP(x) is assumed aB tanh/2).%1The half domain Combing these results with the boundary condition, we have,
width ¢ which minimize domain wall energy is given by c,=c;=0, c,=rpa sinnka sinhnkly/neg,

dyl9&é=0. This is satisfied for
&= [4nI3(—2a,P?—8/3a1,P*— 46/15x,,,P°)],

yielding the minimumF,,= y=87P?/3¢. The material con-
stant  is estimated by equating with the experimentally S,=—rna(1—cosnxa)sinhnxl¢/ne,
determined half domain-width in bulk ferroelectric. The ex- wherer , is defined as
pressions ofy and ¢ give the wall energy for arbitrarl . )

Now, we derive the solution of for multidomain rn=2P/[ 7(€q coshnklgy sinhnl
ferroelectric/insulator/metal in Fig. 12. The potentilll at
the top metal electrode is set to be zero. Because we assume
the ferroelectric as insulating arfl as homogeneousvP At largen, we have
=0), ¥ satisfies the Laplace equation in the ferroelectricn—3; sinhn«l; sinhnkly~2Pn~3/72(eg+1),
and the insulator,

A¥(x,y)=0, .
with the boundary conditions, ;I’lkzts))assures a fast convergence of the sums @4s) and

V(0y)=d¥(0y)/dy=0,

S,=rya(1—cosnka)sinhnkly/n?e,,

C,=—rqa sinnka sinhnkl;/neg,

+coshnkls sinhnkly)].

n—3r2eq sinlf nkly sinh 2nkly~4P2n 3ey/ 7 (eg+1)2.

H. L. Stadler, J. Appl. Phys33, 3487(1962.

V(li+lg,y)=a¥(l¢+lq,y)/dy=0, 2A. J. Bell, Ferroelectr. Lett. Sect5, 133 (1993.
n _ 3T. Yamamoto, Integr. Ferroelectt2, 161 (1996.
V(e ,y)=w(s,y), 4T. Yamamoto, K. Urabe, and H. Banno, Jpn. J. Appl. Phys., P&2,1
. B 4247(1993.
—€4€dV (I y)/Ix=—exd ¥ (l; ,y)/Ix+P. SW. R. Kretschmer and K. Binder, Phys. Rev2B, 1065(1979.
. . . . K. Binder, Ferroelectric85, 99 (1981).
Fourier series of the solution oF for O<x=l; is, 7D. R. Tilley and B. Zeks, Solid State Commutg, 823 (1984).
8X. L. Zhong, B. D. Qu, P. L. Zhang, and Y. G. Wang, Phys. Re\6@®

12 375(1994.

W(xy)=cx+ 2 sinhnkx(c, cosnxy+s, sinnxy), 9G. Arlt, D. Hennings, and G. de With, J. Appl. Phy8, 1619(1985.

Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 83, No. 4, 15 February 1998

Ow. Y. Shih, W. H. Shih, and I. A. Aksay, Phys. Rev.5B, 15 575(1994.

M. H. Lee, A. Halliyal, and R. E. Newnham, Ferroelectr&% 71 (1988.

2B, M. Vul, G. M. Guro, and . I. Ivanchik, Sov. Phys. Semicor.128
(1970.

13G. M. Guro, I. I. Ivanchik, and N. F. Kovtonyuk, Sov. Phys. Solid State
11, 1574(1970.

141, p. Batra, P. Wurfel, and B. D. Silverman, Phys. Re\8,B257(1973.

15p, Wurfel and I. P. Batra, Phys. Rev.85126(1973.

18], p. Batra, P. Wurfel, and B. D. Silverman, Phys. Rev. L&, 384
(1973.

3. L. Moll and Y. Tarui, IEEE Trans. Electron Devicé8, 338 (1963.

18p. M. Heyman and G. H. Heilmeier, Proc. IEEE, 842 (1965.

19R. Zuleeg and H. H. Weider, Solid-State Electrén657 (1966.

203, S, Perlman and K. H. Ludewig, IEEE Trans. Electron Devicgs314
(1967); J. H. McCusker and S. S. Perlmahid. 15, 182(1968.

2'G. G. Teather and L. Young, Solid-State Electraf, 527 (1968.

223, C. Crawford and F. L. English, IEEE Trans. Electron Devit8s525
(1969.

233, Y. Wu, IEEE Trans. Electron Devic@d, 499 (1974).

24K, Sugibuchi, Y. Kurogi, and N. Endo, J. Appl. Phyts, 2877(1975.

25T, A. Rost, H. Lin, and T. A. Rabson, Appl. Phys. Le®, 3654 (1991).

%D, R. Lampe, D. A. Adams, M. Austin, M. Polinsky, J. Dzimianski, S.
Sinharoy, H. Buhay, P. Brabant, and Y. M. Liu, Ferroelectroiig88 61
(1992.

27T, Hirai, K. Teramoto, T. Nishi, T. Goto, and Y. Tarui, Jpn. J. Appl.
Phys., Part B3, 5219(1994; T. Hirai, K. Teramoto, K. Nagashima, H.
Koike, and Y. Tarui,bid. 34, 4163(1995.

2T, Nakamura, Y. Nakao, A. Kamisawa, and H. Takatsu, Dig. Tech. Pap,g

IEEE International Solid-State Circuits Conference, 19@8publishegt

Y. Nakao, T. Nakamura, A. Kamisawa, and H. Takasu, Integr. Ferroelectr.

6, 23(1995.
29E. Tokumitsu, K. Itani, B. Moon, and H. Ishihara, J. Appl. Phg4. 5202
(1995.

Yukio Watanabe 2193

3For example, K. lijima, T. Terashima, K. Yamamoto, K. Hirata, and Y.
Bando, J. Appl. Phys56, 527 (1990.

34K. Abe and K. Komatsu, Jpn. J. Appl. Phys., Par32 4186(1993.

35T, Hase, T. Sakuma, Y. Miyasaka, K. Hirata, and N. Hosokawa, Jpn. J.
Appl. Phys., Part B2, 4061(1993.

36M. Kiyotoshi and K. Eguchi, Appl. Phys. Let&7, 2468(1995.

87y, Watanabe, Y. Matsumoto, H. Kunitomo, M. Tanamura, and E. Nish-
imoto, Jpn. J. Appl. Phys., Part3B, 5182(1994.

383, L. Miller and P. J. McWhorter, J. Appl. Phy®2, 5999 (1992.

39y, Watanabe, Phys. Rev. 87, 789 (1998.

40A, F. Devonshire, Philos. Magl0, 1065(1951).

41M. J. Haun, E. Furman, S. J. Jang, H. A. Kinstry, and L. E. Cross, J. Appl.
Phys. 62, 3331 (198%; T. Yamamoto and H. Matsuoka, Jpn. J. Appl.
Phys., Part B3, 5317(1994.

42\, Kanzig, Solid State Physics,4edited by E. Seitz and D. Turnbull
(Academic, New York, 1957

43|, E. Cross and R. C. Pohanka, Mater. Res. B§|ll939 (1971).

44B. E. Deal, E. W. Snow, and C. A. Mead, J. Phys. Chem. S@#ti873
(1966; W. M. Werner, Solid-State Electroi.7, 769 (1974.

453, M. Sze,Physics of Semiconductor Devic@&filey, New York, 1981.

46M. E. Lines and A. M. GlassPrinciples and Applications of Ferroelectric
and Related Material$Oxford University Press, Oxford, 19Y.7

47E. Jona and G. Shiran&erroelectric Crystals(Pergamon, New York,
1962.

48C. Kittel, Rev. Mod. Phys21, 541 (1949; S. Chikazumi, inPhysics of

Ferromagnetisniin Japanese, Syokabo, Tokyo, 1984ol. 2, p. 193.

P. Githner and K. Dransfeld, Appl. Phys. Le@d, 1139(1992; K. Frank,

J. Besold, W. Haessler, and C. Seegebarth, Surf. Sci. Bég. 283

(1999.

50w, Kanzig, Phys. Rev98, 549 (1955.

51G. Heiland, Z. Phys148 28 (1957; P. E. Bloomfield, I. Lefkowitz, and

30C. H. Seager, D. Mcintyre, B. A. Tuttle, and J. Evans, Integr. Ferroelectr. A. D. Aronoff, Phys. Rev. B4, 974 (1971.

6, 47 (1995.
3ly. Watanabe, Appl. Phys. Let66, 1770(1995.

52y, Watanabe and D. Sawamura, Jpn. J. Appl. Phys., P&6,16162
(1997).

32y Watanabe, M. Tanamura, and Y. Matsumoto, Jpn. J. Appl. Phys., Part Y. Watanabe, Y. Matsumoto, and M. Tanamura, Jpn. J. Appl. Phys., Part

135, 1564(1996.

1 34, 5254(1995.

Downloaded 19 Jul 2001 to 150.69.149.81. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



