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Dependence of the dielectric response of ferroelectrics on defect types, particularly those with long

range strain fields in confined geometries have been often mentioned, especially in interpreting

experimental results in films. However, detailed discussions on the mechanisms with which defects

alter properties, particularly in the presence of interfaces imposing certain boundary conditions, are

seldom made. Here, we studied the thickness dependence of transition temperatures and dielectric

response of Metal/BaTiO3/Metal ferroelectric nanocapacitor structures grown on SrTiO3 using a

phenomenological approach accounting for the equations of electrostatics and semiconductors.

Relaxation of the misfit strain via misfit dislocations amplify the surface effects in films below a

critical thickness and favor electrical domains leading to very large dielectric responses in this

regime. Thin film structures with relaxed misfit strain in this work are fully depleted in the presence

of moderate densities of impurities (� 1025 m �3). This is due to the reduction of polarization

amplitude parallel to the film normal and its mplications for near-micron thick films are discussed.

Consequently, the misfit dislocation sites have nearly no free carrier localization, making the role

of these sites on leakage currents highly questionable. Dielectric response of intrinsic thicker films

(> 40 nm) is mostly under the influence of strain relaxation only with minimal interface impact in

the limit of ideal electrodes. Our results point out that control of the dislocation density can lead to

non-conventional functionalities in ferroelectric thin film capacitors via electromechanical

coupling of properties to structure and domain stabilization. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4831939]

I. INTRODUCTION

Recently, a revived interest has arisen in defect related

phenomena in ferroelectric structures including domain wall

dynamics and their interaction with defects and charges,1–16

driven by the demand for sustained functionality in reduced

dimensions. Surfaces can also be treated as a type of defect

where the crystal periodicity terminates, sometimes along

with a local field.17 In fact, surface boundary conditions and

structural defects such as dislocations are thought to domi-

nate nearly all the processes and functionality in a ferroelec-

tric film during experiments or service in an application.18–26

The way dislocations impact the properties is that they will

mostly couple to the electrical properties rather indirectly

through the polarization gradients or due to the inhomogene-

ous strain fields or electromechanically,27 while the surfaces

come into play via locally reduced paraelectric-ferroelectric

transition temperatures (TC), introduced by assigning polar-

ization gradient a negative or a positive value, and electro-

static boundary conditions. For low-to-moderate magnitudes

of lattice misfit between the film and the substrate (a few per-

cent such as in the case of BaTiO3 and SrTiO3, which is

about 2.5%, yielding a critical MD formation thickness of

� 3 nm), the effect of polarization divergence can be

expected to become prominent in epitaxial thin films just

above the critical thickness of MD formation where inhomo-

geneous strains will dominate. Such formations will also

possibly smear the paraelectric-ferroelectric transition and

associated anomalies in films near the critical thickness limit.

The presence of a surface and its field component either orig-

inating from dangling bonds or absorbed species can smear

the transition alone17,18 and dependence of polarization ori-

entation with respect to film surface due to sign of misfit

strain at the phase transition has also been shown to smear

out the dielectric anomaly.19

Depletion effects for low-to-moderate impurity densities

can be neglected particularly in ultrathin films due to the rela-

tively lower local electric field compared to the field formed

emanating from a possible top-bottom electrode interface

asymmetry, which we also demonstrated in a very recent

work.28 In real experiments, thin film capacitor samples

hardly ever have symmetrical top-bottom interfaces due to

processing sequence. Misfit dislocations (MDs) in a ferroelec-

tric film might induce a similar effect due to the uneven strain

distribution at top and bottom interfaces, possibly impacting

nucleation and growth of domains under a given sign of

applied bias voltage.29,30 Structural defects, aside from what

is mentioned above, have been corroborated as centers for the

nucleation and pinning of domains during switching in addi-

tion to changing global strain states of films.29–32 A strong

correlation was observed experimentally between slip planes

of dislocations and electrical domains in BTO33 pointing out

the impact of inhomogeneous strain fields on domain motion.

Furthermore, a recent study reported that a regular domain

pattern is stable only in the presence of defects that

actually pin the domains.34 Threading segments of the MDs

were shown both theoretically and experimentally in the

same year to pin switchable polarization and even cause
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backswitching,35,36 but this time not because of domain pin-

ning but because of very high local TC with abnormally high

local coercive fields unresponsive to fields at the order of bulk

coercive bias. Profound smearing of the phase transition can

also occur due to presence of polarization gradients and inho-

mogeneity of the Curie-Weiss behavior even in the hypotheti-

cal case of infinite crystal with defects.22,37

When discussing the dielectric response, such as in this

work, whether a single elastic domain will be stabilized or not

upon dislocation formation is important and this apparently

depends on the extent of self-strain. This was demonstrated

recently in the work of Sheng et al. where their phase field

simulations for PbTiO3 (PTO) yielded always a mixture of c
and a domains near zero strain state in a thickness range not

exceeding 30 nm.38 Rhombohedral-tetragonal phase mixtures

were predicted for PbZr0.52Ti0.48O3 and BiFeO3 under absence

of electric field but this work considered homogeneous misfit

strain relaxed only by domains.39 For solid solutions of

PTO-PbZrO3 in PTO rich stochiometries, a conclusion similar

to that of Ref. 38 was reached previously in films with a ho-

mogenous background strain.40 In case of BaTiO3 (BTO),

upon relaxation of the misfit with MDs, we find a monoclinic

phase (also sometimes denoted as the ac phase) in all films far

below the TC especially for the 32 and 40 nm films. These

films have an almost homogenous strain state away from the

bottom interface where MDs exist. This outcome is in very

good agreement with the misfit strain-temperature phase dia-

grams published in previous works due to the fact that these

studies also considered homogeneous strains.41–44 One must

also note that some variances between these published results

exist in the compressive strain part of the diagrams. Only at

very small film thicknesses (less than 2 nm) is when significant

deviation from these earlier published phase diagrams start

according to Ref. 45 where a shift of the tetragonal phase to

even relatively large tensile misfits was claimed. PTO on

SrTiO3 (STO) has been of special interest due to the small mis-

fit between the two structures. A parallel result was obtained

for PTO films on STO, justified by the Landau-Ginzburg for-

malism, where the coherent small lattice match above TC turns

into a tensile one upon paraelectric-ferroelectric transition and

that the film still exists in tetragonal state46 at very small

thicknesses. A monodomain critical thickness of 14 nm was

reported for PTO with a top free surface and that the

free-surface charge was compensated via charge transfer lead-

ing to metallic layers on top.47 These studies consider perfectly

stoichiometric compositions without any MD relaxation.

While carrying out the work, we felt the need to comment

extensively on the effect of the extrapolation length on TC and

electrical domain stabilities as short extrapolation lengths (cre-

ating strong suppression of polarization at the interfaces)

appear to have a direct and significant impact on the latter.

Realistic extrapolation lengths (at the order of a few nm) can

trigger electrical domain formation in the thermodynamic limit

to confine the depolarizing electric field to the interface at the

expense of domain wall energy, similar to the effect of dead

layers and lead to very large dielectric response, a seldom

mentioned point in previous works.

A sound understanding of the defect related effects

on the properties of ferroelectric structures in reduced

dimensions and with realistic boundary conditions is still

under development and is of continued interest to interpret ex-

perimental results as well as new component designs. Here,

we try to provide quantitative insight on the combined effect

of MDs and surfaces on dielectric properties of thin film

structures using a computational path in the continuum limit

using the STO(substrate)/Metal/BTO/Metal (STO/M/BTO/M)

thin film capacitor system as an example case. We focus on

the changes in the transition temperature and dielectric

response as a function of film thickness for an intrinsic state

and with n-type impurities, which we consider to be oxygen

vacancies donating electrons to the conduction band, within

the wide bandgap semiconductor approach.48 Due to the

relaxation of the misfit strain with dislocations, we find an

overall reduction in the polarization values, hence high dielec-

tric constant, favoring full depletion in films with moderate

impurity densities. This is quite different from what one

would obtain for fully strained films under compressive misfit

and leads us to think that unrelaxed films with enhanced TC,

hence probably polarization, could have partial depletion for

relatively moderate-to-high impurity densities, making these

structures more susceptible to leakage.

II. THEORY AND METHODOLOGY

The substrate-electrode-film-electrode system we con-

sider is schematically depicted in Figure 1. The film is sand-

wiched between two electrodes that are pseudomorphic so

that the film is directly under the influence of the structural

misfit of the substrate. Once the film reaches a critical thick-

ness, MDs with negative Burgers vector component along

the film plane form at the bottom film-electrode interface in

case of compressive misfit and a strain state with part of the

misfit strain relieved in the film develops. This is the result

of the MDs and the imaginary strain fields originating from

the imaginary array of dislocations possessing mirror sym-

metry with the real ones with respect to the top film surface

(Figure 1). We assume that ~b¼ a[�100] type edge disloca-

tions, following TEM studies on BTO/STO,49,50 are stabi-

lized right at the electrode-film interface (with the electrodes

being fully coherent with the STO substrate) as to avoid

complications due to the possibility that the MDs could

FIG. 1. The schematic of the STO/M/BTO/M system with MDs studied in

this work.
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penetrate and stabilize within the less stiff electrode if ther-

mal strains develop upon cooling after film growth.51 The

total strain, ur
ij, at each coordinate in the film can be written

as

ur
ij ¼ uM

ij þ uD
ij þ u0

ij: (1)

In Eq. (1), uM
ij is the full biaxial in-plane misfit strain compo-

nents between the film and the substrate in pseudocubic state

given as uM
ij ¼ ðasubs � af ilmÞ=asubs where asubs and af ilm are

the lattice parameters of the substrate and film, respectively,

u0
ij ¼ QijkP2

k is the self strain of the ferroelectric phase with

Qijk being the electrostriction tensor, Pk is the ferroelectric

polarization vector and we can drop this contribution out

when discussing in-plane strain due to clamping on the sub-

strate. uD
ij is the relaxation by MDs via the normal strains

(trace elements of the strain tensor). From here onwards, we

only consider normal strains of MDs as these interact with

the misfit strain. The normal strain component (i ¼ j) due to

a misfit dislocation array in a pseudocubic structure that

relaxes the misfit strain at a coordinate~r can be calculated in

the general following form:

uD
ij ¼

X
1¼1

u1
ij 1� tð Þ þ tu1

kkdij þ
X
1�¼1

u1�
ij 1� tð Þ þ tu1�

kkdij:

(2)

uD
ij is the total normal strain at a coordinate ~r in the film

where 1denotes summation of strains over the real disloca-

tion array (first summation in Eq. (1)), 1� denotes the sum-

mation of strains due to the imaginary dislocation array

(second summation term in Eq. (1)), indices denote tensorial

components wherein Einstein summation convention is

enforced, dij is the Kronecker delta. The imaginary compo-

nent of MDs are such that the Burgers vector ~b*¼ a[100] is

the mirror operation in coordinates with respect to the top

film surface to yield ~b � ðx; yþ 2hÞ ¼ �~bðx; yÞ with x being

the coordinate along the interface, y being the coordinate of

the real dislocation along the vertical axis, h is the film thick-

ness, a is the unitcell parameter of the film, t in Eq. (2) is the

Poisson ratio given as �S12=S11 where Sij are the elastic

compliances of BTO in the Voigt notation. The shear com-

ponents of strain as well as the out-of-plane strain compo-

nent are not considered due to the traction-free surface for

the former and free expansion along z-axis for the latter, i.e.,

these components are stress-free strains (see Ref. 43). The

individual normal dislocation strains that go into the summa-

tion in Eq. (2) are easily found from u1
ij ¼ Sijklrkl in the usual

definition where rkl are the well-known position dependent

stress field components around an edge dislocation.52 Thus,

one can use an effective misfit strain as given y the first two

terms in Eq. (1) at each coordinate in the film. Here, we con-

sider 100 MDs symmetrically positioned with the periods

obtained from Ref. 53 along the bottom film plane with

respect to our computational domain such that the 51st MD

site is at x¼ 0 with x varies from �L=2 to L=2 where L is the

lateral length of the computational domain (200 nm here).

The summed strain fields of the MDs gradually relax

the misfit in our computational domain with increasing

thickness. Note that this effective strain will be a function of

coordinates in the film. The film satisfies the Maxwell

Equation for dielectric media:

r � ~D ¼ q; (3)

where ~D ¼ Dx~ex þ Dz~ez, Dx ¼ eoebEx þ Px and Dz ¼ eoebEz

þPz. Here, ~D is the dielectric displacement vector, eo is the

permittivity of vacuum, and eb is the background dielectric

constant (7 in this work54), Ex and Ez are, respectively, the-

and z� components of the electric field vector ~E determined

from Ex ¼ �@/=@x and Ez ¼ �@/=@z, Px and Pz are the

ferroelectric polarization components along x and z, respec-

tively. q is the charge density in a n-type ferroelectric that

consists of negative carriers in the conduction band, holes in

the valence band and ionized impurities in the system

expressed as

q ¼ NþD þ n� þ pþ; (4)

for a semiconductor with only n-type impurities present. The

terms in the right handside are

NþD ¼ ND 1þ gD exp qðEF � ED � /Þ=kT½ �ð Þ�1; (5a)

n� ¼ NC 1þ exp qðEC � EF � /Þ=kT½ �ð Þ�1; (5b)

pþ ¼ NV 1þ exp qðEF � EV þ /Þ=kT½ �ð Þ�1; (5c)

where ND is the donor impurity density, q is unit charge, EF

is the Fermi level (function of donor density, halfway of

bandgap for intrinsic ferroelectric), ED is the ionization

energy of the n-type oxygen vacancy impurity in the crystal

(taken with respect to te bottom of conduction band, 0,5 eV

in our work for demonstrative purposes), / is local electro-

static potential found from Eq. (3), NC is the effective den-

sity of states in the conduction band, NV is the effective

density of states for holes in the valence band,EV is the

energy of the top of the valence band, gD is the band degen-

eracy for a semiconductor (2 here), k is Boltzmann constant

in eV units and T is temperature in Kelvin. In the case of

intrinsic BTO, q ffi 0.

In the 2D limit, because of the symmetric film-plane

equilibrium strain state, we consider only the strain term ur
11

that varies along the film thickness relaxing the misfit strain,

uM, which suffices for our purposes to demonstrate the inho-

mogeneous strain effects due to MDs (periodic MD segments

are taken as infinite along the film plane). The strain fields

and the charge distribution in the film are solved along with

ferroelectric polarization, which has to satisfy the equations

of state that are obtained via the variational minimization of

the volumetric energy with respect to polarization compo-

nents and the gradient of polarization:

2am
3 Pz þ 4am

13PzP
2
x þ 4am

33P3
z þ 6a111P5

z

þa112ð4PzP
4
x þ 8P3

z P2
xÞ þ 2a123PzP

4
x

�G
@2Pz

@z2
þ @

2Pz

@x2

� �
¼ � @/

@z
; (6a)
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2am
1 Px þ 2ð2am

11 þ am
12ÞP3

x þ 2am
13PxP2

z

þ 6a111P5
x þ 2a112½3P5

x þ 3P3
xP2

z þ PxP4
z �

þ 2a123P3
xP2

z � G
@2Px

@z2
þ @

2Px

@x2

� �
¼ � @/

@x
; (6b)

where am
3 , am

13, am
33, am

1 , am
11, am

12 are the renormalized dielec-

tric stiffness coefficients in SI units with am
1 and am

3 contain-

ing the strain renormalization as am
1 ¼ aðT � TCÞ

�ðuM
ij þ uD

ij Þ ðQ11 þ Q12Þ=ðS11 þ S12Þ and am
3 ¼ aðT � TCÞ

�ðuM
ij þ uD

ij Þ2Q12=ðS11 þ S12Þ, a ¼ ð2e0CÞ�1
, am

12 and am
33

contain the clamping effect of the film, while a111, a112, and

a123 are the dielectric stiffness coefficients in the bulk and

can be found in Ref. 43. Thus, the Curie-Weiss terms of the

equations of state are position dependent due to inhomogene-

ous total strain of MDs in Eq. (1). G is the gradient energy

coefficient and is assumed to be isotropic for convenience,

with a value of 6 � 10� 10 m3/F.55 We solve Eqs. (4), (5),

and (7) spontaneously in a numerical iterative scheme on a

discrete grid with the top-bottom interface polarization

boundary conditions given as

k
@Px

@x
� Px ¼ 0

����
z¼0;h

and k
@Pz

@z
� Pz ¼ 0

����
z¼z¼0;h

; (7)

with h being the film thickness, k is the extrapolation length

determining the extent of change of polarization along the

film normal at the interface. Periodic boundary conditions are

employed along the film plane both for polarization and elec-

trostatic potential. Electrostatic boundary conditions at top-

bottom film-electrodes are determined by the potential

assigned to the electrodes (/ ¼ u6Vapp=2 at z ¼ 0; h where

Vapp is applied voltage, u is the difference between the Fermi

levels of the film and the electrode). The small signal dielec-

tric response of the films is calculated from C-V simulations

under the variation of a voltage signal applied as the bound-

ary condition at the electrodes where the average dielectric

displacements at the top interface (bottom can also be used)

were computed and recorded both under zero bias and a small

signal bias. The details are given in our recent work28 and we

do not repeat them here for brevity. Ideal metal electrodes are

assumed whose work function is taken as that of Pt, a com-

mon electrode material (to determine electric boundary con-

ditions at the electrodes), and the polarization charges at the

interfaces are assumed to be completely screened. The con-

stants used in the computation are provided in Table I. All

our results are obtained at room temperature (RT).

III. RESULTS AND DISCUSSION

A. Intrinsic BaTiO3

We computed the equilibrium misfit dislocation (MD)

density (period) as a function of film thickness following the

works given in Ref. 53 once the films are above the critical

thickness (we calcuate this value to be around 3 nm for BTO

on STO following the method in Ref. 56 where elastic con-

stants given in Ref. 43 for BTO was used) and the result is

provided in Figure 2. Using the MD periods pertaining to our

cases, corresponding approximate pseudocubic film strain

states (uM
ij þ uD

ij in Eq. (1)), we computed near the top inter-

face of the films (where strain state tends to become homoge-

neous) in our study are given in secondary axis on the right.

For comparison, we also give the “effective misfit” put forth

in Ref. 53 and validate our results: There is excellent agree-

ment (Figure 2(b)). As expected, thicker films gradually relax

towards a zero strain state. With the core energy of MDs are

being rather costly, the thinner films will have larger MD pe-

riod while the thicker films, due to the high elastic strain

energy, have smaller period, resulting in a relatively homoge-

neous strain state in the bulk of the film. The inhomogeneous

strains around MD cores are confined to the bottom interface

in the latter. The two cases create rather different conditions

of polarization and domain stability as we shall show.

Before going onto the analysis of the dielectric response

of the films, it is crucial to look at the paraelectric-

ferroelectric transition temperatures, which we identified in

cooling runs for the range of thicknesses considered here

(Figure 3). Consistent with Figure 2, a near-full relaxation

TABLE I. Constants used in computing the semiconducting parameters

(Vacuum level is reference and taken as zero).

EF ED EV , EC u (Pt) NC NV

�5.1 eV (intrinsic) �3.9 eV

(with impurities)

�4.0 eV �6.6 eV �3.6 eV �5.5 eV 1024 1024

FIG. 2. (a) MD period vs. thickness computed using the formulation in Ref.

36 and strain vs. thickness computed for the given dislocation periods for

the five thicknesses of films considered in this work, (b) Comparison of

effective global strain defined in Ref. 47 with the computed data for the

thicknesses considered in our work.
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state is achieved around 16 nm of thickness after which TC

remains nearly constant. The data in Figure 3 are extracted

by tracking the absolute average amplitude of polarization

(hjPZji) for films with domains the transition into multido-

main state at TC has zero average polarization and is not de-

tectable if average of vector PZ is tracked. For films having

thickness< 20 nm with the equilibrium MD periods, we note

that the multidomain and single domain energies are not

very far apart and the considered extrapolation length, 3 nm,

close to the values reported for such structures else-

where,57,58 favors the multidomain state owing to the electric

fields forming near the surface. We check that it is so as bias

fields at the order of 1/100 of the coercive fields can destabi-

lize the multidomain state, which comes back following the

removal of the bias. We also add here that the TC reported

for the films with MDs represent a transition from the para-

electric state into a monoclinic state, not tetragonal, which is

bulk BaTiO3 structure. Subsequently, a very interesting out-

come of the thickness dependence of this transition is that

thicker films (> 16 nm) exhibit abrupt changes in h jPxj i as

well as in h jPzj i (due to coupling of the two). We find that

these steps occur at temperatures close to TC for the Px com-

ponent is necessary at the transition into multidomain state

(forms right at TC) in the form of closure domains while

“strain stabilized” Px component forms at lower tempera-

tures, causing the jumps in amplitude. An example to such

behavior is given Figure 4 along with the Px component

maps in the insets for the 32 nm film. Indeed, the temperature

and strain (away from the bottom interface where

near-homogeneous relaxation exists) at which structurally

stable Px appears in 32 and 40 nm films is in very good

agreement with the temperature-misfit strain phase diagrams

published previously41–43 for small misfits (the results of

these works vary at relatively large misfit strains with Refs.

41 and 43 being in close proximity).

The dielectric response of the films at various thick-

nesses and two different computed at RT for two different k
under small signal bias are plotted in Figure 5. In contrast to

what is expected from Figure 3, the largest dielectric

response is for the 16 nm film. The film with the lowest TC

for k ¼ 3nm is the 8 nm one and this structure is expected to

exhibit a large dielectric response because TC is closest to

RT. Very thin films are expected to be under a strong influ-

ence of the surfaces as well as the inhomogeneous strain

fields of the MDs. This statement is confirmed by the

smeared transition for the 8 nm film (not shown here). MD

density increases with thickness accompanied by a gradual

decrease in the surface effect and a sharper TC is observed

for films thicker than 8 nm. Such a consequence originates

from the fact that thicker films have the inhomogeneous

strains due to MDs confined to the bottom interface, dimin-

ishing the smearing. We find that the large dielectric

response for the 16 nm film is solely due to the presence of

electrical domains, which is favored by the “partially relaxed

misfit strains” in addition to the finite and small k. A softer

or susceptible Pz with respect to thicker films also promotes

such behavior. Prediction of very large dielectric constants

from multidomain films stabilized by thin dead layers at the

film-electrode interfaces has been made sometime ago by

Bratkovsky and Levanyuk59 and the highest response would

be attained if the domains are mobile, not pinned (which in

their case was when dead layers at the film-electrode interfa-

ces were very thin).

One can therefore conclude that relaxed ferroelectric

nano film structures with realistic extrapolation lengths can

exist in multidomain state and might generate very large

FIG. 3. Computed TC as a function of thickness for the films considered in

this work. Solid line is a guide to the eye.

FIG. 4. hjPzji and hjPxji vs. temperature for the 32 nm thick film. 1 and 2

denote the amplitude maps of Px at the temperatures indicated by the

arrows.
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dielectric responses, at the order a few thousand. Such an

occurence is not the case for thicker films despite the fact

that the misfit strain in these structures are nearly fully

relaxed (see Figure 2). The dielectric response of 32 nm and

40 nm thick films is not different, implying the negligible

surface effects in these structures and we find them to be in

single domain state. A very informative demonstration sup-

porting the argument related to the effect of extrapolation

length above can be carried out. For this purpose, we com-

puted the dielectric response of the same structures in the

presence of very large extrapolation length (100 times the

film thickness, k ffi 1), imposing nearly dPi=dxi ¼ 0 at the

surfaces as the polarization boundary condition (not to be

confused with the electrical boundary conditions). The

results are given in Figure 5 along with those obtained for

k ¼ 3 nm. It is obvious that the trend for dPi=dxi ¼ 0 at the

surfaces is entirely consistent with the TC given in Figure 2.

We also realize that, while the 8 nm film has the highest

susceptibility to domain formation for k ¼ 3 nm, the 12 and

16 nm films are also in multidomain state with the latter two

having a higher dielectric response in spite of the fact that

they have higher TC. We attribute this to the polarization

magnitude in the individual domains. That the multidomain

films with higher TC are expected to have a higher dielectric

response compared to those with lower TC can be shown

using the following rough but informative calculation. Let us

assume that the polarization normal to the film plane in each

domain of a multidomain ferroelectric film is homogeneous

and we probe the linear dielectric response of such a system.

Let us also consider that the dielectric response comes only

from the z component of P, which is along the film normal

(Homogeneously polarized closure domains have a small

contribution and are constant within this approximation).

The z-axis polarization (paralel to film normal) in direction

of the field to be applied and the antiparallel polarization can

be represented as P" and P#, respectively. The changes in

dielectric displacement will mostly depend on the change in

ferroelectric polarization (due to the fact that the e0ebEZ term

is negligibly smaller than Pz in Eq. (4)) and thus we write

Di ¼ d#P# þ ð1� d#ÞP"; (8)

for the initial dielectric displacement, Di, at zero bias,

neglecting the polarization of the domain walls and the clo-

sure domains which are smaller than the polarization in the

domains themselves below TC. Upon application of a small

bias, DE; the final dielectric displacement, Df , will become

Df ¼ ðd# � DdÞðP# � DPÞ þ ð1� d# þ DdÞðP" þ DPÞ; (9)

with Dd and DP being the very small change in domain frac-

tion and polarization due to applied small bias in the linear

limit. Because we probe linear response at small bias, DP is

the same both in paralel and antiparallel directions and is

always positive. Note that P# and P" are vectors and have op-

posite signs. From the definition of dielectric response,

er ¼ ð1=e0ÞdD=dE, one obtains from er ¼ ð1=e0ÞðDf � DiÞ
=DE the following:

er / DdðP" � P#Þ þ DPð1þ 2Dd� 2d#Þ (10)

and noting that d# ¼ 0:5 initially, one has

er / DdðP" � P#Þ þ 2DPDd: (11)

In Eq. (11), the first term is the multidomain response

(Remember that P" � P# ffi 2PS where PS is approximately

the spontaneous polarization in single domain state for a film

with a given TC) while the second term is important only

very close to or at TC where the system is highly sensitive to

infinitesmally small perturbations. Thus, below TC, the first

term dominates the dielectric response. According to Eq.

(11), a multidomain film with a lower TC is expected to have

a lower dielectric response with respect to a multidomain

film with higher TC. Inserting the average polarization values

for P#;" we obtained from our simulations into Eq. (11), we

indeed see that the 16 nm film, for instance, is expected to

have a dielectric response higher than the 8 and 12 nm ones,

although we cannot quantify the roughly 3 times difference

due to the approximate nature of the approach presented

above. Another fact is that the thinner films will probably

have reduced domain wall mobility due to the stronger depo-

larizing fields penetrating to a significant volume of the film

(making domain walls more stable hence “harder” to move),

meaning smaller Dd, rendering a lower dielectric response

expectation. Note that without pinning either due to MDs or

value of k, one might actually have much larger responses

than what we report here but in real experiments one should

always expect pinning of domains. In the approximate model

prescribed above, it is also easy to see that the single domain

dielectric response can be recovered using Eq. (10) if one

takes P# ¼ 0,d ¼ 1 and Dd ¼ 0. Then one is left only with

ð1=e0ÞDP=DE which is just the dielectric response of a ho-

mogeneous single domain film that diverges at TC in accord-

ance with the Curie-Weiss behavior.

Films with 24, 32, and 40 nm thickness in this work sus-

tain single domain states (or it can be said that the single do-

main and multidomain energies are very close) and the

dielectric response we get from these structures are nearly
FIG. 5. Dielectric response as a function of thickness for k ¼ 3 nm and

k ¼ 1. The lines are guides for the eye.
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the same as the case of infinite extrapolation length.

Therefore, one can conclude that the response of thicker

structures are determined by the extent of strain relaxation

by the MDs, the polarization boundary conditions at the

interfaces is of secondary importance.

B. BaTiO3 with moderate impurity density

The inclusion of the semiconducting properties to

account for depletion charges emanating from the ionizable

impurities do not have a significant impact on the dielectric

response. For films with impurity density of 1025 m�3 (values

close to this have been reported for such systems) we

obtained nearly the same behavior as the intrinsic films.

Results are provided in Figure 6 in comparison with the

intrinsic BTO film. Another important aspect to consider is

the coupling of the inhomogenous dislocation fields to free

carrier and ionized impurity distribution. This happens via

the divergence of ferroelectric polarization term of the

dielectric displacement in Eq. (3). Due to the strain relaxa-

tion caused by MDs, the magnitude of Pz normal to the

film-electrode interface is lower compared to a fully strained

film and this diminishes the effect of the polarization on

depletion charge distribution. This is mainly the mechanism

by which dislocation straşn fields act on the depletion charge

and carrier distribution. Therefore, along with the increased

dielectric constant owing to relaxed misfit strain, the films

are all fully depleted and they remain so even for densities

around 1026 m�3 (not shown). Hence, there is only ionized,

positively charged impurities in the films and nearly no free

carriers including dislocation sites. The thicker films have a

very slightly enhanced dielectric response and this is because

of the slightly reduced Pz due to the higher magnitude of the

internal electric field changing sign in the middle of the film

along thickness as also discussed elsewhere.60 This outcome

of our study has very important implications for the tempting

thought that films with MDs might be more prone to leakage

compared to films with fully coherent interfaces with the

underlying substrate. As the films are fully depleted, we

did not find any carrier localization around MD sites.

Importance of such a finding lies in the fact that width of the

depletion zones near the electrodes in ferroelectric semicon-

ductors with impurities is an important parameter when dis-

cussing leakage and charge injection as the electric field

distribution inside the films with partial and full depletion

are very different, impacting the maximum electric field at

the interfaces. Interface fields directly determine the thresh-

old for electron emission from the electrode over a barrier

characteristics in such systems and is of ultimate importance

for device funcitonality. The threading segments of the MDs,

on the other hand, need to be considered seperately as they

are often thought as conducting pathways between upper and

bottom electrodes under applied bias.

IV. CONCLUSIONS

We simulated the transition temperatures and dielectric

response of STO/Metal/BTO/Metal thin film structures for

various thickness of the BTO layer in the presence strain

relaxation via MDs, connecting effect of microstructural fea-

tures to macroscopic response. All films were computed to

be in the monoclinic phase. Both the intrinsic films and films

with impurities display a very large dielectric response

around a critical thickness where the strain relaxation ampli-

fies the impact of the surface. For very thin films, the dielec-

tric response is more pronunced due to the combined effect

of surface boundary conditions and the inhomogeneous MD

strain fields occupying a very significant volume of the film

stabilizing electrical domains. Using a simple model, we

confirmed the trends of the simulations for realistic extrapo-

lation lengths where the multidomain films with higher TC

are expected to have a larger dielectric response than those

multidomain films with lower TC. Putting an infinite extrapo-

lation length removes any polarization-related surface effect

and films attain a single domain dielectric response in pro-

portion with the TC determined by MD density. For realistic

extrapolation lengths films above a certain thickness, despite

near-full relaxation with MDs, can sustain a single domain

state and these structures still have a pronounced dielectric

response due to polarization instabilities around dislocation

cores in addition to the existence of the monoclinic state.

Moderate amounts of depletion charge do not change the

trends we observe in the intrinsic films. Due to the reduced

polarization magnitude along the film normal, all films stud-

ied here are in full-depletion state with nearly no density of

free carriers, revealing an effective mechanism by which dis-

locations determine carrier distribution in the film. No spe-

cial or preferential distribution of free carriers was observed

around MD cores, leading us to the idea that polarization

gradients do not have a profound effect on free charge distri-

bution or localization as one might be compelled to think as

long as the film thickness allows fully depleted state. This

scenario might change for sufficiently thick films that will be

in partial depletion for the reported densities of impurities in

literature. Moreover, the assumption that impurity generated

carriers can compensate for local electric fields due to polar-

ization gradients remains formally invalid for films with

moderate amounts of impurities as these films will be in fully

depleted state. We did not come across a systematic experi-

mental study of the thickness dependence of dielectric

FIG. 6. Dielectric response as a function of thickness for intrinsic BTO and

BTO with 1025 m�3 impurity density. k ¼ 3nm in both cases.
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response of high quality epitaxial BTO films on compressive

substrates for comparison of our findings and we hope that

the current paper might motivate such a work to clarify MD

effects in particular. A careful systematic work on a wide

range of thicknesses with high quality films was carried out

in Ref. 61, but the system analyzed there was Ba0.5Sr0.5TiO3

on MgO under a finger electrode geometry, rendering the

associated polarization stabilities, domain structures and

electrostatics incomparable to the predictions of our work.
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