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We study the effect of surface polarization on the distribution of free carriers in a wide bandgap

semiconductor ferroelectric (FE) film using a thermodynamic approach. We show that free carriers,

namely, holes and electrons from ionizable impurities or atomic vacancies can accumulate near the

film-electrode interface, if FE polarization profile has a very steep change near the surface that is

specified by the extrapolation length. Such an outcome is just the opposite of what happens in a

Schottky junction in a partially or fully depleted film. This is also an entirely different effect than

what has been often studied in similar structures, where the work function and screening length of

the electrode metal determines the electronic character of the interface. Even for low-to-moderate

densities of ionizable defects with states within the bandgap close to the band edges, high densities

of carriers can localize close to the electrodes in a single domain state FE film when above a critical

thickness. For very low densities of such ionizable defects, short extrapolation lengths cause

electrical domain formation with minimal carrier accumulation because of the already weak

depolarizing fields. This is also true for films below a critical thickness with low-to-moderate

densities of ionizable impurities, i.e., electrical domains get stabilized regardless of defect density.

The implications of our findings for polarization controlled Schottky to Ohmic-like transition of an

interface and experimental results are discussed. It is also found that interfaces of an n-type FE

heterostructure can behave like a p-type depending on the barrier heights and impurity density.

We conclude that, for low-to-moderate ionizable impurity densities, it is the rate of change of

polarization at the interface with position rather than solely its presence that leads to carrier

accumulation and that both interfaces can become Ohmic-like with opposite signs of carriers.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4886576]

I. INTRODUCTION

Distribution of charge carriers in ferroelectric (FE) het-

erostructures remains an important factor in device design

tailoring the polar state. FE oxide perovskites are the most

interesting structures in this regard and are also wide

bandgap semiconductors. Use of these materials as gate-

control layers and data retention components in high-density

memory architectures is an on-going interest.1–6 The pres-

ence of FE polarization alters the classical characteristics of

film-electrode junctions in an otherwise linear dielectric

semiconductor, making polarization manipulation of carriers

possible6–9 but at the expense of potential leakage cur-

rents.10–15 For this very reason, electrical and polarization

boundary conditions (BCs) at the film-electrode interface

become crucially important parameters that determine the

functionality of these systems almost regardless of film

thickness. Significant number of studies have been devoted

to clarifying the effect of semiconducting properties of FEs

on their hystereses, capacitance-voltage, and current-voltage

behavior,4,16,2,3,10,11,13,17–21 where the only difference is

apparently the consideration of an additional built-in

field due to polarization inserted to the equations next to

the built-in field due to the Schottky character of the

junction.10,11,13,22 A number of other works adopt thermody-

namic approaches coupled with electrostatics and semicon-

ductor equations for a given FE-electrode couple.23–30 While

the importance of electrical and polarization BCs on proper-

ties of FE films is very well anticipated, only a handful of

relatively recent studies have seriously tried to address their

impact on the properties.27,31–38 Given the great importance

of the BCs and the theoretically proven sensitivity of FE

films to interface characteristics in sandwich type FE thin

film capacitor structures, observing hysteresis loops and but-

terfly type C-V curves in these systems is a routine practice

but is also quite contraversial. The reason behind this

thought is that the electrodes used to contact the FE film of-

ten have finite screening lengths39,40 and that thermodynamic

analysis has shown the ultimate stability of multidomain

(MD) state in these systems.41,42 Assuming at the moment

that the electrodes behave as nearly ideal, another parameter

coming into play is the “strength” of the ferroelectricity near

the interfaces: Keeping in mind that FE ordering is a result

of long range Coulomb interactions,43,44 termination of the

polar lattice, despite the presence of electrodes providing

image dipoles, at the surface can be expected to suppress

ferroelectricity with respect to the bulk and also smear the

anomalies.21,45 Such an effect is introduced into the thermo-

dynamic calculations via the well-known polarization BCs in

a form, where a so-called extrapolation length acts to sup-

press ferroelectricity at the interface when positive or vice
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versa. Particularly, in Ref. 36, the tendency of surface polar-

ization to go to zero was shown, pointing to very short

extrapolation lengths. Glinchuk et al. pointed out to the im-

portance of the extrapolation length on the magnitude of the

depolarizing fields in a ferroelectric slab.38 In an older paper,

Kretschmer and Binder have shown the importance of polar-

ization BCs on the stability of the single domain (SD) state

in a “uniaxial” FE.46 In a FE with weaker anisotropy, where

polarization rotation is possible, strong suppression of the FE

ordering near the interface can trigger domain formation to

localize the depolarizing fields near the interface as men-

tioned in more recent works.41,42

Here, we study the effect of polarization gradients near

the interfaces imposed by the extrapolation length on carrier

distribution in a FE semiconductor. A short extrapolation

length corresponds to a “weaker ferroelectricity” and that the

system is certainly not in global minima near the interface.

Schottky type interfaces in dielectric semiconductors have

carrier depletion near the interfaces and this is also true for

FE layers with interfaces having the same Curie point (TC)

as the bulk. We demonstrate that this picture can entirely

change if the surface has a lower Curie point than the bulk,

leading to polarization gradients near the interface. If these

gradients are too steep, i.e., strong suppression of ferroelec-

tricity near the interfaces is the case, electrical domains can

form. Note that this is not related to the finite screening

effect of electrodes, which is often claimed to trigger electri-

cal domain formation in thin films. Just as interesting, in

relatively thick films (>40 nm in this work) another type of

behavior takes place where low-to-moderate amounts of

ionizable (donating electrons to the conduction band or

accepting electrons form the valence band) impurity den-

sities charge can lead to accumulation of free carriers near

the electrodes that apparently compensates the electric fields

due to abrupt polarization gradients near the interfaces. For

such films, SD state is possible unlike in the case of “ideal

insulating dielectric” assumption because the latter always

ends up with domains for steep polarization gradients at the

surfaces due to short extrapolation lengths. However, such

interfaces can behave as Ohmic-like and lead to potential

leakage currents. In all cases, when multidomain state

occurs, negligible carrier accumulation is observed near

the interfaces and the films are in fully depleted state in the

range of thicknesses considered here. We emphasize the dra-

matic effect of how polarization termination at a FE-metal

interface impacts the Schottky character of a FE film with

n-type ionizable impurities having a work function lower

than that of the metal electrode: carrier depletion behavior is

reversed whereby the depletion zone dominated by ionized

impurities moves to the center of the FE film, just the oppo-

site of what happens in a Schottky interface. This may or

may not be classified as an Ohmic one as an Ohmic junction

requires low barrier heights, hence we name it Ohmic-like in

the rest of the paper. Such an outcome of our work could be

important in evaluating the leakage mechanisms, in particu-

lar, capacitance and hystereses behavior. We also find that,

for low-to-moderate impurity densities, it is the rate of

change of polarization near the interface that determines

whether the interface can behave as a Schottky or Ohmic-

like in addition to the sign of polarization with respect to the

electrodes. Presence of a nearly homogeneous polarization

throughout the thickness of the film does not lead to a vary-

ing electronic character of the top and bottom electrode

interfaces and the regular symmetrical Schottky interfaces at

top and bottom electrodes persist at zero bias. We also dem-

onstrate that in the case of very high impurity densities, the

carrier distribution becomes relatively insensitive to the

extrapolation length and we comment on this in the light of a

recently analyzed case in literature.

II. THEORY AND METHODOLOGY

The schematic of the capacitor film system we study is

in Figure 1. A grid in the x-z plane is constructed as h¼m� u

and p¼ 200� u with u being the unitcell distance and is

approximately the unitcell length of the FE in the cubic state,

m is the number of unitcells along thickness, h. We take

PbZr0.3Ti0.7O3 (PZT) grown epitaxially on SrTiO3 (ST)

substrate with thin coherent Pt electrodes as an example: this

system has a lattice misfit of around �1% (compression) and

can sustain interfacial coherency up to around 40 nm of thick-

ness followed by a very large dislocation period that has a

minimal impact of strain relaxation up to around 80 nm of

thickness. The electrodes are considered to be also coherent

with the ST substrate.

A semiconductor dielectric with impurities that donate

electrons to the conduction band will have a total charge

density, q, of

qðrÞ ¼ NþD ðrÞ þ n�ðrÞ þ pþðrÞ; (1)

where the individual terms on the right handside are

NþD ¼ NDð1þ gD exp ½qðED � EF � /Þ=kT�Þ�1; (2a)

n� ¼ NCð1þ exp ½qðEC � EF � /Þ=kT�Þ�1; (2b)

pþ ¼ NVð1� ½1þ expðqðEV � EF � /Þ=kTÞ��1Þ: (2c)

FIG. 1. Schematic of the capacitor thin film structure studied in this work.
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In Eq. (2), NþD is the ionized impurity density, n� is the elec-

tron density, pþ is the hole density, NC is the effective den-

sity of states at the bottom of the conduction band, NV is the

effective density of states at the top of the valence band, EC

is the energy of an electron at the bottom of the conduction

band, EV is the energy of an electron at the top of the valence

band, EF is the Fermi level, / is the local electrostatic poten-

tial. Before going onto any calculation, one needs to know

the EF of the semiconductor for a given impurity density,

ND, varying as a function of coordinate r with an ionization

energy EC � ED (taken with respect to the bottom of the con-

duction band) from the charge neutrality condition

ð
dVqðrÞ ¼ 0: (3)

The integration over the volume can be replaced with sum-

mation over the coordinates in a discrete grid system that is

used in the current work yielding

X
N

qðx; yÞ ¼ 0: (4)

For a homogeneous impurity distribution and infinite semi-

conductor with equal amounts of positive and negative

charges, coordinates will not matter for charge neutrality

condition. In (4), the summation runs over all sites, where N
is the total number of sites and q is a function of coordinates

x and z. Using the parameters given in Table I, varying the

homogeneous impurity density and following a graphical

solution method, we get the plot in Figure 2 for the EF as a

function of temperature for the impurity densities of interest

in this study.

Knowing EF of the FE semiconductor, we have to sat-

isfy the Poission Equation in our film given as

r � ~D ¼ q; (5)

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

¼ eoebEz þ Pz. Here, ~D is the dielectric displacement vector,

eo is the permittivity of vacuum, and eb is the background

dielectric constant (7 in this work47,48), Ex and Ez are,

respectively, the x� and z� components of the electric field

vector ~E determined from Ex ¼ �@/=@x to Ez ¼ �@/=@z,

Px and Pz are the FE polarization components along x and z,

respectively. The polarization terms in the dielectric dis-

placement vector make the difference between a regular

dielectric semiconductor and a FE one. Polarization compo-

nents satisfy the Landau-Ginzburg equations of state written

as

2am
3 Pz þ 4am

13PzP
2
x þ 4am

33P3
z þ 6a111P5

z

þ a112 4PzP
4
x þ 8P3

z P2
x

� �
þ 2a123PzP

4
x

� G
@2Pz

@z2
þ @

2Pz

@x2

� �
¼ � @/

@z
; (6a)

2am
1 Px þ 2 2am

11 þ am
12ð ÞP3

x þ 2am
13PxP2

z þ 6a111P5
x

þ 2a112 3P5
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, and am

12 are the renormalized

dielectric stiffness coefficients in SI units with am
1 and am

3

containing the strain renormalization as am
1 ¼ aðT � TCÞ �

uM
ij ðQ11 þ Q12Þ=ðS11 þ S12Þ and am

3 ¼ aðT � TCÞ � 2uM
ij Q12=

ðS11 þ S12Þ, where 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

for various compositions of Pb, Zr, and TiO3 in Ref. 49, uM
ij

is the misfit strain tensor for a cubic structure. G is the gradi-

ent energy coefficient and is assumed to be isotropic for

convenience, with a value of 6� 10�10 m3/F.42 We solve

Eqs. (4), (5), and (7) spontaneously in a numerical iterative

scheme on a discrete grid with the top-bottom interface

polarization BCs given as

k
@Px

@x
� Px ¼ 0jz¼0;h and k

@Pz

@z
� Pz ¼ 0jz¼0;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 and is a parameter implying how

strongly Ferroelectricity is suppressed near the interfaces. As

we shall see later, this parameter has a dramatic impact on

the depletion behavior of near the interfaces. Periodic BCs

are employed along the film plane both for polarization and

electrostatic potential. The BCs for electrostatic potential are

specified at the FE-electrode interfaces as the difference

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) (for when with impurities, please check Figure 2) �4.0 eV �6.6 eV �3.6 eV �5.5 eV 1024 1024

FIG. 2. Fermi level computed as a function temperature.
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between the EF of the FE and the electrode (namely, the bar-

rier height), where / 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). Note that the amount of charge

transfer between the FE and the electrode will depend on u
and no charge transfer will occur if u ¼ 0. Ideal metal elec-

trodes are assumed whose work function is taken as that of

Pt, a common electrode material (to determine electric BCs

at the electrodes), and the polarization charges at the elec-

trode interfaces are assumed to be completely screened,

where we introduce image dipoles in the electrode with

equivalent magnitude of the FE dipoles. For a state of zero

depletion charge and k ¼ 1, there is zero depolarizing field

in the film. Temperature (T) dependent runs are carried

out by varying T from 200 K to 1000 K, where the data in

Figure 2 are used to introduce the T dependence of the EF.

The state obtained at the end of each iteration cycle is fed as

the initial condition to the next T value similar to what indeed

happens in an experimental measurement. This also sheds

light on the point of SD-MD transition regardless of the ran-

domness of the initial condition that the simulations start with.

III. RESULTS AND DISCUSSION

A. Simulation of an electroded n-type 40 nm PZT
having high impurity density

We first analyze the effect of polarization on the elec-

tronic character (whether it is a Schottky or an Ohmic one)

of metal-FE interfaces for relatively high impurity densities

(>1026 m�3) in a 40 nm FE film. These phenomena in nano-

meter scale films, although an expected one, have started to

stimulate interest for devices, where carrier transport through

a junction could be switched on or off via manipulation of

the polarization direction.6,7,9,15 For a n-type impurity den-

sity of 1026 m�3 and a PZT film having a thickness of 40 nm

sandwiched between metal electrodes at room temperature

(RT) with the parameters provided in Table I, our solution

prescribed in Sec. II gives the results plotted in Figure 3.

n-type carrier accumulation occurs at the interface towards

which the polarization points. During the computation, a

question that arose was whether the charge accumulation at

the interface to which the polarization vector points is due to

the presence of polarization or rather the “termination

profile” of the Pz at that interface. For this reason, we solved

Eqs. (1), (5), and (6) for k ¼ 2 nm and k ¼ 1, where the lat-

ter implies that the surface behaves identical to the bulk.

From Figure 3, it is clear that the polarization termination

near the FE-electrode interface determines the extent of

carrier accumulation, hence the electronic character. In the

course of our study, we came across a study,7 where the

authors have arrived at similar results for BaTiO3 (BT) sand-

wiched between SrRuO3 (SR) on a SrTiO3 (ST) substrate

using atomistic first principles calculations. Using our

approach and phenomenological parameters of BT retrieved

from Ref. 50 and ideal electrode consideration, we get

Figure 4(a). Figure 4(a) shows that our polarization profile

obtained for 1.9� 1027 m�3 n-type impurity density, misfit

strain of �0.025 and a film thickness of �6 nm with a 0.4 V

Schottky barrier height (the values used by Ref. 7) is in

excellent agreement with the profile, these authors obtain for

metal-oxide relative displacements; in addition, the polariza-

tion curve they generate by fitting parameters according to

their work. The free electron distribution across the thickness

we computed is also provided in Figure 4(b) and combined

with the sign of the calculated electrostatic potential for this

region (positive), clearly shows that the right FE-metal inter-

face would behave as Ohmic-like. We find that ionized

donors appear on the left handside and this interface is a

FIG. 3. The polarization (Pz) profile and the electron density distribution in

the 40 nm thick PZT film with 1026 impurity density.

FIG. 4. (a) Comparison of our results obtained from thermodynamic theory

with the first principles results of Ref. 7. (b) The electron distribution we

computed for the same film using our approach.
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Schottky one (not shown here). The authors of Ref. 7 prob-

ably choose to work with a rather high impurity density

(1.9� 1027 m�3) to simulate carrier distribution in a film of

about 6 nm thickness to be in the partial depletion regime as

we find that 1025–1026/m3 impurity densities, in the limit of

full ionization, would put a 6 nm BaTiO3 film into full deple-

tion for a Schottky barrier height of 0.4 V (the value these

authors take). Please note that we use, here, the atomistic

first principles results for SR/BT/SR/ST in Ref. 7 to validate

our approach and in the rest of our paper, we work with low-

to-moderate impurity densities in thicker films. The main

focus of our work is the thickness effect on the electronic

character of the interface and the MD-SD stability and we

show that carrier accumulation is possible at both interfaces

if polarization termination near the interface leads to rela-

tively large values of dPz=dz for low-to-moderate impurity

densities (1020–1024 m�3). We also should emphasize that

the polarization profile at low thickness (<10 nm) becomes

rather insensitive to polarization BCs (for Pz), which we

took into account using a value k ¼ 2 nm for SR/BT/SR/ST,

if the ionized impurity density is very high (> 1026 m�3) and

we kept such densities of impurities outside our scope in the

following discussions.

B. Carrier profiles of films for various values of k at RT

Following the important results that reveal the impact of

k on carrier distributions and electronic character of the FE-

electrode interface, we extend our analysis to the case of 3

different values of k: 0.4 nm, 2 nm, and 10000 nm (infinite),

each of which generate lesser gradients of polarization near

the interface, respectively, reminding that these values

impose different “strengths” of ferroelectricity at the film

surface. We consider the case of the 20, 40, and 80 nm films

as these would have different charge distribution regimes for

the densities of impurities considered. Of course, lower den-

sities of impurities (such as <1012/m3) lead to a EF closer to

the middle of the bandgap and the aforementioned effect is

less pronounced, leading to intrinsic behavior in all cases.

Our results for electron and hole distributions are in

Figures 5(a)–5(f) to reveal the impact of k in representative

20 nm, 40 nm, and 80 nm thick films when impurity density

is 1024 m�3. Films with 1020 m�3 impurity density behave

identical to the case of 1024 m�3 for both small and large k.

Infinite values of k cause full carrier depletion for the range

of impurity densities, here, and does not lead to any interest-

ing or different behaviors other than what we previously

reported.26,27,51 Figure 5 reveals that, in all cases, in this

work, for k¼ 0.4 nm and 2 nm, p-type carrier domination is

observed despite the fact that the films are n-type FE: this is

due to the depletion of the films of their electrons. That there

is a possibility of a p-type Ohmic-like interface formation in

a FE with n-type impurities is quite interesting for an inter-

face potential barrier at the order of 0.7 eV for q ffi 1024 m�3

at RT, which is close to values in experiments for oxide

FE–noble metal couples. Bringing the barrier height gradu-

ally to 0 eV (by raising the work function of the metal elec-

trode to that of the EF of the FE) causes the electrons to stay

in and populate the film and density of holes go to zero, as

one would expect. In an opposite case, very high impurity

densities would certainly eliminate any p-type behavior even

for the barrier heights considered here as well as barrier

heights measured in experiment. While thicker films behave

so, the 20 nm film that always comes out to be in MD state

for k ¼ 0:4 nm has nearly no electrons and relatively low

concentrations of holes near the interfaces depending on the

sign of local Pz owing to the fact that the electric fields are

minimized due to electrical domain formation. In the SD

state (k ¼ 2 nm), 20 nm film has some electron accumulation

near the right interface owing to the relatively higher electric

potential in this region (Figure 5(b)). 40 nm thick film

appears to be favoring the MD state when k ¼ 0:4 nm for

low-to-moderate impurity densities considered (� 1024 m�3).

Unlike the 20 nm and 40 nm films, the 80 nm film is in SD

state for 1016 m�3, 1020 m�3, and 1024 m�3 impurity densities

(See Table II) for all the k values considered in this study. A

small but finite electron density near the right interface exists

for k ¼ 2 nm in the 80 nm film. For k ¼ 0:4 nm, the promi-

nent carrier accumulation near the interfaces of the 80 nm

film is due to steep gradients of Pz (Figure 5(e)). In the case

of intrinsic FE film, the 40 and 80 nm structures also split

into electrical domains when k ¼ 0:4 (see Figure 6) even in

the limit of ideal electrodes. However, if we artificially grow

the barrier height in the case of an intrinsic FE film, the films

can sustain a stable SD state. Large barrier heights in a very

similar system (PbTiO3 with Pt electrodes) were claimed to

be favoring a stable SD state down to a few nm film thick-

ness.52 Our finding, in the continuum limit, is due to deple-

tion of electrons to equilibriate the Fermi levels, leaving a

relatively high density of holes near one interface that gener-

ates a built in potential. Note that this is not expected to be a

cause of possible asymmetry in hystereses as this hole accu-

mulation at one of the interfaces will also depend on the sign

of the applied potential.

From our results, it is clear that MD formation in rela-

tively thin films (<40 nm) minimizes the electric fields near

the interfaces and immediately leads to lower densities of

carriers (both holes and electrons) with respect to what

occurs in SD state. Thicker structures (80 nm) tend to exist

in SD state for impurity densities 	 1016 m�3 and carrier

accumulation near interfaces is a strong function of the way

polarization behaves in these regions. We must add here

that, while k is a parameter we control the interface polariza-

tion in our computational work, such effects can indeed be

realized in experiments through the quality of the interface

and local stoichiometry that could lead to dramatic weaken-

ing of the ferroelectricity at the interface and lead to carrier

accumulation. Whether a SD or MD state might be expected

especially for values of k < 1 nm and low-to-moderate

impurity densities is discussed in Sec. III C.

C. Thickness dependence of single domain stability
at RT

As the carrier profiles, for the range of impurity

densities we worked with, appear to be a strong function of

film thickness particularly for strong suppression of ferroe-

lectricity at the surfaces (k ¼ 0:4 nm), it is crucial to
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illustrate the SD stabilities as a function of film thickness.

The thickness dependence of the SD stability for 4 different

donor densities is examined: 1012 m�3, 1016 m�3, 1020 m�3,

and 1024 m�3. For demonstrative purposes, 4 different thick-

nesses are considered: 20 nm, 40 nm, 60 nm, and 80 nm films,

respectively, totaling the studied cases to 16 from which we

deduce important trends and implications. For convenience,

we give Table II to summarize the domain stability regimes

of the films considered at RT for k ¼ 0:4 nm and after 3000

iterations. Relatively, large extrapolation lengths (>1–2 nm)

only lead to hole accumulation at one of the interfaces

depending on polarization sign as well as the barrier height

as shown previously and no MD formation occurs for the

range of impurities considered. For k > 1� 2 nm, MD states

TABLE II. Electrical domain stabilities in the 20, 40, 60, and 80 nm films for a metal work function of 5.5 eV. Note that the Fermi levels of the films depend

on impurity concentrations, hence the barrier heights at the interfaces.

Impurity density (m�3) 80 nm film 60 nm film 40 nm film 20 nm film

1024 Single domain Single domain Multi-domain Multi-domain

1020 Single domain Single domain Multi-domain Multi-domain

1016 Single domain Single domain Multi-domain Multi-domain

1012 Multi-domain Multi-domain Multi-domain Multi-domain

FIG. 5. The free carrier profiles for (a) the 20 nm thick film with k ¼ 0:4 nm and (b) k ¼ 2 nm, (c) the 40 nm film with k ¼ 0:4 nm and (d) the 80 nm film

k ¼ 2 nm and (e) with k ¼ 0:4 nm and (f) k ¼ 2 nm. Please be reminded that the 20 nm and the 40 nm films are in MD state when k ¼ 0:4 nm and the profiles

for these cases are taken along a domain with positive Pz. A similar but opposite carrier distribution occurs if we profile carrier density in a domain with nega-

tive Pz.
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can become stabilized only due to the finite screening effects

of the electrodes (namely, presence of dead layers) as shown

in previous works.31,41

The numerically computed polarization maps of some

selected cases (from Table II) are given in Figure 6 when

k ¼ 0:4 nm and k ¼ 2 nm, where the former leads to stron-

ger suppression of ferroelectricity at the interface. The case

of k ¼ 2 nm is given to demonstrate that SD state is stabi-

lized for this value (also for k ¼ 1 nm but not shown here for

brevity) in all films. We provide here the significant results

only in order to avoid an overwhelming number of graphs

that would make it hard to focus on the important outcomes.

For 20 and 40 nm thickness, MD regime always comes out

as the stable state regardless of the donor density and cannot

be removed by low-to-moderate bias except domain wall

motion when k ¼ 0:4 nm. Such a situation leads to weaker

electric fields near the interface due to the alternating sign of

polarization charges and sign of carriers (originating from

impurities) to compensate polarization bound charges also

follow this trend. Weak electric fields near the interface do

not cause a significant carrier accumulation as was shown in

Sec. III B. For 60 nm and 80 nm thick films, SD state appears

to be possible for 1016, 1020, and 1024 m�3 donor densities

(Only 1024 m�3 shown in Figure 6 for k ¼ 0:4 nm and 60 nm

films) that are even lower than some experimental values

reported previously for such systems using C-V measure-

ments and slope of the 1/C2 vs. applied bias plots.53,54 60 nm

thick structure splits into electrical domains for 1012/m3 do-

nor density or lower when k ¼ 0:4 nm as the interface region

occupies a more significant volume of the film compared to

the 80 nm thick structure in addition to the fact that the film

has a stronger tendency to be fully depleted for the barrier

heights in this work. The latter condition probably leaves

insufficient density of electrons to neutralize the steep gra-

dients of Pz near the interface for short k. The 80 nm thick

film, despite steep polarization gradients for k ¼ 0:4 nm,

retains its SD state (not shown here) down to impurity den-

sities of 1012 m�3 at which it starts to stabilize in MD form.

We find that it is energetically more favorable to confine the

carriers near the interfaces, where high values of potential

appear in the case of thick films as long as the film is not

close to “intrinsic.” No such effect is observed in 20 or

40 nm films even for 1024 m�3 impurity density keeping in

mind that the carrier density depends exponentially on local

electrostatic potential (Eq. (2)). We conclude that accumula-

tion of carriers near the interfaces can neutralize the local

depolarizing fields emanating from steep polarization gra-

dients and could stabilize a SD state especially in thick films

(>40 nm in this work). This state can exhibit a hysteresis

with applied electric field.

FIG. 6. Pz maps for 20 films with (a)

k ¼ 0:4 nm and (b) k ¼ 2 nm, 40 nm

films with (c) k ¼ 0:4 nm and (d) k ¼
2 nm, 60 nm films with (e) k ¼ 0:4 nm

and (f) k ¼ 2 nm and 80 nm films with

(g) k ¼ 0:4 nm and (h) k ¼ 2 nm.

Please note the difference in the scale

legends of the k ¼ 0:4 nm and k ¼ 2

nm for films in SD state (due to the

stronger depolarizing field effect in the

case of k ¼ 0:4 nm).
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D. Single domain-multi domain transition
temperatures

We carried out cooling runs in the systems, we investi-

gated for various impurity densities. In this manner, we

could identify the range of temperatures, where the films

remained in MD or SD state. The results are provided in

Figure 7. We track hjPz(x,z)ji and hjPx(x,z)ji, where we use

the latter to reveal the MD-SD transition in the films. The

reason we do so is to ensure that we can detect the MD state

unambigously as the regular average of Pz and Px for the

MD state is almost zero and goes undetectable. Although we

did cooling runs for k ¼ 2 nm and k ¼ 0:4 nm, we focus on

the latter as such values can stabilize the MD state in 20 nm

and 40 nm films at all times for the range of impurities con-

sidered here as well as for low. It is important to note that TC

of the films is only a function of film thickness but not a

strong function of impurity density for both small and large

lambda. A similar note was made in the work of Bratkovsky

and Levanyuk in their paper of year 2000.55 For k ¼ 2 nm,

electron depletion occurs in the entire film volumes (for low-

to-moderate impurity densities) and SD state is retained in

all cases. The SD stability here is related to reduce depolariz-

ing fields due to k being longer than the correlation length in

these systems, which is presumed to be at the order of the

unitcell length and this was concluded for FE films in the

full insulator assumption.38 We would like to remind that

high impurity densities would lead to saw-tooth type domain

structures as recently reported,51 here, for large k. In the cur-

rent work, we do not go to high densities as we obtain the al-

ready published previous results26,51 also for the metal/PZT/

metal thin film capacitor considered here.

In the 60 nm and 80 nm films, strong suppression of

ferroelectricity at the interfaces favors the MD state in

the entire temperature range of ferroelectricity when

the films are intrinsic or have low impurity densities

(� 1012 m�3). For 1024/m3 impurity density, SD state per-

sists below 520 and 620 K in 60 and 80 nm films, respec-

tively, as also seen from hjPxji going to zero at the MD-

SD transition shown in Figure 6: The SD state has only

the Pz component as opposed to the MD state that does

require Px components to form closure domains near the

interfaces. A similar picture is the case for 1020/m3 in the

80 and 60 nm thick films (Figure 7(b)). Lower impurity

densities (such as 1016 m�3, see Figure 6(c)) still appear

to enforce the SD state in the 80 nm film but MD state

starts to form in the 60 nm film when impurity density

falls below 1016/m3, a relatively low value (not shown

here). The 20 and 40 nm structures are always in MD

state and we give in Figure 7 only the 40 nm for brevity.

Note that the presence of Px in our work does not imply

a strain induced monoclinic phase: we find that the stable

phase in PZT for a misfit value of 1% compression is the

tetragonal phase.

IV. CONCLUSIONS

Carrier distribution in a strained FE film with metallic

ideal electrodes was studied as a function of film thickness

and polarization BCs at the film surface. Ideal electrode

approximation appears to work well as confirmed by the

comparison of our results with that of Ref. 7. The FE was

taken to be n-type contacting top-bottom electrodes having a

work function greater than the EF of the film, expected to

give rise to Schottky junctions on both interfaces. The effect

of carrier distribution on domain stabilities and possible

SD-MD transition in a range of temperatures were also

FIG. 7. hjPzji and hjPxji as a function of temperature to detect the Curie

point and the MD-SD transition temperatures for (a) 1024 m�3 impurity den-

sity, (b) 1020 m�3 impurity density, and (c) 1016 m�3 impurity density. (1)

and (2) denote the SD-MD transition in the 80 nm and 60 nm films, respec-

tively. All plots are obtained for k ¼ 0:4 nm. The case when hjPxji goes to

zero is the SD stability regime.
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examined. Thinner structures, when the surface polarization

terminates with a strong gradient, are always in the MD re-

gime regardless of the impurity densities considered includ-

ing the intrinsic state. Thick structures (	60 nm) can sustain

a SD state even for relatively low impurity densities when

the surface polarization has strong gradients (i.e., weak sur-

face ferroelectricity). For k having values of a few nano-

meters, all structures are in SD state as long as ideal

electrodes are considered. We realized that, for weak surface

ferroelectricity, thicker films are also in MD state but only at

high temperatures near the Curie point. Strong gradients of

polarization at the FE surface lead to carrier accumulation

near these regions in relatively thick films and a SD state is

favored. Growing the barrier height at the interfaces (by arti-

ficially raising the work function of the metal) could lead to

SD states even in intrinsic films for steep surface polarization

gradients and this is possibly due to depletion of the films of

electrons and holes accumulate on one interface depending

on sign of polarization that generates internal bias fields. For

small barrier heights (<0.2 eV, for instance), intrinsic films

in the case of weak surface ferroelectricity exist in MD state

in order to confine the depolarizing fields near the interface.

We also showed that sign of polarization controls the

electron-rich and hole-rich regions but only when k is at the

order of a few nanometers or less. In films with very high

impurity densities (>1026 m�3), the polarization profile

becomes nearly insensitive to k. The outcomes of our work

imply the possible existence of Ohmic-like interfaces on

both sides of an electroded FE depending on the type of the

electrode and this is expected to enhance leakage currents.

We also provided evidence that an n-type FE can behave

like a p-type semiconductor for low-to-moderate impurity

densities if the electrode work function is larger than that of

the FE. Such a situation automatically generates an internal

bias within the film, favoring Pz to be in a particular direc-

tion. Our results are important for understanding whether

leakage can be interface driven or bulk controlled as many

approaches formally consider carrier-depleted Schottky

interfaces to occur in FE-metal contacts depending on the

barrier height. The charge accumulation near or at the surfa-

ces and related surface conductivities previously reported56

could also be originating due to an effect similar to the one

we report keeping in mind that electrical measurements are

made via electrode contacts. We also became aware of

another atomistic study, where depolarizing field in free

standing BT films with top-bottom lattice termination plane

asymmetry was also claimed to be a reason for charge trans-

fer between O p states and Ti d states generating empty

states for conduction, possibly stabilizing a polar FE state57

and causing carrier accumulation at the interfaces but this is

an intrinsic effect and is not a FE-electrode contact related

occurrence. Finally, we realize that electrons expected to

form a 2D gas at the electrode surface due to possible hole

accumulation on the FE side could also be beneficial in opto-

electronic devices tailoring surface plasmons. In an upcom-

ing separate work, we intend to check the effect of finite

screening length effects of the electrodes and how this phe-

nomenon is altered due to polarization BCs at the FE film

surface.
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