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Theoretical stability of the polarization in a thin semiconducting ferroelectric
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The size effect in ferroelectrics is examined by considering the semiconductivity of the ferroelectric. This
approach is applied to a theoretical investigation of the stability of the spontaneous polarization in a ferroelec-
tric film on a semiconductor using a homogeneous Ginzburg-Landau theory. The band structure in the
ferroelectric/insulator/semiconductor is rigorously incorporated in the theory, as if for a conventional semicon-
ductor heterostructure such as Ga&s,Al)As. The carriers generated in the ferroelectric are found to change
drastically the stability of the spontaneous polarization and its size effect. Numerical and simple analytical
results are presented for Bai@nd, mostly, for PbTiQ The spontaneous polarization in a single-domain
ferroelectric on a semiconductor is shown to be bistable and induce a semiconductor spaceéDchiinge
value ofD is a tiny fraction of the spontaneous polarization and agrees with experimentally estimated values.
Namely, the experimental quasiequilibriubnvalues are mostly intrinsically limited by the heteroband struc-
ture, not by the technological difficulties. Moreover, thevalue for a finite insulator thickness was found to
be mainly determined by the insulator thickness and the semiconductor properties of the ferroelectric, and was
relatively insensitive to the ordinary ferroelectric properties and the trap densities at the interface. The theory
forecasts possible limitations of the transistors using this structure. Nonetheless, a long retention of the semi-
conductor space-chard® by a very thin ferroelectric can be realized by the advancement of the technology.
Additionally, the stability of very thin ferroelectrics on semi-insulating substrates and the switching of ferro-
electrics on parent materials of the high-superconductors are successfully explained.
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. INTRODUCTION on a SrTiQ (insulato) is the same as those on a Nb-doped
SITiO; (conducto).® Furthermore, a freestanding 10 nm-
Mathematical treatment of ferroelectricity is similar to thick PbTiO, platelet exfoliated from an epitaxial film has
that of ferromagnetism in many respects including multido-the crystallographic symmetry of the ferroelectric phase.
main structures that reduce the depolarization or the demagrhese observations are puzzling, if we consider the enor-
netization field. However, the existence of the electron angnoys depolarization field.
the absence of magnetic monopoles allows a treatment of the e ferroelectric/semiconductdF/S) structure has been

;j_elg()jolariﬁat]icon diffe_rentﬁfrom_ that of the ?ema?neti_zatir?n ursued toward realization of a ferroelectric field-effect
ields. The free-carrier effect in narrow-gap ferroelectrics hage,icel0-12 Recently, the performances of a modified F/S

been theoretically studied to understand the bulk ferroelec: :
o ) are reported that employ an insulator between the ferroelec-
tricity in these material$.On the other hand, a space-charge b poy

; tric and the semiconductqiF/I/S). These experimental re-
layer at the ferroelectric surface has been suggéstathe Its are again difficult to understand in view of a conven-
surface layer would modify the ferroelectric size effect and,?u gain dit , : - . .
also the performances of ferroelectric thin-film devices. ional depolanzatlon_ _f|eld instability as dlz_;cuss_ed n-a
However, its nature has been relatively unknown until now S€Parate papé?. Additionally, the ferroelectric switching
A tentative model of the surface layer is the gradual chang&/aS observedljln a parent phase of a higtsuperconductor,
of the spontaneous polarizatidh, near the surface as pro- -9~ LaCuQ,, = while it is not yet reported to have a possi-
posed for ferromagnetism and can work without a freebility of the electron donor doping. This means thatCa0O,
carrier*~’ For displacive-type ferroelectriclike BaTiCand ~ May not supply any electron to compensate the ferroelectric
PbTiO,, this means that the crystal structure changes graditharge and thus act as an insulator when the ferroelectric
ally near their surfaces. On the other hand, the surface laygiolarization is directed toward L&uQ,. In this case, the
can also be a chemically and crystallographically disordereferroelectric phase should be unstable, if the ferroelectric is
layer due to sample preparation. Alternatively, it can be dnsulating and does not have enough electronic states to ac-
relatively abrupt change of crystal structure due to sampleommodate electrons.
preparation such as an inadequate oxygenation. Ferroelectrics like PbTi@Qhave usually been regarded as

However, the advancement of the thin-film technologyinsulators, when their ferroelectric properties are discussed.
has removed such extraneous surface effects by supplyiy few Russian physicists have theoretically investigated a
epitaxial single-crystal-like films. In such films, disorders atpn junction in ferroelectrics and the field effect in the F/S
the surface and the interface are substantially eliminated. Fatructures>*® Although their results were difficult to com-
example, the crystallographic structure of BaJias found pare with experiments so far, the latter was developed into
to be that of a ferroelectric phase, even at the thickness of 1the depolarization instability by Batra and co-work&r&?
nm& Moreover, crystallographic parameters of the BafliO  The viewpoint regarding ferroelectrics as a semiconductor
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seems to be confirmed by recent experiments. For exampletac films. Secondly, stable poled regions having a lateral
space-charge layer at metal/ferroelectric contact was suglimension of a few micrometers are observed by a scanning
gested by the current through ferroelectric/metal structuregrobe method in a ferroelectric film formed on a bottom
which showed Schottky-like conductidf Similar phenom- metal electrodé? The regions appear to be unidomain, al-
ena were also observed in epitaxial F/S heterostructifds. though this structure is regarded as ferroelectric/insulator
Similarly, the space-charge effect, i.e., Schottky barrier at thé=air). Thirdly, F/I/S structures exhibited a ferroelectric field
metal/ferroelectric interface is considered to be one of thé&ffect modulation of the semiconductor conductance, al-

mechanisms that intrinsically reduce the dielectric constant?ough it was reported to disappear in a short pejr?dd.'l'he
of very thin high-dielectric fims like SrTiQ and thickness and the lateral dimension of the ferroelectric gate

Ph(Zr, TiO)O was typically 300 nm and 1@m, respectively. This indi-

Th,e disca;ssions above also suggest a crucial effect Jfates that the size of domains having one polarity increased
electrodes on ferroelectric properties, especially on very thin‘f"nd dtTat. with the opgoilte thﬁreaszd. Furthe_rmor:e, the large
small ferroelectrics. Therefore, we need to specify the natur8'0dulation ratio and the high conductance in the on state
of the electrode or the type of the heterostructures, evelyould be difficult to explain, if there were marpn junc-

when we discuss an intrinsic nature of ferroelectrics, becaudiPns under the ferroelectric gate. Similar results on the
most electrical measurements wdectrodes or contactge-  capacitance-voltage characteristics are discussed in Appen-

tween different particles. For example, metallic electrodedlix B- . L o
can kill the depolarization effect, especially in a multido- B_elow, thec axis of the ferroglectrlcs, ie., j[he direction of.
mained ferroelectric. Ps, is assumed to be perpendicular to the film surface. This
Ginzburg-Landau-Devonshire (GLD)  thermodynamic is because thg result for .the.f.erroelectrlc with td:lgins
theory has been frequently used to analyze properties of bofp{:\_rallel to thel film surface is trivial and the result with khe
bulk and small-scale ferroelectrics. Ferroelectrics free of in@Xis perpendicular to the film surface is most drastically
terfacial defects and disorders can be prepared due to ttffanged by the depolarization instability.
recent advancement of material technology. Therefore, we 1he present approach shows a drastic effect of ferroelec-
may meaningfully analyze single crystalline ferroelectrictric carriers, espeually_ on the ferroelectric on the msglator
thin films of which the top surface has the same crystallo-and FNIS a_md on the thickness dependence, and explains sev-
graphic quality, or atomic-bond energies, as that inside. Fofral experimental results. It aI;o demonstrates'the effect_of
such a small ferroelectric, the application of GLD theory isth® trap or acceptor centers in the ferroelectric and at its
allowed, because thermodynamic fluctuations are importarjfitérface. The subsequent part of the paper is organized as
only in a particulate having a diameter of a few nm or follows: fo_rmulatlon and apprommatg anal_ytlcal resuec. _
less22:23 I, numerical result§Sec. Ill), and discussion and compari-
Encouraged by these results, we investigated the stabilityon With experimentgSec. V).
of the ferroelectric polarization in typical ferroelectric het-
erostructures having various thicknesses, by incorporating Il. FORMULATION AND SOLUTION
semiconductive properties into a GLD theory. Here, a very
low mobility of the free carrier in the ferroelectric does not
matter. The approach in the present paper is similar to Ref. We consider the structure as in Fig. 1, whirandl 4 are
13, except for the rigorous treatment of the semiconductivitythe thickness of the ferroelectric and the insulating layer,
of the ferroelectric. Namely, we consider the stability of respectively. The coordinate is defined in the direction per-
spontaneous polarizatid? in a unidomain(single domain pendicular to the film, wher&=0 is at the boundary be-
assuming a homogeneoBs in the ferroelectric, i.eYP~0.  tween the insulator and the semiconductor. Here, we do not
Here, a“unidomain” means that the width of the domains include the effect of the disorder and defects at the interface,
of, at least, one polarity is much larger than the ferroelectric the effect of which is discussed in Sec. IV. The F/S structure
thickness and the space-charge layer thickness represents an artificially formed F/S as well as the ferroelec-
By incorporating the effect of the multidomain and the tric having a dead layer or an amorphous layer that lost the
inhomogeneity ¥ P), we can further decrease the minimum ferroelectricity. Additionally, a F/S with a sufficiently large
GLD energy, because it gives more free parameters. Thersemiconductor band gap can represent a ferroelectric/semi-
fore, we do not expect tha&tP=0 and a unidomain occurs insulator structure. The formulation in this subsection is
absolutely in a real ferroelectric filAppendix A). How-  similar to that in Ref. 13, where more details of the specific
ever, our point is that these two effects are not as essential assues are described. The present result is applicable to a
the other properties like semiconductivity in ferroelectrics,ferroelectric particulate by regarding it B$-/1 andl; as half
due to a large depolarization field. Additionally, the carriersof its thickness.
in the ferroelectric and the semiconductor are treated non- For a F/I/S, the polarizationR) dependent part of free
quantum mechanically, and Boltzmann distribution is usedenergy densitf (per cn?) is written as
These assumptions are examined in Ref. 13, and, especially,

A. Formulation

the effect of multidomain was found to be insufficient to F=F¢P)+Fq(P)/1+FP)/l¢, (1)
stabilize the ferroelectric phase in a thin film of a thickness
less than 200 nm. whereF;, Fq, andF4 correspond to the free energy density

Additionally, several experimental results suggest the exef the ferroelectric and the free energies per area of the in-
istence of unidomainlike structures. One of them is the cryssulator and the semiconductor, respectively. According to
tallographic symmetry and parameters of very thin ferroelecAppendix C,F; for BaTiO; and PbTiQ is written as
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7|d
Fi=Fo+ n(VP)2+sof dxE¢/2l x =g Iy
1l Ferroelectric | Insulator
—P(8¢+Ve)lly, (2) P E |wo0D
FO: Ct’1P2+ a11P4+ CYlllPG, Potential
whereE; is the electric field in the ferroelectric afiq is the
free energy of a bulk ferroelectriéi¢ is the work function

difference, andV, is the external field. The inverse of the
linear susceptibility ¢y is written as a1=(T— 6)/2¢,C,
wheref andT are the Curie temperaturd {) and the ambi-
ent temperature, respectively. F6P+0, F; should be in-
tegrated fromx= —I;—14 to x=—14 and then divided by;.

In Eqg. (2), we did not include the stress terms in GLD theory.
A total free energy fodg+ V=0 including the stress is

Ff: CY1P2+ a11P4+ a111P6+ 77(V P)z

—I
+80f " dx E2/2l 1+ Fe(S)/26P?+ F(S)

—li=lg

:{T_[a_chl(_S)]}/ZSOCP2+ Ct’llP4+ a111P6

+p(V P)2+80f d dx Ef2/2If+F52(_S), (2b) FI_G. _1. _F/I/S (ferroelgctric/insuIator/semiconduc}ostructure,
—li=lyg the distribution of potential, the heteroband structure.

whereF¢1(S) and F¢,(S) are functions only dependent on Using the surface potential® =¥ (D)=¥(x=0) and
the stress tensorg}.?>? For c-axis oriented ferroelectric (=W (D)= (x=—I,4)— 8¢—V, We have an equation
films, Eq.(2b) indicates thathe effect of the stress is only to for the potential(Fig. 1),

change an effective Tc and the zero-point engigy, the

energy atP=0. A numerical analysis using Eb) shows Ws(D)+1Dleg=W(D)+ o+ Ve. (7)

that this effect is small as compared with the depolarizationl_he bottom of the semiconductor is grounded. We incorpo-

energy in the absence of the free car?i7eF.urthermore, it rated 6¢ in the theory, following the scheme used in metal-
can be minimized by selecting a material and the preparatlogxide-semiconductoﬂ\}IOS) device<s22

processes. Therefore, the neglect of the stress term is ines- For a given semiconductor material parameter, the doping

ser;ua(;n dF. are written as level, and the temperature, the relationship betwegiand
d s W is given by solving the Poisson equatith,

— 2
Fa=1cD%/2so, ® —AV(X)=e(Ng—Na+p—n)eseo, (83
_ e 2 wheree is the elementary charge, ahg , N, , p, andn are
FS_SSSOL dx E(x)7/2, @ the donor density, the acceptor density, the hole carrier den-

sity, and the electron density in the semiconductor, respec-
whereg is the vacuum permittivityg ¢ is the dielectric con- tively.
stant of the semiconductoE(x) is the electric field in the Similarly, the relationship betwedsy andW¥; is given by
semiconductorp is the electric flux(displacement vectpr  solving the Poisson equation f&P =0,
andl, is the effective thickness of the insulator defined be-
low in Eq. (5), —AW(x)=e(Npi—Nar+pr—n¢)/eg, (8b)

lo=14/eq, (5 whereNJ,, NL¢, p;, andn; are the donor density, the ac-
ceptor density, the hole carrier density, and the electron den-
whereg is the dielectric constant of the insulator. Equationsity in the ferroelectric, respectively.
(5) can be easily extended to a multilayered intermediate Equations2)—(8) form the basic equations in this theory.

layer (Ref. 13. Assuming Boltzmann statistics, E(@a) is rewritten as
D andEs,=E(0) are mutually related via Gauss'’s law at
the insulator/semiconductokl/S) and the ferroelectric/ AW (x)=e(po{exd — B¥(x)] -1}

insulator(F/l) boundaries, —nofexd BY ()]~ 1)/ sceo,
D=¢esoEs at x=0 (68  wherepB=e/KT, k is the Boltzmann constanf, is the tem-
perature, angh, andng are the hole carrier density and the
=goE¢+P at x=—1g. (6b)  electron destiny ak=, i.e., at¥=0. In the following ar-
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gumentx>100 nm is regarded as, whenW is of order of (a) (b)
1 V. The intrinsic carrier density;, py, andny at T are

givenby i

pO:{NA_ND+[(NA_ND)2+4ni2]1/2}/2, PNy 4\
No=n?/po, (c) (d)
P<O0 P>0 '
N /ni(To)=(TITy)¥%exd —Eg/2kT—Eg(T,)/2k To],
where Eg is the band gap of the semiconductorTat and 1 1
Eg(T,) andni(T,) are the band gap and the intrinsic carrier \]\ +
density afT=T,, e.g., 300 K, respectively. The temperature \(

dependence dtg is given by

_ ) FIG. 2. Schematic diagram showing construction of a band dia-

Eg=Eg(0)=»T/(T+72), gram of a p-type-ferroelectrigd-type-semiconductor heterostruc-

whereEg(0), y, andy, are known for a given semiconduc- ture.(a) before junction formation without ferroelectrieg, (b) af-

tor material(Refs. 13 and 29 ter junction formation without ferroelectrid®s. (c),(d) after
For a one-dimensional problem having an infinitely thick junction formation with a negative and a positiig's.

semiconductor, the rigorous relation is known, ) o
below these thicknesses, the subsequent results are invalid.

E[W(x)]=*{[exp—BY)+BY¥Y—1] The maximum carrier density in the space-charge layer be-
1 comes unphysically large. This difficulty is overcome using
+[exp(B¥) — B —1]ne/po}2\2/BLp , the Fermi-Dirac distribution, which should slightly increase

(9)  the thickness.

) - ) ) ] Equationd7), (9a), and(9b) define the charge distribution
with a positive sign fo?>0 and a negative sign foP<0,  in a F/I/S as shown in Fig. 1. This scheme fits directly into
where \P(x) is abbreV|ateolI/2asIf. The extrinsic Debye ihe MOS diode theor§® Equations(7), (9a), and (9b) also
lengthLp is Lp=(es/eppf) ™" represent a semiconductor heterojunction, e.gepédietero-

Especially, Eq(9) becomes ak=0, junction or apn heterojunction. Indeed, well-known equa-
_ tions for the depletion layer in the metal/semiconductor con-
Es=t{exp(—pVo)+p¥s—1 tact can also be derived from Eq€a) or (9b). Figure 2 is
— — 1/2 drawn in accordance with semiconductor heterojunction
+Hexp(BY5) -~ B¥ s 1IN oo} "2/l . (93 theory®%3! By inserting on insulator to Fig. 2, Fig. 1 is ob-
For |;> the thickness of space charge layer in the ferrotained. The effect of the heterojunction on carrier distribution
electric, from Eq.(8b), we have a similar relation in the is expressed by¢. Using the notation in Fig. 15¢ is
ferroelectric,
0¢=Eps—Ert=[Vs— 85— (Vi— 1)1, (7b)
E=x{exp—Bd)+pd-1 _ )
whereEg; andEg; are the Fermi levels before formation of
+[exp( BP) — B —1]n¢ /p }*22/BLp¢, (9b)  the junction.
For VP #0, the dielectric constant of the ferroelecteie

where Pt, and ng, are the hole carrier density and the elec- — y3p/4E.

tron destiny in the ferroelectric at=, and ®(x) =¥ (x) This modifies Eq(8b) and, thereforel.; in Eq. (9b),

=P (x=—Il;=1y) and®(—14)=V;. We assumé&E=0 at

x=—l;—14 andx=oc0 throughout this article. Consequently, AW (x)=e(Nj¢—Nps+pi—ng)/eoes, .

the net charges in the space-charge layer in the semiconduc- (8b)

tor and the ferroelectric are D andeyE;, respectively. Lpi=(g¢le p03)1/2_

The py and ng at T and the extrinsic Debye length in

ferroelectricL; are given by In this case, we modify Eq6b) as,

Pr,={Nar—Npi+[(Nar—Np¢)2+4n3]142/2, D=ggoE¢+P, (6b')

wheree; is the linear dielectric constant.

2
N1, =Mt/ Pry: Using Eq.(9a), Eq. (4) is rewritten as

Lor=(1/epB)*™

wheren;; is the intrinsic carrier density. The thickness of the
space-charge layer in ferroelectrics for the accumulation and
the inversion is estimated to be approximately 1 and 10 nm, Similarly, using Eq(7) and Fig. 1, the second to last term
respectively, using the Boltzmann distribution. Whignis  in Eq. (2) is written as

\IIS
F= 8580L dVE(WV)/2.
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W(—lg)
_Sfé‘oJ dv E(<I))/2
W(—=l¢—lg)

S+ Vet
f d¥ E(V—8¢—V,)/2

=T E&f€p
e

v
- —sfsoJ v E(W)/2, (10)
0

where,E(W¥) is given by Eqg.(9b). Finally, Eq. (1) for VP
=0 is reduced to

F= F0+ 8f80/2|ff

—li=lg

dx Ef2+8580/2|ff dx E(x)?
0

+ D2 /2 ¢gg— P(8p+ Vo)l (1139
\I’f qjs
:FO_SfSO/ZIfJ' dv E+8580/2|ff dv E
0 0
+ D2 /2 ¢gg— P(5p+Vo)lls. (11b

Minimization of Eq.(11) gives an equilibriunD under the
conditions of Egs(6a), (6b), (7), (9), (9a), and(9b) for given

793

weak depletion and weak accumulation, and accumulation.
The expressions oF ; and¥; for these conditions are given
in Appendix D.

We consider ap-type (hole-type ferroelectric without
losing generality. In the following, we introduce two quanti-
ties,

DZSOB_llLDf (14)

D=goB Yl,, (15)

where both have a form of an electric flux due to a thermal
potential. Furthermore, we define the critidal(15™). The
effect of the insulating layer is dominant fdg larger
thanIS™, 1S is given by equatind®3l o/2sl ¢ with |Fo(Po)|
~|{T—[0—CF4(S)1}/2e,CP}| using Eg.(2b), and this
givesIS"~1; §— CF¢(9)]/C at 25 °C=RT.

First, we solve Eq(13) for a p-type semiconductor.
(a) Ferroelectric in weak accumulation and semiconductor
in accumulation. '

This condition should be satisfied foy<<1S™ with 5¢~0.
Equation(13) is reduced to

Dlg/lteg— (Po—D)B YDI+2B8 11=0.

le, I, ¢, Vo, T, semiconductor material parameters, and

GLD parameters.

The effect of VP+#0 is approximately treated by postu-
lating ;> 1. The following numerical results show that this

modifies the result only slightly.

B. Approximate analytical solution

Equation (119 is approximately estimated fof¢+V,

=0 using a simplified equation for the electric-field distribu-
tion, when both ferroelectric and the semiconductor satisfy

the strong inversion or the accumulation condition
E(X)~D/egeq(1+x/2d),

whered~ g ,/DB.% Using this equation, we have

F~Fo+ B YD—P|/I{+ B YD|/1;+ D3 /2 e,

=Fo+ B YP|/l;+ D3 J2zq. (12

The first, second, third, and last terms represent the bulk free
energy, the depolarization, the semiconductor charging, an
the insulator polarization energies, respectively. We can a
proximateP=~ P, in Eq. (11) except for the proximity of the

phase transition, wher@, is P of the bulk ferroelectric.
The effect of thec-axis (P) orientation(¢) can be in-
cluded by changingP| to |Pcosy| in Eq. (12). The effect of

¢#0 is much smaller than that in an insulating ferroelectric.

Equation(12) is not precise enough to estimddeto mini-
mize F. Using Egs.(6a) and (6b’), and differentiatingF in
Eqg. (11b by D, D for minimizing F is given by

dF/dD~DI /I g4+ (dW,/dD)(Po— D)/l

This gives

D=Py(1-2DI/Pgy)Lps/(le+Lps)~PoLpi/(le+Lps).

(169
(b) Ferroelectric in weak depletion and semiconductor in ac-
cumulation, ferroelectric in depletion or weak inversion and
semiconductor in accumulation, ferroelectric in weak inver-
sion or depletion and semiconductor in inversion. _
The first two conditions should be satisfied figr<Ig™
with 8¢4<0, and the last is fot,<IS™. The solution for the
first condition is the same as E(L69. For the second and
the third cases, we have

Dlg/lsgg—(Po—D)28 YD+ 28 YI¢=0.
This gives
D =Py+D?%2D— (DPyl/Lp¢+ D*2D?)2
~Po— (DPgle/Lp) 2 (16b)

{jc) Ferroelectric in accumulation and semiconductor in

weak accumulation, ferroelectric in inversion and semicon-

ductor in weak depletion. .
This condition should be satisfied for>15".

Dl/lieq—2B8 Y1+ DB YDI¢=0.
This gives
D=2D/(1+l/Lps) =208 Y (l¢+Lps). (160

(d) Ferroelectric in inversion and semiconductor in weak in-

version or depletion.

+(d¥,/dD)D/I¢=0. (13 This condition should be satisfied for>1S™.

We use approximate forms df g and¥; to solve this equa-
tion for the following conditions of the ferroelectric and the
semiconductor: inversion, weak inversion and depletion,

Dlo/lseq— 2B Y1;+D2B YD ;=0.

This gives
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D=D[(2+D2/4D2)1/2— DI2D]. (160) Ill. NUMERICAL RESULTS

, Firstly, Eq. (11) is solved numerically for a-axis ori-
The value ofld™ is less than 1-2 nm for 100 nm-thick ented unidomain PbTiginsulator/Si with Np=Np=0,
BaTiO; and PbTiQ thin films. Therefore, Eqs(160 and  where the insulator is SiOhaving e4q=3.9, i.e.,l.=14/3.9
(160 describe the electric flux in most of the F/I/S. and Siis g type. In the following, the external bid4, is set
The solutions for both ferroelectric and semiconductor inas zero. Si is a standard semiconductor. The Pb-related ferro-
accumulation and ferroelectric in inversion and semiconducelectric is frequently used in experiments of this sort, and
tor inversion are approximated by Eq46a—(16d. When  PDbTiO; has a good resistance to depolarization instability as
the semiconductor ia-(electron carriertype, the depletion, shown in Ref. 13. As discussed in the previous analytical
the weak inversion, and the accumulation for the semicon€Xamination and as shown later, the choice of the GLD pa-

ductor need to be examined. The solutions for these condf@meters, i.e., the ferroelectric material is not important as
tions are also given by Eqél6a, (160, and (16d). those of the semiconductor and the ferroelectric as a semi-

We should note thab is independent of; and the ferro- ~ conductor. The GLD parameters in EG.1) and the semi-
electric GLD parameters for a finitg [Egs.(160 and(16d)] conductor material parameters are listed in Refs. 13, 26, and

and thatD is inversely proportional td.. Contrarily, the 29. We used 3.2 eV for the band gap of the ferroeleéigd

‘ 033 : e ; -
minimum , 11", at which Py exists is determined by the gtSZOSC VCVéSaggtitnhlgtzgchsJ?(r;rgate intrinsic carrier densiy at

GLD parameters.
The minimumF, F.,,, is obtained by substituting in n;;=n;exd — B(Egf—EQ)/2]
the above four cases into EL2), and | i, is given by whereE g andn; are the intrinsic carrier density and the band
Fmin=0. Becaus® is independent of;, using Eq.(12), we  gap of the semiconductor at RT of which these values are
have known, respectively. By usingeg and n; of Si, we tenta-
, tively estimatedh; of Ge and GaAs, which were close to the
1= (87 P|+ D2 /2e0)!|Fo(Po). (170 experimental values.
The band offsets¢ is estimated as-1.7 eV using Eq.
Equation(17) becomes (7b), when PbTiQ has a high acceptor densil,; that is
usually considered to be created by oxygen vacancy, and its
IMn= 8~!|P|/|Fq(Po)| for lo<IS™, (189  Fermilevel is close to the top of the valence band. Hefe,
andV; are 7 and 5.3 V, respectively, ad— & is approxi-
i mated as zero.
1= B[P +2e0B8 e/ (It Lpg) 1/ |Fo(Po)| In experiments, the domain motion is pinned by various
~p-1 crit defects in the ferroelectric films and at the interfaces. There-
~BIPIIFo(Po)|  for Te=1C™. (18 fore, a complete domain switching cannot be expected.
. Lo Therefore, the absolute value bf experimentally estimated
The functional form indicates that a loRs and alow  ghoyld be smaller than that estimated below, by a factor of 2
thermodynamic linear susceptibility suppresses the depolary 3 in some cases.
ization instability Figure 3 shows typical results for the free eneFgys the
We estimate now the stability d?s for typical material  electric fluxD [Figs. 3a)—3(c)] andF vs the semiconductor
parameters. Typical values Bf, for BaTiO; and PbTiQare  surface potential?', [Figs. 3d)—3(f)]. As |4 increases, the
1 J/ent and 70 J/crhat 300 K, respectively, and theRs's  absolute value ob as well as the width of th& minimum
are 25uClcnt and 75uClen?, respectively3~1is 0.026 V. drastically decreases. Nevertheless, the lines have well-
at 300 K.Nps andNg¢ in ferroelectric films are typically 0 defined double minima and shift parallel &k, increases.
and 138 cm 3.2 Therefore, we hav®~0.02uCcm2and  Namely, the unidomain ferroelectric phase is bistable even
Lps~10"7 cm. for a relatively Iargeléj, in contrast with the result for insu-
In F/S (.=0), D is close toPs of the bulk, as indicated lating ferroelectrics® When 6¢=0 and No=10" and
by Egs.(168 and(16b). The stability ofP, is dependent on 10**cm™3, D becomes a small fraction d?; of the bulk
doping in ferroelectric as seen in tipy dependence op ~ €ven forlg=0. The change oF -\, curves withl 4 is mod-
(=po). In FII/S (1,#0), D is a small fraction o, of the erate as compared with that BFD curves. Figure 4 shows
bulk for the accumulation in ferroelectric. Their typical value the_ferroelectrlc surface_ potentl_ﬂh vs D andWs vs D for
is 0.1C cm 2 (1 nmA ) (e4/3.9). The degree of stability is 6¢=—1.7V corresponding to Figs(8-3(c). The values of

min . . ¥ at the equilibrium are read by referring to Figéa)3-3(c)

evaluated byl ; 0328 nm f?nrinPbT'Q’ 1 nm for KNbQ{ and are only weakly dependent g, reaching—1 V for
and 7 nm for BaTiQ. The {7 has no physical meaning 4ccymulation and exceedjr8 V for inversion.
below 1 nm because it is shorter than the space-charge layer Figyre 5 demonstrates that there is littjedependence of
thickness. o ) ) D and that ferroelectric phase can exist for a very shoats

When ferroelect_rlc is sandwmhed. by two insulator/ long as the space-charge layer formation is allow&dr a
semiconductor multilayers, the depolarization energy shoulgery short; Eq. (9b) needs to be replaced by numerigatb
be given by doubling the above values. The limil gf o in  relation. This increasel§™ slightly and make$ more de-
this structure corresponds to an insulator/ferroelectricbendent orl¢.]
insulator structure, e.g., a ferroelectric particulate in vacuum. Figures 6—8 show the temperature dependend®,of,
In this caseD is zero, but a unidomain ferroelectric phaseandPy. In Figs. 6 and 75¢ is 0 ande; is 1, while the thin
can exist as long ds is thicker tharl{"" even if there is no  and the thick lines in Fig. 8 correspond tg=1 and &;
disorder or surface states. =100 with 6¢=—1.7 V, respectively. The choice af;>1
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FIG. 3. Total free energ¥ to induceD and the semiconductor

surface potential¥ for e;=1, No;=10', and [{=200 nm in
PbTi0;/Si0, /Si at 25 °C.(a)—(c) showF vsD for 14=0, 5, and 30
nm, respectively, an@)—(f) showF vs ¥ for I4=0, 5, and 30 nm,
respectively. The thin and thick lines are f6$p=0 and —1.7 V,

respectively. The line§—), (---), and (---) correspond toNa

=10% 10" and 168 cm3, respectively.

represents the effect 8FP+#0 as discussed in Sec. Il &

near RT is insensitive te; and mainly determined bly and
partly by N, and ¢ (Fig. 8). Furthermore, fots¢p=—1.7 V
andD <0, e.g., the accumulation conditioD, is almost in-
dependent oN, and g;. On the other handD at higher
temperature is reduced as increases fol$p=—1.7 V and
D>0. The effect ofd¢ is significant at short; or nearT

~T.. The increase oD with the temperature indicated by
the lines forN,=10'Y cm™2 in Fig. 6 is due to the reduction

of the semiconductor band gap. In both Figs. 6 and 8is
weakly dependent oh; but almost independent df; and
Na.

The temperature dependence and the value afidP are

795

D(uC/cm?2)

FIG. 4. ¥, and ¥ to induceD, corresponding to Figs.(&8—
1(f), and Figs. 2a)—2(c) are forl4=0, 5, and 30 nm witkS¢p=—1.7
V, respectively. The thin and the thick lines shaty and ¥ (¢
=1,Na=10% cm™3, T=25 °C. The lineg—), (---), and(:+*) cor-
respond taN,=10', 10" and 168 cm™3, respectively.

estimated to be-1.7 V. Forl{>100 nm, the bistability of
the ferroelectric phase is relatively insensitive to the choice
of &¢, although the value ob is changed. Becauséy is
about —2.7 V for ann-type Si, the bistability is also ex-
pected when the semiconductorngype Si. In Fig. 11, the
doping dependence &f is examined. Marked doping depen-
dence of a negativ® is seen foré¢=0, but the doping
dependence of a negative and a positivs are weak for
6¢=—1.7 V. Nonetheless, the doping aAg dependence is
evident as compared with the results for an insulating ferro-
electric modelRef. 13. Namely,D is sensitive to the semi-
conductor parameters in a semiconducting ferroelectric
model.

The preceding results indicated thgtis the main factor
determiningD in F/I/S, when the band gap of the semicon-
ductor is sufficiently smaller than the ferroelectric band gap.
Figures 12—14 showy dependence db. The GLD param-
eters for Fig. 12 are those of PbT@s in Figs. 3—11, while
the GLD parameters for Fig. 13 are those of BafiOhe
rest of the parameters used are same for both Figs. 12 and 13.

mainly determined by;. Their values are close to the bulk The thick lines in Fig. 12 and the lines in Fig. 13 are for
value at a relatively large thickness of 200 nm in agreemeni ;=10 cm™3. Each line of Fig. 13 is very close to the
with the analytical results in Sec. Ill. However, the size ef-corresponding one of Fig. 12 having the saNeand §¢ at
fect is manifested in the phase transition that becomes sharpenzeral 4. This demonstrates th&t at nonzerd 4 is insen-
ened as; shortens, as seen from the comparison of the linesitive to the choice of the GLD parameters, in agreement
for ;=200 and 5 nm. The sharpening of the phase transitiomith the analytical results in Sec. Il B.

is similar to the results for insulating ferroelectric semicon-

ductor structurgRef. 13.
This is more evidently seen in the derivativesRoby the

The thin lines in Fig. 12 are foN,=10"°cm™3. The
effect of loweringN; is similar to that of reducing¢ or a
increasingN, . For 6¢p=0, the absolut® values O <0) for

temperature in Fig. 9, which corresponds to the pyroelectriéNa;=10"cm™3 are much higher than those foN s

current. Forl;=5 nm with|4=0, large peaks ofiP/dT and
dD/dT are found at the temperature lower than the Bk
Forl;=200 nm withl3=5 nm, the peak height afD/dT is
reduced proportionally t® in Fig. 6.

Dependence dD on 8¢ is shown in Fig. 10. It should be

reminded that for g-type PbTiQ/insulatorp-type Si, ¢ is

=10' cm™3. Except the proximity of 4=0, D is inversely
proportional tol 4 (Fig. 14, which agrees with the analytical
estimation in Sec. Il B. The value ob is of an order
0.1-1uC cm 2 for I|4=5-30 nm, which is also consistent
with the analytical result. In several experimental studtes,
D is estimated to be a few 04C cm ? for |4;=5-10 nm
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FIG. 5. Ferroelectric thickness:] dependence dD for £;=1 andN,;=10" cm™3, and64$=0 (a) and—1.7 V (b) in PbTi0,/Si0,/Si
at 25 °C. The thin and the thick lines correspondijo= 10" and 168 cm™3, respectively. The line6—), (-----), (), (---), and(-----)

correspond td4=0, 1, 5, 10, and 30 nm, respectively. The space-charge layer in the ferroelectric is thizk fb(inversion as indicated
by the vertical lines. Fol;<the space-charge layer thicknd3sshould vanish.

and agrees well with the present results. Furthermbre,
should be of order 0.C cm 2 in Bi,Tiz0;,/30 nm-SiQ/Si
by Sugibuchi®

Secondly, Eq(1)) is solved for ac-axis oriented unido-

the contamination at the surface. The surface of S§TgO
reported to be oxygen deficient and becomestgpe semi-
insulator. Forp- and n-type BaTiQ,, d¢ is estimated to be

: _ _ _ approximately—3 V and 0, respectively. Therefore, the lines
main BaTiQ/SrTiO; with No=0 and I{=10 nm, where with §¢=—4, —3, and—2 V are plotted for thep-type, and

SrTiQ; is an n-(electron carrier type. We have chosen the lines with—1 V, 0, and—1 V are plotted for ther-type.
BaTiO; because it should be the most unstable among thghe ferroelectric phase of BaTiOs stable, at least, at one
well-known oxide ferroelectrics as analytically estimated inpolarity with its D close to the bulk value. This would ex-
Sec. I B. Figure 15 shows the results for the and the  plain the ferroelectric phase of 14 nm-thick BaJifetected

n-type BaTiQ, because the carrier type of the Bafifdm  py x-ray diffraction. However, the bistability is expected
was not determined. In this calculation, we assumed the po-

larization at the surface exposed to the air is compensated by

100 T T T =
Id= 0 | §
g% ] 32
R (| ] o
2 Id=5nm
S04t 4
0.01 — } : . }
T 01 i 2
=3 =
S S4of ]
g 1 E = If= 200nm
— [ 1
o | .= 5nm
10 3 f
Id= 0 NA=1018 __________ - ol L | \
100 PR L L 300 400 500 600 700
300 400 500 600 700 T (K)
T{K)

FIG. 7. Temperature dependence of the spontaneous polariza-
FIG. 6. Temperature dependence Df for ;=1 and Np¢ tion (8 and the total free energf§ (b) for e;=1 and Nj;

=10 cm™3, and8¢=0 in PbTiQ,/SiO,/Si. The three sets of lines =10¥cm™3, and 8¢=0, N,=10" and 13%cm™3 in
(—) and(---), (---)and(----- ), and (-----) and (-------) corre-  PbTi0;/SiO,/Si, corresponding to Fig. §a) shows only positive
spond toN,=10" and 168 cm™2 for 1;=200 nm andly4=0, N, P, while (b) showsF for a positive and a negativ®. The lines
=10 and 188 cm™ for I;=5nm andl4=0, No,=10'° and  denoted a$;=200 nm and 5 nm are fdf=200 nm withl ;=0 and
108 cm™3 for 1;=200 nm and 4=5 nm. 5 nm, andl ;=5 nm with |4=0, respectively.
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FIG. 8. Temperature dependencelffor Na¢=10" cm 2 and -3 2 -1 0
Sp=—1.7 V in PbTiG,/Si0O,/Si at 25 °C. The thin and the thick 56(V)

lines corresponds te;=1 and 100. The three sets of lings-) and

(=), (- - +)yand(----- ), and(-----) and(-------) correspond to the FIG. 10. 6¢ dependence ob for ;=100 nm,e;=1, andNj;

Na, I, andly values in caption of Fig. 6, respectively. No stable =10"® cm™2 in PbTi0;/SiO,/Si at 25 °C. The thin lines and the

D>0 exists forl{=5 nm. thick lines corresponds tdl,=10'" and 16% cm™3, respectively.
The lines(—), (----- ), (---), and(---) correspond td4=0, 5, 10, and

only for a n-type BaTiQ with S¢~0 V, which may not 30 M. respectively.

always be realized in real films. The loss of bistability 3h°U|dmechanism, because it is expected to be not important when
not be much changed, even if the donor concentration ighe ferroelectric charge is compensated by the space charge,
reduce to 1& cm™® from 10'° cm™° used in Fig. 15. HOW-  and because experimental results suggest a unidomainlike
ever, BaTiQ becomes bistable by increasing its thickness ofstrycture. Before comparing the above results with the ex-
changing SrTiQto a semiconductor having a narrower bandperiments, we examine the effect of the multidomain.
gap. The latter is already demonstrated in Fig. 13. The structure in Fig. 16 is a model for a ferroelectric film
on insulating substrate with and without a top metallic elec-
trode. Here, we assume only 180° domain wall and treat the
space charge layer in a simple w¥yThe multidomain is
represented bf?(y) =Px for 2an<y<(2n+1)a andP(y)
=—Pxfor (2n+1)a<y<2a(n+1) (x: unit vector in thex
direction, n: intege).

The free energy is given by[F, is defined in Eq(2)]

IV. DISCUSSION: THE MULTIDOMAIN EFFECT,
THE STABILITY OF SPACE CHARGE LAYER
IN THE SEMICONDUCTOR, THE ABSORPTION
CURRENT AND THE SURFACE LAYER

(i) Stability of a multidomain ferroelectric phase in a
ferroelectric/insulator.

Multidomain formation is a common mechanism to re-
duce the electrostatic energy in ferroelectrics without elec-

Fi=Fo+ n(VP)?+F},

trodes. In the preceding section, we have not included this 100
& 10
€ b
= T 3L
: 0.0 a 041
S
J 0.01
(]
= - - -
=237 .= 200nm 0.01 :
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E & 0.1
by = ~ 1
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FIG. 9. Temperature derivatives Bf and P that are shown in
Figs. 6 and 7 fore;=1 and Np;=10® cm™3, and 64=0 in
PbTiO;/SiO, /Si. There are three combinationslefandly and are
indicated by labels, i.el;=200 nm andl4=0, |;=5nm andly
=0, ;=5 nm and 4= 0. The symbolst+ and— indicate the deriva-
tive of a positive and a negative.

FIG. 11. Doping dependence Bf for |;=100 nm,e;=1, and
Nar=10" cm™3 in PbTiQ;/Si0,/Si at 25 °C. The thin and the
thick lines corresponds té¢=0 and —1.7 V, respectively. The
lines(—), (----- ), (---), and(--+) correspond td4=0, 5, 10, and 30
nm, respectively.
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parameters are same as those in Fig. 12 except the GLD parameters,
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FIG. 12. 14 dependence oD for 1;=100 nm ande;=1 in

which are now those of BaTiQ For D>0, the results only with
6¢=—1.7 V are shownl;=350 nm is used, becausg>0 is un-
stable below 300 nm. The linds—), (
spond to thed¢p andN, values in Fig. 12.

), (---), and(:--) corre-

PbTiO,/SiO,/Si at 25 °C. The thin and the thick lines correspondsSPace-charge layer. Namely, the domain size is close to the

to Nao;=10'" and 138 cm™3, respectively. The lineg—), (-----),
(---), and(--) correspond ta¢=0 andN,= 10" cm~3, 64=0 and
No=10"%cm ™3, 8¢p=—1.7 V andN,=10"cm3, 6p=—1.7 V

domain-wall width. In this case, x-ray diffraction should ob-
serve ac-axis lattice constant averaged over the domain and
the wall and yield the appreciably reducedxis lattice con-

and N,=10'® cm™3, respectively. Typical experimental estimates stant. Therefore, the axis of ferroelectric on an insulator

are shown by arrows.

whereF is the depolarization energy.

without a top metallic electrode should be shorter than that
on a conductor with a top metallic electrode, which is not
experimentally observed. Furthermore, x-ray diffraction of

F for a stripe multidomain without electrodes is given by gpitaxial films on semi-insulating and insulating substrates

using the results for magnetic fiffthwhich is reduced by the

reveals that they take the ferroelectric phase much bElSw

space-charge layer. The inhomogeneity term gives thg gicated in Fig. 17 The results suggest that the inclusion of

domain-wall energy per domalis,,/a= y/a, wherea is the
domain width. Details of the derivation and analytical ex-
pression of~} and y are described in Appendix E. Minimiz-
ing F¢ with respect toP anda, the equilibriuma andP are
obtained.

Figure 17 shows the numerical results for PbJi@nd
BaTiO;, where the domain-wall width&is assumed to be
1.8 nm for both ferroelectric® % The minimum thickness
11" to allow the ferroelectric phase without a space-charge
layer is 7 um for BaTiO; and 1 um for PbTiO;. The thick-
ness of the space-charge layer that is used in the literature
lies between 10 and 50 nm. With a 10 nm-thick space-charge
layer that totally compensateB;, the If" is 1 um for
BaTiO; and 200 nm for PbTiQ With a thicker space-charge
layer,|{"" was found to increase, which is not shown in Fig.
17.

The results should be compared with those for the limit-
ing case ofly=c« in Sec. Ill. According to Fig. 5 and the
analytical results in Sec. Il B{"" is almost independent §
for Iy> space-charge layer thickness. Therefof¥, for |4
=0 is much shorter than thig"" shown in Fig. 17.

Moreover, the domain siza at I{™" is below 10 nm in

500

250

D>0

D(I,=00/D(1)

2501

D<0

500

10

Id {nm)

20

FIG. 14. Replot of Fig. 12 foN,;=10" cm™3 (thick lines in
Fig. 12. The lines(—), (

), (---), and(---) correspond to thé¢

and N, values in caption of Fig. 12, respectively. The inset is a

Fig. 17a), especially a few nm for the ferroelectric with a blowup showing the results fas¢p=0 andN,=10"" cm™3,



57 THEORETICAL STABILITY OF THE POLARIZATION . .. 799

N @
0 st A = _ ' '
o . P L
5 N PbTi0, t,=0~
~ 10 371;/" t=0 E
—_ = [t =10nm.->~ s
— /‘/ ; S ,/"' /BaTlO3
L K £ t =10nm
/- . e 1 s 1
-80 | BaTi0, (10nm) /SrTi0, !
L y 3 3 {b) 80 - ' T T
— - . L . 1 . PbT|03 e
-30 0 30 -
~ : /'t =0
D (uC/cm2) ol t Z10m s ]
. ) . BaTi0
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) . . . FIG. 17. Domain size widtlia) and spontaneous polarization of
the multidomain effect is not as important as the exact treatppTig, (---) and BaTiQ (—) thin films (b) calculated for given
ment of the space-charge layer as shown in Secs. Il and llkpace-charge layer thickness)(

The results in Fig. 17 are understood by regarding the

effect of the multidomain as the confinement of the electricierroelectrics allows the stability of the ferroelectric phase in
flux near the ferroelectric surface region with a thickness of=/|/s and ferroelectric/semi-insulator, without introducing
a in the ferroelectric and in the insulat(Fig. 16. _the surface state or the defects at the interface. This is con-
Extending this consideration, we analyze the domainsistent with the x-ray observation of the-axis oriented
structure in F/I/S, when a ferroelectric filmsemiconducting  ferroelectric phase in F/I/S. Furthermore, the space charge in
and has the space charges. First, the space charges Feglucethe semiconductor induced 1B is experimentally found to
far more effectively than multidomain formation, at least, forpe g 1—1 wClen? for an effectivel y=5—10 nm in agree-
|4<30 nm. Typically, the reduction is§/P)*<10"°, which  ment with Fig. 12. Moreover, the value of the semiconductor
is equivalent to a shoty for which the stable domain size is space charge was calculated to be insensitive to the charged
very large and can be virtually regarded as a unidomaingrap density as well as the value Bf (Fig. 18. Namely,D
Viewing differently, the multidomain formation in a space- js agimost the same for the various trap density as long as the
charge shielded fe_rroelectric redudegby a factor of 10 fo_r charge density at the trap is not samePas To include the
a/l4~0.1. According to Eq.(12), the free-energy gain effect of the charged trap in the formulation of Sec. Il A, we
Fq (PbTiO;) is approximately[ 0.9x (0.026 VX80 uClen?  modified Eq. (6b) to D=s,E;+P+eS where S is the
+1 e(Ol,u,C/CFr’F) 2/280)]/' f ~0.1 J/Cfﬁ/(l f/200 nm) . On the Charge density per area.

other hand, the free-energy loss by the wall formationafor However,D is reported to disappear gradua”y in typ|ca||y

=14/10~3 nm is 70 J/cr (3 nm/a). one hour, except for the result by Sugibuetial. This in-
Therefore, the energy reduced by the multidomain formastability appears to contradict the stability of the ferroelectric
tion is tiny in comparison with the domain-wall energy. phase indicated in Sec. Ill. We tentatively explain the
Eventually, a large domain that can be virtually regarded as gradual disappearance of the semiconductor space charge by
unidomain is stabilized. the electric field near the F/I interface. The electric figldat
(i) Stability of the space charge layer in the semiconducy = —| ; (the F/I interfacgis unphysically large but decreases
tor. exponentially withx. On the other hand, the electric field in

The stability of the space-charge layer in F/S and F/M/l/Sthe insulatoiE, is constant. Therefore, we uBg as a typical
is discussed in Ref. 13, and we concentrate on the stability ifheasure of the electric field near the F/lI interfaBs. is
F/I/S in this section. The assumption of semiconductivity i”given by ¥+ 8¢—V¥ )/, according to Eq(7). Figure 4
indicates tha{W+ 6¢— V| is approximately 1.5 V fot4
=5 and 30 nm and not much dependent lgn Conse-
quently,E4 decreases with increasitg, e.g., 3 MV/cm for
i l T T 17 l 1 l4=5nm and 0.5 MV/cm fot4=30 nm. The enormous field
in the insulator is very likely to move the carrier into the
traps, the defects, or the surface states, which reduces the
S e e electric flux D flowing into the semiconductor. The filling
process of the traps, the defects, or the surface states would
FIG. 16. Model for multidomain calculation. The dotted lines Proceed gradually with time to compensdtg, and finally
show electric-field lines, and they are confined in the surface wittthe space-charge layer in the semiconductor would vanish.
thicknessa. If this is the cause of the disappearance of the semicon-
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T T ] and, furthermore, no simultaneous achievement of the fast
] switching and the long retention in the F/I/S was reported so
far. This difficulty can be resolved partly by using a very thin
ferroelectric, which reduces the net resistance of the ferro-
electric, although it tends to be monostable, depending on the
GLD parameters. Consequently, this requires a careful
choice of the ferroelectric and the preparation process.

0.01 : — (iii) Bistability of ferroelectric polarization on highgz re-
lated materials.

The parent phases of high- semiconductors have the
charge-transfer band gap of 1.5—-2 eV, but most of them can
only be doped with either acceptors or donors. Theoretical
studies also support these experimental observations. For ex-

D(uC/cm2)

-D(uC/cm2)

10 Charged trap density } ample, non-type LgCuQ, has been reported so far. There-
0, 0.02P, 0.2P_ fore, the LaCuQy, surface may only be in the accumulation
0 : 1'0 2'0 : 30 and the depletion, in contrast with the accumulation and the

inversion in an ordinary semiconductor.Rf is monostable
on LaCuQ,, i.e., stable only at one polarity, there is nothing

FIG. 18.D vsl 4 for various values of the charged trap densities }-(I)O\\//vvg\r;gfrihzefz ?lrJ:(SIeI(t:trlisc Ztv?/ﬁglriig gz ch:?zslrﬁg:%(g; duc-
at the F/I interface 0;:2%, and+20% of the spontaneous polar- ’ . i
ization (Pg) in PbTiO,;/SiO,/Si at 25 °C. The parameters arg tion modulation of LaCuQ, that was retained was
=100 nm,6=—1.7 V, andN,=N= 10" cm™2. observed?® This suggests tha®, is bistable and induces

electrons, at least, at some part near the ferroelectric/

ductor space charge, it can be suppressed by use of a rigid,CuQ, interface.
insulator and by increasing its thicknekg. The latter is The existence oPg in a shortl¢ film for |,=% shown in
contrary to what is usually believed. However, the longestSecs. Il B and Ill assures th&t, can exist on a perfect insu-
retention of the semiconductor space charge in the F/I/$ator due to the induction of the free carriers in the ferroelec-
structure was indeed achieved using the thickest insulatingic. Therefore P can have a stable polarity that induces the
layer? In this experiment, BiTizO;, was used. Nontheless, electrons in the ferroelectric near the ferroelectriglzO,
this cannot be the cause of the long retention, because thrterface and can be bistable on,CaiO,.
stability is insensitve to the ferroelectric parameters as sug- (iv) Absorption current and the ferroelectric surface.
gested by Figs. 12 and 13. Additionall, estimated from The free surface and the interface whdPg changes
the condunctance modulatihis of order 0.1uClcn? in  abruptly have free charges according to the present theory.
agreement with the result fog=30 nm as in Fig. 12. This corresponds to the surface space-charge layer suggested

The experimetally observeD can be explained by the by Kanzig? If the surface or the interface are free from dis-
interfacial traps or by th& P effect without introducing the orders and defects, a surface conduction is expected.
semiconductivity of the ferroelectric. For the form&, be-  Namely, ferroelectrics should have conductivity in the sur-
comes monostable, and its stability is unrealsitically too senface perpendicular to the direction Bf, although it is ex-
sitive to the defect density, according to Ref. 13. If the effectpected to be low near RT due to the low mobility resulting
of VP mainly determinesD, P crystallograpically esti- from a strong electron-phonon coupling. On the other hand,
mated should decrease near the F/l interface. This means thihe conductivity perpendicular to the surface should be very
the averagd®, estimated by x-ray diffraction should be sig- low. Moreover, there is a possibility of @n junction forma-
nificantly reduced in F/I/S, if the ferroelectric film is suffi- tion near the ferroelectric surface, if the space charge is in
ciently thin. However, the ferroelecric in F/I/S has crystal- the inversion. Therefore, the resistivity along the direction of
lograpic P as in other heterostructures. P, is drastically changed with the switching of the polariza-

In the present model, the ferroelectric phase in F/I/S idion. Possibly related phenomena are observed in the leakage
stabilized mainly by the space charge in the ferroelectriccurrent of the ferroelectrit??*
When the polarization swiches between stable polarization It is well known that bulk ferroelectrics contain free
states, the space charge must change drastically. Unlike tlaharges that are emitted during the process of the poling. The
F/S, the charge needs to be generated in the ferroelectric oesultant current is called as an absorption current. This phe-
supplied from the metal electrode through the ferroelectricnomenon is naturally explained by the space-charge layer in
as long as the insulator layer is insulating. However, the higlthe present model.
resistance in the ferroelectric suppresses the current. Here, Finally, the crutial role of the free charge in narrow-gap
the net current flowing from the external circuit during the ferroelectrics have been well studied. In the present paper,
switching is|D(P>0)—D(P<0)|xnet switchng area. Fur- the free charge appears at the ferroelectric surface due to the
thermore, the width of the equilibriu@ becomes narrow in  enoumous depolarization field. Consequently, it screens the
the F/I/S in comparison with that of the F(Eig. 3). These electrostatic interaction of the atomic dipoles and, thus, may
two causes severely limit the simultaneous satisfaction of theeduce the spontaneous polarization. This can be a micro-
switching speed and the retention®f Indeed, the switich- scopic mechanism df P at the atomically well-defined sur-
ing speed of the device reported by Sugibuchi was very lowface. This effect was not consistently treated.

| cl(nm)
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V. CONCLUSION switching of ferroelectrics on high; superconductors and
. - . he related material that may possess holes but no electrons
We estimated the stability of the ferroeleciric phase an as explained. Finally, the relationship of the present model

the space-.charge Iaygr in a semiconductor, by assuming “18 the surface effect and the absorption current was briefly
ferroelectric as a semiconductor. The ferroelectric treated iMiscussed.

this article, e.g., BaTi@and PbTIqQ, is usually regarded as e may add that the experimental studies of the F/I/S
an insulator. However, the enormous depolarization field afjirected toward the realization of a ferroelectric FET can
the free surface or at the interface with an insulator requ|re§rovide a unique and an important Opportunity to revea' the
the compensation d? by the surface charges. By introduc- ferroelectric size effect by allowing quantitative comparison
ing the semiconductivity, the electric flul® due toPg be-  with theories.

comes independent &,. In other words, a material with a
small dimension that possesses crystallographic properties gr
the ferroelectric phase does not intrinsically exhibit some-

kind of electrical p.roperties of the bl.“k ferroglectric. tion. The author acknowledges useful discussions with Pro-
Namely, we can predict the crystallographic properties of thgessr 5 Uchida, Professor T. Yamada, and Professor Y.
ferroelectric except for those of a ultrathin, e.g., 1 nm, ferro-gninashi.

electric by neglecting the depolarization instabilitg.g.,
consider only the stresdut must consider it for the predic-
tion of the electrical flux emitted from the ferroelectric.

To work with this assumption, we have first constructed a The VP effec can be approximated as the effective
band diagram following the procedure of the semiconductothange of . andl; to (I+&/2) and (;— £/2), respectively,
physics. The model could successfully explain the experiand an additional energy 7(VP|?), as shown below.
mentally observed stability of the ferroelectric phase in theNamely, theVP effect is similar to the surface dead layer.
F/IIS and the F/I. Moreover, the value of the semiconductofye estimate the effect &FP+0 in a single-domainethsu-
space charg® agrees with the experimental for the F/I/S. |ating ferroelectric using the symbols defined in the text and
Furthermore, this value was found to be insensitive to thq:ig_ 1. For simplicity, we consider a metal/insulator/
ferroelectric thicknesk;, the GLD parameters, i.e., the con- ferroelectric/metal structure. In this case, we drop Rffin

ventional ferroelectric properties, and the surface states ggq. (1), and the term in Eq(l) affected by theV P effect is
the charged trap density at the F/I interface. Instead, it is

determined mainly by the effective insulator thicknesand , [
the parameters characterizing the heteroband struckure. F _J
was found to be inversely proportional tQ at relatively

large |,. This numerical result as well as others are wellFor VP=0, using Egs(6b) and (7) with W= ¢+ V=0
predicted by approximate analytical estimafégs. (16¢  and¥¢=—E¢l;, we have

and (160d)].

The smallD values in the F/I/S experimentally observed
are usually believed to be limited by the technology such as , 5
the defects and a small effective bias across the ferroelectric Fi=1eP/2e0(let14).
layer. The theory confirmed th& can be slightly increased gqo yp= P/¢é (P=0 atx=—ly), we approximate the®
by controlling the trap density and the work function of the yistribution by a constant-bulR- (Py: thickness!;— ¢/2)

ferroelectrics. However, the order of magnitude valuedof -4 5 sereP parts (thickness¢/2). Using Egs.(6b) and (7)
was found to be intrinsically limited by the semiconductor,, W =5¢+V,=0 and W= —E(I;— /2)=Dle (/2

properties of the ferroelectric that suppress the depolarization |
instability. A ferroelectric field-effect transistqFET) hav-

ing a F/I/S should work practically without the limitation of £ .= — (| + £2)Py/eq(l;+1s), D=(l1—&2)PI(lo+1y),
the ferroelectric thickness, e.g., 20 (RbTIO;) and 35 nm

(BaTiO,), as long as a crystallographically good film with & F1= 5P/ £)2¢/l +[ (11— £/2)eoE2/2

low defect density is obtained. Furthermore, the limitation of

the lateral dimension should also be small because the sta- +(£12)D%280]/1:+1,D?/2¢l ¢

bility was found without introducing multidomain. More-

over, there is a possibility that a long retentiondfcan be - ”Pg/glfﬂl_f/Z'f)('e’L flz)PS/ZSO(ler)'
achieved using the F/I/S structure as well as the F/S, whilgne apove expressions f&; andD are also derived easily

only one successful result is reported so far to the best of OWy applying Eq.(6) of Ref. 5 to the present model. The
knowledge'® The short retention is probably due to the fill- gittarence ofF] andF} is

ing of the surface states at the ferroelectric/insulator interface
and can be reduced by improving the interface or increasing:! — F:=p2[ 5/ £l +1 (&l o~ £l — E421 I ) deo(1o+11)].
the insulator thickness.

An ultrathin BaTiQ, on SrTiO, was found to be stable in  The condition é&>1; is essentially the same a&8P=0.
agreement with experiments. However, it was found thailherefore, we consider two limiting cases &l;. For |,
BaTiO; loses the bistable polarization belowl0 nm and <I¢, we haveF ,— F;~P2( 7/ £+ él4s)l ¢, which is always
becomes monostable. Additionally, the mechanism of thepositive. This suggests that tNeP effect is not effective for

This work was performed under the support through a
ant-in-Aid for Scientific Research from the Ministry of
ducation, Science, and Sports and the Sumitomo Founda-

APPENDIX A: VP EFFECT

dx(7|VP|?+&0E2/2)/11+1,D?/ 28 ;.
—lg=ly

Ef:_IeP/80(|e+|f), DZIfP/(Ie+|f),

o), We have
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suppressing the depolarization instability but may slightlywhereS™, S, andS° denotes the net area of domain having

modify the results in the text for a very thig. P*, —P~, and 0, respectively. To simplify the analysis, we
Forl.>1;, we haveF,—F;~P2(7/&é—¢éldeg)ll¢. Here, analyze the experiments that usedearly-c-axis oriented

7|V P|? is usually much smaller than the bulk free energyferroelectric and we neglect the last term in the above equa-

density of the ferroelectric phase, ampé/4e, is much  tion. Therefore we have,

smaller thanl D?/2¢, for 1;>1;. Therefore,F,—Fj, i.e., ) - L o

the VP effect, is unimportant for a thick.. Crotar= CinS™/(1+C;i/C ) + CjnST/(1+ G /C ).

We can assume th&" andC~ correspond to the accu-
mulation and the inversion conditions of semiconductor sur-
face carrier, respectively, without losing generality. There-

High-frequency capacitance-voltagé-V) curves of sev- fore, we have the inequalitie§,; >C, andC.>C{,. The
eral F/I/S structures are reported. Some of them exhibitedbove equation is rewritten as
C-V hysteresis corresponding to the ferroelectric polariza-
tion reversal, although they disappeared in a short period. Ciota=Cin[s*/(1+C{/CL)+(1—s")/(1+C{/C)]S,

The ratio of two capacitance for two ferroelectric polariza- ) , _
tion states are approximately -2 whereS is the total capacitance area, asidands™ are the

Let us analyze these results. Suppose that a Bafjjge ~ 2'€a ratiosS'/S andS/s. , , _
insulating ferroelectric film forms a multidomain having a ' 1€ ratio of two values corresponding to dlffer(ir;t_domam
domain width, e.g., 5 nm much wider than the insulatorconfigurations specified by the valugs, s™* ands™* is
thickness, e.g., 2 nm. Then, we may crudely model each
domain and the semiconductor space-charge layer under-

APPENDIX B: ANALYSIS OF DOMAIN STRUCTURE
IN THE F/I/S

[sTY(1+C{/CH+(1-sTH/(1+C[/CHI[s /(1

neath.it as uniform. For_a—a}xis oriented film as_used in most +CH/C)+(1—-s"2)/(1+C/CT)]
experiments, the polarization of the unidomain would orient ' ’
perpendicular to the film surface. Accordingly, the surface ~[sTt+(1-s"H/(1+C{/C)1/[sH?
charge in each unidomain is definedRS, —P~, 0. s o
The capacitanc€; defined for a unidomain per unit area +(1=-s"9)/(1+C{/CH)].
'S If Ci;>C, this reduces to (+s*)/(1-s"?).
1/Ci:l/ci,s+ l/ci,insulator'l' 1/Ci,ferroelectrio If Ci’ﬂ:C;’ this reduces to (% S+l)/(1+s+2)>1/2'
. If C{,<C, this reduces to 1.
where C; insuiator: Ci ferroetectric @nd C; s are capacitance of In most experiments, we have the ratio of the minimum

the insulator, the ferroelectric, and the semiconductor spacmpacitance to the maximum of about 0.1. The above results
ch_arge layer per unit area, respectively. The equation is réspow that we should assun@,>C, . Consequently, we
written as have (1-s*1)/(1—s*2)~0.1. This means the condition on
st s71=0.9+0.1s72=0.9. On the other hand, we expect
st1~s72~0.5, if the ferroelectric depolarization instability

is eliminated by multidomain formation. This means that
C-V data suggest that there should exist a unidomain, or a
multidomain very close to a unidomain itraxis oriented
ferroelectric/insulator/semiconductor structures.

Ci=C//(1+C{/Ci ),

i,in
1/Ci,,in: 1/Ci,insulator+ 1/C ferroelectric

whereC;{ ;, is capacitance of ferroelectric/insulator per unit

area. The total capacitan€g, is

APPENDIX C: DERIVATION OF EQ. (1)
Cow= > SC+ X SC+ > SC

i:+domain iz—domain i:0domain For the estimation of the free energy for Fig. 1 we need to
evaluate the GL free energy under the external figlcton-

where the first, the second, and the third sumsre taken : . 4 . .
Uy sistently with the electrostatic energy in the insulaigrgnd

over the domains havinB*, —P~, and 0 polarization, re- th iconduct The effect of t | field i
spectively, ands; is the area of each domai@; for given P e semiconductory). The effect of an extemal field in a

values €P*,—P~,0) should be the same, and we denotegeneral GL theory is described by the perturbing operator in
- G : " . —~+-0 the Hamiltonian
them asc™, ¢~, andc”, respectively. By substituting

into C; s andC;, into C/;,, we express them as H=—¢h
ct=Cp/(1+Ci/Cy) for P=P", where andh are the order parameter and the field strength,
respectively. If the order parameter is the charge density
¢ =Cy/(1+Cj,/Cy) for P=—P", we haveH =p¥, whereW is the electric potential. The di-
pole p is the sum of a couple of chargesp/l locating at
c®=Ci/(1+Cj,/C% for P=0. *+1/2. TheirH=pV¥ in the limit of shortl is
Using these expressions, we have [pW(1/2)—pW(—1/2)]/1=p[l-V¥(0)]/I=p-VV¥(O0)

Cioa=S"ct+S ¢+, =-p-E
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Therefore,H=—p-E, whereE is the electric field. IfE is V(0)=—D(—Ig)ldeg+¥(—1lg), W(x)=0,
dependent om, it is generalized as

‘I’(—Id—lf)=5q§+Ve.

_f E-dp. Using these relations andegeodE(0)=8D(—1g)=6p

. . " L. +805E(_|d), Eq(CJ.) is
This term is expressed by the field energy, because it is the

electrostatic field energy of two charges. =—86D(—Ig)[—D(—I)ldJeg+V(—1g)]

We show a simple example of two expressions. The total
dielectric energy is transformed by using relatiév= (& +[egfBE(— 1) W (=1g)—egdE(—lg= )W (=l4—11)]
—1)eoE=x&oE, -1

+8580f0w dx 5E(x)E(x)+sOJ © dx SE(X)E(x)

—lg=l¢

ssof dv EZ/ZZJ dv PE/2+80f dv E?/2
+op(W(—lg)—¥(—lg—1)

€580 f d EX(x)/2+¢, f dx E?(x)/2
0 |

—lg—ly

=f dv P2/2X80+80f dv E?/2, —s

where y and g, are the susceptibility and the vacuum per-
mittivity, and the integration is performed over the entire
space. The first term is the bulk free energy of the dielectric,
and the second term is the pure electrostatic field energy.
Namely, we have

+D2|d/28d80_D(_Id_lf)qf(_ld_lf):|

o0 _I
~5 sssof dx Ez(x)/2+sof “dx E2(x)/2
0 —»

:Fo"‘é‘of dv E?/2 (=F0+f dv P2/2£0).
+D2y/2e4e0— p(5dp+Ve)

The formula in the parentheses is for an infinite dielectric

plate, whereE; is caused _by _the depolarization fieIdD_( where 8 ] means the change of the value[ih due to dp.
=goEf+P=0). The equation is same as the conventionalrhe |ast expression is the change of the field energy stored
charge-potential expressioffo—[dv[[odp E] with Er  in 'S |, andF due todp. The last quasiequality is valid for

= —pleo, where the first and the last terms are the bulk freq > the space charge layer width of the ferroelectric.

energy and the depolarization energy. The field expression The final relation is obtained by integrating the first and
and the Charge-potential eXpreSSion of the depolarization €Mhe |last expressions fromzo to p= P and discarding the

ergy yield the same results. ~ terms forp=0, because we are interested in thedepen-
As a next example, we consider the charge-potential endence.

ergy and the field energy in F/I/S ofl@thick homogeneous
ferroelectric in Fig. 1. An electrode with Ohmic contact is
assumed at= —14—1;. We consider an infinitesimal change
of dipole momentp, &p, wherep and ép are directed per- For ap-type ferroelectric,

pendicular to the interface, angl corresponds td®. The

charges are only ir§ and F. Therefore, the infinitesimal ~ W;=28"1In[\/(po/2ne)|P—D|/D] strong inversion,
change of electrostatic energy $ (0<x=<w~) andF (—Iy4

—li<x=-—1y) is V=B 1(P-D)/ID) 2+ B

APPENDIX D: EXPRESSIONS OF W, AND W

% ~lg weak inversion and depletion,
J’ dx 5p(X)‘I’(X)—J dx E(x)dp
0 =lg=ls Vv,=—B Y{P-D)/ID

+f_|d dx Sp(x)W¥(x) weak depletion and weak accumulation,

" _ v.=—-28"ln(|P-D|/\J2D) strong accumulation.
=[85805E(X)‘1’(X)]o+["305E(X)‘1’(X)]ldl_‘ﬂf f p-n \2D) g

For ap-type semiconductor,

Tesgo fo dx SE(X)E(X)+e0 fldlfdx SE(X)E(X) W=28"Yn[(py/2ny)|D|/D] strong inversion,
- _p-1 2 -1 ; - -
_f d dx E(x) dp, 1) V,=8"(DID)* 2+ B weak inversion and depletion,
—lq—1
o ¥ =—B"D/D

whereV=WV(x,p), E=E(x,p), p(p)=p(x,p), &g are the
potential, the electric field, the charge density, and the di- weak depletion and weak accumulation,
electric constant 08, and 6E and 8p are the changes b§p
of E andp, respectively. The potentials @t 0 andx=c are V= —2,8‘1In(|D|/\/§D) strong accumulation.
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D is defined in the text by Eq14). o
FW=J [F¢(P(x)—F¢(P))]dx
APPENDIX E: MULTIDOMAIN EFFECT -
F; for a ferroelectric film having a thickness is given =(—2a,P?—8/3a,P*— 46/15x1,,P°) £+ 47P?/3¢,
by where P(x) is assumed a® tanh{/¢). The half domain
, , p width & that minimizes domain-wall energy is given by/
Fi=Fot+ n(VP)*+Fi=Fo+F,/a+Fg, (9§=0.§This is satisfied for 15 gven by
where the lateral dimension of ferroelectric is much larger 5 7 5
than the domain siza. If the space-charge layer exists hav- £=\47/3(—2a,P?—8/3a;;,P*— 46/15x1,,P°),
ing a thicknesg, F, is modified from 1.7 Ra/l; to yielding the minimum F,=y=87P?/3¢. The material
1.7 Pat/li?(esy constanty is estimated by equating with the experimen-
' f tally determined half domain width in a bulk ferroelectric.
for a homogeneous space-charge la}éFhe domain-wall The expressions ofy and ¢ give the wall energy for an

energyF,, per domain-wall area i¥, arbitraryl;.
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