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We consider a typical heterostructure “domain patterned ferroelectric film—ultra-thin dielectric
layer—semiconductor,” where the semiconductor can be an electrolyte, paraelectric or multi-layered
graphene. Unexpectedly, we have found that the space charge modulation profile and amplitude in
the semiconductor, that screens the spontaneous polarization of a 180-deg domain structure of
ferroelectric, depends on the domain structure period, dielectric layer thickness and semiconductor
screening radius in a rather non-trivial nonlinear way. Multiple size effects appearance and
manifestation are defined by the relationship between these three parameters. In addition, we show
that the concept of effective gap can be introduced in a simple way only for a single-domain limit.
Obtained analytical results open the way for understanding of current-AFM maps of contaminated
ferroelectric surfaces in ambient atmosphere as well as explore the possibilities of conductivity

control in ultra-thin semiconductor layers. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891310]

I. INTRODUCTION

Ferroelectric single-crystals, thin films, and ferroelectric-
based nanosized heterostructures attract permanent interest
due to their unique electrophysical and electromechanical
properties and promising possibilities for next-generation of
memory' ™ and nonlinear optical devices.”® Study of the
polarization switching keeps central place in the investigations
of ferroelectric materials.

In the general case, switching process is a completion
between external electric field, depolarization field pro-
duced by the boundary charges on the polar surfaces and
charged domain walls and screening fields produced by the
redistributed charges in the external electrodes (external
screening) and in the crystal bulk (bulk screening).””'" In
that way, screening plays important role in the switching
process.

Relaxation time of the external screening is defined by
characteristics of the external circuit and usually is about
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microseconds while typical time of the bulk screening can
exceed hundreds of milliseconds. Existing of the effective
dielectric layer on the sample surfaces™'® leads to spatial
separation of the boundary and screening charges and thus
essentially inhomogeneous distribution of the electric field in
vicinity of domain wall. Recent experimental investigations
of the polarization switching in homogeneous electric field
in lithium niobate and lithium tantalite single-crystals dem-
onstrated that this phenomenon could lead to unexpected
domains behavior like discreet switching.'® Experiments
with artificially thick dielectric gap produced by Ar ions im-
plantation confirmed influence of the dielectric layer thick-
ness on polarization reversal kinetics.'?

Hence, careful theoretical calculations of the spatial dis-
tribution of electric fields in vicinity of fresh (not completely
screened by bulk processes) domain wall is required to
describe polarization process in details. In this way, multi-
layer ferroelectric heterostructures play the role of suitable
model object.

Recently, Than ez al.”” demonstrated a generic approach to
use a functional layer, ferroelectric thin film Pb(Zr,,Tig)O3
deposited on a protective dielectric layer LaAlO5 followed by a
SrTiO;, as a nonvolatile modulation of the electric transport

1.13
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and reported about the colossal change of conduction and
metal-insulator transition. At that the spontaneous polarization
direction in ferroelectric determines the free carrier type in a
semiconductor. Motivated by the finding we decided to study
theoretically how the ferroelectric domain structure triggers the
space-charge modulation in semiconductors layers of different
nature. As typical example, we chose the hetero-structure
“semiconductor/ultra-thin dielectric layer/ferroelectric film with
domain structure.” As semiconductors we consider an electro-
lyte, paraelectric Sr(Ru, Ti)Os, or multi-layer graphene, dielec-
tric passive layers (spontaneous and artificial), as
ferroelectrics—LiNbO; with relatively high spontaneous polar-
ization and very high coercive field and NaKC4H,O4-4H,0O
(Rochelle salt) with relatively low polarization and field,
because the structures of such type present a significant interest
for different applications as argued below.

Specially deposited dielectric layers (typically polymers,
high-k dielectrics or paraelectrics) serve as protective buffer
layer between the ferroelectric interface and semiconductor/
graphene.'® However, when not created specially, dielectric
(““dead” or “passive”) layers often appear spontaneously on a
ferroelectric surface and substantially influence on the spon-
taneous polarization screening by external screening charges
and mobile adsorbates.'®'*'® In particular, a water mole-
cules condensate on a hydrophilic surfaces of ferroelectrics
LiNbOs;, (Ba,Sr)TiOs, (Pb,Zr)TiO3, and NaKC4H4O4-4H,0
placed in ambient conditions, and becomes electrolyte after
dissociating on H" and OH™. For the case ferroelectric
polarization and the screening (ambient) charges are sepa-
rated by the dead layer; the charges dynamics sometimes
leads to changing of the switching kinetics'® and fascinating
phenomena such as intermittency, quasiperiodicity, and
chaos in probe-induced ferroelectric domain switching in the
system humid air/dead layer/LiNbO5.%° Note that the lack of
theory precludes understanding of complex current-AFM
measurements results obtained for contaminated ferroelectric
surfaces in ambient atmosphere with moderate humidity.

The theory of the dead layer impact on the ferroelectric
properties was first proposed by Tagantsev et al. (see Refs.
21 and 22 and refs. therein). Assuming the existence of a
thin layer of nonswitchable dielectric material (whose dielec-
tric constant is much less than that of the ferroelectric) con-
nected in series with the ferroelectric Tagantsev and Gerra®?
modeled polarization hysteresis loops corresponding to a
heterostructure electrode/passive dead layer/ferroelectric/
electrode. They predicted that the increase of the passive
layer thickness results in an essential tilt of the loops, an
essential reduction of the remanent polarization and to a cer-
tain reduction of the maximal polarization on the loop and
the coercive field. Then, Abe et al.”® used non-switchable
layer model to explain the voltage offset of ferroelectric
loops.

Since a single layer graphene was fabricated in 2004,
numerous theoretical and experimental works dealt with its
unique properties (see, e.g., Ref. 25 and references therein).
However, in fact multi-layer graphene (or ultra-thin graph-
ite-like) films are observed in real situations rather often.
Therefore, electric transport,”®?’ magnetic properties,
magneto-optical conductivity,””*® thermal conductivity,?
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and other characteristics of multi-layer graphene films were
studied rather intensively in last years. Note that, despite
single-layer graphene is a semi-metal with zero gap between
conduction and valence bands in Dirac point (see, e.g., Ref.
30), a potential difference between graphene layers opens a
gap between conduction and valence bands; in bilayer gra-
phene such a gap can be caused by electric field of gate dop-
ing,>' by tensional strain,”*> by a twist between two layers
in Bernal stacking.***> Therefore, generally a distorted
multi-layer graphene can be treated as a semiconductor with
controlled gap,*® and it can be modeled very naturally in the
problem below along with such a typical semiconductor as
silicon.

Several experimental and theoretical studies consider in-
triguing physical properties of the heterostructure graphene/
physical gap or dielectric layer/ferroelectric substrate.®’**
Interest to the heterostructures is primary related with tempt-
ing possibility to add next level of functionality by electric
field and temperature control over the spontaneous polariza-
tion direction, value, and domain structure properties in the
vicinity of surface.** A strong depolarization electric field,
caused by the abrupt of spontaneous polarization at the ferro-
electric surface, partially drops in the dielectric gap and then
is screened by the carriers localized in graphene. The charge
of the screening carriers is defined by the spontaneous polar-
ization direction.**

This work presents a comprehensive continuum media
theory of the ferroelectric domain structure influence on the
space-charge modulation in different semiconductor surface
layers allowing for the presence of dielectric layers on the
ferroelectric surface. The paper is organized as following.
The problem statement, electrostatic equations for the
hetero-structure semiconductor/ultra-thin dielectric layer/fer-
roelectric film with domain structure and their analytical so-
lution are listed in Sec. II. The electric field and potential
redistribution and space charge modulation caused by ferro-
electric domain structure are discussed in Sec. III. The finite
size effects of the space charge accumulation in semiconduc-
tor caused by a ferroelectric domain structure are analyzed in
Sec. IV. Section V is conclusion.

Il. PROBLEM STATEMENT

The screening of electric-field in semiconductor/multi-
layer graphene can be treated either within Debye-Hiickel
approximation (for non-degenerated carriers, that obey
Maxwell-Boltzmann statistics), or within Fermi-Thomas
approximation (for degenerated carriers, that obey Fermi-
Dirac statistics, see, e.g., Ref. 44). The realistic values for the
screening length are in the range between tens nm (non-degen-
erated silicon) and 1-3nm (strongly gated multi-layer gra-
phene). In this work, however, we’ll study the Debye-Hiickel
approximation case only, leaving the Fermi-Thomas limit for
our further examination. Therefore, we restrict ourselves to
the case of multi-layer graphene with low gate/ferroelectric
doping, where intrinsic carriers 2D concentration exceeds one,
caused by external field doping. This means we need ferro-
electric with comparatively low spontaneous polarization for
validity of Debye-Hiickel approximation for multi-layer
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graphene. We also treat multi-layer graphene as a 3D system,
characterized by graphite parameters (permittivity &g = 15).
This imposes limitations on the number of graphene layers
N> 10. Debye-Hiickel approximation is quite common for
typical  semiconductor-paraelectrics, solid or liquid
electrolytes.

Geometry of the considered problem is shown in Figure
1. Ultra-thin dielectric layer (e.g., physical gap or contami-
nated layer) is modeled by a dielectric layer of thickness #4;
I =L —h is the thickness of ferroelectric film with 180-
degree domain structure. The period of 180-deg domain
structure is a. Pg = (0,0,P3) is a spontaneous polarization
vector of uniaxial ferroelectric. &, is the dielectric layer per-
mittivity, &g is the semiconductor background permittivity.
Semiconductor layer thickness is regarded much higher than
its screening radius R,. For the case of multi-layer graphene,
this leads to additional limitations on graphene layers num-
bers, which correlate with the previous ones.
Technologically, for the case of multi-layer graphene, the
dielectric layer means dielectric substrate (the most common
one is Si0,, although other dielectrics, including ones with
high permittivity, can be used as well—see Ref. 45).

Equation of state D = ¢ E relates the electrical dis-
placement D and electric field E in the dielectric layer, ¢, is
the dielectric layer (gap) permittivity, & is the universal
dielectric constant. In ferroelectric film, the electric displace-
ment is D =¢E+ P~ soéZE + Py, where é’; is the linear
dielectric permittivity tensor. The potential ¢ of quasi-
stationary electric field, E = —V ¢, can be introduced. The
potential ¢ satisfies Laplace’s equation inside the dielectric
layer. For semiconductor/multilayered graphene, we regard
the Debye-Hiickel approximation validity. This leads to the
system of electrostatic equations

Ps

Apg — =5 =0,

e for — 0o < z < 0 (semiconductor) | (1a)
d

Ap, =0, for 0 <z < h(dielectriclayer),  (1b)

o?
<8§3 52+ sfllAL) @y =0, forh <z < L(ferroelectric film) -
z

(Io)

Laplace operator is A, R, is a Debye screening radius. In Eq.
(1), we used that divPg(x,y) = 0 for uncharged 180-deg do-
main structure. Equations should be supplemented with the
boundary conditions of zero potentials at z < —R; and
z=L, @5(x,y,—o0) — 0 and ¢(x,y,L) = 0. Continuous

(a) ¢c-AFM

(b)

Semiconductor dielectric
(electrolyte or graphene) layer

uniaxial
ferroelectric
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potential on the boundaries between semiconductor and
dielectric layer, g (x,y,0) = @,(x,y,0), the layer and ferro-
electric, ¢, (x,y,h) = @;(x, y, h). Continuous normal compo-
nent of displacement on the boundaries between
semiconductor, namely, —&s(0qg/0z) + &g(0p,/0z) = 0 at
z=0 and —808/;3(6(pf/82) + P3 + e0eg (09, /0z) = 0 at
z=h.

General solution of Eq. (1) valid for arbitrary distribu-
tion P3(x,y) is derived in Appendix Al of supplementary
material.*® For a single-domain ferroelectric analytical solu-
tion of Eq. (1) has a relatively simple form

—P3Ryeqlexp(z/Ra)
& (egesl + 8’;3(851’1 + eng))

@g(z) = for — oo <z <0,

(2a)

_P3I(R
0,(z) = ol (Raty + 657) for0 < z < h, (2b)

& (8g351 + 8);3 (esh + ngd)>

forh <z <L. (2¢)

P3 851’1 + S,Rd (Z — L)
(Pf(z) _ ( 8 )
£ (sgagl + 8§3 (esh+ ngd))

Here, | =L —h 1is the thickness of ferroelectric film.
Expressions (2) are derived in Appendix A2 of supplemen-
tary material.*® Both in Debye-Hiickel approximation the
space charge density pg(z) in semiconductor (or multilayered
graphene) and the total charge oy ~ —MJO_OO @g(z)dz are

RZ
given by the elementary expressions !

0% 0s(2), (3a)

ps(z) = R—fz s

—P3éegesl
gy — .
ggesl + 6,;3 (esh + egRy)

(3b)

Note that the total charge is equal to —P3 only in the case of
perfect screening, i.e., at # = 0 (no gap) and R; = 0 (perfect
conductor instead of semiconductor).

Direct analyses of, e.g., denominators in expressions
(2)—(3) tells us that the effective gap 4" can be introduced as

W= h+ 2R, (4)
&s

It is important for further narration, that the effective gap can
be introduced in a simple way (4) only for a single-domain
case.

FIG. 1. Geometry of the considered
heterostructure semiconductor/dielec-
tric layer/uniaxial ferroelectric with (a)
domain stripes, (b) single-domain, and
(c) cylindrical domain.
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TABLE I. Material parameters of the heterostructures used in the calculations.

J. Appl. Phys. 116, 066817 (2014)

Semiconductor/dielectric/ferroelectric

Parameters Paraelectric or electrolyte/background dead layer/LiNbO3 Multi-layer graphene/dielectric Al,O3/Rochelle salt
Semiconductor screening radius R, 5nm 1 nm*

Semiconductor permittivity &g 80 (liquid or solid electrolyte, or StTRuO3) 15

Dielectric permittivity &, 5 (background constant) 12.53 (sapphire)

Dielectric layer thickness i I nm 5nm°

Dielectric anisotropy of ferroelectric y 0.58 3.87

Ferroelectric permittivity &35 29 300

Ferroelectric polarization Pg 0.75 C/m> 0.002 C/m?

Ferroelectric thickness / 300nm 300 nm

Calculated using the formulae R, =
7 nm wide Al,O5 substrate for graphene layer was fabricated in Ref. 47.

For the case of rectangular-shape 1D-periodic domain
stripes with a period a, P3(x) ~ > Py sin (k,x), where
P, ~4Ps/n(2m+ 1) and k, = 2m+ 1)(2n/a), the solu-
tion of Eq. (1) have the form of series listed in Appendix A3
of supplementary material.*® Solution for the case of the cy-
lindrical domain with radius a is derived in Appendix A4 of
supplementary material.*® For the case of domain stripes and
cylindrical domains, the relationship between their size a,
film thickness L, “true” gap & and even R; becomes to play a
decisive role in a possibility to introduce the effective gap
h*. Going ahead we would like to state that Eq. (4) remain
approximately valid under the condition (esh + ¢,R;) < a
and a > [. Under the condition, Eq. (2) describes adequately
the potential distribution in the central part of domain(s).

e0eskpT /(2¢2Ny) from the carrier density Ny = 10% m ™~ at room temperature.

lll. ELECTRIC FIELD, POTENTIAL, AND SPACE
CHARGE REDISTRIBUTION CAUSED BY DOMAIN
STRUCTURE

Below we study the electric field, potential, and space
charge redistribution caused by ferroelectric domain struc-
ture for the heterostructure “liquid or solid electrolyte/dead
layer/ferroelectric LiNbO;” and “multi-layer graphene/
dielectric Al,O5/ferroelectric Rochelle salt.” Material param-
eters of the heterostructures used in the calculations are listed
in Table I.

The dependence of electric field lateral (E,) and vertical
(E,) components on the x and z coordinates were studied for
the heterostructure electrolyte layer/dead layer/ferroelectric

3 _
£ SC ./\ E, €15
S 2 (el /1S S
> (eh) / ~_ >
~ / FE ~ —
2 o= = 0
= Q
2 D £-0.5 o i
s -1 Ez 5 FIG. 2. Electric field distribution
8 2 -1 caused by domain stripes of period
E 2 m 100nm. Profiles are calculated across
- -1.5 ((@) and (c)) and along the hetero-
) -1 0 1 2 3 intgrfaceG((.bL.and (ﬁ)). Sy.mbolls SC
( a) COOI' dinate ~ (nm) b 0 20 4.0 60 80 100 21; mlrl];l la1n icate the semicon Vuctor
-layer graphene, respectively,
( ) Coordlnate X (nm) D is dielectric, FE is ferroelectric. For
the system electrolyte/dead layer/
—_ 5 —_ 6 LiNbO;3 (plots (a) and (b)) distance
E MLG N ~ Ex E * Z2 Ex x =1 nm for plot (a) and z; =2 nm and
S 4 N g 4\ 7, =—0.5nm for plot (b). For the sys-
S N S E \ tem  multi-layer  graphene/Al,O3/
E 5 FE . E 5 Z3 E X y Rochelle salt (plots ¢, d) distance
N ~ b x=I1nm for plot (c) and z; =10nm,
Lo} (RS) Lo} 7, =2.5nm, and z3 = —0.5nm for plot
5 2 5 0 (@.
= (i
2 1 g 7
j= 1=
-~ +~
8 o — g -
84| /, 84| 6

500 5 10 15 5
Coordinate z (nm) )

20

/\
o

(©)

40 60 80 100

Coordinate x (nm)
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—
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FIG. 3. Distribution of Electrostatic

30 potential ((a), (b), (d), and (e)), space

—~ 10 § charge density ((c) and (f)) caused by
> E 20 ‘ domain stripes of period 100nm.
~ 5 = Distributions are calculated along and
E_ ‘ o 10 across the interface for the system
.S = 0 P — electrolyte/dead layer/LiNbO5 (plots
£ On = @—()). (@) x; =—1, X, =1, x3=—25,
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(d)—(f) correspond to the system multi-

-10 -30 layer graphene/Al,Os/Rochelle  salt.
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N
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LiNbO; [Figures 2(a) and 2(b)] and for the heterostructure
multi-layer graphene/dielectric Al,Os/ferroelectric Rochelle
salt [Figures 2(c) and 2(d)]. As one can see from Figs. 2(a)
and 2(c), both electric field components have relatively small
value in semiconductor/multi-layer graphene, and they
decrease quasi-linearly with increasing the distance from the
interface with dielectric. In dielectric, both components are
an order of magnitude higher than in the semiconductor/
multi-layer graphene; they increase when approach the ferro-
electric and have maximum on the interface with ferroelec-
tric, then vanishes in accordance with the exponential law,
wherein E, changes its sign at the boundary between dielec-
tric and ferroelectric, in contrast to the x component, which
retains its sign. Figures 2(b) and 2(d) demonstrate a

40 60 80
Coordinate x (nm)

non-trivial dependence of electric field on the lateral coordi-
nate x originated from the domain modulation. It can be seen
that E, is the even x-function and has only one extremum at
the boundary between two domains. In the dielectric gap, E,-
curve becomes more flattened only. £, component is the odd
function and has more complicated structure than E,, in
particular, it has one extremum in the semiconductor/
multi-layer graphene located at the domain boundary, and
two additional local extrema appear near the domain bounda-
ries in the ferroelectric. Note that the absolute values in
the ferroelectric are at least two times bigger than in the
semiconductor/multi-layer graphene. In general, the lateral
E.-modulation is in-phase, while E,-modulation is anti-phase
with the ferroelectric polarization of domains.
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Figure 3 shows the electric potential distribution along x
and z coordinates calculated for the same heterostructures as
in Fig. 2. Note that the potential curve is symmetric with
respect to the sign change of the polarization vector.
Potential z-dependence has sharp maximum at the interface
between dielectric and ferroelectric. The potential exponen-
tially decreases with the distance z from the interface inside
the semiconductor and linearly increases in the dielectric gap
(Figs. 3(a) and 3(d)). The dependence of potential on x-coor-
dinate in ferroelectric is similar to the harmonic function,
and becomes more flattened in the semiconductor (Figs. 3(b)
and 3(e)).

Figures 3(c) and 3(f) illustrate the charge density in the
semiconductor. The charge densities distributions in semi-
conductor and multi-layered graphene are similar; both are

Coordinate x (nm)

quasi-sinusoidal functions with zero value at the boundary
between two domains and have extremum in the centre of
the domain. With moving towards the interface with dielec-
tric, the absolute value of the charge density increases. So
that it is evident that ferroelectric polarization of the domains
modulates the potential distribution and space-charge density
in semiconductor/multi-layer graphene.

Figure 4 shows the electric field E, and E, components
distributions in dependence on the x and z coordinates, cre-
ated by a single cylindrical domain. A comparison with elec-
tric field caused by domain stripes [shown in Figure 2]
underlines several interesting features. For the case of cylin-
drical domain E.-profile is similar to the one in the case of
domain stripes, however its value remains almost constant
inside the dielectric layer (at fixed x coordinate) and abruptly
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changes at the layer boundaries (Figs. 4(a) and 4(d)). E, de-
pendence on x coordinate (at fixed z coordinate) has a similar
form as it has for the domain stripes case, however in more
details it shows the disappearance of local extremums near
the domain boundaries with increasing of the distance z from
the interface (Figs. 4(b) and 4(e)). It is worth to underline
that the field distribution is very different inside and outside
the domain region. Radial component E, z-dependence has a
non-trivial form, especially in the ferroelectric part (Figs.
4(c) and 4(f)). As anticipated from the radial symmetry of
the problem the absolute value of E, is zero in the domain
centre (r = 0), then it increases with the increase of distance
r inside the domain, reaches a pronounced maximum at the
domain wall, and decreases outside the domain.

We can conclude from Figure 4 that a cylindrical do-
main structure of ferroelectric can effectively modulate

Coordinate x (nm)

electric field in the heterostructure, and the modulation of
the radial and normal electric field components are in anti-
phase to each other. Note that rather strong radial fields can
readily cause the spontaneous appearance closure domains if
the considered stripe domains were placed in the multiaxial
ferroelectric. That is why we consider a uniaxial ferroelec-
tric, where the complications are improbable.

Figure 5 demonstrates electric potential and free charge
redistribution along x and z directions caused by a cylindrical
domain. Excluding the fact that these dependencies profile
are very different inside and outside the cylindrical domain,
they have similar properties as the ones calculated for the do-
main stripes case. In the rest, all the arguments concerning
these dependencies are similar with ones for domain stripes
case. In particular, the ferroelectric polarization of a single
cylindrical domain creates a drop-like modulation of the
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FIG. 6. Size effects of the space charge
accumulated by domain stripes. Plots
correspond to the electrolyte/dead
layer/LiNbO3;. (a) Maximal total
charge of the semiconductor vs. the
stripe period a calculated for the
screening radius Rd=5nm and differ-
ent gap thickness h; =0, h,=04,
hy=1, and hy;=10nm. (b) Total
charge vs. & calculated for Rd=5nm
and period a; =10, a, =100, a3 =500,
and a4 = 1000 nm. (c) Total charge vs.
Rd, calculated for h=0, a;=10,
a, =50, a3=100, and a4 = 1000 nm.
(d) Contour map of the total charge in
coordinates {a, h}.

FIG. 7. Size effects of the space charge
accumulated by domain stripes. Plots
correspond to the multi-layer gra-
phene/Al,O5/Rochelle salt. (a)
Maximal total charge of the semicon-
ductor vs. the stripe period a calculated
for the screening radius Rd =5 nm and
different gap thickness 7; =0, h, =1,
h3=5, and hy=10nm. (b) Total
charge vs. i calculated for Rd=1nm
and period a; =10, a, =50, a3 =100,
and a4 = 1000 nm. (c) Total charge vs.
Rd, calculated for h=5nm, a; =10,
a, =150, az=100, and a4= 1000 nm.
(d) Contour map of the total charge in
coordinates {a, h}.
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TABLE II. Size effect of the charge density modulation as.

J. Appl. Phys. 116, 066817 (2014)

Parameter

Dielectric layer thickness &

Screening radius R, Domain size a

Monotonically decreases with
h increase tends to
zero in the limit A/a — oo

Charge density modulation o
induced by stripe domains

Charge density og variation
induced by a cylindrical domain

Monotonically decreases
with /4 increase for a > h.
Has a minima at @ ~ h.

Monotonically increases with
a increase and slowly saturates
to the maximal value ———22—
| L 1+(l»,“]1*/£983[)
in the limit a/1* — o,
here h* = esh + ¢,R,
(in agreement with Eq. (3b))

Monotonically decreases with
R, increase and tends
to zero in the limit Ry /a — oo
Decreases with R, increase,
reached a minimum, which is
especially pronounced for a ~ h,

and tends to zero in the limit Ry /a — oo

electric potential distribution and space-charge density in a
semiconductor/multi-layer graphene.

IV. SIZE EFFECTS OF THE SPACE CHARGE
ACCUMULATION

Finally, let us illustrate the finite size effects of the space
charge accumulation in semiconductor caused by a ferroelec-
tric domain structure allowing the electric field drop in the
dielectric gap. We demonstrate the size effects on the exam-
ple of the heterostructures ‘“semiconductor/thin dielectric
layer/ferroelectric.”

Figure 6 shows the free space charge dependency on
the domain stripe period a, dielectric layer thickness %, and
screening radius R, calculated for the heterostructure
“electrolyte/dead layer/LiNbOs5.” Figure 7 illustrates the
same quantities calculated for the heterostructure “multi-
layer graphene/Al,Os/Rochelle salt.” In general, charge
density is the nonlinear, monotonic function of two

variables @ and #, and the dependence on the variable a is
stronger than that on the 4. One can note, that there is satu-
ration region for the large values of a, which is the more
pronounced for the lower values of 4. Charge dependence
on the radius R, is also a nonlinear, monotonic function
that has saturation region in range of the small R, values.
Note also that saturation region becomes wider with
increasing of the period a. Under the absence of the dielec-
tric layer (h=0) the space charge amplitude slows saturates
to a spontaneous polarization value with the domain size
increase. When the dielectric layer is present, the amplitude
saturates to the smaller values, at that the saturation value
essentially decreases with the layer thickness increase, but
the saturation rate is almost independent on the thickness in
the actual range of parameters. The space charge amplitude
strongly vanishes with the dielectric layer thickness
increase only for small domain period, but remains almost
constant for wide domains in accordance with Eq. (3b) [see
the first line in Table II].
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a3 =500, and a4 =1000nm. (c) Total
charge vs. Rd, calculated for #=5nm,
a;=10, a,=50, a3=100, and
a,=1000nm. (d) Contour map of the
total charge in coordinates {a, h}.
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Figure 8 shows the free space charge dependence on the
cylindrical domain radius a, dielectric layer thickness /4, and
screening radius R, calculated for the heterostructure
“electrolyte/dead layer/LiNbO;.” Figure 9 shows the same cal-
culated for the heterostructure “multi-layer graphene/Al,O5/
Rochelle salt.” Charge density is a nonlinear monotonic func-
tion of the period a (similar to the stripe domain case), but it is
no more a positive function. For small domain period, the
charge density may have an extremum depending on the dielec-
tric thickness / or depending on the screening radius R,. Note
that charge density function has more non-trivial dependency
on stripe period, gap thickness and screening radius in the case
of cylindrical domain [see the second line in Table II].

V. CONCLUSION

We consider a heterostructure “domain patterned ferro-
electric film—ultra-thin dielectric layer (or physical gap)—
semiconductor,” where the semiconductor can be an incipient
ferroelectric, electrolyte or multi-layered  graphene.
Unexpectedly, we have found that the space charge modula-
tion profile and amplitude in the semiconductor, that screens
the spontaneous polarization of a 180-deg domain structure of
ferroelectric, nonlinearly depends on the domain structure pe-
riod a, dielectric layer thickness /, and semiconductor screen-
ing radius R, in a rather non-trivial way. Multiple size effects
appearance and manifestation are defined by the relationship
between the a, h, and R, Under the absence of the dielectric
layer, the space charge amplitude very slows saturates to a
spontaneous polarization value with the domain size increase.
When the dielectric layer is present, the amplitude saturates to

10 10°

Radius a (nm)

the smaller values, at that the saturation value essentially
decreases with the layer thickness increase, but the saturation
rate is almost independent on the thickness in the actual range
of parameters. The space charge amplitude strongly vanishes
with the dielectric thickness increase only for small domain
period, but remains almost constant for wide domains. We
show that the concept of effective gap /#* can be introduced in
a simple way only for a single-domain limit. Depth distribu-
tion of electric potential is nonlinear inside ferroelectric, while
it is linear inside the dielectric and exponentially vanishes
inside the semiconductor as anticipated. Obtained analytical
results open the way for understanding of current-AFM results
for contaminated ferroelectric surfaces in ambient atmosphere
with moderate humidity, since c-AFM contrast can be
regarded proportional to the relative electron density.

ACKNOWLEDGMENTS

ANM. and E.A.E. acknowledge the support via
bilateral SFFR-NSF project (U.S. National Science
Foundation under NSF-DMR-1210588 and State Fund of
Fundamental Research of Ukraine, Grant No. UU48/002)
and National Academy of Sciences of Ukraine (Grant No.
35-02-14). M.V.S. acknowledges State Fund of Fundamental
Research of Ukraine, Grant No. 53.2/006. The part of
research (A.V.I. and S.V.K.) was conducted at the Center for
Nanophase Materials Sciences, which is sponsored at Oak
Ridge National Laboratory by the Scientific User Facilities
Division, Office of Basic Energy Sciences, U.S. Department
of Energy. S.V.K. acknowledges Office of Basic Energy
Sciences, U.S. Department of Energy. Y.H.C acknowledge



066817-11 Morozovska et al.

the National Science Council, R.O.C. (NSC-101-2119-M-
009-003-MY2), Ministry of Education (MOE-ATU
101W961), and Center for Interdisciplinary Science of
National Chiao Tung University. V.Y.S. acknowledges the
Russian Foundation of Basic Research (Grant No. 14-02-
92709 Ind-a).

. F. Scott, Ferroelectric Memories, Springer Series in Advanced
Microelectronics (Springer-Verlag, Berlin, 2000).

M. Dawber, K. M. Rabe, and J. F. Scott, Rev. Mod. Phys. 77, 1083 (2005).
3N. Setter, D. Damjanovic, L. Eng, G. Fox, S. Gevorgian, S. Hong, A.
Kingon, H. Kohlstedt, N. Y. Park, G. B. Stephenson, I. Stolitchnov, A. K.
Taganstev, D. V. Taylor, T. Yamada, and S. Streiffer, J. Appl. Phys. 100,
051606 (2006).

“N. Bassiri-Gharb, I. Fujii, E. Hong, S. Trolier-McKinstry, D. V. Taylor,
and D. Damjanovic, J. Electroceram. 19, 49-67 (2007).

SA. K. Tagantsev, L. E. Cross, and J. Fousek, Domains in Ferroic Crystals
and Thin Films (Springer, Dordrecht, 2010), p. 827.

V. Fridkin and S. Ducharme, Ferroelectricity at the Nanoscale: Basics
and Applications (Springer, Heidelberg, New York, Dordrecht, London,
2013).

"R. L. Byer, J. Nonlinear Opt. Phys. Mater. 6, 549-592 (1997).

L. E. Myers, R. C. Eckardt, M. M. Fejer, R. L. Byer, W. R. Bosenberg,
and J. W. Pierce, J. Opt. Soc. Am. B 12,2102 (1995).

V. Ya. Shur, J. Mater. Sci. 41, 199-210 (2006).

0y, va. Shur, “Correlated nucleation and self-organized kinetics of ferro-
electric domains,” in Nucleation Theory and Applications, edited by J. W.
P. Schmelzer (Wiley-VCH, Weinheim, 2005), Chap. 6, pp. 178-214.

"V, Ya. Shur, “Nano- and micro-domain engineering in normal and relaxor
ferroelectrics,” in Handbook of Advanced Dielectric, Piezoelectric and
Ferroelectric Materials: Synthesis, Properties and Applications, edited by
Z.-G. Ye (Woodhead Publishing Ltd, 2008), pp. 622-669.

2y, Ya. Shur, P. S. Zelenovskiy, M. S. Nebogatikov, D. O. Alikin, M. F.
Sarmanova, A. V. Ievlev, E. A. Mingaliev, and D. K. Kuznetsov, J. Appl.
Phys. 110(5), 052013 (2011).

*T.-V. Thanh, J.-W. Chen, P.-C. Huang, B.-C. Huang, C.-H. Yeh, H.-J. Liu,
E. A. Eliseev, A. N. Morozovska, J.-Y. Lin, Y.-C. Chen, M.-W. Chu, P.-
W. Chiu, Y.-P. Chiu, C.-L. Wu, and Y.-H. Chu, “Ferroelectric control of
the conduction at the LaAlOs/SrTiO5 hetero-interface,” Adv. Mater. 25,
3357 (2013).

M. E. Lines and A. M. Glass, Principles and Applications of Ferroelectric
and Related Materials (Clarendon Press, Oxford, 1977), p. 798.

By, M. Fridkin, Ferroelectrics Semiconductors (Consultant Bureau, New-
York, London, 1980).

16§, V. Kalinin and D. A. Bonnell, Phys. Rev. B 63, 125411 (2001).

17S. V. Kalinin, C. Y. Johnson, and D. A. Bonnell, J. Appl. Phys. 91, 3816
(2002).

'8S. V. Kalinin and D. A. Bonnell, Nano Lett. 4, 555 (2004).

V. Ya. Shur, A. V. levlev, E. V. Nikolaeva, E. I. Shishkin, and M. M.
Neradovskiy, J. Appl. Phys. 110(5), 052017 (2011).

J. Appl. Phys. 116, 066817 (2014)

204, V. Tevlev, S. Jesse, A. N. Morozovska, E. Strelcov, E. A. Eliseev, Y. V.
Pershin, A. Kumar, V. Ya. Shur, and S. V. Kalinin, “Intermittency, quasi-
periodicity and chaos in probe-induced ferroelectric domain switching,”
Nat. Phys. 10, 59-66 (2014).

2'A. K. Tagantsev, M. Landivar, E. Colla, and N. Setter, J. Appl. Phys. 78,
2623 (1995).

22A. K. Tagantsev and G. Gerra, J. Appl. Phys. 100, 051607 (2006).

K. Abe, N. Yanase, T. Yasumoto, and T. Kawakubo, J. Appl. Phys. 91,
323 (2002).

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306, 666 (2004).

23S. D. Sarma, S. A. dam, E. H. Hwang, and E. Rossi, Rev. Mod. Phys. 83,
407470 (2011).

2M. Nakamura and L. Hirasava, Phys. Rev. B 77, 045429 (2008).

27H. Min, P. Jain, S. Adam, and M. D. Stiles, Phys. Rev. B 83, 195117
(2011).

28, Crassee, J. Levallois, D. van der Morel, A. L. Walter, Th. Seyller, and
A. B. Kuzmenko, Phys. Rev. B 84, 035103 (2011).

2°7. Wei, Z. Ni, K. Bi, M. Chen, and Y. Chen, Carbon 49, 2653 (2011).

393, W. McClure, Phys. Rev. 104, 666 (1956).

3IE. McCann, Phys. Rev. B 74, 161403(R) (2006).

32V, M. Pereira, A. H. C. Neto, and N. M. R. Peres, Phys. Rev. B 80,
045401 (2009).

D, A. Gradinar, H. Schomreus, and V. I. Falko, Phys. Rev. B 85, 165429
(2012).

343, M. B. L. dos Santos, N. M. R. Peres, and A. H. C. Neto, Phys. Rev Lett.
99, 256802 (2007).

35C. J. Tabert and E. J. Nicol, Phys. Rev. B 87, 121402(R) (2013).

V. G. Lytovchenko, M. V. Strikha, and M. 1. Klyui, Ukr. J. Phys. 56,
175-178 (2011).

yi. Zheng, G.-X. Ni, C.-T. Toh, M.-G. Zeng, S.-T. Chen, K. Yao, and B.
f)zyilmaz, Appl. Phys. Lett. 94, 163505 (2009).

3By, Zheng, G.-X. Ni, C.-T. Toh, C.-Y. Tan, K. Yao, and B. f)zyilmaz,
Phys. Rev. Lett. 105, 166602 (2010).

X, Hong, J. Hoffman, A. Posadas, K. Zou, C. H. Ahn, and J. Zhu, Appl.
Phys. Lett. 97, 033114 (2010).

0Yi. Zheng, G.-X. Ni, S. Bae, C.-X. Cong, O. Kahya, C.-T. Toh, H. R. Kim,
D.Im, T. Yu,J. H. Ahn, B. H. Hong, and B. Ozyilmaz, Europhys. Lett. 93,
17002 (2011).

“IE. B. Song, B. Lian, S. M. Kim, S. Lee, T.-K. Chung, M. Wang, C. Zeng,
G. Xu, K. Wong, Yi. Zhou, H. I. Rasool, D. H. Seo, H.-J. Chung, J. Heo,
S. Seo, and K. L. Wang, Appl. Phys. Lett. 99, 042109 (2011).

42G.-X. Ni, Yi. Zheng, S. Bae, C. YawTan, O. Kahya, J. Wu, B. H. Hong, K.
Yao, and B. Ozyilmaz, ACS Nano 6, 3935-3942 (2012).

“3A. N. Morozovska and M. V. Strikha, J. Appl. Phys. 114, 014101 (2013).

“N. W. Ashcroft and N. D. Mermin, Solid State Physics (Thomson
Learning, Toronto, 1976).

“SM. Strikha, Ukr. J. Phys. Opt. 13, S5 (2012).

46See supplementary material at http://dx.doi.org/10.1063/1.4891310 for
details of calculations .

4TM. Liu, X. Yin, E. Ulin-Avila, B. Geng, T. Zentgraf, L. Ju, F. Wang, and
X. Zhang, Nature 474, 64 (2011).


http://dx.doi.org/10.1103/RevModPhys.77.1083
http://dx.doi.org/10.1063/1.2336999
http://dx.doi.org/10.1007/s10832-007-9001-1
http://dx.doi.org/10.1142/S021886359700040X
http://dx.doi.org/10.1364/JOSAB.12.002102
http://dx.doi.org/10.1007/s10853-005-6065-7
http://dx.doi.org/10.1063/1.3623778
http://dx.doi.org/10.1063/1.3623778
http://dx.doi.org/10.1002/adma.201300757
http://dx.doi.org/10.1103/PhysRevB.63.125411
http://dx.doi.org/10.1063/1.1446230
http://dx.doi.org/10.1021/nl0350837
http://dx.doi.org/10.1063/1.3624798
http://dx.doi.org/10.1038/nphys2796
http://dx.doi.org/10.1063/1.360122
http://dx.doi.org/10.1063/1.2337009
http://dx.doi.org/10.1063/1.1426249
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/PhysRevB.77.045429
http://dx.doi.org/10.1103/PhysRevB.83.195117
http://dx.doi.org/10.1103/PhysRevB.84.035103
http://dx.doi.org/10.1016/j.carbon.2011.02.051
http://dx.doi.org/10.1103/PhysRev.104.666
http://dx.doi.org/10.1103/PhysRevB.74.161403
http://dx.doi.org/10.1103/PhysRevB.80.045401
http://dx.doi.org/10.1103/PhysRevB.85.165429
http://dx.doi.org/10.1103/PhysRevLett.99.256802
http://dx.doi.org/10.1103/PhysRevB.87.121402
http://dx.doi.org/10.1063/1.3119215
http://dx.doi.org/10.1103/PhysRevLett.105.166602
http://dx.doi.org/10.1063/1.3467450
http://dx.doi.org/10.1063/1.3467450
http://dx.doi.org/10.1209/0295-5075/93/17002
http://dx.doi.org/10.1063/1.3619816
http://dx.doi.org/10.1021/nn3010137
http://dx.doi.org/10.1063/1.4812244
http://dx.doi.org/10.3116/16091833/13/1/S5/2012
http://dx.doi.org/10.1063/1.4891310
http://dx.doi.org/10.1038/nature10067

