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Abstract

Using the generalized Ginzburg-Landau-Devonshire theory, the characteristics of phase transformation of a
ferroelectric thin film with surface layers are investigated. We study the effect of the surface layer on the
properties (coercive field, critical thickness) of a ferroelectric thin film. Our theoretical results show that the
surface layer is likely to answer for the emergence of phase transformation.

Keywords: Ferroelectric Thin Film, Surface Layer, Phase Transformation

1. Introduction

With the development of the modern experiment tech-
niques and extensive application of the ferroelectric ma-
terials in nonvolatile random access memories, ultra-
miniaturized electronics and nanotechnologies, charac-
teristics of phase transformation in ferroelectric materials
have aroused great interest [1,2]. Physical properties of
ferroelectric thin films, such as their phase transforma-
tion characteristics, are significantly different from those
of bulk ferroelectrics because of many factors including
interfacial stress, defects and impurities near the surface
region, electrode and substrate used. Ferroelectric thin
films are also controlled via such factors [3-5]. Much
work has been done on the phase transformation of a
ferroelectric thin film. Experimentally, Raman scattering
observations in epitaxial barium strontium titanate films
on (001) MgO show that the ferroelectric phase trans-
formation shift to higher temperatures and paraelectric
phase has tetragonal symmetry [6,7]. The phase trans-
formation was electrically investigated by Kato et al. in
(100)-oriented BaTiO; thin and thick films deposited on
Si substrate using double alkoxide solutions. They indi-
cated that the transition from paraelectric to ferroelectric
phase takes place around at 100°C instead of 130°C for
single crystals through the changes of the dielectric con-
stant as a function of temperature in the range of —200°C -
200°C [8]. The characteristics of phase transformation in
a ferroelectric thin film can be obviously affected by the
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clamped behavior from mismatch between film and sub-
strate. This result was observed by Basceri et al. in
Ba;Sry;TiO; thin films grown by liquid-source meta-
lorganic chemical vapor deposition [9]. In theory, the
properties of the second-order transformation in ferro-
electric thin films were studied by Ong et al. within the
thermodynamic approach. They established an analytic
model to describe the phase transformation and obtained
the results which shown the importance of the size and
surface effects on the phase transformation [10]. Using
the time dependent Ginzburg-Landau-Devonshire (GLD)
theory, Wang et al. obtained analytic expressions for the
critical conditions that control the transformation be-
tween the ferroelectric and paraelectric states [11]. Paul
et al. determined the effects of film thickness, epitaxial
strain and the nature of electrodes on ferroelectric phase
transformation in ultrathin films of BaTiO; using a
first-principles effective Hamiltonian in classical mo-
lecular dynamics simulations [12].

It is well known that the state in the vicinity of the sur-
face of a film is different from that inside the film. The
larger ratio of surface layer to volume makes the surface
effects more pronounced in thinner ferroelectric films. T.
Lii and W. Cao considered that the inhomogeneous po-
larization distribution in a ferroelectric thin film origins
from this effect of surface layer [13].

In this paper, based on the idea of [13], the character-
istics of phase transformation of ferroelectric thin films
with surface layers are discussed.
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2. The Model

The configuration of a ferroelectric thin film with two
surface layers between two metallic electrodes in short-
circuit conditions is illustrated in Figure 1.

We assume that the easy polar axis of the film along
the z direction is perpendicular to the film surface and
the film is in single domain. The properties of the film
are homogeneous in planes parallel to the surface of the
film and the variation happens only along the film thick-
ness. Taking into account the role of the surface layer is
different from the bulk, so we introduce a second power
of polarization in the GLD free energy and assume its
coefficient to be a function of position in order to reflect
the contribution of the surface layers [13]. Considering a
second order system, the generalized total GLD free en-
ergy for the ferroelectric thin film with the spontaneous
polarization P in unit area is given by:
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Here G, is the free energy of film in the paraelectric
phase. The coefficients 4, B, C, and K are independent of
temperature 7 and position z; T is the transformation
temperature of the bulk ferroelectric; £ is an applied
uniform external electric field. The depolarization field
produced by bound polar charges in a ferroelectric thin
film that is not being screened by the surface electrodes
[14] is E, = —(P—IS)/SO , where &, is the vacuum
dielectric constant. The average polarization P is given
by

_ 1 +L
P=|— || P(z)dz. 2
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The function w(z) in Equation (1) reflects the sur-
face layer effect. In order to ensure the continuity of P(z)
and its derivative, we require y (—Ls)=w(L,s)=0 and

(d‘///dz)z-qu :(dt///dz)z:Lzs =0, where —L(L,) is

the boundary position of lower (upper) surface layer in
the film (see Figure 1).

When the system is in equilibrium state, G, =0.
Consequently, the Euler—Lagrange equations resulting
from Equation (1) are:

d’pP
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4P (3a,b)

K(—j:O when z=+L
dz

It is convenient to readjust the variables into dimen-
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Figure 1. Geometric structure of ferroelectric thin films
under study.

sionless forms. We set t=T7/T, , f=P/F, with
B =AT,[C . e=E[E, with E,=Re,. C=z/¢
with & =K/AT, , n=B/B, with B,=AT,. Fi-
nally, Equation (3a,b) become:
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>
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(4a,b)

where /=L1/&,, [=P/P, and o=(5,AT,) .

Parameter o is the specific value of the Curie con-
stant to Curie temperature of the bulk material. Consid-
ering practical examples of second-order phase transition
materials (the Curie constant ~10° and the Curie tem-
perature ~10°K) we take o =6 as a representative
value.

Since there are no real measured data available on the
effects of the surface layer, a simple form is chosen for
the distribution function 1//(4," ) This peculiar choice of
the 1//(4," ) does not affect the generality of the results
and conclusions [13]:
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where 4, (/12) reflects the variation intensity of the free
energy density in lower (upper) surface layer. We denote
the relative thickness of the two surface layers in a ferro-
electric thin film with @, =(/-1)/2/ and

w, =(I-15)/2l , respectively, where [g=Lg/& |
Ls =L,g/&, . For simplicity, the two surface layers are
assumed symmetric, namely, /I3 =1-1l¢=1-14,
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3. Results and Discussions

The phase diagram of A and the relative thickness of
the surface layer @ is shown in Figure 2 with the
ferroelectric phase above the line and paraelectric phase
below the line. Every dot in the line represents a transi-
tion point at which the polarization of a film vanishes,
that means, the phase transition from the ferroelectric to
paraelectric occurs. From the figure we can see if @ 1is
fixed, a phase transformation from ferroelectric to para-
electric in the ferroelectric thin film will happen with
decreasing A ; when A is fixed, the phase transforma-
tion will also take place as @ increases. And the influ-
ence of @ on the phase transformation is more obvious
than A . It means the surface layer can drive phase
transformation for a ferroelectric thin film system. In
practice, we can obtain different cases of ferroelectric
applications by controlling the surface layer.

Figure 3 clearly illustrates the coercive field versus
o with different 1. The coercive field reduces with
increasing @ for the same A . With further increasing
o, the coercive field deceases to zero, that is to say, a
phase transformation from ferroelectric to paraelectric
occurs. One can see that as A decreases, the coercive
field reduces for the same relative thickness of surface
layer and the curves of coercive field as a function of @
declines steeply. This phenomenon can be explained that
the existence of surface layer is great disadvantage to
stabilization of the ferroelectric phase, so it is easy to
reverse the polarization of the film with a small coercive
field for a stronger effect of surface layer. The results are
in good agreement with those obtained by Tilley et al.
[15], who demonstrated that the coercive field decreases
with decreasing the extrapolation length. Small extrapo-
lation length represents strong surface effects.

Figure 4 is a phase diagram of the thickness of a
ferroelectric thin film and surface layer for different A .
The ferroelectric phase is above the line and paraelectric
phase is below the line in the Figure 4. For the three
curves, the general trend can be summarized as follows:
1) when the thickness of a ferroelectric thin film is fixed,
a phase transformation from ferroelectric to paraelectric
in a ferroelectric thin film will happen with increasing
the thickness of surface layer; 2) when the thickness of
surface layer is fixed, the phase transformation will also
occur as the thickness of a ferroelectric thin film reduces,
i.e., the size-driven phase transformation happens. The
results are consistent with those of Reference [5], which
observed that a size-driven phase transformation takes
place for both tensile and compressive surfaces with de-
creasing film thickness. The genuine physical meaning
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Figre 2. Phase diagram of 4 and the relative thickness of the
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Figure 3. The coercive field as a function of the relative
thickness of the surface layer with different 4.

0.8
I,

Figure 4. Phase diagram of the thickness of ferroelectric
thin film and surface layer for different 4.

behind this trend is that whether fix the thickness of a
film or the surface layer, the emergence of the phase
transformation is attributed to the large ratio of the sur-
face layer to the volume of film. Moreover, with de-
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creasing A, the zone of ferroelectric phase shrinks and
paraelectric phase augments. It is worth emphasizing that
in the line every point represents a critical size of a
ferroelectric thin film. As the thickness of surface layer
increases or A reduces, the critical size of a film in-
creases, in other words, the ferroelectric phase remains
stable only at a thicker thickness with the stronger effect
of surface layer.

4. Conclusions

In summary, based on the generalized GLD theory, the
characteristics of phase transformation of a ferroelectric
thin film with surface layers has been studied. The char-
acteristics of phase transformation sensitively depend on
the effect of two factors (4 and @) of surface layer.
The results also show that the coercive field decreases
and critical size increases with reducing A or increas-
ing the thickness of surface layer.
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