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Lateral size effects on cells in ferroelectric films
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On the basis of phenomenological theory, ferroelectric films with cells finite in three dimensions are
studied by considering their practical applications in ferroelectric random-access memory. The lateral
size dependence of the Curie temperature and the polarization is obtained and the stability of the fer-
roelectricity of the cells is discussed.

I. INTRODUCTION

In recent 'years, surface and size effects in ferroelectric
films have aroused great interest with the rapid progress
in the manufacture and applications of ferroelectric films.
Various approaches, including phenomenological
theory' and the transverse Ising model, ' have been
exploited to study the polarization and Curie temperature
anomaly due to the existence of the surface. In phenome-
nological theory, a parameter called the extrapolation
length 5 is introduced to describe the difference between
the surface and the interior. The polarization is reduced
at the surface, and the Curie temperature decreases with
decreasing film thickness when 5)0, while the polariza-
tion is enhanced at the surface and the Curie temperature
increases with decreasing film thickness when 5 (0.'
Phenomenological theory has been successful in explain-
ing many experimental results, ' such as the increase of
the Curie temperature and the polarization of KNO3
with decreasing film thickness. So far, however, this
theory has only treated films with single-domain struc-
ture, i.e., only the size effect in one dimension (the thick-
ness direction) has been considered. Hence it is
worthwhile to extend the theory to ferroelectrics which
are finite in three dimensions. Furthermore, recent devel-
opments ' in ferroelectric films have enabled the fabri-
cation of nonvolatile memory cells with lateral sizes (di-
mensions in film plane) of micrometers. The available
area per memory cell will decrease significantly with the
increase in the number of memory cells for the fabrica-
tion of next-generation ferroelectric random-access
memories (FRAM's). " Therefore, it is of great practical
importance to investigate not only the thickness effect
but also the lateral size effect on the ferroelectric proper-
ties of memory cells. In this paper, we will study the
effect of lateral size on the polarization and Curie temper-
ature of the ferroelectric films with cell structures, and
discuss the ferroelectricity stability of the cells at
different sizes and temperatures.

II. METHODOLOGY

Consider a ferroelectric film composed of cells of the
same size ap X bp X cp which form a rectangular periodi-
cal structure in the film plane. ap and bp are periods in
the x and y directions, respectively, and cp is the film
thickness. The channels between the cells are negligibly
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and the corresponding boundary conditions

P~ x = +(ao /2)

P ~y =+(bol2) (3)
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dz $ z =+(co/2)

where the third equation in Eq. (3) is the same as the
boundary condition for ferroelectric films without cell
structures. ' When 5 & 0, T, (T, . At a temperature
near the Curie temperature T„ the polarization is very
small, thus Eq. (2) can be linearized as

a'P a'P
Bx By Bz g~ T)

where g(T)= ~D/A (T —T, )~'~ is the correlation length
at temperature T. The solution of Eq. (4) gives the spatial
distribution of the polarization in the cell near T, :

small. The polarization direction of each cell is opposite
to that of its four nearest neighbors. For ferroelectric
films applied to fabricate FRAM's, each cell is a memory
cell, and the above polarization configuration corre-
sponds to a status of the FRAM's. Locating the coordi-
nate origin at the center of the cell, the polarization will
then be zero at the four cross sections x =+ap/2 and
y=+bol2. Based on phenomenological theory, ' the
free energy in one cell of the ferroelectric with the
second-order phase transition can be written

—,'A T —T, P +—'BP +—'D V'P dv

+ f ,'Do 'P—'dS,

where A, B, and D are phenomenological parameters,
T, is the Curie temperature of the bulk material, and 5
the extrapolation length. The depolarizing field has been
neglected, since electrodes have been deposited on the
surface.

Considering the polarization configuration of the cells
in the film, the minimum principle for the free energy
yields the following Euler-Lagrange equation:
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and the relation
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and k3:
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which cannot be lineanzed even at tern erature near T„p
d T is the Curie-Weiss tempera-where B is negative an o i
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III. RESULTS AND DISCUSSION
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That is the extrapolation length is ais assumed to be infinite,
and thus the surface or thickness e"ecff ct is not included in
the following.

7 or (9) can beWhen 5= ~ and dp/dz =0, Eq. ( ) or
k =0 [see Eqs. (6) and (10)]. Consideringp

the relation between the correlation lengt an e
temperature, we have the expression for T, .

D 2 2

G (x)

ao o

A

m

1.2

m p 8K
m

Xl p

p. g-
A
S

p. p-

At a temperature well below T„pT the olarization can-
s in E . (5), because Eq. (2) cannot benot be expressed as in q.

h' E uation (2) is then solved numer-linearized in tnis case. qua
'

FIG. 1. The Curie temperature of af a ferroelectric cell as a
b . is the correlationfunction of the lateral sizes ao and

length at 0 K.
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TABLE I ~ Phenomenological parameters of PbTi03 and
BaTiO3 (in cgs units).
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FIG. 3. The lateral size dependence of the average polariza-
tion (solid line) and the polarization in the cell center (dashed
line) of a ferroelectric film with a second-order phase transition
atOK.
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FIG. 4. The lateral size dependence of the average polariza-
tion (solid line) and the polarization in the cell center (dashed
line) for a ferroelectric film with a first-order phase transition at
0 K. The phenomenological parameters are those of BaTi03
(see Table I).

FIG. 2. The spatial distribution of the polarization in a cell
in ferroelectric films. P„ is the polarization of the bulk materi-
al. a =oh =05/ ~I.o

ization increases with decreasing lateral size.
When ao =ho, the average polarization (the solid line)

and the polarization in the cell center (the dashed line) at
0 K as a function of cell lateral size are shown in Figs. 3
and 4. Figure 3 is for a ferroelectric with a second-order
phase transition, where ao is reduced with /~0~, the corre-
lation length at 0 K. Figure 4 is for a ferroelectric with a
first-order phase transition; the phenomenological param-
eters of BaTi03 were used. It is seen that the average po-
larization and the polarization in the cell center decrease
with decreasing cell size. They reach zero continuously
for a second-order phase transition ferroelectric, but
jump down to zero for a ferroelectric with a first-order
phase transition. The results are similar to the tempera-
ture dependence of the polarization of ferroelectrics with
a second-order phase transition and a first-order phase
transition, respectively.

The size at which ferroelectricity becomes unstable is
the ferroelectric critical size. Obviously, this critical size
is temperature dependent. It can be seen from Figs. 1, 3,
and 4 that ferroelectricity becomes unstable when the
lateral size of cells becomes very small. This gives the
lower limit to the lateral size of a nonvolatile memory cell
in ferroelectric films. Using the available parameters (see
Table I) in the literature, ' ' the critical sizes (ao=bo)
of the memory cell of BaTi03 and PbTi03 at 300 K are
calculated to be 9.1 and 7.4 nm, respectively. Since the
polarization is greatly reduced if the cell dimensions are
near the critical size (see Fig. 4), the memory cells in
practical FRAM's should be much larger than the
theoretical critical size. When the surface effect is includ-
ed, the critical size is expected to be larger because the
extrapolation length of PbTi03 and BaTiO3 are positive
based on experimental results. '

When one (or some) of the nearest neighbors of the cell
has (have) polarization directed parallel to that of the
cell, the boundary condition IEq. (3)j should be rewritten
to be Bp/Bn =0 at the cross section between two cells of
parallel polarization, where n is the unit normal to the
cross section, while the boundary conditions between
cells with opposite polarizations remain the same as that
in Eq. (3). Under these boundary conditions, parallel cal-
culations can also be carried out, and the dependence of
the Curie temperature and polarization on lateral size can
be obtained. The critical size is expected to increase with
the number of neighbors with parallel polarizations.
When all neighbors have polarizations in the same direc-
tion, the film becomes the same as that without cell struc-
tures, which has been well studied. '
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