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Surface Effects on Switching in Ferroelectric Films

Lye-Hock Ong*, Ahmad Musleh, and Junaidah Osman

School of Physics, Universiti Sains Malaysia, 11800 USM, Penang, Malaysia.

_Abstract: Surface effects on switching behaviours of ferroelectric (FE) films are elucidated by using the Landau
Devonshire (LD) free energy expression. The well-known parameter, 8, the extrapolation length, introduced in
the LD free energy expression strongly influences the switching behaviours in FE films. Polarization at the
surface can either be suppressed when 8 is positive or be enhanced when & is negative. We have discovered that
the delay in switching at the centre relative to switching near the surfaces is more remarkable in the case of § = 0
than the non-zero & cases, as the film thickness increases. It is also found that the reversals of dipole moments at
the centre and near the surface, by the applied field, take place almost together in FE thin films of non-zero &.
The results we obtained have shown that the surface extrapolation length 8 also influences the coercive field and
critical thickness of FE films.

~ Keyword: Landau Theory, polarization reversal, extrapolation length.
PACS Number: 77.80.Fm.

INTRODUCTION

Polarization reversal in ferroelectric (FE) materials has been an important area of study in
ferroelectricity for a long time since some significant measurements on switching behaviours
of FE crystals have been made by Merz and other workers [1, 2] about half a century ago.
The interest in this research area has further extended to FE thin films; and the interest has
not waned even up to these days because of the advancement in thin film fabrication
technology, where higher quality and more reliable FE thin films can be fabricated; thus
making applications of FE thin films in microelectronic devices and memories [3 — 5] more
reliable. More current theoretical and experimental elucidations in polarization reversal in
FE thin films are focused more on phenomena related to effects of size and surface in thin
films on switching time and coercive field [6 — 10]. From the literature, on theoretical
studies, several models based on a Landau-typed phase transition have given well
explanations on switching behaviours of mesoscopic ferroelectric structures [7, 9]; and some
of the predictions concerning size and surface effects on switching behaviours by Landau-
typed models agree well with experimental observations. However, there still lacks detailed
understanding of surface effects on FE films under the applied electric field, which is a very
important portion of knowledge toward the overall understanding on the behaviours of
polarization reversal in the films as a whole. In this paper, we adopt the Tilley-Zeks model of
Landau Devonshire (LD) free energy expansion to study the effect of surface conditions
under the applied electric field on a one dimensional FE film. With this framework, we
present the results of switching behaviours of FE film with zero and non-zero values of J as
surface conditions.

*Corresponding author, E-mail address: onglhi@usm.nty 1
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THEORETICAL MODEL

A symmetric second-order FE thin film of thickness L in which the polarization and
related dielectric quantities vary as a function of z is considered. The film thickness
considered is much small¢r than the lateral dimension, thus depolarization effects can be
neglected. In our case, the film thickness extends from one surface with z=-L/2 to another
with z=+L/2; and the effects due to surfaces are governed by an extrapolation length §[11];
where § can be positive or|negative. For positive value of J, polarization is enhanced at the
film surfaces and the reversed is true for negative 4. Usual LD model used in elumdatlon of
dynamic properties of FE films considers the effect of applied electric field E to the film
without the surface potential term [10, 12]. However, it has been proposed by Ishibashi ef al.
[13] that the surface potential term due to the effect of electric field has been included in the
free energy expression. Since the surface is thickness in the continuum model is zero, we
have the opinion that the purface potential due to electric field may not be necessary to be
considered in the free energy as many researchers have. With these conditions stated, the LD
free energy per unit area of the film can be defined:

€ (pr+p) (1)

,P')dz +
80

S -L/2

where f(P,P')= El—AP2
&

0

+—1—2-BP“—EP+—1——CP'2, p=% and P+__P[ ) The
£, 2¢, dz ’ 2

at z=+L/2. ().

_ _2 , d’p_ 4
(=Dp+p’ == dgz_o (4)
%:i—g at ¢ =+1/2 (5)

where p = P/(e,aT,/B)|"; t=T/T,; e=E/a'T} Is,B) ;¢ =z/&, & =Clal,; I=L/¢,
and d=6/& . The lefgth scales L, d and A are usually scaled according to &, the

characteristic length of the material [10, 11] and it can be related to the thickness of domain
wall.
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NUMERICAL CALCULATIONS

To discuss the dynamics of polarization reversal in the film, the Landau-Khalatnikov (LK)
equation of motion is applied. As a consequence of omitting the kinetic term for low
frequency studies, the dimensionless LK equation, following the scaling mentioned above,
can be written as follow:

%:—(t—l)p—-p3+(%;—§)+-%e (6)

where %’;— is the dimensionless switching current and 7 (z =¢'/ i:%".; t'is the timein real unit)
is the reduced time. Polarizations at the film surfaces are influenced by the extrapolation
length 6 during switching. Numerical process in simulation of switching profiles in various
cases of surface conditions requires a static polarization profile as initial value for the LK
equation and the exact solution from equations Eq. 2 and Eq. 3 has been obtained by Ong et
al. [11]. When an electric field e (e> eor ) is applied, LK equation in Eq. 6 is used to

simulate the profiles of polarization during switching.

The applied electric field used in the simulation takes the form of step function in reduced
units as _
e=¢,0(z), o 7
where ¢ is the amplitude, for ¢, =1 gives the equivalent of the zero-temperature bulk
coercive field e, and 6(7) is the usual step function. ‘

RESULTS AND DISCUSSION

Various stages of switching profiles for zero and non-zero J FE films are shown in Fig. 1
and Fig. 2 respectively for temperature = 0.6. The starting equilibrium polarization profiles
in both cases (Fig. 1 and Fig. 2) are set at negative at timer = 0; and the profiles are switched
by a positive applied electric field e described in Eq. 7 until it is completely saturated at
T=1,. 7 1is the switching time, and it is defined as the time taken for the polarization

current to decline to 10% of its maximum value [7, 14].

The general trend in polarization reversal of a film, irrespective of value of d, shows
clearly that switching time 7 is longer as the film gets thicker (Fig. 1 and Fig. 2). Fig. 1 (a)

and Fig. 1 (b) show the switching profiles of a thinner film (/ = 3.3) of d = 0 and non-zero d
where all parts of the profiles are shown to switch almost together. There is not much
difference in the switching speed between regions near the surface and the interior of the film.
In a thicker film (/ = 7.0), the reversal of polarization begins near the surfaces first, and then
goes on to the centre, as shown in Fig 2 (a) and (b). This indicates the domain wall is formed
near the surfaces, followed by domain wall movement towards the centre. Hence, when the
film becomes thicker, the delay in switching at the centre of the film is more distinct
compared with the delay nearer the film surfaces. In term of domain wall movement in the
film, it obviously takes a longer time for a domain wall to move from the surface to the

*Corresponding author, E-mail address: onglh@usm.my
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FIGURE 1 Polarization profiles during switching, at various time in term of fraction of the switching time
7, , at temperature ¢ = 0.0, applied field e = 0.83, thickness / = 3.3 for (a) 6 = 0; (b) § = 2.0. The number at

each curve represents time taken to reach the stage in term of fraction of 7
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FIGURE 2. Polarization ptofiles during switching, at various time in term of fraction of the switching time
t, , at temperature ¢ = 0.0, 4pplied field e = 0.83, thickness / = 7.0 for (a) § = 0; (b) & = 2.0. The number at

each curve fepresents time taken to reach the stage in term of fraction of 7.

centre for a thick film than a thin film. It can be seen that the delay in switching at the centre
in a zero-d film is more remarkable when the film becomes thicker (Fig. 3).

Fig. 4 shows the average polarization of a FE film versus thickness for various values of d.
It is clear that the extrapplation length d has great effects on the critical thickness; and the
decrease in critical thickness /. with increasing value of d that has been predicted in ref. 11.

In addition, the coercive field e, of a free boundary film increases with the value of d. As

for a FE film with larger d, pinning at the surfaces is weak, resulting in a larger surface
polarization. Consequently, a larger field is required to reverse the polarization.

*Corresponding author, E-mail address: onglh@usm.my 4
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FIGURE 3 Polarization profiles during FIGURE 4 Average polarization versus
switching, at various time in term of fraction of thickness, / for various values of .
the switching time 7, at temperature ¢ = 0.0,

applied field e = 0.83, thickness / =10.0, § = 0.

CONCLUSION

The effect of surface conditions, due to d, on switching behaviours of FE films is studied
by using the continuum LD model. It has been shown that switching at the surface and at the
centre is almost the same in thin FE films irrespective of d. For thicker films, surface
switching takes place relatively faster than the interior of the films. However, the delay in
switching at the centre is more remarkable in the zero-d film as the film thickness increases.
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Thickness dependence of switching time and coercive field
in ferroelectric thin films
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Abstract

Switching time and coercive field in polarization reversal of ferroelectric (FE) films have been investigated
theoretically by Landau Devonshire free energy expression and Landau Khalatnikov dynamic equation. Our
numerical data show that switching time is an exponential function of the applied field and the function implies
that there is a definite coercive field in switching for various thicknesses of FE films. In this work, the effects of
thickness and surface parameter § on switching time and coercive field have been studied. We found that the
coercive field and switching time decrease with decreasing film thickness for film of +& , while the coercive
field and switching time increase with decreasing film thickness for film of —& , these results are consistent with
the controversial switching phenomena regarding film thickness dependence of coercive field and switching
time reported in experiments.

. 1. Introduction

Switching phenomena of FE materials have been actively studled experimentally and
theoretically over a long period of time; and the basic understanding of properties of thickness and
surface dependence of switching time and coercive field in switching of FE materials is of great
importance to the application of FE thin-films in non-volatile memories [1, 2], for example the FE

- random access memory (FERAM). From the results of earlier work on switching behaviour of single
crystal barium titanate (BaTiOs) [3-7], a few empirical formulations which illustrate the dependence of
switching time on applied electric field in switching of FE crystals are cited. For instant, in 1954 Merz
[3] reported that switching time #; is proportional to 1/(E — E.) where E is an applied electric field and

'E_ 1s a kind of coercive field strength. A couple of years later, Merz [4] showed that switching time
t, versus applied electric field E for low electric field (<10 kV/cm) for single crystal BaTiOs is an
exponential function, ¢, =¢_exp(a/E), where ¢_ is the switching time for an infinite field strength and

o is the activation field. This empirical formulation does not imply a definite coercive field in
switching of single crystal BaTiOs;. A similar empirical formulation for domain wall velocity as an
exponential function of applied electric field E was proposed by Miller and Weinrein [5]; and their
formulation also does not imply a definite coercive field in switching of FE crystals. From their
formulations, we can deduced that when an electric field E, however small is applied to a sample, it is
just a matter of time; the dipole moments in the sample will ultimately be switched. Around the same
period of time, Stadler [6] extended Merz’s work on single crystal BaTiOs for high field, ranging from
10 kV/cm to 100 kV/cm; and he found that switching time ¢z, is related to applied electric field E

according to a power law: 7, = kE™", where k is a constant and # is equal to about 1.5. Later, Fatuzzo

[7] proposed the combination of the power law and the exponential relation between switching time
and applied electric field in his analytical calculations based on the assumption of sideway movement
of the domain wall. Again, this new formulation shows that there is no definite coercive field in
switching of FE materials. Lately, Kliem and Tadros-Morgane [8] have shown that their experimental
data on extrinsic switching time r, (time taken when the polarization has reached 90% of its

maximum Value) versus apphed electnc ﬁeld E for various thlcknesses of ultra-thin PVDF Lanomulr-

gy e
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)y that was derived by Vizdrik et al. [9], where ¢, is switching time, T, is

the phase transition temperature and 7, =T, +3B*/4y4. This formula indicates the true coercive field
for PVDF material and the intrinsic homogeneous switching. They have shown a best fit of their

experimental data by a formulation 7, =7 exp(

thickness, and E. is the coe

E

rcive field of the hysteresis loop.

) with 7z, and n depending on sample

On the other hand, evidence of a definite coercive field in switching of FE materials has been

reported for example in so

dium nobate (NaNbQ;) [10, 11]. Another example is from Fousek and

Brezina [12, 13], who reported that when the applied voltage on BaTiO; is below a certain threshold

value, no domain wall mov

ement has been observed; but when the applied field is above a threshold

field, domain wall movement is detected to be out of phase with the applied voltage. Fang and

Fatuzzo [14] reported the
later proved with measurer

Merz [15] and proved by Cu

Xcurrence of coercive field on bismuth titanate (Bi,TiO,, ). This fact was

ents on good single crystal by Pulvari (1962, 1964 cited in Fatuzzo and

immins [16].

There are a couple of theoretical models proposed to study the switching behaviours of FE
films; the Kolmogorov-Avrami-Ishibashi theory [17-19] which is originated from a model of crystal

growth [20, 21] and the Lat

best by the formula 7, =z,

ndau-typed model [22-25]. In the later model, the numerical data is fitted
exp(a/E) [22], while the authors [24, 25] have fitted their numerical data

by the empirical formulations of Merz [3, 4] and Stadler [6] mentioned above; but they have not

mentioned which formulati
switching phenomena of F
Devonshire (L-D) free ene
Khalatnikov equation of m
field. We have also inves
made comparisons with sot
[28, 29] show that coercive
the reversed; and these con
extrapolation length, 6 in T

2. Theory and model.

We consider the T-Z
from —L/2 toL/2 as in the previous papers [26, 27].

extending along the z axis, 1

Li2

F A(

T—TC)

pn gives the best fit. With these developments in the area of research in
E materials especially in FE thin films, we are motivated to use Landau
rgy of a FE film proposed by Tilley and Zeks (T-Z) [26] and Landau
otion to look into the dependence of switching time on applied electric
tigated the effects of thickness on coercive field and switching time and
me experimental findings. From the literature, some experimental results
field increases with decreasing film thickness while others [30, 31] claim
tradictions are explained by the effects of negative and positive values of

-Z model.

model of L-D free energy for a symmetric FE thin film of thickness L
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transition temperature, 4, B, and D are temperature-independent
nts, in which for second order phase transition B should be positive. The
tegral represent the free energy of FE bulk. The inhomogeneity of the film
tion as function of distance z across the film thickness can be represented
urface effect of the film is introduced by including the extrapolation length
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The time variatior of polarization during switching can be obtained by the Landau-Khalatnikov (L-K)
equation as follows
R o O(FIS)  AT-T, B _, Dd'P
y—=- ( ):— ( C)P——,P3+——2+E 4)
or oP & & g, dz

where y is the viscosity coefficient which causes delay in domain motion. In this equation, the

kinetic energy term m(8°P/07?) is ignored, since it only contributes to phenomenon in the higher

frequency range.
There are several definitions of switching time in the literature [15, 24, 25, 32, 33, 34].

However, we adopt 7 as the switching time where it is the time taken when the current reaches 10%

of its maximum value [33, 34]. The reversal of polarization is usually studied experimentally using
the step electric field; and the initial polarization in the film is switched from its negative value by the
applied field in all the simulations. The dynamic of switching is examined by step driving field of the
form '

/ E =E0(z) (%)
where () is a step function defined as

9(1_){1 for0<7r<1, } ©)

0 for 7,

where 7, is the time when the field is switched off. E, is the maximum applied electric field. We
‘obtained the equilibrium polarization profile P(z) from the elliptic function derived by Ong ef al.
~ [27], and this profile is symmetric about the film centre z = 0.0. For the purpose of numerical study,
all parameters listed in the equations above are scaled as dimensionless quantities as follows: we put
t=T/T,, p=P/P, with P’ =¢AT./B and e=E/E, with E. =44'T,'/27¢,B. F, and E, are the
equilibrium bulk polarization and the bulk coercive field at T = 0K respectively. We let¢ = z/ &, with
EP=D/ AT, where &, corresponds to the zero temperature characteristic length of the material and /
is the dimensionless form of L scaled to &, , and let § =6/&,. We define the reduced time 7, by
v, =7(AT.¢,/,y) . The numerical solutions are obtained by the Runge-Kutta integration with finite
difference technique.

3. Results and discussion o
Figure 1 shows the plot for switching time z, versus applied field e for a film of thickness / =

2.0, extrapolation length 6 =3.0 and temperature ¢ = 0.0, where all these parameters are in

dimensional units. The triangular markers indicated in figure 1 represent the numerical data obtained
from our calculations. To investigate whether coercive field truly exists in thin films, curves based on
three chosen formulations are drawn to fit the data. The solid-line is drawn based on the formulation
by Merz [3] (7, =k/(e—a)), where e is the applied field and k£ and « are constants. From the solid-
line curve, we can see that switching time diverges at e = @ where « is the sort of coercive field; and
the FE films can not be switched when e<a . We have also used the empirical formulation
7, =7,exp(B/e) [4, 5] where 7, and B are constant, in curve fitting; where the dashed line in figure 1

represents the formulation. Finally we fit our data by the following formulation:

T, =7, expla/(e—D)] (6)
where 7,, a and b are constants. The switching time 74 diverges when applied electric field e
approaches b; and it is shown as dotted-line curve in figure 1. Regression analysis has been carried
out in each case of curve fitting (table 1) and based on the regression factors obtained; we find that the

simulatea data are best fitted by equation (6} wiin the highesi regression factor of J.95. 10 ascenan



this fact, a plot of In7zg vy
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figure 1 shows the reciprog

same trend of 1/7, versus

al. [9]. Table 1 show the
the data.

. 1/e is shown as the inset (a) of figure 1, where 7, diverges at a certain

b in the equation which is the presumed coercive field. While inset (b) of
al switching time 1/7, versus electric field e. the reciprocal switching time

decreases precipitously towards zero when the field decreases towards the coercive field e, . The

electric field e for PVDF Langmuir-Blodgett films is shown by Vizdrik et
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Figure 1 Switching time

7, versus applied electric field e for dimensionless thickness/ =2.0 ,

extrapolation length, §/=+3, and temperature ¢ = 0.0. Triangle is used to represent the

numerical data points.
7, =1,expla/(e—-b)], SO

The data are fitted by the following functions: dotted line is for
id line is for 7, =k /(e—a) , and dashed line is for 7, =7 exp(B/e). The

inset (a) shows that In(7,) vs. 1/e, where the dotted arrow indicates the coercive field b in the

function z; =7, exp[a /(e + b)]. The inset (b) shows the reciprocal switching time versus e.

Table 1 Regression analysis of the numerical data in figure 1.
Formulation Regression Regression Standard The values of
factor factor square - error the
root. coefficients

7, =k/(e-a) 0.9550 0.9119 1.5573  k=0.433;
a=0.579

s =1,expla/(e~b)] 0.9891 0.9783 0.7753  1,=6278;
a=0.014;
b=0.577

Ts =T, exp(ﬂ /e) 0.9305 0.8658 1.9225 Ty = 0.793;

B =2.067




Figure 2 (a}, (b) and (c) shows the plot for switching time 7, versus appliec. fieid e for & film of
thickness / = 2.0 and negative extrapolation length &, =-3.0 at temperature ¢ = 0.0. The data (triangle
symbol) fitting with the previous formulation emphasize that the electric field dependencé of
switching time is represented well by equation (6) with high regression factor as shown in table 2. Our
calculated data based on the T-Z model for various thicknesses and values of &, are fitted by the new
formulation in equation (6) with consistent high regression factors; and equation (6) indicates that
there is a definite coercive field e, with the exponential behaviour.
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Table 2 Regression analysis of the numerical data in figure 2.

Formulation Regression Regression Standard The values of
factor factor square  error the
root., coefficients
7, =klNe—-a) 0.9711 0.9430 1.9225  k=1.9439;
‘ , o =1.5643
g =1,expla/(e—b)] 0.9931 0.9863 0.9458 7, = 3.3300;
a=0.1883;
b=1.5405
T, =7,exp(f/e) 0.8947 0.8005 3.5973 7, =0.0011;
B =16.5115

Graphs of 7, versus e for various film thicknesses /, and +6, (6, =3) and -6, (&, =-3) are
shown respectively in figure 2 and figure 3. From figure 2 and figure 3, 7, diverges at different

values of e for different thicknesses; and this reveals that the coercive field e, is thickness-dependent
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Figure 4 and Figute 5 show the thickness dependence of coercive field for +6, and -6

respectively. In figure 4
thickness; and it is consist

we find that for +6,,
ent with the experimental results [30]. Deduction from equation (2) and

the coercive field decreases with decreasing film

equation (3) shows that the initial remnant polarization decreases with decreasing thickness when

extrapolation length & is

from the lattice model [35].

positive. This phenomenon is also in agreement with the results obtained
While for negative &, (figure 5), e,

increases with decreasing film

thickness and these valugs of e, are above e, of the bulk. This result is also consistent with

experimental results [28, 29].

It is worth giving some comments on figure 4 and figure 5, for +6_ (figure 4), it is interesting to

see that the coercive field

has finite size behaviour similar to that of the Curie temperature [36-38].

FE phase vanishes at certain critical thickness, in which the material exhibits size-driven phase
transition [39]. Extrapolating the three curves to meet the horizontal axis in figure 4 gives the critical
thickness of 0.68, 0.24 and 0.04 for §, =3.0, 10.0 and 50.0 respectlvely While for -6, (figure 5), it

is clear that there is no sizé
The effects of surface

4 for +6, and from figure
the coercive field of the fi

-driven phase transition.
(influent by &) on the coercive field of the ﬁlm e can be seen from figure

5 for —6_. For a film of given thickness, increasing value of +6_,

increases

Im. From figure 4, it is obvious that for a film of large value of +5, and

large thickness value / (thicker film), the coercive field approaches the value e, =1, where e, is the

dimensionless coercive fi¢

effect of +6
effect of -6, the coercive

it is clearly

magnitude of |-§|).

1d of the bulk, at temperature £_=_0.0. In contrary to a film with surface
shown in figure 5 that in a thin film of small thickness value / with surface

field of the film increases with increasing surface effect, (that is for smalier
However, surface effect becomes weaker as the film becomes thicker as

illustrated in figure 5 where the coercive fields of thick films with different magnitudes of -6,




approach the bulk coercive field; so e, 15 small even for smaller i—5,i‘ It is interesting to see that
surface effect which is parameterized by the extrapolation length +8, in this model is more significant

for thin films (small values of thickness [); but for thick films, surface effect is weak and it is almost
negligible.
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Figure 4 Coercive field e, versus film Figure 5 Coercive field e, versus film
thickness / for various positive extrapolation thickness / for various negative
length &, , and temperature ¢ = 0.0. Symbols: extrapolation length &, , and temperature z =
Triangle for § =+3, circle for § =+10 and 0.0. Symbols: Triangle for § =-3, circle
square for & =+50 . for 5§ =-10 and square for § =-50. The
dashed line is bullc coercive field value
e, =1.0. The inset shows the zoom in view

for a range of /< 3.

In general, switching time is affected by the film thickness. For +8_, the effect of thickness on

switching time is shown in figure 6. For a given applied electric field e, switching time 7 is shorter
for thinner film, and it is consistent with the experimental results of Mitoseriu et al. [40]. From figure
6, it reveals that the thickness dependence switching time 7 is qualitatively similar to the variation of

coercive field e, with film thickness (figure 4). Figure 6 shows that for a film of a given thickness

and with small value of +& has shorter switching time; and the effect of surface effect (+6.) on
switching time is more significant for thin films. For —&,, the effect of thickness on switching time
shown in figure 7, at a given applied field e, it can be seen that by decreasing the film thickness,
switching time increases and this result is consistent with the recent experimental measurement [8].
Figure 7 shows that there is no size-driven phase transition for films with —§ . While for a film of a

given thickness with ~&,, switching time becomes longer for smaller magnitudes of |-6,|; and here

again surface effect is more profound for thin films. These results which are shown to be related to the
surface parameter —4, can be explained based on equation (2) and equation (3) that decreasing |—§ |
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would taken a longer time.
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4 Summary

Landau-typed T-Z model is used to study the intrinsic switching phenomena of a free standing
film. A new function is groposed for switching time dependence of electric field reveals the true
intrinsic coercive field e, of a FE film. It is found that e, increases with increasing film thickness
for positive extrapolation |length & ; and decreases with increasing film thickness for negative
While, switching time 7, of a FE film increases with increasing film

thickness for +&_ ; and decreases with film thickness for -5 . The surface effect (+6, ) on switching

extrapolation length &, .

S

Switching time,

0.62
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Figure 7 Switching time 7, versus film
thickness [ for various negative
extrapolation length & , applied electric
field e = 25.0 (We used high field here in
order to switch the ultra thin film of small
|-6,|), and temperature ¢ = 0.0.. Symbols:
Triangle for & =-30 ,
8. =-10.0 and square for &, = -50.0.

circle for

time and coercive field of a/FE film is more spectacular especially for thinner films.
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Abstract
We use the Tilley-Zeks model of Landau Devonshire free energy and the Landau
Khalatnikov equation of motion to elucidate the phenomena of polarization reversal of
second-order ferroelectric films, particularly the characteristics of hysteresis loops Aby .the

applied field and the response of bipolar pulses by the films. It is shown that at constant

temperature, the size of hysteresis loops increases with increasing film thickness for + & and
the reverse is true for —4. For a film of fixed thickness, the size of hysteresis loop decreases

with increasing temperature for both cases of +d and —J. The model has also demonstrated

the effects of magnitude and frequency of the applied field on the hysteresis loops are similar

to the experimental results.

1. Introduction

The trend of device fabrication to have higher packing density per unit area has led to
the reduction in size of individual components. In particular, miniaturization of the
components has aggravated surface and Size effects that influence the properties of
ferroelectric (FE) thin films and nano-sized particies [1-2], such as dielectric properties,
critical temperature, spontaneous polarization and etc. There are a small number of models
formulated to elucidate on switching properties of FE thin films; the Kolmogorov-Avrami-

Ishibashi (KAT) theory based on the crystal growth theory [3], discrete model based on the
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Landau-type-free energy [4, 5], and the non-KAI model proposed by Tagantsev et al [6].
Tilley-Zeks (T-Z) model of Landau Devonshire (LD) free energy expression has been
successfully used to study the phése transition and dielectric properties of FE thin films [7-
12]. The significant of the model is the inclusion of parameter J, the extrapolation length in
ace effect, which was proposed by Krestchmer and Binder [13] that

the free energy for the s

polarization at the surfaces can either be suppressed, by setting 0 to be positive, or surface
polarization can be enhanced when & is set as negative. Hence, & affects the spontaneous

polarization at the surfaces of a film, and on the whole, the average polarization of the film.
The suppression or enhancement of surface polarization compared to the polarization inside

the film has a considerable influence on switching behaviours of FE films.

2. Theory and Modelin:

The free. energy model in dimensionless units is for a one-dimensional FE thin film,
with polarization and related physical quantities varying as a function of distance ¢, and the
direction of polarization can be parallel to the film surfaces or perpendicular to the film
surfaces for perovskite FE materials which are set _in contact with electrodes; so the
depolarization effects can be neglected [14]. It is a symmetric film of thickness / extending
along the ¢ axis, from +//2 to //2; and the FE material is assumed to undergo a second-order
phase transition. The s aling on units involved in the subsequent discussion is the same as
that given in ref. 8 and 15; and due‘to the constraint of space, the discussion will not be
repeated here. Hence, the dimensionless form of Landau-Devonshire (L—b) frée energy f per

unit surface area for a thin film with thickness [ under an action of an external electric field e

1s expressed as

f=_][/_2[t—;—lp2+1p‘ 1(5?) Wb } §+—1—(p +p?) 1)
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The inhomogeneity of the film due to variation of polarization as function of distance { across

the film thickness can be represented by the term (dp/d{ ). As mentioned earlier, 0, isa’
reduced parameter of § which relates to the surface effect of the film. Minimization of the

functional leads to the Euler-Lagrange equation

dzp . (t "1) 3 2
= +p ——e 2
i 2 PPN
with the following boundary conditions
7) P [ :
ac s at ¢=+7 ©)
The scaled Landau Khalatnikov (LK) equation is as follows
) .
LY qpp-paLBi 2, @)
or. o d¢* 33

The global order parameter is the average polarization of the film defined as

1 172
F= [r)ac. ()
-~1/2
3. Numerical Method

lThe initial polarization profile of the FE film at ¢ = 0.0 is obtained from eq. 2 by using
the elliptic function derived in ref. 8. In all our simulations, the initial polarization in the film
is switched from its negative value. By solving eq. 4 using the Runge-Kutta integration by
finite difference technique, we obtained the reversal of polérization. The reversal of
polarization is studied by an applying sinusoidal field that is usually used .in exberiments. The
sinusoidal field in the reduced form is

e=e¢,sin(wr,), (6)

where e, is the amplitude and @ is the angular frequency.

W
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4. Results and discussion

The influence of the sinusoidal electric field strength e, on the FE hysteresis loop for

a given temperature ¢ =(.0, thickness / =5.0(thick film), frequency @ = 0.08 and positive

eanpolétion length 6, =+3.0 is sl_lown in Fig. 1. From the figure, it is clear that the FE
characteristics are strongly dependent on electric field strength e,. The average remnant
polarization p, does not increase remarkably in a thick film; and its polarization is closed to
the bulk value. However, for thin film the average remnant polarization p, increases with
increasing e, (Fig. 2). This result is consistent with the experimental result [16] and the

theoretical result given by Omura et al. [17] using the lattice model.

Figure 3 shows the hysteresis loops for various frequencies @ for a FE film of

thickness [ = 1.35, = 0.0, 6, = +3 and ¢, = 2.5. Increasing @ leads to increase in coercive
~ field e, and average remnant polarization p,. Physically, the reason for the increase of
e, with @ is that at higher frequency the speed of domain movement increases and hence the

material is made more ‘viscous’; thus the system needs more energy when it is switched from

one state to another. This result is consistent with experimental results by Lohse et al. [18]

and Picinin ef al. [19] regarding the increase in values of e, with at higher values of w. But

*

in Picinin et al.’s report, p, decreases with increasing @; and it may be attributed to the
defects (oxygen vacancies) present in Pb(Zr,,,Ti,,;)O, (PZTN) doped with Nb,O, donor

which causes the domain wall pinning that reduces the number of switchable dipoles. Similar

features of increasing coercive field e, and average remnant polarization p, with increasing
o are obtained for FE film with -8, ; so the discussion of the results will not be repeated

here.
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The effect of the temperature ¢ on the hysteresis loop for positive and negative 0.’s
can be observed from the curves in Fig. 4 and Fig. 5. It can be seen that the system at higher
temperature needs lower applied electric field e to switch; and the average polarization p, is
lower at higher temperature as the system is at a state which is nearer to the phase transition.
These results are consistent with experimental results given by Yuan et al. [20]; and from

their studies on strontium Bismuth Titanate Sr,BiTi,0,,(SBT) which has lower density of

oxygen vacancies, so the pinning of domain wall is Weék. However our result is not
consistent with the experimental results given by Zhang et al. [21] on p, where they used
Ba,,;La,,;Ti,0,, (BLT) that has high density of oxygen vacancies which tends to be trapped
at the domain boundaries. The oxygen vacancies formed the domain walls pinning centres
and hence reduce the number of switchable dipoles. Nevertheless, our study is consistent
with the theoretical results of lattice model reported by Tura e al. [5]. Similar features of
decreasing size of hysteresis loops with increasing temperature for both positive and negative
signs of o, given in their resu}ts are found in Fig. 4 and Fig. 5.

The effects of thic'kness [ on hysteresis loops are illustrated in Fig. 6 and Fig. 7 for

+6, and -0, respectively. Fig. 6 reveals that for a given +d,, ¢, and p, increases with

”

increasing thickness and it is consistent with the experimental results by Wang et al. and
Yanase ef al. [22, 23]. These results are also in agreement with the results obtained from the

lattice model [24]. On the contrary, Hase e al. and Fujusawa et al. in their hysteresis loops

measurements [25, 26] found that e decreases with increasing film thickness; and this trend
of thickness dependence of e, is found in Fig. 7. In Fig. 7, it reveals that for -6, , both e,

and p, decrease with increasing thickness and these values of e, are above e, of the bulk.

()]
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However, p, is reported to increase with increasing thickness by Hase et al. [25]; but
Fujusawa et al. [26] reported that p_ is almost unchanged with thickness.

Surface effects of FE iﬁlms are represented via the effects of positive and negative
extrapolation lengths on hysteresié loop are shown in Fig. 8 and Fig. 9 for +4, and -&,
respectively. Both valueg of e, and p, increase with increasing values of +6, (Fig. 8). This
effect can be explained by the increase of initial polarization profile with increasing yalues of

+6.. Tt is obvious fro

r

Fig. 9 that increasing |—5,,| , which leads to decreasing surface

polarization, tends to decrease e, and p, .

Figure 10 shows the response of average polarization p and switching current

generated by applying bipolar pulses (the inset of Fig. 10). The pulse width 7,, is controlled
so that it is larger than the switching time zy . The full switching current and the non-
switching current are generated by the pulses p,and p, respectively for forward switching
and by the pulses p,and p, for back forward switching respectivdy. The intrinsic switching

current can be evaluated by subtracting non-switching transient current from the full
switching transient current. Back switching phenomenon is indicated by vertical arrows.
During the back switching, when the applied field is removed, the systerh relaxes to the
equilibrium remnant average polarization. The degree of back switching measures the

magnitude of field induged polarization. Experimentally, Chae et al. [27] reported the similar

polarization response by the applied bipolar pulses as we have shown in this work.

5. Conclusion
The results we obtained from the T-Z model on the response of dynamic electric field

on FE thin films discussed in the previous section go along well with the experimental
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observations and the numerical results given by the discrete model. As a summary, Table 1 is
included to show the comparisons between the calculated results and experimental outcomes.
The extrapolation length &,, incorporated in the free energy, is the significant of T-Z model

in comparison with the other models; and from our calculations the parameter which relates
to the surface ordering has shown to have considerable effects on switching phenomenon of
FE materials. Contrary trends on thickness dependence of coercive field of FE films in

experimental results can be explained by the effects of +6, and —o6.. Surface effects on
switching of FE films are revealed via the effects of +9, and —&, on the characteristics of
| hysteresis loops which show that e, and p, increase with the increasing magnitude of +9, ;

and the reverse is true for FE films with the characteristic of -9, .
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Figure and Table Captions

Figure 1.
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9

Figure 10

Table 1

Hysteresis loops for various values of field strength e,: 0.91, 1.0, 1.5, 2.0; and
1=5.0,t=0.0, 5, =+3, ©=0.08.

Hysteresis loops for various values of field strength ¢,: 0.6, 1.0, 2.0; and [ =
1.35,t=0.0, 6, =+3, @ =0.09.

Hysteresis loops for various values of frequency w: 0.03, .09, 0.2, 0.3; and /=

1.35,£=0.0, 5. =+3, ¢, = 2.5.

'Hysteresis loops for various values of temperature ¢ : 0.0, 0.2, 0.6.; and [/ =

2.00, ¢, =3.0, ®=0.1. 5, =+3.0.

Hysteresis loops for various values of temperature £ 0.0, 0.2, 0.6; and / =
2.00, ¢, =3.0, ® =0.1. 6,=-3.0.

Hysteresis ioops .for various values of film thickness /= 0.72, 2.0, 5.0; and ¢,
=3.0, 6, =10.0, » =0.1,£=0.0. }

Hysteresis loops for various values of film thickness / = 0.72, 2.0, 5.0; and
e,=3.0, 6, =-10.0, @=0.1, =0.0

Hysteresis loops for’varioﬁs values of pbsitive extrapolaﬁon length 6, = 3.0,
10.0, 50.0; and /= 0.72,¢=0.0, ¢, = 3.0, » =0.1.

Hysteresis loops for varibus values of negaﬁve extrapolation length 6 =

-3.0, -10.0, -50.0; and /= 0.72, t = 0.0, ¢,=3.0, @=0.1.

Average Polarization (dashed curve) and current (solid line) versus time, using
bipolar-pulse field. /=1.8, 6, =+3, e=1.0, £ = 0.0. 7 is the switching time
énd 7,, 1s the pulse width.

Comparison of Calculated results with experimental results.

\O
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Calculated results Experimental results

increasing amplitude e, Fig. 2: ¢, and p, increase 1. Ref. 16: p_increases.

of applied electric field  (Consistent with Ref. 17)

Increasing frequency Fig. 3: e, and D. increase. 1. Ref. 18: ey increases.

of applied electric field ~ 2.Ref. 19: ¢ increases but 5 constant
Fig. 4(+6,) &5(=6,): ¢, and p, 1. Ref. 20: ¢, and p, decrease.

Increasing temperature decrease. 2.Ref 21: ¢ » decreases but 3 increases
(Consistent with Ref. 5) and then decreases.
Fig. 6 (+3,): ey and p_ increase. 1. Ref. 22 & 23: e, and p_increase.

. ok {Consistent with Ref. 24)
Increasmg film thickness Fig. 7(-6.): e » and z_decrease. 1.Ref. 25: ¢ » decreases but 3 increases.

2.Ref. 26: ¢ Cf decreases but p constant

Table 1

20



" 'Presented at IMFP 2009

Temperature and Electric Field Influences on
Polarization Reversal of Ferroelectric Thin Film

Ahmad Musleh and Ong Lye Hock
School of Physics, Universiti Sains Malaysia, 11800 USM, Penang, Malaysia

Abstract. We used the Landau-Ginzburg-Devonshire (LGD) theory for a second order
ferroelectric (FE) thin film modified by Tilley and Zeks which includes the energy term due to
the interaction of electric field E with polarization P and with the aid of Landau Khalatnikov’s
dynamic equation to investigate the effects of temperature and applied electric field on
polarization reversal of ferroelectric (FE) thin film. The surface parameter 6 which affects the

. spontaneous polarization at the film surfaces ic the main feature of the model, where positive §
causes the suppression of surface polarization and negative & has the reversed effect. We found
that increasing the temperature tends to decrease the switching time, saturated polarization and
the peak of switching current for FE films with +&§ . The effects of the applied electric field are
reflected through the decrease in switching time and the increase of the maximum switching
current as well as the saturated polarization for higher values of electric field. Our results agree
with experimental results reported in the literature.

Keywords: Polarization reversal, Tilley-Zeks model, Electric field, Temperature
PACS: 77.80.Fm

INTRODUCTION

Since the 1950’s, detailed studies on the measurements of the switching
characteristics of ferroelectric (FE) materials have been reported and as a consequence
of those experimental results, a few theories on polarization switching have been
proposed to study the switching properties of FE thin film [1-4]. All these theories
ignore the surface effects on polarization reversal of FE thin films. In this paper we
examine the polarization reversal of FE film by using the continuum model based on
Landau free energy expression for second order FE thin film proposed by Tilley and
Zeks [5] and a term P.E, which gives the energy due to interaction of electric field E
with polarization P is included. Couple with the Landau-Khalatnikov (LK) dynamic
equation, the effects of temperature and applied electric field on polarization reversal
of FE thin film are examined. The surface parameter 9, the extrapolation length, is the
main feature of the model. & can be either positive or negative, and it affects the
spontaneous polarization at the film surfaces. We only investigate the effect of
temperature 7 and electric field E on the reversal polarization of FE film. However,
other effects such as film thickness and surface effect has been studied [6-8].
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THE MODEL

A symmetric second order FE thin film of thickness L extending along the z axis
from —L/2 toL/2 is considered. Polarization and related physical quantities vary as
a function of z. The|polarization direction is normal to the film surfaces. Since we
consider FE materials with finite conductivity, thus the depolarization field can be
ignored [9]. LGD free energy F over a surface area S for a thin film under the
influence of external electric field £ has the form [5, 10]

L/2 T T ‘ 2
E_ F Pyl - P+ = (ﬁ) —EP ]dz+ D
S 4g, 2e,\ dz

—(P?+P?)
-L/2 0

All the parameters and the coefficients in the above equation are well described in refs.
5 and 10. For the purpose of numerical study, parameters are scaled as dimensionless
quantities given in tef. 11. For a film, the equilibrium polarization profile P(z)
corresponds to a minimum of F/S, can be obtained as a solution of the Euler-Lagrange
(EL) equation following the variation of free energy in Eq. 1; and the EL equation in
dimensionless form is as follows:

L
dg’

2
-Dp+p ——=e 2
=(-Dp+p’ ™) @)
The following reduced boundary conditions are obtained from variation of Eq. 1;

4 __p -
dé’,-+5 at (=% ?3)

L
2

where 6, =6/¢&,. The phenomenological Landau-Khalatnikov (LK) equation can be
written in scaled fo

2

o _ & _ 4 dp, 2
5 p(l f)p- p+d§ Nk (4)

d energy of film given by f = BF/AT.S¢, , and the reduced
&y); where 7 is the dimensional time. The parameter ¥ is the

- where f is the reduc
time is 7, = t(4T.¢,
coefficient of viscosi

—e

y. The global order parameter is the average polarization of the
112

film which can be written as p=(1/1) f p(¢)d¢ , and the reduced switching current can
-172

Bt

be written as J, =dg/dr,. The coercive field of the bulk can be obtained from the

3
equilibrium conditions of the bulk free energy, and its reduced form is e, = (2 1- t) .

|
We can also find thT initial polarization profile by solving the reduced form of EL
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equation (Eq. 2) in zero field by Runge-Kutta (R-K) method and the form of
polarization profiles must satisfy the boundary conditions set by Eq. 3. This initial
polarization is used as the starting value for switching simulation, in which Eq. 4 is
solved by R-K integration with finite difference method.

RESULTS AND DESCUSSION

The polarization reversal of FE film is
studied by applying step electric field e that
is usually used in experiments [12]. The 1.0
initial polarization in the film is switched
from its negative value by a positive pulse. 05 - o
Figure 1 shows the evolution of average _ © i e
polarization p with time for different P L

temperature ¢ in FE film with 6 = +3. By

03
. 0.2

increasing the temperature ¢, the switching

time 7, and the saturated polarization

current

01
00

0.5 1

decrease. The inset in Fig. 1 shows the i Tm

ume dependence of switching current, it is 0 2 4 & 8 10 12 14 16

obvious that by increasing ¢, the maximum ' Time

current decreases. Experimental Figure 1  Average polarization versus

measurements for BaTiQ; at different time for temperatures ¢ = 0.0, 0.2 and 0.4.
. =18, 6§ = +3.0, e = 1.0. The inset

temperatures show that at higher T

shows the corresponding switching
temperature, 7; becomes shorter [13]. current.

Increasing ¢ may increase the velocity of

domain due to the increase in system energy, thus 7, decreases. Regarding the
decrease in saturated polarization with increasing ¢ in our simulation, the result is in
- agreement with experimental result of Yuan ez al. [14]. The effect of temperature on
FE film with -6, is similar to that of the FE film with &, , and it is not present here.

Figure 2 shows the graph of p versus time 7z, for different values of e for film with
0,= +3. By increasing e, the FE film switches faster and p increases. It can be seen
that the initial polarization of FE thin film can be completely reversed by e=0.8 ¢,

(dotted curve in Fig. 1). This value of e is less than the bulk coercive field ¢, ¢, =1 |

at temperature ¢ =0.0. We can explain why the FE film is switched by electric field
which is less than e, . For FE film with positive &, , the polarization is suppressed at

r

the surface compared with the value inside the film; and the value of polarization in
the interior of the film is always lower than that of the bulk value [11, 15]. From this
respect, the value of average polarization of this film is always less than the value of
the bulk polarization; hence we may deduce that switching would take place more

readily in the film with +&, than in the bulk for lower applied field (e<e,,).
However for FE film with negative extrapolation length the coercive field is larger
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than the bulk value |
which is not complet

filmis e, =0.54¢, 2

7]. The double dot-dashed curve in Fig. 2 is the polarization
ely switched by e=0.5¢,(e<e,). The coercive field of this

s indicated by the arrow in the inset of Fig. 2. It is interesting to

note that at e =0.50¢,, < e, only some dipoles can be reversed and it is in agreement

- with the results of the experiment [16].

The corresponding switching current of

polarization reversal qurves of Fig. 2 is shown in Fig. 3. From the curves in Fig. 3, the

peak current increaseq
reports [16].

O 00 ~IOY U bW N —

10
11
12
13
14
15
16

with increasing e and this result is consistent with experimental

0.5 = 057
7] S 04
P Eo
0.0 0.3 1
0.2 4
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0.0

Figure 2 Average pol
electric fields e = 0.5,

1.8, 5,= +3.0, t = 0.0.

switching time versug
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coercive field e, .
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Effects of Compressive Stress oh Ferroelectric
Epitaxial Films

Ahmad Musleh, Lye-Hock Ong’, Junaidah. Osman

School of Physics, Universiti Sains Malaysia, 11800 USM, Penang, Malaysia.

Abstract. A one dimensional Landau-Devonshire model is used to study the misfit strain, Sm , dependent of

phase transition in a single domain Ferroelectric barium titanate (BT) epitaxial films. These films are usually
grown on thick cubic substrates, thus, imposing biaxial compression in the film plane. It is found that the phase
transition of the strained BT thin films becomes second order in spite of the fact that the phase transition of
stress-free BT films is first-order. The ferroelectric properties of strained BT are enhanced remarkably by the
induced stress. We have found that the spontaneous polarization of strained BT with thicknesses < 9 nm is
higher than the spontaneous polarization of stress-free BT bulk for long ranged negative misfit strain

Sm <-7x1073 , though the stress-free BT films have no ferroelectricity for thicknesses less than 9 nm. Here, we
compare our results with the available experimental data.

Key words: Landau Theory, barium titanate, strain.
PACS: 77.84.Dy; 77.65.Ly

INTRODUCTION

Ferroelectric epitaxial films are required for the electro-optic applications as optical wave
guide due to their low propagation loss [1]. Epitaxial films of ferroelectric barium titanate
(BT) grown on much thicker substrates have been studied experimentally for a long time [2,
3]. Pertsev et al. [4] have developed a thermodynamic theory of ferroelectric BT thin film
epitaxially grown on cubic substrates using the sixth-order polynomial for Landau-
Devonshire (LD) potential with the temperature-dependent coefficients taken from ref. S.
However, the LD potential is only applicable to BT films under relatively small compressive
strain (<0.6%). It has been shown experimentally that BT thin film may be subjected to
much higher compressive strain (2.6%)[2, 3]. For this reason we adopt an eighth-order
polynomial term for the LD potential with new LD coefficients developed by Li et al. [6] to
study the polarization properties of strained epitaxial ferroelectric BT films. The intrinsic
effect of the film surfaces on the spontaneous polarization is taken into account via the
concept of extrapolation length, § with positive value.

A Phenomenological Thermodynamic

We consider a symmetric epitaxial thin film of BT of thickness, L extended along the z-
axis, which is grown in a high-temperature paraelectric state on a thick (001) cubic substrate.
The thick substrate induces biaxial compressive stress in the x-y plane of the film. The
spontaneous polarization P orthogonal to the substrate surface is expected to be stable with

the stability condition, s, <s°(T)=g,,P*(T) for tetragonal c-phase [7], where S, is the misfit
strain, Q,, is the electrostrictive constant and P,(7) is the spontaneous polarization of a
stress-free crystal. We consider that the model is one dimensional with p, and the other

related quantities vary as a function of z (in tetragonal c-phase). We assume that the film is
sandwiched between two extended identical electrodes in short-circuited condition, where
depolarization field is neglected for BT due to its finite conductivity [8]. The elastic field is

Corresponding author, E-mail address: onglh@usm.my P 1
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assumed to be homogeneous in the film and any changes on the surface of the substrate due
to contribution of strain gradient is neglected for improper ferroelectric BT perovskite.
Under these physical cond1 ions the LD free energy per unit area of BT thin film including
the eighth-order polynomlal term for the film of thickness L in tetragonal c-phase can be

rewritten as follow [9]: }

G, 1A= J'é(z)+7g(—f)}dz+Gs; (1)

\
- 1
where, G is the energy of the modified thick film given by [4, 6]:
| ' ,

SZ
S+ S,

2

G=AP*+B P +CP®+DP*~EP+

All coefficients 4°,B", C, D and s; are defined as in ref. 4 and ref. 6. Finally G, is the
surface energy contributior1 of the film, given by [10]: '

G, =1 g5+ ), ©)

where P, P are the polarization values at the film surfaces at z = +L/ 2. Minimization of
the functional in Eq. 1 leajs to the Euler-Lagrange equation

d2

= 2/#'P+4B*P3 +6CP® +8DP’ (5)
o

with the following bomd#y conditions

P _ £ /at z=%L/2 " (6)

P

The adopted values of th& gradient coefficient, g =2.7x10” J.m’ /C* and the extrapolation

length,5 =6.56x107m for size and surface effects are taken from ref. 11 and ref. 12
, respectlvely

The polarization profile P(z) is found by solving Eq 5, using the 4™ order Ruhge—Kutta
(R-K) method, subjected to the boundary conditions set by Eq. 6. The global order parameter
is the average polarization of the thin film defines as

1 L2 |
=7 z)dz 7

-L/2

- Corresponding author, E-mail address: onglh@usm.my 2
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Results and Analysis

The average polarization, P versus temperature is plotted as shown in Fig.1 for thick
(dashed, dot-dashed curves) and thin (solid curves) films. It is obvious that the eighth-order
potential with the new coefficients [6] shows a well-behaved second order ferroelectric phase
transition. Note that the phase transition for stress-free bulk crystal of BT is first-order
(dotted curve). By increasing the misfit strain, S,,, the transition temperature, 7. and P
increase remarkably for thick film. 7. of thin films still above the transition temperature of
the stress-free bulk even for strained ultra thin film with thickness Z = 6 nm. Film with

thickness L = 6 nm has P close to the stress-free bulk in spit of this film thickness has no
ferroelctric phase under stress-free condition as shown in Fig.2. The thickness dependence of

0.00

0 100 200 o) 300 400

—— T T —T—
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0.30
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FIGURE 1. The average polarization, P; versus
. . thickness,10'9 (m)

temperature for thick strained BT films (dashed T
and dot dashed curves) under misfit strains, FIGURE 2. Average polarization versus

_3 _3 . temperature. Solid curve is for the stress-free BT
Sm==5x10"" and Sp,=-8x10"" respectively. The film and the dashed curve is for the strained BT
solid curves are thin films with various Flm at S..=—3.7x10~3

: ' =—3.

thicknesses in  nanomeffe (nm) under
Sm =-5x1073. The dotted curve is for stress-free
bulk.

the polarization for BT strained films at room temperature, I = 25°C, shows that the
polarization of strained film approaches zero continuously in Fig. 2. This is a characteristic
of second—order phase transition and the same phase transition is also shown in the
temperature dependence of the polarization in Fig.1. From Fig. 2, it can be seen that the
critical thickness where the polarization disappears is 4 nm at S, =—3.7x107; whereas the
critical thickness for the stress-free film is 9 nm (solid curve). The effect of substrate
compression upon the average spontaneous polarization of various thicknesses of BT films at
room temperature is shown in Fig.3. It is obvious that for a wide range of negative misfit

strain S, <—~7x10™ due to strong biaxial compression from the substrates, the polarizations

are above the spontaneous polarization P, =0.2682C/m” of free crystal even at ultra strained
thin film of thickness, L = 8 nm where ferroelectricity is expected to disappear for stress-free
film of BT at thickness L =9 nm as shown in Fig.2.

Corresponding author, E-mail address: onglh@usm.mv A 3
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FIGURE 3. Misfit dependénce of average FIGUREA. Polarization profile p(z) versus
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spontaneous polarization of stress-free bulk curve is for stress-free BT film with L = 12

‘1 nm, solid straight line is for stress-free bulk

| and long-dashed line for strained bulk BT.

Recently Kim et al. [3] have prepared high-quality epitaxial BT films using pulsed laser
deposition with in-situ reflection high-energy electron diffraction. For epitaxial BT film with

misfit ‘strain of S, =2 %107, their observed value of remnant polarization, P with
thickness, L = 30 nm is 4bout 0.36 C/m?*, while our theoretical prediction is 0.357C/m?;
which is highly in agreement with their measurement. Another comparison can be made with
the experimental data of Yanasa ef al. [2], where their epitaxial BT films are papered by
radio-frequency magnetron sputtering. Their reciprocal lattice mapping of the X-ray intensity
reveals that BT films have almost the same ag-axis as the Sr7iO, substrate for film

thicknesses between 12-39 nm at misfit strain, S, =—26x107. Their observed remnant
polarization, P with thickness L = 12 nm is about 0.335C/m’, where our calculated value is

0.355C/m?; which is in f#ir agreement with their measurement.
i

Fig. 4 shows the polarization profile, P(z) of strained BT film with thickness L = 12 nm
for various values of misfit strain S . The polarizatidns at the surfaces are suppressed for
various values of misfit| strain S ; and this is due to the effect of positive surface

extrapolation length, 6. The polarization of the strained film under S, =-20x10" of

thickness L = 12 nm is greater than that of the stress-free bulk (straight solid line). However,
the polarization of this film is less than that of the stress-free bulk at lower strain value of

S =-3.7x107(double dot-dashed curve); but it is still gréater than the polarization of the
stress-free film of the same thickness (solid curve). Obviously the polarization at the centre
of the strained film under high strain value of S, =26 x107 (dotted curve) becomes flat and

it approaches the strained bulk (long-dashed curve) value.

|
To emphasize the phase transition of the strained BT films from ferroelectric phase to
paraelectric phase is secand-order is to look at the graph of entropy, o versus temperature.
Fig.5 shows that the entropy is continuous at the transition temperature; so the latent heat
AQ =T.(Ao),_;. equals zero indicates the characteristic of second-order phase transition.

Fig.6 shows comparison of the temperature dependence of polarizations at the surface and at

Corresponding author, E-mail address: onglh@usm.my 4
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the centre of the film. It is clear that the polarization at the film-centre is greater than that at
the surface over the range of temperature shown; and the polarization of the whole film is
.Zgro at transition temperature as it is expected.
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- We present a study on the switching behaviours of ferroelectric films based on
Landau free energy expression for fixed and free surface boundary conditions in
ferroelectric films. General switching phenomena are observed from the results of
both models. However, the delay in switching at the centre of the film relative to
switching near the surface for fixed surface boundaries is more remarkable as the
film thickness increases. It is predicted by both models that dipole moments at the
centre and near the surface switch almost together in thin films. Results obtained

from the free surface boundary show that the surface extrapolation length &

influences the coercive field and the critical thickness of the film.

"Introduction

Theoretical and experimental studies on switching behaviours in ferroelectric (FE)
materjals began a long time ago [1, 2]. Since the past couple of decades, the interest in
switching behaviours of FE thin ﬁlms has been rekindled due to the advancement in thin film
fabrication technology, where higher quality and more reliable FE thin films can be
fabricated; thus making applications of FE thin films in microelectronic devices and
memories [3 — 5] more reliable. The renewed interest in VFE thin films, both theoretically and
experimentally, is focused more on elucidation of phenomena such as size and surface effects
on switching time and coercive field [6 — 11] in polarization reversal of FE thin films. From
the perspective of theory, several models based on a Landau-typed phase transition have
explained well on the switching behaviours of mesoscopic ferroelectric structures [7, 9]; and

some of the predictions concerning size and surface effects on switching behaviours by
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\
Landau-typed models agrdF well with experimental observations. However, there is still

lécking of detailed understg ding on the effect of applied e_lectric field at the surfaces which
is very important to the global understanding on the behavioﬁrs of polarization reversal in the
film as a whole. In this paﬁ)er, we adopt the discrete model of Landau Devonshire (LD) free
energy expansion for a one idimensional FE film whereby a ‘surfacev term’ is introduced in the

free energy in an applied electric field [12]. With this framework, we present the results of

switching behaviours of FE film with fixed and free surface boundary conditions.

Theoretical Model

Recently, Chew et al. [13] have presented a study on polarization reversal of FE films
using the LD model; and they just consider the effect of applied electric field E on the film
interior but not on the surfaces. However, when an electric field is applied to a film, the
surfaces should feel the same electric field as in the interior; so it is natural to consider the
energy due to the electric vfield at the surfaces, especially when the applied electric field is
large in the dynamic studies of polarization reversal of FE films. Assuming that the one-
dimensional FE film is magle up of 2N cells with +N™-cell and —N™-cell are at the surfaces of

the film. We assign the terms of polarization at the i™-cell in the film interior and at the

" surfaces as pi and p, y respectively. The average free energy of the FE film under the applied

field E in a discrete form 1q terms of the polarization can be written as [12]

Sy

[a (a3 fo + alfy +f_N)] | )

—(N-1) i=—(N-1)

2Na

where f; is the local potentilﬂ density of the i™-cell in the interior which can be expressed as

a
fi =-2‘Pi2+—f‘Pf—PiE’ (2)

where a and f are constants as usual, and E the applied field. The energy of the surfaces at

i =*N is of the form
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k
Sin =7ip1_2w — DuyE, (3)

where the thickness of the surface is assumed to be one lattice unit, and &, are constants.

Finally, fin represents the interaction energy between the neighbouring cells,
2

K| Py~ Pi
fint :5 fi+l 1 , (4)
a .

where a is the lattice constant and x > 0,

It has been shown in ref. 12 that the free energy in the discrete form in (1) can be transformed
into the continuum form, in terms of a continuous variable p(z) as

_l L/ B . dp2 ]
F‘LU [21’ il pE+2(dz”d

L/2

K 2 K 2
v K ap B+ K E . 5
26, Py ap. 20 p-—ap- } )

Equation (5) represents the average free energy of a symmetric second-order FE thin film of
thickness L, where L can be related to 2N times the lattice constant a, under an applied field

E. To minimize F with respect to the continuous variable p(x), we have to solve the Euler-

Lagrange (EL) equation
d2p

with the boundary conditionsatz=L/2andz=-L/2 as

| __[Pe_ag ’ v 7
dz|, o, kK

and
dp =P-_2F (8)
dz I K
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respectively. From ref. 12 also, it has been shown that the second terms in the right hand side
of (7) and (8) come from the surface layer of finite thickness, and so we can call them the
surface thickhess related terms. We will now use the average free energy function in (1) as
the framework to describe the behaviours of FE film with free surface boundary. When the

applied field exceeds its c#)ercive field e, , the polarizations at the surfaces as well as the

interior will be reversed.

On the other hand, for the FE film with fixed surface boundary, we assumed the
polarizations at the film surfaces to be pinned at zero value and hence there is no switching at
the surfaces. This assump#ion which associates with pinning of dipole moments at surfaces
of non-ferroelectric sites is)i physical and can be realized experimentally. However, (1) has to
be modified by putting p, = 0to accommodate the assumed zero surface polarizations; and
as a result, it gives the average free energy of the fixed surface boundary film as

L2 J 2 '
F:% j l:%p2+gp4—pE+—’2C—(g§—) :]dz. )

-L/2
To simulate its static equilibrium polarization profile, a starting equation is required; and a

cosine function of the form [14]
p(2)= acos(%z—) (10)

1s chosen.

Numerical calculations

For the purpose of numerical calculations, we will resort to the discrete formulations.

|
For the studies of polariz%xtion reversal for low frequencies, the Landau-Khalatnikov (LK)

equation of motion omittir%g the kinetic term as shown below is used.
|

OP OF i
o ‘ 11
Tor = P (1)
where y is the viscosity coefficient. The discrete form of dimensionless LK equations of

motion can be written for *he interior and surfaces as follow:

ap, , 1 2

=<t =0-p -p + —2p. 4+ p )+t—=e 12
61‘ ( )p, pz (AC: 2(p1+1 pz p:—l) 3\/5 ( )
for the interior, and

Opy 1 1 2

= = - - — Do)+ ——= 13
ot (Aé,é.r)pN (Ag"(pN DPn-1) 3\/'53 (13)
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‘6[7_1\/ _ 1 1 _ _2._
o7 = (Aé,dr )Pyt (Ag)z (P — D)+ 3\/—3-3 : (14)

for the surfaces respectively. Here, the parameters are scaled to the usual way; where p, and
P., are the dimensionless polarizations in the interior and at the surfaces respectively; &, and
~ Ag are the dimensionless length scales for extrapolation length and lattice constant; and

7 and e are the dimensionless time and the applied electric field respectively. Thus, the

. . . . ._ 4
dimensionless polarization current is l=d—1; . For the free surface boundary model,

polarizations at the film surfaces are influenced by the extrapolation length & and the surface
layer term during switching. Numerical process in simulation of switching profiles in both
cases of surface boundary conditions requires a static polarization profile as initial value for

LK equation when an electric field ¢ (e > e, ) is applied. For the free surface boundary films,

LK Equations in (12), (13) and (14) are used to simulate the profiles of polarization during
switching. The starting static profile requires in this case is obtained from solving the
discrete form of EL equation and the boundary conditions. Nevertheless, equation in (12)
will be sufficient to describe the dynamics of switching in fixed surface boundary film by

using cosine function in (10) as initial value of (12).

The applied electric field used in the simulation takes the form of step function in
reduced units as
e=¢e,0(7) (15)
where ¢, is the amplitude, for ¢, =1 gives the equivalent of the zero-temperature bulk

coercive field e, and 6(7) is the usual step function.

Results and Discussion _

Various stages of switching profiles for fixed and free surface boundary films are
shown in Fig. 1 and Fig. 2 respectively for temperature ¢ = 0.5. The starting equilibrium
polarization profiles in both cases (Fig. 1 and Fig. 2) are set at negative at time 7 = 0; and the
profiles are switched by a positive applied electric field e described in (15) until it is

_completely saturated at 7 = 7. 7 is the switching current, and it is defined as the time taken

for the polarization current to decline to 10% of its maximum value [7, 15].
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The general trend in polarization reversal of a film with fixed surface boundaries (Fig.
1 (a), (b) and (c)) shows clearly that switching time 7, is longer as the film gets thicker. Fig.

1 (a) (I = 4.5) shows the swf‘itching profiles of a thinner film of fixed surface boundary where
all parts of the profile are | own to switch almost together, except at the surfaces where the
sites are non-ferroelectric. | There is not much difference in the switching speed between
regions near the surface and the interior of the film. In thicker film (/ = 10.0), the reversal of
polarization begins near the surfaces first then goes on to the centre, as shown in Fig 1 (b).
The sites adjacent to the surfaces are weak induced ferroelectricity that makes the region near
the surfaces easier to swit%h than the other inner sites. This leads to domain wall formation
near the surfaces, followéd{ by domain wall movement towards the centre. Hence, when the

film becomes thicker (I = 15.0), the delay in switching at the centre portion of the film is

more distinct compared with that nearer the film surfaces and it is more obvious in Fig 1 (c).

In term of domain wall mdjvement in the film, it obviously takes a longer time for a domain
wall to move from the surface to the centre for a thick film than a thin film. It can be seen
that the delay in switching|at the centre in a fixed surface boundary film is more remarkable

when the film becomes thicker.

where the profiles are move almost parallel to each other in the whole duration of switching.
When the film gets thicker, there is obvious difference in switching between the surfaces and
the centre; the dipole moments at the surfaces are switched first than that at the centre of the
film (in Fig 2 (b)); and it is clearly reflected in the graph of polarization current verses time in

|
Fig 2 (a) shows the|switching profiles of a thin film (/ = 4.5) of free surface boundary
Fig. 3. In general, switching time 7, is also longer as the free surface boundary film

|
becomes thicker. ‘

boundary conditions. For free surface boundary film, the extrapolation length d has great

effects on the coercive field e, and critical thickness/; of a film. The critical thickness /,
decreases with increasing value of d as it is predicted [16]; while the coercive field
¢.s increases with the value of d. As for a FE film with larger d, surface pinning is weak,

Fig. 4 shows the thickness transition of coercive field e, for fixed and free surface
resulting in a larger surface polarization. Consequently, a larger field is required to reverse

the more energetic dipoles. On the other hand, fixed surface boundary films correspond to
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films with non-ferroelectric sites at the surfaces. There is weak induced ferroelectricity at
sites adjacent to the surfaces; and weak dipole moments require smaller field to switch.
Hence, it explains fér the shorter switching time in fixed surface boundary film thaﬁ in free
surface boundary film of the same thickness. It has been shown in ref. 14 that the possible
range of dis6 20 and § <—a. From Fig. 4 it can be seen that if 5§ — 0in the free surface
boundary film, the ‘d’ curve will approach the curve of fixed surface boundary film. Thus,
the fixed surface boundary model is in fact equivalent to the free surface boundary model
when d = 0.

Conclusion

We study the effects of surface boundary conditions on switching behaviours of FE
films by using the discrete LD model which includes a surface energy term in applied electric
field. It has been shown that switching at the surface and at the centre is almost the same in
thin FE films irrespective of fixed or free surface boundaries. For thicker films, surface
switching takes place relatively earlier than the interior of the films both in free and fixed
surface boundaries. However, the delay in switching at the centre is more remarkable in the
fixed surface boundary films as the film thickness increases. The general trend of increasing

switching time 7, with increasing thickness / has been seen in both cases of surface boundary

conditions.
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Figure Captions

Fig.1 Polarization profiles during switching, at various time in term of fraction of the
switching time 7, at temperature ¢ = 0.5, applied field e = 0.3 for thicknesses: (a) /=4.5; (b)

[=10.0; (c) I=15.0 for fixed surface boundary condition. The number at each curve
represents time taken to reach the stage in term of fraction of ;.

Fig.2 Polarization profiles during switching, at various time in term of fraction of the
switching time 7, at temperature ¢ = 0.5, applied field e = 0.3 for thicknesses: (a) / =4.5; (b)

[ =10.0for free surface boundary condition. The number at each curve represents time taken
to reach the stage in term of fraction of

Fig. 3 Polarization current versus time for: a) current central site (dashed line); b) average
current (solid line); c) surface site (dotted line); at temperature ¢ = 0.5, applied field
e=03and /=10.0.

Fig. 4 Variation of coercive field ecs versus film thickness / for fixed and free surface

boundary conditions; in the case of free surface boundary, curves for two values of & are
shown. : .
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