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Reducing thickness of ferroelectric films typically comes with an apparent degradation of their
ferroelectric and dielectric properties. The existence of low-dielectric interfacial layers is often
invoked to explain such behaviors. Much work has been done on modeling ferroelectric thin films
by considering a ferroelectric layer between two layers with low dielectric constant. In these models
it is necessary to introduce extrinsic parameters; the dielectric constant and the polarization are step
functions of the depth inside the film. We have developed a model for ferroelectric semiconductors
based on the inhomogeneous Landau-Devonshire theory, including surface effects. The local
electric field is determined by solving Poisson’s equation in which a differential permittivity
replaces the dielectric constant. We have found that the hysteresis loops were strongly influenced by
the correlation length. That point is discussed by examining the electric field, polarization, and
differential permittivity profile inside the film. It is shown that the differential permittivity strongly
decreases with the correlation length increases. That phenomena leads to high electric fields inside
the film and especially close to the surface. As a consequence, an explanation for thin film
ferroelectric properties can be given by invoking space charge density many orders of magnitude
lower than those usually considered.2005 American Institute of Physics

[DOI: 10.1063/1.1834728

I. INTRODUCTION tion and the electric field are not uniform inside the ferro-
electric on the whole, but are uniform inside each layer.
Ferroelectric ceramic thin films are being extensively in- Ferrolectrics like lead zirconate titangfZT) have usu-
vestigated for applications in nonvolatile memories. Theally been regarded as insulators, when their ferroelectric
electrical characterizations of MFMmetal ferroelectric properties are discussed. The view point regarding thin ferro-
meta) structures and their interpretations are key points irelectric film as a semiconductor seems to be confirmed by
the understanding of such material properties. Numerous exxperiments. For example, a space charge layer at the metal
perimental results for bulk ferroelectric properties are ex<errolectric contact was suggested by the current through
plainable by the existence of a layer of low dielectric con-ferroelectric metal structures, which showed the Schottky-
stant material at the surface. This phenomena has bedike conductior® Similarly, the space charge effect, i.e.,
described by Kéanzigfor whom the surface anomalies are Schottky barrier at the metal ferroelectric interface, is con-
due to the existence of a surface layer of high electric fieldsidered to be one of the mechanisms that intrinsically re-
MerZ has pointed out that since the dielectric constant isjuces the dielectric constant of very thin high dielectric films
highly nonlinear and field dependent, it would thus be posiike PZT.~°
sible for the dielectric constant to vary within the material. In Chai et alX® considered ferroelectrics as fully depleted
ferroelectric materials, however, the ionic part of the dielec-semiconductors by assuming a uniform doping concentration
tric constant drastically decreases with increasing electrigind relative dielectric constant. They point out, by examining
field due to the increasing stiffness of the perovskite latice. the influence of doping on relations between macroscopic
Despite these previous remarks, the electric field and relativend microscopic behaviors, that the uniform field approxima-
dielectric constant are generally assumed to be uniform fofion is inaccurate for interpreting ferroelectric semiconductor
bulk ferroelectrics. thin film behavior. Chaet al**?improved the physical de-
Many author$® have adopted an approach which con-scription of MFM structures by considering a spatially vary-
sists of considering ferroelectrics as insulators with two noning permittivity inside the film.
switching dielectric layers, one adjacent to each electrode, |t must be noticed that for all of these studi8s'?the
each layer having the same thickness and a low relative diolarization is always split into a linear and a switching com-
electric constant. Moreover, in these conditions the polarizaponent. As a consequence, for the relative dielectric constant
€ Wwhich is the coefficient of the linear contribution, two
dElectronic mail: laurent.baudry@iemn.univ-lillel.fr cases have been examinéd). ¢, is directly assumed to have
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an abrupt or gradual depth dependence for the relative di- @, B,
electric constant; the profile is defined at the beginning of the ~ Vp*(P) = PLARL (1)
simulation and kept constant, thus it does not depend on
external biag2) €, depends on the external bias by mean ofwith a=a(T-T,), a>0 and 3>0, whereT is temperature
an abrupt or gradual electric field dependence defined at th@nd T, the Curie temperature.
beginning of the simulation. As a consequence, a nonuniform  When the electric fiele is applied to the dipole, its free
electric field induces a spatially varying permittivity. A simi- energyF becomes
lar approach has been used by Kimm and'tee study the F=V.4(p) - pe ?)
effect of the space charge distribution on the hysteresis loop = VpHP) ~ P
properties. A dipole which manifests the properties of hysteresis
In these studies, the relative dielectric constant is indefi.e., spontaneous _polarizatiofps=y~-a/f) and coercive
pendent of the polarization state. In the present article wee|d (eC:—ZaIS\f"S\f'—a/,B] is described in Laudau’s theory
propose a model in which such assumptions are not madewith a simple bistable system characterized by two param-
By choosing a thermodynamical approach based on theters « and 3. This kind of loop is often called an ideal
Landau-Devonshire theotythe polarization is not splitinto  hysteresis loop because of the abrupt transitiog,at
two terms. That allows us to write Poisson’s equation for a  Based on the continuum mean-field theory, a form of
ferroelectric semiconductor, accounting for a differential perfree energy for ferroelectric thin films has been developed
mittivity which is polarization and electric field dependent. and a so-called “extrapolation lengtRh? which measures the
In these conditions, hypotheses on the permittivity depth destrength of coupling in the surface lay&?°was introduced
pendence are not required because it is derived from thg describe the change of the local polarization near a free
other parameters. It seems to us that by the use of this agurface of a ferroelectric. Since we have chosen to describe a
proach, spatial dependence of the permittivity is less artififerroelectric by an ensemble of dipoles, it is necessary to
cially taken into account. include the effects of interactions between them in the free
Since the presence of charges in the ferroelectric semienergy expansion. We use the following formula to deter-
conductor is accounted for, a spatial variation of the electrignine the free energy of a bulk materfa);:
field and thus effects on the hysteresis loops are expected.
We report results obtained by assuming a uniform space Fv:f f[P(r)]dr, (3)
charge distribution inside the film. v
This article is organized as follows: In Sec. Il, we de-
scribe the physical foundations of this study. The major feaVith
tures of the model are presented in Sec. Ill. In Sec. IV we s P
investigate the influence of the bulk correlation length and ~ f[P(r)]=Vg[P(r)] + E[V P(F)]Z‘J E[P'(r)]dP'(r),
the doping level on ferroelectric properties. The main con- 0
clusions are summarized and discussed in Sec. V. (4)

wherek is the interaction coefficient between dipoles.
Physically, the second term of E@) corresponds to the
polarization gradient between neighboring dipoles and essen-
Il. THEORITICAL BACKGROUND tially provides an energy penalty for the formation of such
gradient.
In this article we focus on the properties of a ferroelec-  1he film free energy is obtained by adding a surface
tric capacitor, we have considered the classical structure of ¥ Which depends or and so that it is given by
MFM sandwich, and have studied its response to an external F. =F +F 00 (5)
bias Ve
The direction of the polarization is assumed to be perWwith

pendicular to the film surface. We thought that the original «

idea proposed by Ishibashiwhich consists of both model- Fsurface:f —[P%(x,y,z=0") + PX(x,y,z=L")]dxdy.

ing ferroelectric by a lattice model and using a thermody- s2\

namical approach, is suitable for thin film description when (6)

the surface effect is accounted for. In this section we describe . . )

the basis foundations of the model. It can be noticed thaFg,.ce iNcludes boundary condi-
The phenomenological Landau-Devonshire theornyions at the surfaces

vyhich describes the properties of ferr.oelectric phase transj- dpP P(0") dP P(LY)

tions, can also be employed to describe the thermodynamic - = and — = (7)

dz| g N dz| .. N

stability of a ferroelectric in a bistable polarized configura-
tion and to predict the response of a dipole to an applied One of the key points in determining the equilibrium
electric field**®~*8In this context, one of the simplest mod- configuration P(r) by applying the variational principal
els is the so-callegy* model for which the thermodynamic (&Fy,,/dP=0) is the mathematical expression of the electric
potential of one dipole is written as field E[P’(r)].
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The electric displacemeit is related to the electric field
E and the polarizatio® by the following equation:

D=eE+P, (8)

wheree, is the permittivity of free space.
Maxwell’'s first equation establishes a relation between
the electric displacemei and the charge densigy

VD =p. 9

If we consider the simple case of a one-dimensional
ferroelectric capacitoP=Pz, by assuming a linear relation
between polarization and electric fieREegxE, we obtain
Poisson’s equation

E _p@
r?Z_eoer'

Electric Field (kV/cm)

(10 )

10 . 20. 30 40 2 5
Polarization (4C/cm®)

wheree, is the relative dielectric constant defined as
FIG. 1. Zero field differential permittivity for a dipole as a function &f
1P
=1+y=1+——. (11  andps
6E

Equations(10) and (11) are valid for a dielectric mate- by a differential permittivity inside the denominator of the
rial. If we now assume the following classical relatiéh  right part of this equation. An increase in the differential
=eoxE+P,, in which the polarization is split into a linear permittivity tends to reduce the slope of the electric field
componenteyxE and a switching componer®. Equations  inside the ferroelectric.
(10) and(11) stay valid only if we assume th& is uniform The fact that for a ferroelectric, the polarization-field
inside the film(i.e., the contribution of the surface effects is dependence is not simple and that the second member of Eq.
neglectegl Notice that splittingP, implies considering an- (14) depends on the polarization states makes the determina-
other approach than the thermodynamical one adopted by ugon of the internal electric field more difficult than for a
For example, Chaét all®*2uses a hyperbolic tangent func- classical dielectric. In these conditions a numerical approach
tion to describe the relation between the electric field and thés generally required, while for a dielectric one an analytical
polarization. one is often possible, obviously according to the charge dis-

Without any assumptions on the polarization-field de-tribution p(z) and neglecting the surface effect. This reason
pendence, Maxwell’s first equation leads to the followingcan explain why, despite the strong assumptions listed, the
equation: choice of Eq.(10) for determining the electric field in a

ferroelectric material is often made.

JE Z
E__rD__ (12)
9z €y+ (9PIGE)
a differential permittivity can be defined as Ill. DIPOLE PROPERTIES AND MODEL DESCRIPTION
_ 10P It is interesting before studying thin filrGi.e., the lat-
e=1+ = (13) tice), to examine the properties of a dipole.
0

_ _ _ The  permittivity is defined as e(e,p)=1
and Poisson’s equation for a ferroelectric takes the same ap-(1/¢) (9p! 9€)| e, although it strongly depends on the po-

pearance as for a dielectric larization state(e,p) and thus on the parametees and ps
JE p(2) which define the polarization-field relation.
P — (14) We have investigated the dependence of the zero field
Jz 608(E, P)

differential permittivity e(e=0) with the parameterg, and

The electric field position dependence given by Ed6) ps. Figure 1 shows that according to the valueepfand pg,
and(14) are quite different. Let us examine the case where:(e=0) can drastically change. For example, the zero field
p(2)=0, Egs.(10) and (14) both lead to a uniform electric permittivity of a dipole which corresponds to the hysteresis
field. On the contrary whep(z) # 0 these equations are ex- parameters often reported for PZT thin filmge,
pected to lead to different results. =35 kV/cm andps=30 uC/cn¥) is about 2000. More often

In the present work we have adopted Ef§i4) which ¢ is determined by using the classical formuja CL/ €pA,
seems to us more consistent and interesting due to the modehereC is the capacitance measured ahdhe area of the
foundations. capacitor. Thee, values usually obtained for PZT are about

It can be noticed that in these conditiong an intrinsic  600—800. The discrepancy between the values ahd ¢,
model parameter and that the effect of the spatial variation ofvhich correspond to the same value of the coercive field and
the polarization is not included by means of a bound chargeemanent polarization clearly indicates tkaaindps must be
density inside the numerator of the right part of Etd) but  considered as model parameters.
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We have chosen to describe the ferroelectric by an eneonsequence, Eqél5) and(17) are solved self-consistently
semble of 20X 200 dipoles uniformly distributed in a until the determination of these parameters with an accurate
square lattice and characterized by the same Landauprecision is achieved.

Devonshire polynomial of Eq1). For the dipole parameters, Equationg(15) and(17) are related to dipoles inside the
we have takerps=30 uC/cn? ande,=35 kV/cm. The po- lattice. For dipoles located on the side perpendicular to the
larization of the dipole located &}j is p;;z, each dipole lying  electrode, we have taken cyclic boundary conditipys ;

in the doubleV« potential and interacts with its first neigh- =pyj, Poj=Pnjs Un+1j=v1, aNdvg;=vy.

bors. The polarization at the electrode side is given by &9.

The polarization is a function of the electric field, which and the effect of the external bias is introduced by taking
itself is a function of time due to the variation of external v; 4=0, v; ,=Vey ON the electrode side. In the present article,
bias Ve, and polarization state. The dynamic behavior iswe show and discuss results concerning the polarization-field
characterized by a viscocity coefficieptwhich causes the response at low frequendyt00 H2), the loops and profiles
delay in individual dipole switching"??The polarization re- across the film correspond to a steady state for all the model
sponse of the dipolg j to the local electric field; is deter-  parameters.
mined using the following equation.

At Ky IV. RESULTS
P (t+ A = py; (1) = —1 ap;(0) + BLp; (1) = 5[ Piyj (D)
Y h PZT bulk materials are generally described ag-gpe
Ky semiconductor while PZT thin films exhihittype semicon-
+Pi-gj(t) = 2p;; (D] = F[pijﬂ(t) +Pij-1(t) ductor propertied® The sign of the space charges and carri-
ers is a crucial point to describe charges injection and con-
duction phenomena. Since the present study is devoted to the
hysteresis properties, the sign of the space charge is not a
point of fundamental importance. Indeed the hysteresis loops
+ Picgjea(t) + Progj-a(t) — 4p; (D] - e,j(t)}, only depend on the absolute value of the space charge den-
sity. For this reason and also in order to compare our results
(15)  with some previously published;"**®we have presented in
this article results obtained by considerering PZT astgpe
whereh is the lattice parametek;, «,, andk; are the inter-  semiconductor. Obviously, we have verified that the sign of
action coefficients between first neighboring dipole. The cothe space charges only affect the profiles of potential, electric
efficient y has been arbitrarily set to 0.625 V ms/C for our field, polarization, and permittivity. The profiles fortype
calculations. ferroelectric semiconductors can easily be deduced by invok-
The polarization of the filmP is determined averaging ing symmetrical considerations. Another key point is the
the local polarizatiorp;; over the number of dipole, and the space charge distribution. Is it located close to the surface or
electric fieldg; is derived from the electrostiatc potentig is it occupied on all the film? For example, the fatigue phe-
nomena is often explained by the extent of the space charge
&=~ Vi, (16)  width from a region located close to the electrode toward the
middle of the film. For the present study we have assumed
that the space charge layer width corresponds to film thick-
ness and that it is not modified by the external bias. In these
conditions the comparison with previous modeling results is
(17 possiblel.o'lg'lgMoreover, we have verified that the fully de-
pleted assumption was verified for each case studied in the
Since the polarizatiop; of the dipole located &t j and pres.ent article by using the method described in the annex of
the electric field ; are known, the value ofg;=1  Chai's article. _ o o
+(1/¢&) (‘9pii/‘9eli)|(e.-,pi-) can be determined by the use of the We have considered a 0@m-thick film which is as-
following method. Due to its definition, it is clear that ~Sumed to be fully depleted with a uniform space charge den-
characterizes the capability for the polarization to besSity N of negative elementary charge=-1.6xX 10" C) so
switched under an applied field. that the charge density(z) and p;j, which appear respec-
In order to determine the terdp;;/de;, we apply to the tively in Egs. (14) and (17), are taken equal tgN. The
dipoleij, a virtual fieldAe, and calculate a virtual polariza- €xtrapolation length has been set to 1.
tion p(e;+Ae) so that We have used the two-dimension@D) lattice model
described in the previous subsection. Because of the bound-
ary conditions along the axis, the physical quantities of
interest only depend on the depth in the film, thus profiles
(1D graphg are suitable for the results analysis. That point,
When g;; is known, Egs(15) and(17) are solvedi.e.,  which has also been discusssed in Ref. 24, is more related to
vij, &j, and p;; are determined We have pointed out the the code development and further investigation than to the
interdependence of;;, vjj, €;, and p; at each time. As a present physical problem studied.

= 2p(0] = 2 5[Pugea® * Pragy-alt)

which is itself obtained solving two-dimensional Laplace’s
equation, using the finite differences method

2
_ pijh 4+ Uimyy T Uiva + Vijea + Vjjg

Vi =
! 4608ij 4

Py — lim pij(e; + Ae) - pji(&;)
076*” (elj’pij) Ae—0 Ae

(18)
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FIG. 2. Hysteresis loops for a 08m-thick film. The solid line corresponds ”E‘ \'\
to the case where no surface effect is included. Other calculations have been L 1o Ny ]
made by takingN=5x 10" cm® and including the surface effect. Several > S
values of ¢ have been considered=10"°m (long dashed ling é=5 = 5‘*~_\‘ N 7
X 10° m (dotted ling, £é=15x 10°° m (dashed ling and £=25x 10° m 9 [ e
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Poisson’s equatiofEqg. (14)] implies that a permittivity £ e
which is field dependent can have a profound effect on the 2-10F e
. ) . . ! & ~
magnitude of the internal field. In the following subsections s ; ;
we will discuss the interdependence of the permittivity and (b) 0 0.1 02 03
the electric field for a ferroelectric semiconductor thin film. . . .
Inside the film the electric field and the polarization are o~
s el . . . N30 == —tr——mn S e o e o ]
strongly position dependent. The permittivity is polarization g s TN Y
and electric field dependent, thus we have studied the per- o I/I/ '\.\ \\ :
mittity behavior inside the film which is always a question of 3k Ji s\
interest. g ki Yy
We have focused on the influence of two parameters on El /il Y
the ferroelectric properties: the correlation lengthy«/|c/| - 10f L\
5] .
and the space charge density E ;’ \_‘L
3 Ay
3
A. Influence of & (C) % 0,1 0.2 03
We have studied the influence of the correlation lerigth T T
on the polarization-field dependence. By using a thick solid Woop~ """ T T TT T T T T T T /
line, we have plotted in Fig. 2 the loop obtained when the
surface effect and the space charge field are both neglected. e y
In this case, the electric field inside the film is equal to the 100 1
external field and the polarization is uniform. The film ex- R
hibits the ferroelectric properties of a dipol&P,=ps
=30 uC/cn? andE.=e,=35 kV/cm). We have also plotted | I
in Fig. 2 the hysteresis loops obtained when surface effects
and space charge density were both included. The space . . .

charge density was taken equal t&x %0 cm™ and several (d) 0 or (4m) 0.2 0.3

values of¢ have been considered. As shown in Fig. 2, when

the correlation Iength increases the |00pS become more ar"-qG. 3. The profiles of potentidh), electric field(b), polarization(c), and

more constricted. differential permittivity (d) inside an 0.3am-thick film are presented. Cal-
We explain that behavior by using the profiles of poten-rcluIations have heen made by tallkihlg5><thl"’|_cm‘3-_Severalgvalues of

ial (2, elecrc field),polarzation(), and permitiity(e) ot 255 Orsres 0 g deshe e €55 00 cones

obtained atP; (Fig. 3). When the correlation length in-

creases, the reduction of the polarization in the interior of the

film is enhancedFig. 3(c)] because of the augmentation of Due to the mathematical expression for Poisson’s equa-

coupling between dipoles. We have described in detail thision [Eq. (14)], the effect induced by the polarization varia-

phenomena in one of our previous studie#\s shown in tions inside the film is accounted for by means of the differ-

Fig. 3(c), the polarization profiles &; become less and less ential permittivity. This description is quite different from

symmetrical wher€ increases. In our previous work the po- that generally encountered in which the bound charges pro-

larization profiles were always symmetrical so that we haveduce an electric fiel&,.= [-div P/ ¢, dz?* In that study, we

tried to find an explanation of this behavior. have considered the ferroelectric as an insulatef: The



024104-6 L. Baudry and J. Tournier J. Appl. Phys. 97, 024104 (2005)

T : T 10000g T T T
IR
g | 1000k ;
g | ! ]
g i w100} R 1
g | \
g | | ] AN
[75] 1 \
1 10k AN -
AY
(a) A "
T T T \\§
| 1_10 PR .....I.'9 I8 ....I._7‘|—.-.....u P
- F ! . 10 10 10 10 10
Q
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% 44 4 s, : FIG. 5. The permittivity mean value is plotted as a function of the corre-
< AR RE lation length¢. The horizontal line corresponds to the dipole valoenin-
2 : teracting medium
E I I
[ 1 b . .
b 0 4(a)]. The effect produced by the space charge field is de-
(b) - . : scribed in Fig. 4b). On the left side of this figure, the electric
_ field is positive, as is also the polarization. Thus the field
g \\\ effect is polarizing and opposite to the surface effect. As a
< ] consequence in this region of the film, the magnitude of the
= . polarization decrease is reduced by the space charge field
(=] . . . . . .
kS 4 effect. On the right side, the electric field is negative, the
§ ] effects are both depolarizing. Thus on this side, the magni-
= ) tude of the polarization decrease is enhanced by the space
(2) E \ charge field. As a consequence the polarization profile is

asymmetricalFig. 4(c)].
z (A.U.) The hysteresis loop obtained for the lowest values of the
FIG. 4. Sketch of the surface effe@) and space charge field effgdf) for correfation Iengthgz 10 m IS, as shovyn in Fig. 2, Vel.’y .
low space charge density. Arrows have been used to show the direction arﬁ]ose to the dipole one. The band bending o_f the potential is
the magnitude of these effects on the polarization. The resulting polarizatiovery weak and the electric field close to z§Figs. 3a) and
profiles(c) are shown for two casesl) neglecting the contribution of the  3(h)]. This point is easily explained by the weak surface
har 1 i . . . . . .
Caashed I (2 3oeouriing for he contrbuton of the surface ofies  SHect inside the film observed in Fig( so that the electric
and of the space charge fialt) (solid line). field inside the film is almost reduced to the external com-
ponent which is null in the short circuit conditions. The sur-
face effect increases with the potential band bending and
electric field has two componenB=E.+E,. whereE.y; the electric field are then enhanced.
=Vex/L is the external field. For a ferroelectric semiconduc-  We observe, despite the low space charge densities that
tor we would haveE=Eg,+Ep+Es. With Es.=[p/ey dz A the electric field close to the surface is not weak. That may
study accounting for this approach will be reported in a fu-appear to be strange. Nevertheless, by examining the permit-
ture article. It is clear that for the present study the electriaivity profiles, we can explain the discrepancy between both
field has only two components, the external &g and the  the values. As shown in Fig.(8),%° & exhibits a strongé
space charge orte,.= [p/ ege(E, P) dz The discussion of the dependence. We observe that whemcreases, the permit-
results must be limited invoking these two field effects andtivity strongly decreases. As a consequence, despite the low
the surface effect. space charge density=5x 10" cm 3, the effect produced
At remanent statd®; the external field is null only the by the space charge on the electric field values is important
effect of the space charge field component is observed in Fidor the highest values of because of the low value.
3. It must be noted that the potential profiles exhibit a para- We have plotted in Fig. 5 the evolution of the mean
bolic shapgFig. a)], the electric field profiles are lineat, permittivitys_:1/Lfge(z)dz as a function of. When¢ goes
and exhibit two regions of opposite field directiofiSig.  to zero, which corresponds to the case of a noninteracting
3(b)]. We now focus on the explanation of the phenomenanedium, we found again the zero field dipole permittivity for
observed in Fig. @): As the correlation length gets higher, the'e value. When¢ increases, we observe thatlecreases,
the polarization profile becomes more and more asymmetriand reaches 1 for infinit€. This corresponds t@p/de=0
cal. In order to illustrate the discussion, the effect of thewhich means that it is impossible to switch the polarization.
surface effect(a) and space charge field effe¢b) are Itis necessary to remember thats a local parameter when
sketched separately in Fig. 4. explaning the evolution of with £ As a consequence a local
Since the surface effect is accounted for by the sameariation of 6p induced by a local variatiode produces an
boundary conditions for each side, the polarization decreasescreases of free energy through the gradient term which
with the same magnitude in the vicinity of each sidieg.  increases a§ gets higher. As a consequence the variation of
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FIG. 6. Hysteresis loops for a 0@m-thick film. Calculations have been E ‘\'
made by takingN=5X 10 ¢cm™ and including the surface effect. Several g 100 "~ b
values of ¢ have been considered=10"°m (long dashed ling é=5 ; '\.\
X 10° m (dotted ling, £=15x10° m (dashed ling and £&=25x10°m & SOF~l ~.. -
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the polarization corresponds to a less favorable situation as = 30 S
the correlation increases. In other wordslecreases due to S 100l RN
the energy minimization. &8 S,

Then we have studied the ferroelectric properties for a -1505 o ) o3
ten times higher space charge density. The polarization-field
dependencies are plotted in Fig. 6. It appears, as compared to
Fig. 2, that the degradation of the ferroelectric properties is
more pronounced. The potential band bendiRy. 7(a)] is
more important and the slope of the electric fighdg. 7(b)]
is almost ten times higher than that shown in Figh)3

As a consequence, for a given valuegdghe effect of the
space charge field on the polarization profiles is more impor-
tant [Fig. 7(c)]. An opposite polarization structure then ap-
pears for the highest values éfconsidered.

In order to explain this phenomena, we have sketched in
Fig. 8 the effect of the surface effe@), the effect of the 0 0.1 0.2 03
electric field (b), and the influence on the polarizati¢o). (C)
Due to the ten times higher space charge density, the electric N e e e e /
field exceeds the coercive field values.€lose to the sur-
face[Fig. 8b)]. As a consequence the polarization switching
occurs in this regiorjFig. 8b)].

Despite the field valuee; is not reached everywhere in w
this half side of the film and polarization reversal occurs = becommmmcmmem = -
elsewhere in this half side because of the free energy mini- 10k s e
mization. That leads to the formation of an opposite polar-
ization region structure.

It must be noted that contrary to what we have observed 15 1 o5 3
for a ten times lower space charge densjiig. 3(c)] the (d z (pm)
effect of the boundary conditions does not extend in the
depth of the film[Fig. 7(c)]. In fact it is located in the close FIG. 7. The profiles of potentiah), electric field(b), polarization(c), and

vicinity of the surface and is responsible for the decreases 'fferential permittivity (d) inside a 0.3um-thick film are presented. Calcu-
y P ations have been made by takiMF5x 10 cmi3. Several values of

|P| on each side. ] have been consideregd=10"° m (long dashed ling £&=15xX 107° m (dotted
We have found that the space charge density values faine), ¢=15x 10" m (dashed ling andé=25x 10°° m (dashed-dotted line

which ferroelectric properties were strongly affected by the

space charge field was about two orders of magnitude lowetitions it is clear that the permittivity is a nonlocal parameter
than these predicted by nonthermodynamical modelindgpecause that is the variation of the mean polarization over
approacheéc."”ln order to explain that phenomena, it is nec- thickness of the film which is measured. For modeling ap-
essary to note that usually the permittivigy which is used proaches cited therein, the polarization everywhere is fully
in these models, is determined from experimental data byletermined by the knowledge of the alone electric field cal-
calculating the slope of the hysteresis loop at the remanerdulated from the ideal dielectric Poisson’s equation in which
state or by using the capacitance measurements. In these can-is introduced[Eq. (10)]. Moreover, because transient
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I
(b) - - - plotted in Fig. 9 the polarization-electric field dependencies
' obtained for several values of the space charge density.
;’__5‘ | | The loop which corresponds to the lowest space charge
< density studiedN=10" cm ™) is very close to these ob-
%’ : tained for a ferroelectric insulatgN=0) (only one of them
- has been presented in Fig. @et us remark that this loop is
§ constricted with respect to the dipole ofie, <ps and E.
s i <e,). Because the results fod=0 and N=10" cm3 are
very close, that means fow=10" cm™3, the contribution of

the space charge field to the ferroelectric properties is negli-
(©) z (A.U)) gible. In other words the constriction of the loop observed

FIG. 8. Sketch of the surface effe@) and space charge field effgdf) for for N=10" cm™ is Only due to the surface effect. A more

high space charge density. Arrows have been used to show the direction arqjuetalled StUdy concerning the influencenobn the hySterES|S

the magnitude of these effects on the polarization. The resulting polarizatiofarametersP, and E. will be reported at the end of this
profile (c) in which both effects are seen to be effective. section.

When the space charge density increases the constriction

states are not described that also implicitly means that th@f the hysteresis enhances and successively a double loop
local polarization variations are instantaneous. In othefysteresis and a linear behavior are observed.

words, despite the interest that such kinds of modeling ap- FOr @ better understanding of these phenomena, we have
proaches have, we cannot fully trust these descriptions fdiePresented in Fig. 10 the profile fof E, P, ande at the

thin film properties because what happens inside the filnfemanent stat®;. When there is\=10" cm ® space charge
between two steady states is not described. Obviously Whg{ensny, the space charge field is very weak. The electric field
happens after the initial state determines the final state. A§ almost reduced to the external componBmtE,. As a
previously discussed, the physical basis of our model is consequence the electric fl_eld _|nS|(_1Ie the f_|Im is uniform, null
well adapted to the classical description of ferroelectricity, 22t Pr [Fig. 1Ab)]. The polarization is only influenced by the
collective phenomenébecause of the thermodynamical de- Surface effectFig. 4 and thus exhibits a symmetrical profile
scription), an inhomogeous switchingpecause of the evolu- ywth respect to the middle axis of the fllm. The polarlzatllon
tion equation. Moreover for the present study, the local IS reduced close to the surface and is equal to the dipole
variation of the polarization is influenced by the local electricPlarization in the interior of the filnjFig. 1Qc)]. .
field determined by using the local parameteand the con- When N> 10" cm™ the potential exhibits a parabolic
tribution of the free energy gradient. For us, these remark§haPe(Fig. 10@)], the magnitude of the potential band bend-
could explain the discrepancy of space charge density rang89 is enhanced by the space charge density augmentation.
of values necessary to make ferroelectric properties vanish ihn€ électric field is linear and two regions of opposite in sign

both kinds of approaches. electric field are observed in Fig. ). As the space charge
The next section is devoted to a detailed explanation oflensity gets higher, the slope of the electric field distribution
the influence of this parameter. increases and for the highest valued\pthe electric field is

higher thare; on the left side and lower tharez-on the right

side. As a consequence the mechanism already seen in the

previous section and described in Fig. 8 leads to the forma-

tion of an opposite polarization region structure. In fact the
In this section, we will study the influence of the spaceevolution of the loop withN is very similar to those one

charge densityN on the ferroelectric properties. We have observed withé.

B. Influence of N
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The distribution of the electric field inside the film at a
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In the previous section we have focussed on the expla-

nation of the order of magnitude af, which strongly de-
pends org, so that we have adopted a logarithmic s¢&iig.
3(d)] in these conditions where the polarization profile ap-
peared to be uniform inside the film. Contrary to what we
obtained in the previous section, the order of magnitude of
is not strongly influenced by the space charge density.

We now focus on the explanation of the detail of the
profile shape. As shown in Fig. (@) the e profile strongly
depends on the space charge denbityTwo peaks of per-
mittivity are observed foN=10'"° cm3, one near each side.
Those kinds of profiles have also been reported for the sus-
ceptibility by Zhonget al?® and by Glinchunket al? for
ferroelectric insulators.

For low space charge densitiN=10' cm3), the per-
mittivity profile is slightly more asymetrica{dotted line.

The peak of permittivity observed on the left side is less high
than for N=10'® cm™3. As N increases the profiles become
more and more asymmetricadashed ling and the peak of
permittivity located at the left side vanishes.

For N=10'" cm™ an opposite polarization region struc-
ture is observedFig. 1Q(c)]. A peak of permittivity is ob-
served close to the middle of the film and two regions of low
permittivity are observed on each side of the peak.Ms
increases the peak of permittivity becomes more and more
centered with respect to the middle of the film, and for the
highest space charge density considensel10'® cm™3 the
permittivity profile appears to be symmetrical.

It can be noted that the changes observed in the sym-
metrical properties of the permittivity profile are in close
relation with the changes observed on the polarization pro-
files. For the lowest values dfl studied the surface effect
prevails over the effect induced by the space charge field.
Thus polarization and permittivity profiles are symmetrical
with respect to the middle of the film because the surface
effect has the same magnitude on each side of the film. For
medium space charge density both effects influence the po-
larization permittivity and symmetrical properties are not ob-
served. For the highest values idf the space charge effect
prevails over the surface effect so that the polarization and
the permittivity exhibit symmetrical profiles because they are
mainly influenced by the space charge field which itself ex-
hibits symetrical profile. Except close to the surface, we have
observed that followed the variation ofdp/ 9z with z. That
behavior can easily be explained as follows: The more im-
portant component of(z) is the term 1£,X dp/de. So that
the termx(dp/ dz)? in Eq. (4) can be rewritten approximately
kK?e?€5, whereK is the slope of the electric field which is
almost uniform.

As a consequence, the spatial variation of the permittiv-
ity is governed by the polarization gradient. In fact the aug-
mentation of the polarization gradient increases the free en-
ergy. This corresponds to a less favorable situation and thus
the polarization is easier to switch.

Because the polarization is determined by the boundary

given bias is completly determined by the knowledge ofconditions[Eq. (7)], the polarization variation at the surface

e(E,P) and N. Due to the spatial variation of the electric

is not strongly influenced by the space charge field. As a

field and the polarization, the permittivity is expected toconsequencéP(0)| and |P(L)| are almost independent of

change through the depth of the film.

and as is alse at the surface.
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== T e e the dipole one is the surface effect. That means, in that case,
that the space charge field is not sufficient to modify hyster-
esis properties. As expected for the highest correlation length

0.8F -

_—3 3 values studied, we observe in Figs(land 11c) that the
2 reduction of the ratios for a ferroelectric insulatonly due
& oaf ] to the surface effegtincreases withé. For a ferroelectric
semiconductor the coercive field decreases with That
02p E clearly shows that the role of the space charge field on the
. . switching properties is important. From aboi=6.45
o 0" 1o 107 X 10 cm® for é=108m and N=1.72x 10 cm ™ for &

=2.5X 108 m the coercive field is null, which corresponds
to the appearance of the opposing region structure inside the
film. It is convenient to distinguish two parts on the polar-
ization curvegFigs. 11b) and 11c)]. Before the appearance

of the opposing region structure, the effect of the space
charge field is weak and its effect gives rise to the polariza-
tion decreases on one side and the increases on the other side
(Fig. 4). Because of these opposite effects, the film polariza-
tion, which corresponds to the mean value over thickness, is
close to those of a ferroelectric insulator. After the appear-
ance of the opposing region structure, the film polarization is
null because its profile is symetrical with respect to the point
of zero polarization located in the middle of the film.

Ratios

Ratios

V. CONCLUSION

The internal description of a ferroelectric semiconductor
, n thin film, i.e., potential, polarization, electric field, and dif-
10° 10'° 107 ferential permittivity variation inside the film, has allowed us
Space charge density (cm—*%) to discuss their effects on the hysteresis properties.
FIG. 11. The evolution of the ratioB,/p, (dashed linesand E,/e, (solid AS prewously showff fo_r a ferroelectric insulator, .the
lines) with N are presented for three éor?elation length valf,ce?f(fg m (a), correlation lengti¢ plays an important role 9” the magnitude
£=10® m (b), é=2.5x 108 m (c). The horizontal thick lines correspond to  Of the surface effect. In the present article we have also
the values obtained for a ferroelectric insulati=0). In (a) the ratio values  shown that for a ferroelectric semiconductor, the polarization
for a ferro_el_ectric semiconductor are identical to those obtained for theprofile also depends on the space charge field. The most im-
ferroelectric insulator. . .
portant result is that the order of magnitude of the parameter
¢ also strongly influences the permittivity inside the film.
These explanations are valid except in the close vicinityAs a consequence, because for a ferroelectric semiconductor
of the surface, i.e., near the peak locations. It is difficult tothe parametee plays an important role in Poisson’s equa-
provide a simple explanation of the permittivity peaks, thetion, the space charge field is not only determined by the
permittivity behavior in the vicinity of the surface is influ- space charge density but also by the coupling between di-
enced by both the boundary conditions and the polarizatiopoles introduced by means of the correlation length. The
gradient term. These opposite effects can explain the exigpermittivity e strongly decreases whehincreases, and as a
tence of permittivity peaks because according to the positionesult the electric field inside the film reaches very high val-
between the effect of the polarization gradient or the effect ofies. For medium coupling; is very weak inside the film,
the boundary conditions, we think that one of them prevailsand as a consquence, for low space charge density high elec-
over the other one. tric fields are also observed in the ferroelectric. In other
For a better understanding of the contribution of thewords, even without high space charge density, high space
space charge field and the surface effect toward the ferroelecharge fields can be observed because of the dovalue
tric semiconductor properties, we have plotted in Fig. 11 thénduced by the coupling inside the material.
evolution of the ratiosE./e; and P,/ps with N for many Recently, Prosandeeat al,*® by studying heterogeneous
values of the correlation length. The results are compared tterroelectrics, established that the susceptibilityas con-
those obtained for a ferroelectric insulator. For the loweswversely proportionnal to the parametein front of the(VP)?2
value examinedt=10"° m [Fig. 11a)], the values for the in Landau’s equation. The Prosandeew al. and present
ratios are not distinguishable from those obtained for a ferrostudies both show that, respectivetyandé=«/|a| play an
electric insulator. The alone phenemenon responsible of thienportant role in the susceptibility and the permittivity val-
constriction of the loogE./e, <1, P,/ps<1) with respectto ues. It must be noticed that despite the differences between

o E——
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the two approaches the same trend in evolution is observed: The extrapolation length which plays an important role

When the correlation increasesandé=\«/|a| increase, as in the polarization variation close to the surface could also

a consequence and y strongly decrease. strongly influence the permittivity profile. Because it is well
For example, for a 0.3m-thick film with a space known that the magnitude of the surface effect on the ferro-

charge densityN=5x 10" cm ™3, by taking é&=25xX10°m  electric properties increases while the thickness decreases,

we obtained the electric field at the surfaég,=13.4 o0ne can expect permittivity variations driven by size effect.

kV/cm. That value must be compared to the value usually

obtained for the case of an ideal dielectric with the sameéACKNOWLEDGMENTS
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