
Intrinsic space charge layers and field enhancement in ferroelectric nanojunctions
Ye Cao, Anton V. Ievlev, Anna N. Morozovska, Long-Qing Chen, Sergei V. Kalinin, and Petro Maksymovych 
 
Citation: Applied Physics Letters 107, 022903 (2015); doi: 10.1063/1.4926329 
View online: http://dx.doi.org/10.1063/1.4926329 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/107/2?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Ferroelectric domain triggers the charge modulation in semiconductors (invited) 
J. Appl. Phys. 116, 066817 (2014); 10.1063/1.4891310 
 
Fully-inverted piezoresponse hysteresis loops mediated by charge injection in 0.29 Pb ( In 1 / 2 Nb 1 / 2 ) O 3 –
0.44 Pb ( Mg 1 / 3 Nb 2 / 3 ) O 3 – 0.27 PbTiO 3 single crystals 
Appl. Phys. Lett. 98, 092908 (2011); 10.1063/1.3562034 
 
Ferroelectric hysteresis and aging effect analysis in multiferroic Pb ( Fe 0.5 Nb 0.5 ) O 3 ceramics 
J. Appl. Phys. 105, 114110 (2009); 10.1063/1.3142420 
 
Investigation of thickness dependence of the ferroelectric properties of Pb ( Zr 0.6 Ti 0.4 ) O 3 thin-film capacitors 
J. Appl. Phys. 99, 034102 (2006); 10.1063/1.2170414 
 
Domain reorientation anisotropy in ferroelectric polycrystals 
J. Appl. Phys. 92, 2112 (2002); 10.1063/1.1495531 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.118.37.128 On: Wed, 16 Sep 2015 14:54:52

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1424842355/x01/AIP-PT/Continuum_APLArticleDL_091615/Continuum_banner_ad.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Ye+Cao&option1=author
http://scitation.aip.org/search?value1=Anton+V.+Ievlev&option1=author
http://scitation.aip.org/search?value1=Anna+N.+Morozovska&option1=author
http://scitation.aip.org/search?value1=Long-Qing+Chen&option1=author
http://scitation.aip.org/search?value1=Sergei+V.+Kalinin&option1=author
http://scitation.aip.org/search?value1=Petro+Maksymovych&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4926329
http://scitation.aip.org/content/aip/journal/apl/107/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/6/10.1063/1.4891310?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/98/9/10.1063/1.3562034?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/98/9/10.1063/1.3562034?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/11/10.1063/1.3142420?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/99/3/10.1063/1.2170414?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/92/4/10.1063/1.1495531?ver=pdfcov


Intrinsic space charge layers and field enhancement in ferroelectric
nanojunctions

Ye Cao,1 Anton V. Ievlev,1 Anna N. Morozovska,2 Long-Qing Chen,3 Sergei V. Kalinin,1

and Petro Maksymovych1

1Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831, USA
2Institute of Physics, National Academy of Science of Ukraine, 46, pr. Nauki, 03028 Kiev, Ukraine
3Department of Material Sciences and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16802, USA

(Received 9 April 2015; accepted 23 June 2015; published online 15 July 2015)

Conducting characteristics of topological defects in ferroelectric materials, such as charged domain

walls, engendered a broad interest on their scientific merit and the possibility of novel applications

utilizing domain engineering. At the same time, the problem of electron transport in ferroelectrics

still remains full of unanswered questions and becomes yet more relevant over the growing interest

in ferroelectric semiconductors and new improper ferroelectric materials. We have employed self-

consistent phase-field modeling to investigate the physical properties of a local metal-ferroelectric

(Pb(Zr0.2Ti0.8)O3) junction in applied electric field. We revealed an up to 10-fold local enhance-

ment of electric field realized by large polarization gradient and over-polarization effects due to

inherent non-linear dielectric properties of Pb(Zr0.2Ti0.8)O3. The effect is independent of bias

polarity and maintains its strength prior, during and after ferroelectric switching. The observed field

enhancement can be considered on similar grounds as increased doping level, giving rise to reduced

switching bias and threshold voltages for charge injection, electrochemical and photoelectrochemical

processes. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926329]

Ferroelectric materials have been widely utilized in

various electronic devices such as memories, piezoelectric

actuators/sensors, and dielectric/ferroelectric capacitors.1

Although generally considered insulators, many ferroelec-

trics are wide-band-gap semiconductors. Semiconducting

properties may lead to breakdown2 and therefore a negative

impact on applications that rely on polarization switching.

On the other hand, the unique properties of ferroelectric

semiconductors, such as the bulk photovoltaic effect,3–5

make them desirable for solar energy and solar fuel applica-

tions.6–9 Moreover, ferroelectric domain walls can be

conducting in ferroelectrics, most likely due to interplay

between ferroelectric and semiconducting properties.10–17

The distinctive property of ferroelectrics is a non-linear

dielectric constant due to the electric-field dependence of

spontaneous polarization. In this case, an internal electric

field from the space-charge layer of the Schottky contact will

produce an overall non-uniform spontaneous polarization

inside the film, which will in-turn influence the Schottky

barrier itself. This is the basic idea behind the ferroelectric

Schottky diode by Blom et al.18 More recently, Xiao

et al.19,20 and Morozovska et al.17 analyzed charge carrier

accumulation at domain walls, while Zubko et al. revealed

that increasing dopant density suppresses both coercive field

and spontaneous polarization and more intriguingly produces

polarization waves inside the ferroelectric.21

In this paper, we analyze the properties of a local metal-

ferroelectric contact, where an inhomogeneous electric field

is produced by confined electrostatic potential in plane of the

surface. The latter approximates the geometry found in

scanning probe microscopy (SPM), nanoscale capacitors and

may very-well correspond to the case of a macroscopic, but

structurally non-uniform electrode-ferroelectric interface.

The ferroelectric volume itself contains no mobile charge.

By employing phase-field modeling,22 we find that local

metal-ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT in short) nanojunc-

tions produce up to 10-fold enhancement of local electric

field when compared to a parallel plate capacitor. This effect

may explain some of the puzzles in recent electron transport

measurements on ferroelectrics and necessitates further

understanding of coupled electronic-electrochemical proc-

esses in ferroelectric nanocontacts.

In the phase-field simulation, the temporal evolution of

ferroelectric polarization vector is modeled by numerically

solving the time-dependent Landau-Ginzburg-Devonshire

(LGD) equations23

@Pi x; tð Þ
@t

¼ �L
dF

dPi x; tð Þ
; i ¼ 1; 2; 3; (1)

in which Pi is the polarization vector, t is the time, L is the

kinetic coefficient related to the domain movement, and F is

the total free energy which can be expressed as

F¼
ð
V

½flanðPiÞþ fgradðPi;jÞþ felasðPi;eijÞþ felecðPi;EiÞ�dV; (2)

in which flanðPiÞ, fgradðPi;jÞ, felasðPi; eijÞ, and felecðPi;EiÞ rep-

resent the LGD free energy density, the gradient energy den-

sity, the elastic energy density, and the electrostatic energy

density, respectively. Details of each of the energy density

expressions are from literature24,25 and listed in the supple-

mentary material.26 Note that the surface energy is not
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included in Eq. (2) as we assume natural boundary condi-

tions (i.e., infinite extrapolation length).

To model a local contact of an SPM probe, we specify

the electric potential distribution on the bottom and top inter-

faces of the film, respectively, as27

/bottom x; yð Þ ¼ 0;

/top x; yð Þ ¼ /0

c2

ðx� x0Þ2 þ y� y0ð Þ2 þ c2
; (3)

in which /0 is the tip bias, ðx0; y0Þ is the tip position, and c is

the half width of the tip (assumed c¼ 5 nm).

We then set up periodic boundary conditions along x
and y, and a general boundary condition along z directions.

The simulation size is discretized into a realistic 3D mesh of

64Dx� 64Dy� 32Dz, with Dx¼Dy¼ 1.0 nm. The grid size

along z direction is non-uniform. A semi-implicit spectral

method28 combined with Chebyshev collocation method29,30

have been employed to solve the LGD equation (Eq. (1)).

The simulation is conducted at room temperature

(T¼ 25 �C). Detailed numerical parameters are given in the

supplementary material.26 The lattice mismatch between the

film and the substrate induces an in-plane compressive strain

of �0.015. The background dielectric permittivity of PZT is

on the order of 5–7.31–34 However, to compare with experi-

mental results from real samples, we used background

dielectric permittivity of 50 as suggested from the litera-

ture.35 This is because any polarizable imperfections in real

materials would be equivalent to increased dielectric permit-

tivity. Assuming an order of magnitude smaller permittivity

does not change obtained results qualitatively.

We calculated a 32 nm-thick Pb(Zr0.2Ti0.8)O3 thin film

consisting of a single tetragonal domain (along þz). The ini-

tial polarization is equal to Ps¼ 0.7 C/m2. The tip bias was

then increased from 0.5 to 5 V. Figs. 1(a) and 1(b) show the

2D profile (x-z plane) of polarization component (Pz) at

equilibrium state under (a) 0.5 V and (b) 2 V tip bias, while

Fig. 1(c) shows the state before the switched nanodomain

reached the bottom surface under 5 V (c). At 0.5 V, the polar-

ization component Pz was compressed under the tip but not

switched; when the bias reached 2 V, local switching

occurred in the vicinity of the tip. The switched nanodomain

was in a half-prolate shape, inhibited by the large electrostatic

energy penalty to propagate through the entire film. At 5 V,

the nucleated nanodomain developed a cone-like morphol-

ogy, reached the bottom surface, and eventually widened into

a cylindrical domain. Fig. 1(e) compares the polarization

induced bound charges (�dPz/dz) under three biases. The

local maximum of polarization charge was located at the

nanodomain apex and reached as high as 102 C/cm3 at 2 V

and 5 V tip biases. This is due to the formation of a head-to-

head tilted domain wall, where the apex region (wall tilt

angle h¼ 90�) exhibited maximum polarization charges.17

The polarization charge at 0.5 V was an order of magnitude

smaller than at 2 V and 5 V due to locally compressed but still

unswitched ferroelectric polarization (Fig. 1(d)).

The 1D profiles of electric potential (/) and field compo-

nent along z (Ez) are compared in Figs. 1(f) and 1(g). At

0.5 V, the electric potential profile becomes non-linear, and

the maximum Ez is found right under the tip. The potential

profile can be well fitted by a 2nd order polynomial between

the surface and �4.0 nm away from the surface. This indicates

a space charge region near the tip, which screens the applied

potential even in the absence of extrinsic dopants. At 2 V and

5 V, an extra “bump” near the nucleus apex is also seen in the

potential profile (red and green lines in Fig. 1(f)), resulting in

an extra local field maximum at the apex (Fig. 1(g)). The

FIG. 1. 2D plot of the steady state distribution of ferroelectric polarization component Pz in the x-z plane under tip bias of 0.5 V (a) and 2 V (b), and of a state

before the nucleated nanodomain propagates into a cylindrical domain configuration under tip bias of 5 V (c). 1D z-profiles of spontaneous polarization (Pz)

(d), polarization induced bound charge (e), electric potential (f), and electric field component (Ez) at tip biases of 0.5, 2, and 5 V. Z-profiles are taken at the cen-

ter of the film in the x-y plane.
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potential “bump” and the local field maximum near apex pro-

moted the nanodomain growth and eventually disappeared at

5 V when they reached the bottom electrode.

To further understand the effect of local electric field

on nanojunction switching, we considered three scenarios:

(1) ferroelectric single domain (Pz þ) PZT under a tip bias;

(2) linear dielectrics under the same tip as (1); and (3) ferro-

electric single domain (Pz þ) PZT under a uniform plate

electrode. In a linear dielectric, the polarization is related to

the electric field as

Pi ¼ e0vijEj ¼ e0ðjij � 1ÞEj; (4)

in which vij is the susceptibility tensor, and the polarization

and electric potential were obtained by solving the coupled

equations (5), (S-9), and (S-12).26 For comparison between

scenarios (1) and (2), we assumed jij ¼ 50 � dij (dij is the

Delta-Kroneker symbol) in linear dielectrics. Fig. 2(a) illus-

trates the 1D profiles of the polarization component Pz and

electric potential of (1)–(3) at 2 V. Compared to ferroelectric

PZT under tip (1), Pz in linear dielectrics (2) was locally com-

pressed under the tip and remained constant away from the tip,

resulting in a much smaller polarization gradient and thus

smaller polarization charges under the tip. The electric poten-

tial in (2) showed no “bump” and had smaller gradient under

the tip than in (1). In scenario (3), Pz remained constant

throughout the film and reduced from its equilibrium value

(�0.7 C/m2 under �1.5% substrate strains without applied

bias) by �0.06 C/m2. No local switching occurred and the

electric potential linearly dropped from top to bottom surfaces.

Fig. 2(b) compares the local maximum field at different biases

from 0.5 to 5 V for both in-plane (Ex, Ey) and out-of-plane (Ez)

field components in scenarios (1) and (2), and an out-of-plane

field component (Ez) for scenario (3). While Ex (Ey) are almost

identical in (1) and (2), Ez in (2) is much smaller than in (1) at

each bias. This is consistent with Fig. 2(a). It is also found out

that Ez under the tip reached 1 V/nm at 5 V bias, almost ten

times larger than the average field under the uniform electrode

(3). This field enhancement indicates that the switching bias

could be significantly reduced under a tip-geometry bias.

The large enhancement of local electric field due to

lattice polarization effect will naturally translate into a very

large enhancement of efficiency of charge injection. Here,

we estimated the transmission coefficient (TWKB) of the

Fowler-Nordheim tunneling model based on the simulated

electric potential profiles shown in a simplified tip-surface

junction (Fig. 3(a)). We calculated the WKB approximated

transmission coefficient (TWKB) along z direction for barrier

widths defined by the potential profiles in scenarios (1)–(3)

based on the following equation assuming barrier height

q0/ðzÞjz at the interface � E ¼ 0:5eV:

TWKB ¼ exp � 2
ffiffiffiffiffiffi
2m
p

h�
Ð
/ zð Þ>Edx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0/ zð Þ � E

p
�;

"
(5)

in which m is the electron mass, h� is the reduced Planck

constant, q0 is the unit charge, /ðzÞ is the electric potential

along z, and E is the work function of the electrode. From

Fig. 3(c), it is seen that TWKB in PZT under uniform plate

electrode are several orders of magnitude smaller than those

in PZT and linear dielectrics under tip biases.

Our computational findings may therefore be relevant to

a well-known problem with the description of Schottky bar-

riers in ferroelectric oxides. It has been known for some time

that the leakage current observed in macroscopic capacitors

typically requires about 10-fold larger electric fields than

what would be expected based on intentional or uninten-

tional doping levels.36 Likewise, in more than a few works

utilizing SPM methods, the results could only be explained

by comparatively high electric fields in the range of

0.1–1 V/nm. These include the observation of intrinsic ferro-

electric switching in BiFeO3
37 and polarization-controlled

Schottky barriers in PZT.38

There are several ways by which the required large elec-

tric field can arise, particularly in SPM geometry. The sim-

plest assumption is that of a small size of the contact area that

leads to large geometric enhancing of the electric field. As

some of us have shown earlier,38 the I-V curves can be rea-

sonably well-fit with the Fowler-Nordheim tunneling equation

and SPM tips with a radius of 2–5 nm, which may correspond,

for example, to a sharp asperity at the tip apex. Another way

to introduce high electric field is to consider doping levels in

excess of 1� 1019 cm�3. In Fig. 3(d), we show fitting of the

representative I-V curves from a 30 nm film of PZT14 using

1D Fowler-Nordheim tunneling model and the Schottky con-

tact with the maximum electric field determined by39,40

Em ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e0ND V þ Vbið Þ

e0j

s
; (6)

FIG. 2. (a) Comparison of polarization profile (Pz) and electric potential distribution (/) in three scenarios: (1) ferroelectric single domain (Pz þ) PZT under a

tip bias; (2) linear dielectrics under exactly same tip geometry as (1); and (3) ferroelectric single domain (Pz þ) PZT under a uniform plate electrode. (b)

Comparison of local maximum electric field in the vicinity of the surface (both in-plane (Ex, Ey) and out-of-plane (Ez)) for scenarios (1) and (2), and the calcu-

lated average field (Ez only) in scenario (3) at different biases from 0.5 V to 5 V.
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where e0 is the unite charge, ND is the doping level, V and

Vbi are the applied bias and built-in potential, respectively,

and e0 and j are vacuum and dielectric permittivity, respec-

tively. Here, we assume that the tunneling barrier is resist-

ance limiting, which is valid in the regime of low tunneling

current. The fits are generally satisfactory, although there is

significant uncertainty in the tip radius. Nevertheless, in

most cases that radius exceeds 10 nm, which is much more

reasonable for a local junction. However, this also necessi-

tates the doping levels of �4� 1019 cm�3 for a barrier height

of �0.8 eV. Reasonably good fits can be obtained for even

larger barrier height, but still larger doping levels are

required to achieve the field of 0.2–0.5 V/nm. Although these

doping levels may not be unrealistic, one needs to consider

whether at some point there will be a transition to metallic

conductivity given that the Mott criterion for BaTiO3 is satis-

fied at �5� 1018 cm�3.41

The mechanism presented in this paper can relieve some

of the above constraints by providing electric field enhance-

ment through over-polarization effects. In fact, it is clear

from Fig. 3(d) that the "missing" 10-fold enhancement is

readily produced by dielectric junctions. It will be interesting

in the future to model ferroelectric semiconductors in a simi-

lar fashion to observe the interplay between external bias-

induced and internal space-charge induced over-polarization

effects, which may be relevant for piezoelectric applications

and other reasonably low-field operation regimes where the

film is far from full depletion.

In summary, we implemented a phase-field method to

study the ferroelectric switching dynamics in the local

electric field applied to strained PZT thin film. It was

revealed that ferroelectric polarization responded to

applied field by over-polarization and therefore occurrence

of space-charge layer solely due to polarization gradient.

This effect enhances local electric fields by as much as a

factor of 10 relative to parallel plate capacitor and is

largely insensitive to the exact polarization structure in the

ferroelectric volume. The field enhancement dramatically

lowers the voltage threshold for both charge injection as

well as ferroelectric switching, which may be beneficial for

certain cases but also detrimental if charge-injection pre-

cedes material breakdown.
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