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Mechanisms of imprint effect on ferroelectric thin films
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We have developed a single/double layer model to explain horizontal shifting of measured D-E
hysteresis loops (imprint) for ferroelectric thin films. Such phenomenon can be explained by
considering three mechanisms or their multiple effects: (1) stress induced by film/electrode lattice
mismatch or clamping, (2) domain pinning induced by, e.g., oxygen vacancies, or (3) degradation of
ferroelectric properties in film/electrode surface layers. First, it is found that hysteresis loops under
the influence of stress exhibit large horizontal shifts with magnitudes comparable to those observed
in experiments. Second, a pseudo-non-switching layer with a large coercive field is assumed to be
present at the film/electrode interface in an otherwise homogeneous ferroelectric thin film, and in
this case our simulation also shows a large imprint effect. Third, it is also found that time-dependent
space-charge-limited conduction is likely to be one origin for the occurrence of imprint. © 2005
American Institute of Physics. [DOI: 10.1063/1.1984075]

I. INTRODUCTION

Ferroelectric (FE) thin films have attracted much atten-
tion for the application of nonvolatile memories due to their
bistable polarizations as well as small size. However, reli-
ability problems such as fatigue and imprint have been ob-
stacles for memory device application. It is therefore impor-
tant to understand the physical mechanisms behind these
failures in order to further advance ferroelectric materials
into the memory market and provide a carefully directed im-
provement of these materials. Currently, three major failure
mechanisms are believed to be limiting the lifetime of ferro-
electric memory devices (FMD): fatigue, retention loss, and
imprint. In this study, we aim to provide a better understand-
ing of the physical origin of imprint, which is a horizontal
shift of the D-E hysteresis loop measured from a Sawyer-
Tower circuit. It is believed to be a result of the preference of
one polarization state over another in ferroelectric bistability,
which eventually leads to a failure when retrieving stored
data."” Because of its influence in data storage, various ef-
forts have been made to understand the origin of imprint.

Warren et al.® attributed the occurrence of imprint to
defect dipoles related to oxygen vacancies. Abe and co-
workers assumed a nonswitching layer between the ferro-
electric layer and the bottom electrode, which is possibly
formed by the relaxation of lattice misfit strain in the het-
eroepitaxial ferroelectric thin film.>”® Other explanations in-
clude domain pinningl’2 and presence of surface 1ayers.4’5’9
However, all these mechanisms suggested have not been
fully examined by accurate physical models or simulations,
and there has not been a general agreement on a definitive
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mechanism for imprint. On the other hand, asymmetric po-
larization switching (different up- and down-switching pro-
cesses) has also been investigated, for it is believed to be a
likely origin of imprint. Wang et al.'’ phenomenologically
modeled the asymmetric behavior of polarization switching
by including an odd-power term in the expression of Land-
au’s free energy. However, the physical origin of such asym-
metry in polarization switching has not yet been identified.
Hong et al. used a high-resolution atomic force microscopy
(AFM) to investigate domain nucleation and growth during
polarization switching in sol-gel-prepared lead zinconate ti-
tanate (PZT) thin films, and revealed that the forward do-
main growth is the rate-limiting mechanism."! Baudry used a
lattice model to simulate the shifting of hysteresis loops and
took into account the effects of nonuniform space charge by
introducing a doping layer in the ferroelectric film near the
electrode.'” Lee er al. modeled shifted hysteresis loops by
considering asymmetric electrode materials.”> Lo and Chen
demonstrated that effects of space charge and Schottky bar-
rier heights in electrode materials could be the origin of the
horizontal shifting of measured hysteresis loops.14 Recently,
Lii and Cao introduced asymmetric surface layers to repre-
sent the case of one easy polarization direction; the modeled
asymmetry in the hysteresis loop is due to the presence of
nonscreened depolarization field.’ However, almost all the
modeled hysteresis loops mentioned above did not shift as
much as those observed in experiments.

We have developed a model in which the polarizations
near the bottom electrode are much harder to reverse than the
others under the applied alternating voltage, which leads to
horizontal shifting of measured D-E loops. Warren et al.
have already demonstrated that ionic defects, such as oxygen
vacancies produced by reducing treatment, are responsible
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FIG. 1. Schematic diagram of the Sawyer-Tower circuit.

for ferroelectric domain pinning and formation of nonswitch-
ing layers, which shifts the hysteresis loops horizontally.6 We
propose that nonswitching layers may be formed by lattice
misfit stress or by electronic charge trapping at domain
boundaries, leading to the occurrence of imprint. By treating
some layers near the bottom electrode as graded surface lay-
ers induced by some degradation mechanisms, our simula-
tion successfully reproduced the large horizontal shifting of
hysteresis loops observed in experiments. Our results dem-
onstrate clearly that irreversible layers near the electrode in-
duced by stress or by trapped defects are likely to be the
origin of imprint failure. In general, our model shows a good
agreement with experimental results in literature.

Il. THEORETICAL CONSIDERATIONS AND
NUMERICAL CALCULATION

A. Review of the Landau model for switching

A ferroelectric film, placed in a Sawyer-Tower circuit,”
is modeled as a stacking of N thin layers; each layer has a
thickness Ax=L/N, where L is the film thickness. We take
x=0 at the interface between the ferroelectric film and the
top electrode (Fig. 1) so that the position of any layer inside
the film is given by x=iAx, where 1 <i=<N. The polarization
and electric field at position x and time ¢ are respectively
denoted as P(x,7) and E(x,1) and are defined to be along the
positive x direction. The total free energy of the film can be
expressed by a Landau-type free-energy expression

N

a(x) , B 4 KX
F(t)= 21 2Pt + 22 Px,) + -
(1) z{ 5 (x,0)* + . (x,0)* + 5

X[P(x,1) = P(x — Ax,t)]> - P(x,t)E(x,t)} , (1)

where a(x) <0 and B(x)>0 are the corresponding Landau
coefficients at x. a(x) is temperature dependent: a(x)=a(x)
X(T-T,), where a(x) is a positive constant and the tempera-
ture 7 is smaller than the Curie temperature 7. k(x) is the
corresponding interaction coefficient between neighboring
atoms. According to Landau’s theory, the remanent polariza-
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tion P,(x) and coercive field E.(x) are related to a(x) and

B(x) as

P,(x) = 50’ (2)
__2at) [ aty
E(x)= 3 50 3)

The dynamics of dipoles is modeled using the Landau-
Khalatnikov kinetic equation, which is a phenomenological
equation of motion:

IP(x,1) _ IF(1) _

ot - O”P(.X,l) - a(x)P(x,t) - ,B(X)P()C, I)3 + E(x, t)

+ k(X)[P(x+ Ax,t) + P(x — Ax,1) = 2P(x,1)]. (4)

The coefficient 7y represents the viscosity that causes the de-
lay in motion of individual dipole moments.

B. Time-dependent space-charge-limited conduction

In general, if there are inhomogeneities inside the ferro-
electric film, the electric displacement D(x,7) may not be
spatially uniform. According to Gauss’ law, there should be
the presence of free space charges and the corresponding
effect on electrical conduction has to be taken into account.
In our previous study of compositionally graded ferroelectric
ﬁlm,16 we derived the following formula for the time-
dependent conductivity associated with space charges and
named it time-dependent space-charge-limited (TDSCL)
conduction:

- JdD(x,t

2
+ \/{’—‘f’;—“ %} + ay()?. (5)

oy(x) is the intrinsic (Ohmic) conductivity; u, and w, are,
respectively, the mobilities (u,, w,>0) of p- and n-type free
carriers, which we simply assume to be spatially invariant.
Equation (5) was derived by borrowing the law of mass ac-
tion from semiconductor physics;16 we will here give a fur-
ther justification to the application of this law for ferroelec-
tric materials that are more or less insulators. We will also
illustrate that Eq. (5) is reducible to the well-known Mott’s
equation for steady-state (time-independent) space-charge-
limited conduction (J~ V?), which is derived for linear di-
electrics with a single-carrier type.17 Equation (5) is there-
fore a more general formula for conduction involving space
charges. For a detailed derivation of Eq. (5), please refer to
Sec. II of Ref. 16.

The law of mass action in semiconductor physics states
that the product of the concentrations of p- and n-type carri-
ers is a constant. It is derived from (a) the equilibrium Fermi
distribution of carriers in the absence of electric field, as well
as from (b) the assumption that the distance of each band
edge from the Fermi level is much larger than k3T, where kg
is the Boltzmann constant and 7 is the temperature.18 In the
strictest sense, this law should not be applied in the presence
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of an electric field because the carriers no longer obey the
Fermi distribution function. In our case, the justifications for
applying this law lie on the fact that (a) ferroelectric materi-
als are essentially insulators and that (b) the frequency of the
applied voltage is not very high (about 1 kHz). An insulator
can be regarded as a wide-band-gap semiconductor and we
may assume that the band gap is wide enough so that the
distance of each band edge from the Fermi level is much
larger than k7. Because it is an insulator, we may also as-
sume that the system only undergoes a very small and neg-
ligible deviation from the equilibrium Fermi distribution.
Furthermore, since the frequency of the applied voltage is
not very high, any non-steady-state effect resulting from the
time variation of electric field may be ignored.

To illustrate how Eq. (5) can be reduced to Mott’s equa-
tion J~ V2, we recall that Eq. (5) was derived from the fol-
lowing definition of conductivity:

o(x,1) = gu,[ Cip(x) + An(x,0)] + g, [ Ciy(x) + Ap(x,1)],
(6)
with the intrinsic (Ohmic) conductivity given by
oo(x) = gl + p,1Cin(%). (7

For oy(x)—0 but o(x,) being nonzero, we must have
Cin(x)—0 and either u, or u, remaining finite. Since the
carrier  concentrations  [Cj,(x)+An(x,)] and [C;,(x)
+Ap(x,t)] are non-negative, for C;,(x) —0 we must have
An(x,1)=0 and Ap(x,r)=0 and must be respectively equal
to the n- and p-type carrier concentrations. Because Cj,(x)
—0, Egs. (8) and (9) of Ref. 16 are reduced to

1 dD(x,t
An(x,1)* + An(x, t)[—ﬁ} =0, (8)
q 0x
1 dD(x,t
Ap(x,0)*+ Ap(x,t){— —ﬁ} =0, )
q Ox
so that
1 dD(x,t
An(x,t) = 0 or An(x,t) = — —ﬁ, (10)
q Ox
1 dD(x,t
Ap(eut) = 0 or Ap(r.p) ~ LZPED. (11)
q Ox
The definition of space charge reads
dD(x,1)
PR qlAp(x,t) — An(x,1)]. (12)

From Egs. (10)-(12), it can be seen that only the following
combinations of solutions are allowed:

1 dD(x,t
M) ~ - LR Ap(en) ~ 0. (13)
q
1dD(x,t
Ap(x,1) = — (x,1) and An(x,1) = 0. (14)
q O0x

Thus, in the limit of zero intrinsic conductivity, we can only
have the presence of the predominant carrier type. The p-
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and n-type carriers are mutually exclusive and they automati-
cally reduce to a single-carrier condition. Since both An(x,1)
and Ap(x,t) are non-negative, it can be seen from Egs. (13)
and (14) that dD(x, 1)/ dx >0 necessarily implies the presence
of only p-type carriers and dD(x,7)/dx <0 the presence of
only n-type carriers.

In the limit o4(x) — 0, Eq. (5) becomes

—u, dD(x,t + w, | dD(x,t
o) = My — b, OD(x, 1), + (x,1) (15)
2 ox 2 ox
If dD(x,1)/ x>0, it is
—uw, dD(x,t + w, dD(x,t
olrr) ~ L=t (x,1)  py+ py ID(x, 1)
2 ox 2 ox
dD(x,1)
=y —. 16
My~ (16)
And if dD(x,1)/dx <0, it is
My = My ID(x,1) o, + w, ID(x,1) dD(x,1)
O'(X,l‘) = - == My s
2 ox 2 ox Ix
(17)

which are the original conditions from which Mott’s result
J~V? is derived, if we remove their time dependence.17 It
should be noted that, in the derivation of Egs. (16) and (17),
the mobility of the absent carrier type automatically disap-
pears, and hence need not be deliberately suppressed. This
puts our previous suggestion in Sec. II of Ref. 16 in a more
general context.

C. Method of numerical simulation

In real hysteresis-loop measurements, the voltage V,.q(7)
of the reference capacitor is recorded against the average
electric field E,.(1)=[Vy(t)=V.{(t)]/L of the ferroelectric
film (Fig. 1). The conservation of charge gives the continuity
of the total current J(7) across the circuit:

oD (.X, t) Vref(t) Cref dVref(t)
= +
Jt RrefAferro Aferro dt

J() = o(x,))E(x,1) +

)

(18)

with the electric displacement D(x,7)=g(x)E(x,1)+P(x,1)
and the time-dependent conductivity given by Eq. (5). e(x)
and A, are, respectively, the dielectric permittivity and
cross-sectional area of the ferroelectric film. C,; and R, are,
respectively, the capacitance and input impedance of the ref-
erence capacitor. The conservation of energy gives the van-
ishing of voltage sum across the circuit:

L
f E(x,t)dx + V(1) — V(1) = 0. (19)
0

The initial conditions at time f=0 are P(x,0)=0,
E(x,0)=0, and correspondingly from Eq. (4), the derivative
[P(x,1)/dt],.o=0 for all x inside the film. Having a sinu-
soidal applied voltage V((£)=Vj nax sSin(wt) such that V,(0)
=0, it follows from Eq. (19) that the initial voltage V,.(0)
must also be zero. With all the above initial conditions speci-
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TABLE I. The properties of the ferroelectric thin film and some related parameters used in our calculations.

P f ch Oof P rd Ecd VO max
Fig. (uCem™) (kVem™) g/g, (1070 "'m™) (uCem?) (kVem™) gi/g, (V) v
2 55 50 260 2.86 Nil Nil Nil 8.8 Nil
4 55 50 260 2.86 55 2000 260 20 0.1
5 55 50 260 2.86 55 2000 260 20 0.1
6 55 50 260 2.86 55 2000 260 13 Varied
8 55 50 260 2.86 Varied 50 Varied 20 0.1
9 55 50 260 2.86 Varied 50 Varied 20 Varied
10 55 50 260 2.86 Varied 50 Varied 20 0.1
11 55 50 260 2.86 Varied 50 Varied 20 0.1

fied, the values of every quantity at subsequent time steps
can be computed by the forward Euler method.

The derivatives JE(x,t)/dt and dV,.(r)/dt at time ¢ can
be determined from the following equations, which follows
directly from Egs. (18) and (19):

Vref(t) Cref dVref(t) iy ()C [) _ (?P(XJ)
JE (X L ) R refA ferro A ferro dt o Jt
= , (20)
ot e(x)
L
IP(x,t 1
1 Jo(x0) + (x,1) f dx
dvy(1) f ot 0o &)
+ X = ref
d Vref( t ) dt 0 € (.X ) RiefAterro
dt Cor [F 1 ’
—ret f —dx+1
Aferro 0 &(x)
21

so that the electric field and capacitor voltage at a later time
t+dt can be determined:

JE(x,1

E(x,t+di) = E(e,0) + ((; Var. (22)
FUART,

Vit +dt) = V(1) + Zl;tf()dt (23)

By determining dP(x,t)/dr from E(x,t) and P(x,t) using Eq.
(4) (Landau-Khalatnikov), the polarization at (z+dr) can also
be determined:

dP(x,t
P(x,t+dt) = P(x,t) + ﬁdt

(24)

The foregoing formulation is employed in the investiga-
tion of the imprint effect discussed earlier. Except when es-
pecially defined, the values of the parameters which we use
in the calculation are listed as follows:

=025 X 108 em? v~ s7!,

1, =025X10° em?> Vsl Cy=22X108F,
Aferro =625 X 108 m?2,  R.= 10> MQ,

k=1kVem/uC, N=200, dr=10"s

y=1.0kVmscm*uC, f=wl27=1kHz,

L =800 nm.

Also, except when especially emphasized, all the simulated
loops shown in this paper have already reached their steady
states.

lll. RESULTS AND DISCUSSION

Stress, oxygen-vancancy-induced domain pinning, and
film-electrode surface layers characterized by degradation of
film properties have been suggested as possible origins of the
imprint1‘2’4’5’7_9 and have therefore become the subject of our
present investigation. Table I shows all the adopted values
for the properties of the bulk and surface layers, as well as
the applied field parameters, for our calculation in each
figure.

A. Effect of stress

In heteroepitaxial films, the crystal structure may usually
deviate from the original structure to a large extent.” As a
result of clamping-induced electrode-film interaction'*® and
the corresponding thermal or lattice mismatch?' interfacial
stress is always present at the surface. Miiller and Thomas
investigated the thickness dependence of early-stage stress
development in two-dimensional solid film growth and ob-
tained the following exponential stress distribution function:

"oy _ —L/a,] ex/a,

o' (x")=0oye =[oge where x’ L x and oy is
the ﬁlm/bottom electrode interfacial stress.’ (70>0 and o
<0 represent the presence of tensile and compressive stress,
respectively, and ¢, is a parameter that describes the physics
of long-range interactions between the deposited layers.

In the presence of stress, Eq. (1) should be expanded as

1
F= E[ P+ P4+ (P -P_)*- P,.E,.+EQU;P,?

1
+—so'i'2 ,

2 (25)

where Q is the electrostrictive coefficient and s is the elastic
compliance constant. The Landau-Khalatnikov equation then
becomes
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FIG. 2. Simulated D-E loop under the influence of compressive stress.

dP; oF p ,8P3 E
—_— = — = . — S+ L
Yar IP; o e

+K(Pi+l+Pi—l_2Pi)_Qo-i,Pi' (26)

In our simulation, we use 0'(’)=—1.5 X 10° Pa and 0=6.6
X 1072 m*/C?. Figure 2 shows the simulated D-E loop by
using the modeling approach discussed in Sec. II C, which is
similar to the experimental loops reported in lit-
erature.”®*?7 and therefore suggests that film-electrode lat-
tice mismatch may be one possible origin of imprint.

Effects of stress on film properties have previously been
investigated, where significant changes in hysteresis loop be-
havior have been observed.”®* Both experimental and theo-
retical results show that the coercive field E.. increases when
the film is compressively stressed.’™*! From the above-
mentioned exponential stress distribution function, we know
that the stress is maximum at the film/bottom electrode in-
terface. The coercive field near the bottom electrode is thus
likely to be larger than elsewhere so that the polarization in
this region is much harder to reverse, inducing a pseudo-non-
switching layer that is probably the ultimate origin of
imprint.

B. Effect of domain pinning

Experimental results in literature show that domain pin-
ning near film/electrode interfaces®>™ is mainly caused by
the presence of oxygen vacancies. Al-Shareef et al. proposed
that electron trapping is a result of the alignment of defect-
dipole complexes.34 In particular, interface-trapped charges
will lead to the pinning of dipoles which can be regarded as
the preference of one polarization state over another. Such
pinning phenomena have been reported for PZT and BaTiO,
by Dimos and co-workers. > They showed that the occur-
rence of imprint can be attributed primarily to domain-wall
pinning due to charge trapping.% He and Vanderbilt investi-
gated the interaction between oxygen vacancies and domain
walls using density-functional theory and then conducted a
first-principles investigation of oxygen-vacancy pinning of
domain walls in PbTiO3.37

We assume that a pseudo-non-switching surface layer is
formed at either film/electrode interface (Fig. 3). Compared
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FIG. 3. Schematic diagram of a ferroelectric thin film consisting of two
phases.

with the bulk, we assume that this surface layer has a much
larger coercive field but roughly the same remanent polariza-
tion. In fact, it has been experimentally observed that the
presence of defects or damage vacancies will induce a larger
coercive field but a smaller remanent polarization,%42 mak-
ing the polarization harder to reverse and producing a
pseudo-domain-pinning effect in the surface layer. The elec-
tric displacements across the ferroelectric layer D, and across
the surface layer D, are given by the following equations:

Dd: SdEd+ Pd’ (28)

where E denotes electric field and P polarization, while the
subscripts f and d denote the normal ferroelectric region and
nonswitching surface layer, respectively. The average field
across the thin film is calculated as

Epe=(1- V)Ef'" vE,, (29)

where v represents the thickness fraction of the nonswitching
layer in the film. Taking into account the surface nonswitch-
ing layer, the continuity of total current can be expressed as

(?Ef(x,t) + an(x,t)

J(t) = of(x, ) EAx,1) + £/(x) Py P

s

(30)

=0(x, ) Eqx,1) + £4(x)

E}

&Ed(x,t) (9Pd(x,t)
+
1% ot

where o(x,1) and &(x) are the time-dependent space-charge-
limited conductivity mentioned in Sec. II B and permittivity,
respectively.

Figure 4(a) shows the simulated results of the D-E hys-
teresis loop for ferroelectric thin films in the presence of the
pseudo-non-switching layer. The modeled P-E relations of
the ferroelectric and nonswitching layers are respectively
shown in Figs. 4(b) and 4(c). It can be seen that the hyster-
esis loop of the ferroelectric layer is completely cycled,
while the polarization of the nonswitching layer only stays in
the lower part of the P-E loop so that polarization switching
cannot occur. The simulated D-E loop shown in Fig. 4(a) has
a large horizontal shift to the right side, giving evidence that
domain pinning within the surface layer could lead to an
imprint. Loops with negative susceptibility like those de-
picted in Fig. 4(b) have already been reported in a paper
describing the ferroelectric behavior of some barium titanate
poled ceramics,” and Ricinschi er al. have discussed the
physical meaning of the negative-susceptibility regions in
hysteresis loops.44 Figure 4 is obtained when we apply a
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FIG. 4. When the polarization of the nonswitching layer only stays in the
lower part of the P-E loop: (a) D-E hysteresis loop for ferroelectric thin
films, (b) modeled P-E relations of the ferroelectric layer, (¢) modeled
P-E relations of the nonswitching layer.

sinusoidal wave without any initial phase. If there exists an
initial phase 7r such that Vy(£)=Vj . Sin(wt+7), all the
above-mentioned D-E and P-E relations only change by a
180° flip about the x and y axis, as shown in Fig. 5. It is
because in the nonswitching layer the polarization stays in
the upper part of the loop instead of in the lower part, as
shown in Fig. 5(c). It should be noted that the types of “long-
tail” hysteresis loops shown in Fig. 4(a) and Fig. 5(a) exhibit
a striking similarity with those observed in experi-
ments,””**>%" thus justifying the validity of our model that
includes a pseudo-non-switching surface layer. Figure 6
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FIG. 5. When the polarization of the nonswitching layer only stays in the
upper part of the P-E loop: (a) D-E hysteresis loop for ferroelectric thin
films, (b) modeled P-E relations of the ferroelectric layer, (c) modeled
P-E relations of the nonswitching layer.

shows the effect of the thickness ratio of the nonswitching
layer on the hysteresis loop. When »=0.01, the simulated
loop almost centers at the origin and no notable horizontal
shift is observed. With v increasing, the magnitude of the
horizontal shift increases. Therefore, our model should be
confined to the study of thin ferroelectric films where the
surface layer has an appreciable thickness fraction.

We have used a double-layer model with an abrupt in-
terface to model the imprint effect under the influence of
domain pinning near the film/electrode interface. Similar re-
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FIG. 6. Effect of the thickness ratio of the nonswitching layer on the hys-
teresis loop.

sults are obtained if the interface is replaced by a smoother
one with gradual variation in properties. We have also calcu-
lated the shift effect by assuming Ohmic conductivity alone,
i.e., assuming o(x,) = g, and not using the full TDSCL con-
ductivity expression in Eq. (5). It is found that a shift also
exists and that the shift magnitudes are about one third to one
half of the shift magnitudes from the TDSCL conduction
calculations for some typical g, values of a ferroelectric thin
film."® We therefore suggest that the TDSCL conduction is
likely one of the dominating factors even in the presence of
domain pinning for the occurrence of large imprint effects
observed in experiments.

C. Effect of graded surface layer

It has been known experimentally that ferroelectric prop-
erties of surface layers such as remanent polarization and
permittivity are weaker than those of the bulk region.45_47
Such degradation of ferroelectric properties19 has been sug-
gested to occur for reasons such as: (a) interdiffusion be-
tween a ferroelectric thin film and electrode,”® (b) insuffi-
cient flatness of bottom electrode and film, and (c) vacancies
of Pb and/or oxygen.49 It is justifiable to model the surface
layer as a graded one in which the permittivity and remanent
polarization decrease gradually from the bulk values (Fig. 7).
Figure 8 shows the measured D-E loop simulated from our

x=0

erroelectric tiim
14

x=d,

bu

x=d’+d B
Bottom electrode

graded dead layer
d

AU
E—

FIG. 7. Ferroelectric thin film consisting of bulk ferroelectric and graded
surface layers whose thicknesses are respectively dy and d,.

J. Appl. Phys. 98, 024111 (2005)
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FIG. 8. Measured D-E loop simulated from our model with a graded surface
layer near the bottom electrode.

model incorporating a graded surface layer near the bottom
electrode, for which a large horizontal shift is produced (see
Table II for related parameters). Note that this type of hys-
teresis loop can be found in related experimental
measurements.” Figure 9 shows the effect of the thickness
ratio of the graded layer on the hysteresis loop; the magni-
tude of the horizontal shift increases with the fraction of the
graded layer. Figure 10(a) illustrates two cases where only
the Ohmic conductivity is considered and where the effect of
the TDSCL conduction is taken into account. There is almost
no horizontal shift when only the Ohmic conductivity is con-
sidered, but a notable horizontal shift is observed when the
TDSCL conduction is taken into account. Figure 10(b) shows
the time evolution of interfacial charge (=D,~D,) for, re-
spectively, the consideration and the neglect of the TDSCL
conduction. It is interesting to see that there is an average
positive interfacial charge accumulated when the TDSCL
conduction is taken into account, while there is almost no
interfacial charge accumulation for the case when only the
Ohmic conduction is considered. Figure 11 shows the time
development of electric fields in the bulk ferroelectric layer
(Ey) and the graded surface layer (E,); a large positive dc
bias has accumulated in the graded surface layer while a
much smaller negative dc bias has done so in the bulk layer.
On the other hand, the electric-field distributions inside the
bulk and graded surface layers are both nonuniform. The
electric field tends to be concentrated within the graded sur-
face layer, possibly because this region tends to acquire a
strong field for polarization reversal.” It is found that the
measured D-E loop shifts to the opposite side when the

TABLE II. The variations of remanent polarization and permittivity of the
graded surface layer with x.

Prd(-x)

(x=d))/d, (uCem™) g4(x)/ &y
0 55 260
0.25 26.4 210
0.5 11.8 160
0.75 54 110
1 1.2 60
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FIG. 9. Effect of the thickness ratio of the graded layer on the hysteresis
loop.

graded surface layer is placed adjacent to the top electrode
instead of the bottom one, where the gradient of the surface
layer is reversed; i.e., the direction of horizontal shift is de-
termined by the gradient of the surface layer.

Summing up, we have taken the TDSCL conduction into
account to investigate the effects of stress, domain pinning,
and graded surface layer on the hysteresis loops. In the first
and third cases, the consideration of the TDSCL conduction
is necessary to lead to the horizontally shifted hysteresis

5 (a) ¥ M 14 M § ¥ T L ) ¥ v T
4f only ohmic condugtivity considered ~
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FIG. 10. Effects of TDSCL and Ohmic conductivities: (a) on the simulated
D-E loop and (b) on the time evolution of interfacial charge densities.
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FIG. 11. Time development of electric fields: (a) in the bulk ferroelectric
layer and (b) in the graded surface layer.

loops; while the Ohmic conduction is also able to give a
horizontal shift behavior when considering domain pinning,
it is unable to produce large shift magnitudes observed in
some ferroelectric thin film systems. Therefore, although the
consideration of the TDSCL conduction is not a requisite for
the shift effect in all cases, it is likely to be one of the
possible origins for the occurrence of imprint where large
shifts of hysteresis loops are observed in experiments.

In general, the qualitative similarity between published
experimental results and our simulation shows that stress,
domain pinning induced by, e.g., oxygen vacancies, and
graded surface layers or their multiple effects are likely to be
responsible for the widely observed imprint phenomena. Our
model can be extended to study how different parameters
like thickness, permittivity, and spontaneous polarization
of the bulk and surface layers affect hysteresis loop
measurement.

IV. CONCLUSIONS

A model has been introduced to explain the occurence of
imprint phenomena widely reported in literature. This model
adopts the Landau-Khalatnikov equation to describe the hys-
teresis behavior and takes the time-dependent space-charge-
limited conductivity into account to investigate the effects of
stress, domain pinning, and degradation of ferroelectric prop-
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erties at film/electrode surface. Our calculation produces the
large horizontally shifted loops by considering the effects of
stress and nonswitching layers. The qualitative agreement
between simulation and experiment supports the notion that
imprint phenomena may originate from stress induced by
lattice mismatch or clamping effect of the substrate, domain
pinning induced by defect-dipole alignments, and/or the ex-
istence of graded surface layer. However, further efforts are
needed to better understand the physics behind the imprint
effect.
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