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INFLUENCE OF DOMAIN STRUCTURE

IN FERROELECTRIC SUBSTRATE ON GRAPHENE
CONDUCTANCE (AUTHORS’ REVIEW)

This review is devoted to recent theoretical studies of the influence exerted by a domain struc-
ture in the ferroelectric substrate on the graphene conductance in the graphene-on-ferroelectric
structure. An analytical description of the hysteresis memory effect in the field effect transistor
based on this structure, which considers absorbed dipole layers on the free graphene surface and
localized states at the graphene-ferroelectric interface, is considered. Some theses of a theory
recently developed for the conductance of p—n junctions created by a 180°-ferroelectric domain
structure in a single graphene layer (channel) on the ferroelectric substrate, are analyzed, and
various current regimes from the ballistic to diffusion one are considered. The size effects in
such systems and a possibility to apply the results obtained to improve the parameters of such
devices as field effect transistors with a graphene channel, non-volatile ferroelectric memory
cells with random access, and sensors, as well as to miniaturize various devices of functional
nanoelectronics are discussed.

Keywords: graphene-on-ferroelectric structure, domain structure, conductance, field effect

transistor.
1. Introduction

Experimental and theoretical studies of remark-
able electromechanical, electrophysical, and trans-
port properties of graphene remained a focus of re-
searchers’ attention since the graphene discovery [1,2]
till now (see, e.g., works [3-5]). A promising quite
feasible way toward the understanding of and con-
trol over graphene-based devices (as well as devices,
in which other 2D semiconductors are used) consists
in the application of “smart” substrates with addi-
tional degrees of functionality: electromechanical, po-
lar, and/or magnetic ones. For instance, graphene on
a ferroelectric substrate [6-10], whose spontaneous
polarization and domain structure can be controlled
by an external electric field [11, 12], can be proposed
as such a “smart” system [13].

The structure of this review is as follows. In Sec-
tion 2, we analyze our recent theoretical works de-
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voted to the changes in the graphene channel conduc-
tance stimulated by p—n junctions emerging at a sin-
gle domain wall in the ferroelectric substrate. Various
current regimes and rectification effects are also dis-
cussed there. In Section 3, we consider the theory
of hysteretic phenomena in the graphene-on-ferro-
electric structure. In Section 4, the dynamics of p—
n junctions in a graphene channel induced by the
motion of ferroelectric domain walls is analyzed. Sec-
tion 5 contains a discussion concerning the possibil-
ities of graphene separation and stretching induced
by the piezoelectric effect in ferroelectric domains. A
brief summary of the presented results is made in
Conclusions.

2. Conductance of a Graphene
Channel with a p—n Junction
at a Ferroelectric Domain Wall

The presence of a domain structure in a ferroelec-
tric substrate can lead to the formation of p—n junc-
tions in graphene [11, 12], which are located above
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Fig. 1. 180°-FDW structure near the ferroelectric surface in the graphene-on-ferrroelectric structure. The discontinuity of the
electric double layer consisting of screening and bound charges creates a depolarization electric field that penetrates into the gap
(a). Graphene conductance (left vertical axis) and resistance (right vertical axis) z-distributions caused by the FDW located at
2 = 0 in the graphene-on-ferrroelectric heterostructure (b). Reproduced from work [A.N. Morozovska, E.A. Eliseev, M.V. Strikha.
Appl. Phys. Lett. 108, 232902 (2016)] with permission from AIP Publishing

the domain walls in the ferroelectric substrate [14—
18]. Note that the unique properties of the p—n junc-
tion in graphene have been realized much earlier by
the multiple-gate doping of a graphene channel by
electrons and/or holes [19-21]. Later, they have been
studied both theoretically [22, 23] and experimen-
tally [24-26]. Hinnefeld et al [11] and Baeumer et
al [12], using ferroelectric substrates, created a p—n
junction in graphene by imposing a graphene sheet
on a 180°-ferroelectric domain wall (FDW). Due to
the charge separation by an electric field at the
FDW-surface junction, there arise p—n junctions in
graphene [27, 28].

Note that an elastic strain can change the band
structure in graphene (e.g., via the deformation po-
tential) and open a band gap [4,5,29-31]. We showed
[18] that a piezoelectric displacement of the ferroelec-
tric domain surfaces can lead to a stretching and sepa-
ration of graphene sections at the steps between elon-
gated and shortened domains. The graphene separa-
tion at FDWs induced by the piezo-effect can change
the graphene channel conductance. Below, we briefly
review the results of works [14-18| and discuss their
correlation with available experimental and other the-
oretical works.

The semiquantum and semiphenomenological an-
alytical models were developed for various types of
carrier transport (ballistic, diffusive, etc.) in a single-
layer graphene channel at the 180°-FDW [14, 15].
Specifically, the influence of a ferroelectric domain
wall on the ballistic conductance of the graphene
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channel was studied in our work [14] in the Wentzel-
Kramers—Brillouin (WKB) approximation. In partic-
ular, we considered a graphene channel separated
from a ferroelectric layer with the FDW structure by
an ultra-thin dielectric layer (a physical gap or a fer-
roelectric dead layer). The ferroelectric layer makes a
perfect electric contact with the gate electrode (see
Fig. 1, a).

A pronounced broadening of the FDW appears
near the surface [14, 32| in order to decrease a de-
polarizing electric field generated by uncompensated
bound polarization charges localized in the thin sub-
surface layer of ferroelectric. Despite the broadening,
the stray electric field is still strong enough to induce
a p—n junction in the graphene channel. A potential
barrier for electrons and holes emerges in the p—n
junction, when a positive (negative) voltage is applied
to the left (right) contact of the channel. The proba-
bility w for an electron, which is characterized by the
wave vector k directed at the angle ¢ with respect to
the z-axis in the n-region, to pass into the p-region
can be calculated using the scheme presented in work
[20]. With an allowance for the linear graphene band
spectrum

E(ky, ky) = vrhy k2 + k2,

the electron kinetic energy at the junction center,

x =0, equals vph, /k2 + k2, where the y-component

y’
ky = kpsin? of the momentum is conserved, and

vp ~ 10° m/s is the so-called Fermi velocity of
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the electron (it is determined by the energy of o-
bonds between carbon atoms in the graphene plane
[3]). Therefore, the z-component is determined by the
expression

k(@) = 1/ (epl,0) /veh)? -

The classically allowed region of electron motion is
determined by the inequality ep(x,0) > vphk,, where
o(z) is the spacially dependent potential of the p—n
junction barrier for an electron, which means that
the electron cannot overpass the turning point at the
distance [, from the center of the junction located at
the FDW.

For small angles, |J| < 1, the probability P* can
be estimated quasiclassically in the WKB approxima-
tion as P* =~ e~2%/" where S = zhf ky(z)dz. The
conductance value per unit of the p—n Junctlon width
was evaluated by the formula [14]

Gball

e’ kp o
2m2h
where
m2eq €hy hopQ
kF = 2 *
e 6*In3
is the Fermi wave vector,
e(Ps/ep) 2v6*In3
ks + vea mhkpup

(kg sin9)>.

(2.1)

is a dimensionless factor,
~ 3, 2
P, = m°¢g eg3hup /e

is the spontaneous polarization, e the elementary
charge, €g the universal dielectric constant, eq the
relative permittivity of a dielectric layer (it is equal
either to the background permittivity of ferroelectric
in the case of dead layer or to unity in the case of
physical gap), v = \/€5;/€!,is the anisotropy factor
of ferroelectric, €, are the components of the rela-
tive permittivity of the ferroelectric substrate (el is
the permittivity of ferroelectric along the z-direction,
i.e. normal to the graphene plane; and €, is the
permittivity of ferroelectric along the z-direction,
i.e. along the channel), 0* is the sum of the dielectric
layer thickness d and the effective screening length in
graphene [14, 33].

Since the wave vector kr = /Tn2p, Eq. (2.1
be rewritten in the form [14]

2
Gt S [,
 7h €54 TUR
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) can

(2.2)

where o = €2 /47e (he) is the fine-structure constant,
and c is the light velocity in vacuum. To within the di-
mensionless factor a = e?/4meq (hc) ~ 0.1, Eq. (2.2)
coincides with the textbook expression for the ballis-
tic conductance of a graphene channel per unit width
[3,34]

G = 282\/n2D/h.

However, Eq. (2.2) differs from Eq. (2) in work [20],
because the concentration of 2D-carriers in graphene
in the graphene-on-ferroelectric structure, nsp, is
governed by the spontaneous polarization of ferroelec-
tric,

2’)’633 (PS/e)

nop (x) ~
(@) = ehs + veq

The nominal resistance R,,, is reciprocal to the con-
ductance [Eq. (2.2), ie. Ry, = 1/ (WGRAY), where
W is the p—n junction width.

The conductance and resistance profiles arising
near the FDW are shown in Fig. 1, b. As one can
see, the width of the p—n junction region is about
2h. Since oo = €2/ (27h) is a conductance quantum,
the ratio WGba“ /0o gives us a notion about the num-
ber of conduct1v1ty modes. This result coincides by
order with that calculated in work [35].

The estimation of the concentration caused by fer-
roelectric dipoles leads to values of about 10" m™—2
which is two orders of magnitude higher than the
highest possible ones for gated graphene on the SiOg
substrate (this limit is determined by the dielectric
breakdown field). Therefore, the graphene p—n junc-
tion at the FDW should have been characterized by
rather a high ballistic conductance and a low re-
sistance. However, the factor 1/(ef3)'/2, where €f,
can be rather large for ferroelectric substrates, en-
ters Eq. (2.2) for the conduction of a p—n junction
only if a direct voltage is applied between the source
and drain electrodes (the electron moves through the
p-n-junction barrier). Otherwise, this factor is absent
(the electron does not feel the barrier when moving
in the opposite direction). As a result, a graphene p—
n junction at the ferroelectric domain could be an
excellent rectifier with a conductance ratio of about
10 between the direct and reverse polarities of the
applied voltage.

However, the performance of the majority of real-
istic graphene devices depends on the electron mean
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Fig. 2. Conventional partition of a graphene channel with a p—n junction (pnJ) into

three sections.

The current is diffusive in sections 1 and 3, and ballistic in section 2.

Reproduced from work [M.V. Strikha, A.N. Morozovska. J. Appl. Phys. 120, 214101

(2016)] with permission from AIP Publishing

free path A ~ 50-+-250 nm, so that they operate in
the diffusion regime [15]. Since the electron mean free
path A in the graphene channel is usually much longer
than the a typical thickness w of the uncharged do-
main wall in a proper ferroelectric (about 1-10 nm)
[36], one can divide a graphene channel of the length
L between the source and the drain into three sec-
tions: a section with the length A containing the p—n
junction and two sections located on the both sides
from the junction with the total length L — A (see
Fig. 2).

The resulting conductance of the sample is gov-
erned by the evident expression [15]

w

total __
e e
Gt Gball

(2.3)

The conductance is proportional to the graphene
channel width W, and the textbook relation

diff ball
=—0C

is valid (see, e.g., works [38, 48]). The change of the
voltage polarity between the contacts does not change
the conductance of sections 1 and 3. On the contrary,
the conductance per unit width in section 2 is de-
scribed by the expression

Gball _ 262 \/TT
" hps/zV P

for the positive voltage polarity and the expression

2
e a ¢
ghall o & [ n
pn mh\ ek; mop 2D
for the negative one [see Eq. (2.2) and work [15]]. The
permittivity €55 of ferroelectric in the direction nor-
mal to the graphene plane can be rather high: about
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500 for piezoceramics (PZT) or even higher (about
5000) for relaxor ferroelectrics. Thus, the conduc-
tance ratio for different voltage polarities equals

 B(L+A)
BN+ (2:4)

total
G+
Gtotal

The parameter 5 depends on the dielectric permit-
tivity,

Bles) = \/mac/ (1eyvr).

and the electron mean free path A depends on the
concentration nsp or — equivalently, since nsp ~
~ m(Ps/e) [15, 33] — on the ferroelectric polariza-
tion. If the scattering of electrons in the graphene
channel by charged impurities in ferroelectric dom-
inates (this is the most common case for real
graphene-based operational devices; see, e.g., work
[3]), A(nep) ~ (/ngp. In the case of short ballistic
channel, L < X, we have Gt ~ G2l In the oppo-
site limit (a long diffusion channel, L > \), we obtain
Gtetal & Gtotal 5o that the rectifying properties of the
p—n junction disappear.

The dependences of the ratio G'°*l/Gt%! on the
ratio L/\ calculated for various ferroelectric sub-
strates (relaxor, Pb(Zr,Ti)O3, BaTiO3, LiTaO3, and
LiNbO3) are exhibited in Fig. 3. As one can see, small
Gl /Gtotal_yvalues can be obtained at L/A < 1 for
ferroelectric substrates with a high permittivity. The
expected result can be implemented for channels with
a submicronic length in the case of the compara-
ble values of the electron mean free path. The sit-
uation corresponds to the transient current regime
from the diffusion to ballistic one. Note that the dis-
tance between the parallel FDWs is generally much

(2.5)
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larger than the electron mean free path, which enables
a micron-length channel with contacts located near
only one FDW to be fabricated. For ferroelectrics
with an extremely high permittivity, such as relax-
ors or PbZr,Ti;_,O3 with the Zr content x near the
morphotropic phase boundary x = 0.52, the ratio
Gl /Gtotal can be essentially smaller than unity in
the case of pronounced current diffusion regime as
well. This fact allows us to consider ferroelectric sub-
strates with an ultra-high permittivity as excellent
candidates for the fabrication of novel rectifiers based
on the graphene p—n junction.

3. Hysteretic Phenomena
in the Graphene-on-Ferroelectric Structure

3.1. Theoretical formalism

The dependence of the graphene channel conductance
on the gate voltage V, is generally considered to be ex-
cellently symmetric, G(V,) = G(—V,) [3]. However,
this relation is valid for specially treated high-quality
graphene surfaces only. In many real imperfect struc-
tures with absorbed dipoles at free graphene centers,
localized states at the graphene-substrate interface,
and so forth, this symmetry disappears. Moreover,
the dependence G(V,) can get a hysteretic form
(see, e.g., original works [36, 59, 60] and reviews
[61, 62]). This hysteresis can have loops with oppo-
site directions, and needs special consideration with
allowance for various competitive physical factors.

In the framework of the theoretical formalism used
in work [16], let us consider a conducting graphene
channel, which is placed on a dielectric or ferro-
electric substrate (see Fig. 4). The concentration of
2D carriers in the channel is governed by several
factors. These are the time-dependent gate voltage
Vy(t), the polarization of dipoles in the ferroelectric
substrate, the polarization of dipoles (e.g., absorbed
water molecules) on the graphene surface, and the
trapped charge carriers localized at the graphene-
substrate interface. Taking all the abovementioned
factors into account, the graphene channel resistiv-
ity can be presented in the form [16]

1 1 1
VaPsP'aT ~ )
p[ g ! } U(qupsPﬂT) * Ointr (T) M Omin
(3.1)

where T' is the temperature, P; (t) is the polariza-
tion of dipoles absorbed on the graphene surface, and

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1
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2 — Pb(Zr,Ti)Og3
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Fig. 8. Ratio G'*®l/Gt%! between the total pnJ conduc-
tances at opposite gate voltage polarities as a function of the
ratio L /X between the graphene channel length and the charge
carrier mean free path. Calculations were carried out for room
temperature and various ferroelectric substrates described by
different values of the parameter B(e5;) [see Eq. (2.5)]. The
dielectric permittivity eg3 = 5000 or higher for ferroelectric re-
laxor (1), 500 for Pb(Zr,Ti)O3 (2), 120 for BaTiO3 (3), 50 for
LiTaO3 (4), and 36 for LiNbO3 (5). Reproduced from work
[M.V. Strikha, A.N. Morozovska. J. Appl. Phys. 120, 214101
(2016)] with permission from AIP Publishing

Py (t,T) is the temperature-dependent ferroelectric
polarization. In the usual case of graphene under am-
bient conditions, the scattering of ionized impurities
by the substrate dominates [23], so that the conduc-
tivity of the 2D graphene channel equals

U(‘/;]7P8Pf7T) :eﬂn(‘/gvpspfvT)’

where n (Vy, Ps, Py) is the surface concentration of
2D carriers induced by the gate mixed doping, the
dipoles absorbed on the surface, and the dipoles in the
ferroelectric; and p is the carrier mobility. The second
term on the right-hand side of Eq. (3.1) is the intrinsic
graphene conductivity, o, (T) = epning: (T'), where
2(kpT)?
nintr(T) = 7T((hf1F))2
The third term on the right-hand side of Eq. (3.1)
corresponds to the minimum quantum conductivity,
Omin ~ %, which nevertheless becomes significant at
low T.
There are localized states at the graphene-sub-
strate interface. In the voltage interval V; (t) < V1,
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Fig. 4. Graphene sheet (channel) placed on a dielectric or ferroelectric substrate. Dipoles (e.g., polar water molecules) can be
adsorbed on the free graphene surface. Charge carriers from the channel can be trapped by centers localized at the graphene-
substrate interface. Reproduced from work [A.I. Kurchak, A.N. Morozovska, M.V. Strikha. J. Appl. Phys. 122, 044504 (2017)]

with permission from AIP Publishing

where Vi is the voltage, at which the electrons from
the graphene channel begin to occupy the interface
states, Er(Vr1) = E71, the 2D concentration of elec-
trons in the graphene channel is given by the capaci-
tor formula [37, 3§]

KV (t)
dred ’

where k is the dielectric permittivity of the substrate,
and d is the substrate thickness. The gate voltage

dred EZ%,
T1 =

n(th):

2.2
Kk mhvg

corresponds to the start of interface state occupation
by electrons from the graphene channel, whereas the
voltage

2
dred Eig
Kk mh?vi K

4medn

Vo =

to the termination of this process, i.e. all localized
interface states are occupied [38]. In the voltage in-
terval Vi < ‘/g < Vi,

2
Ery

2,2 "
mh2vg

Finally, in the voltage interval V;, > V2, when all in-
terface states are occupied by electrons, the concen-
tration of free electrons in the channel is described by
the evident formula

Vg (t
n (Vo) = K4719'e(d) B
54

Let us consider the polarization of dipoles in the
ferroelectric substrate and at the graphene surface. If
Er < E7p1, similarly to works [37, 38], we obtain

kVy (t)  Ps(t)+ Ps(t,T)
4dred e

n(Vy, Ps, Py) = . (3.2)
The temperature-dependent spontaneous ferroelec-
tric polarization can be described by the expression
[36]

Py (+,T) = Py (T) tamh (s (Vy (1) ~ Vo)), (33)
where V, = d is the coercive voltage equal to the prod-
uct of the coercive field E, and the substrate thickness
d, and sy is the “sharpness” of the ferroelectric switch-
ing. The spontaneous polarization of the dipoles ab-
sorbed on the graphene surface equals

1 — tanh (ss (Vg (t) — V5))
2 b)

where V; is a critical voltage that ultimately de-
stroys the polarization, s, is a parameter reflecting
the “sharpness” of the dipole switching. At the back-
ward sweep, the polarizations Py and P; are

Py (t,T) = Py (T) tanh (sy (Vy (t) + Vo)),
Py(t) = P, [1 —exp GM)}

where ¢(V;) is the time moment corresponding to the
complete suppression of P, by the critical gate voltage
V., and 7 the dipole relaxation time, which can equal

(3.5)
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Fig. 5. Dependences of the charge carrier concentration in the graphene channel located on the SiO2 (a) and PZT (b) substrates
on the gate voltage for various surface dipole relaxation times 7. The forward and backward sweeping dependences are presented
by solid and dotted curves, respectively. The time dependence of the gate voltage Vg (t) is saw-like. Reproduced from work
[A.I. Kurchak, A.N. Morozovska, M.V. Strikha. J. Appl. Phys. 122, 044504 (2017)] with permission from AIP Publishing

about several seconds [39]. Equations (3.3)—(3.5) are
written for the case where the absorbed dipoles re-
cover immediately after the switching to the back-
ward sweep. The equations above are valid in the
case where the lifetime of the carriers trapped by
the interface states is much longer than the switching
time. The validity of this approximation for graphene
on the PZT substrate was demonstrated experimen-
tally in work [40].

The nonlinear response of a perfect ferroelectric
substrate can be described using the Ginzburg-Lan-
dau-Khalatnikov relaxation equation [33,41, 42]

dP (t)

r—- —q

= (T) P () + BP* (1) +4P° (1) — F (w,1),

(3.6)

where «, 3, and v are the coefficients in the Landau
potential expansion.

3.2. Gate control of the carrier
concentration in the graphene channel

3.2.1. Influence of surface
dipoles on graphene charge carriers

Dipoles can be adsorbed on the graphene surface
(e.g., adsorption of water molecules was studied ex-
perimentally in works [43-45]). In this case, Py # 0,
P; = 0, and ny = 0. The dipoles shift the electro-
neutrality point into the positive Vy-interval [16], and
the conductivity of the graphene channel at the zero
gate voltage is of the hole type. In this case, the

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1

charge carrier concentration in the graphene chan-
nel is determined by both the gate doping and the
polarization of absorbed dipoles. The latter, in turn,
depends on the external electric field created by the
gate voltage. The estimates [16] showed that the con-
ductivity of the graphene channel can be governed by
the time-dependent polarization of the dipoles.

Figure 5, a illustrates the dependence of the charge
carrier concentration on the gate voltage in the
graphene channel on a SiO4 substrate at various sur-
face dipole relaxation times 7. As was marked above,
the conductivity of the graphene channel at the initial
moment (at V; = 0) is determined by holes. However,
the electric field generated by the gate potential de-
stroys the polarization of dipoles at some critical V-
value. Solid lines correspond to the second forward
sweep, i.e. the polarization disappears after the first
cycle of its recovery. The polarization start to renew
at the backward sweep. The recovered value of po-
larization within a switching period is different for
different relaxation times 7, but it recovers almost
completely during a switching period, if the relax-
ation time is short. The direction of the correspond-
ing hysteresis loop can be opposite to the so-called
direct direction created by ferroelectric dipoles (“anti-
hysteresis”).

3.2.2. Influence of ferroelectric substrate
on graphene charge carriers at low gate voltages

Pb(Zr,Ti;_,)O3 (PZT) is a material of choice for
GFETs [40,46,47], because its relative dielectric per-
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Fig. 6. Dependences of the charge carrier concentration in the graphene channel located on a perfect ferroelectric
substrate on the gate voltage for various gate voltage amplitudes V;"** = +4 (a) and £10 V (b). Reproduced from
work [A.I. Kurchak, A.N. Morozovska, M.V. Strikha. J. Appl. Phys. 122, 044504 (2017)] with permission from

AIP Publishing

mittivity varies and can be very high near the mor-
photropic phase boundary (at z = 0.52). Let us an-
alyze the calculation results obtained for the con-
ductance of the graphene channel on the PZT sub-
strate. Taking into account that the PZT response is
not hysteretic for the electric fields lower than the co-
ercive field F. [37, 38], we will consider a relatively
narrow gate voltage interval from —8 V' to +8 V, in
which the linear response approximation for P (V)
is valid. Therefore, the further analysis is similar to
that in Section 33.2, but the ferroelectric substrate
permittivity is much higher than unity.

Figure 5, b shows the charge carrier concentra-
tion in graphene calculated for various dipole relax-
ation times 7. The graphene channel on the PZT sub-
strate possesses the hole conductivity at V, = 0,
similarly to the case of the SiO5 substrate. For pos-
itive gate voltages, the hole concentration decreases
and finally reaches the electro-neutrality point, where
the graphene valence band becomes completely oc-
cupied by electrons, whereas the conduction band is
empty. The graphene channel conductivity switches
to the electron type as the gate voltage increases
further.

3.2.3. Influence of ferroelectric substrate
on graphene charge carriers at high gate voltages

Figure 6 exhibits the carrier concentration in the
graphene channel on a perfect ferroelectric substrate
as a function of the gate voltage, n (V;), at room tem-
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perature. Figure 3 demonstrates a pronounced hys-
teresis in the n (V) dependence corresponding to the
ferroelectric polarization reversal induced by the po-
larity change of the gate voltage from the maximum
negative value —V;"** to the maximum positive one
+V,"**. In contrast to the case shown in Fig. 2, the
hysteresis in Fig. 3 is caused by two different sta-
ble states of the ferroelectric polarization. Therefore,
it can be used to fabricate nonvolatile memory cells
[46, 47]. However, the corresponding switching times
are comparable with the times of reversal of ferro-
electric domains, which imposes strict limitations on
the operating frequency for thick ferroelectric slabs
(10105 Hz). But those times can be several orders
of magnitude shorter (about 1079 s) for thin ferro-
electric films with a thickness less than 100 nm [42].

3.2.4. Comparison with real experiments

In order to compare the obtained results with those
of real experiments, let us consider two competitive
mechanisms that govern the concentration of charge
carriers in graphene. The ferroelectric dipoles are re-
sponsible for one of them, and the absorbed surface
dipoles for the other one. Figure 7 exhibits exper-
imental [48] and theoretical results concerning the
electro-neutrality point position as a function of the
gate voltage sweeping rate for the GFET with a
grapene sheet on the 140-nm PbZrg 2Tip gO3/60-nm
SrRuO3/SrTiO3(001) heterostructure. From Fig. 7,
one can see that the calculated values are in a reason-
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able agreement with the experimental data [48]. The
discrepancy between the theoretical and experimen-
tal dependences can be induced by the presence of
interface states between graphene and ferroelectric,
as well as by a chemical doping of graphene during
its fabrication.

We analyzed the origin of the hysteretic graphene
conductance dependence on the gate voltage for
graphene imposed on various substrates. It was
demonstrated that an increase of the gate voltage
sweeping rate dV,/dt leads to the disappearance of
the hysteresis for the GFET on dielectric or ferro-
electric substrates, if the gate voltage is less than the
coercive one, V; < V.. An increase of the gate voltage
rate causes the transition from the anti-hysteresis to
the ferroelectric hysteresis. These results are in qual-
itative and quantitative agreement with the experi-
mental data [48].

Note that the results of work [16] were obtained
using a number of approximations and simplifica-
tions. However, the actual physical origin of the
dipole bonding to the graphene surface was not taken
into account, as well as a possible relaxation time
spectrum. The fact that the trapping of charge carri-
ers by the surface states depends on the gate voltage
switching frequency was also not taken into consider-
ation. A description of the mentioned effects is possi-
ble provided a complete understanding of the physical
mechanism of trapping and requires further studies.

4. Dynamics of p—n Junctions
in a Graphene Channel Induced
by the Motion of Ferroelectric Domain Walls

4.1. Theoretical formalism

In Section 2, we considered the case of fixed FDWs.
However, generally speaking, FDWs can move un-
der external effects, and this case needs special con-
sideration. The review of the theoretical formalism
presented in this section is based on work [17]. The
typical geometry of a GFET with a 2D-graphene
layer(channel)-on-ferroelectric film with 180°-FDW is
shown in Fig. 8. The top gate is deposited on an ox-
ide layer and a graphene sheet is separated from a
ferroelectric film by an ultra-thin paraelectric dead
layer, which emerges due to several reasons such as an
incomplete polarization screening at the surface and
an imperfect process of graphene deposition on ferro-
electric. There are various types of such layers treated
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Fig. 7. Experimental [48] and theoretical dependences of the
electro-neutrality point position on the gate voltage sweeping
rate for the GFET on the PZT ferroelectric substrate Repro-
duced from work [A.N. Morozovska, A.I. Kurchak, M.V. Stri-
kha. Phys. Rev. Appl. 8, 054004 (2017)| with permission from
AIP Publishing
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Fig. 8. Schematic diagram of 180°-ferroelectric domain
walls (FDWs) in the “top gate—oxide dielectric layer—graphene
channel-paraelectric dead layer—ferroelectric film—bottom
gate” heterostructure. The ferroelectric substrate is in a per-
fect electric contact with the bottom gate electrode. Adapted
from [A.I. Kurchak, E.A. Eliseev, S.V. Kalinin, M.V. Strikha,
A.N. Morozovska. Phys. Rev. Appl. 8, 024027 (2017)| with
permission from AIP Publishing for the authors’ artwork

as ultrathin ones and located under the surface of
the ferroelectric substrate, where the spontaneous po-
larization is absent (or negligibly small) because of
the surface contamination, zero extrapolation length,
and/or strong depolarization field [49,50]. A periodic
voltage applied to the top gate can induce the FDWs
to move in the ferroelectric substrate.

The single-layer graphene is regarded to be an in-
finitesimally thin sheet with 2D densities for the elec-
tron, g,, and hole, g,, states (see, e.g., works [3, 38])

n (€) = gp (€) = 2¢/ (wh?v}).
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Hence, the 2D concentrations of electrons in the
conduction band and holes in the valence band of
graphene equal

oo

nap (i) = / degn () f (¢ — By — e),

0

and

P2 () = / degy () f (e + Er + e9),
0

respectively, where, Fr is the Fermi energy level. The
graphene charge density is equal to

o () = e(p2p () — nap (¥)),

where

_ep+ B
V=TT

The equations of state D = e¢gegE and D = ¢yepE,
where ¢y is the universal dielectric constant, relate
the electrical displacement D and the electric field
E in the oxide dielectric and ultrathin dead layers
(their thicknesses are ho and hpy, respectively) to
each other. The relative dielectric permittivity of the
dead layer epy, ~ 102 [51] is rather high. The poten-
tial ¢py, inside the dead layer satisfies the Laplace
equation. Note that the problem of the dielectric per-
mittivity of a 2D-graphene layer is still under debate
(see, e.g., work [52]).

The ferroelectric film has the thickness I, and the
ferroelectric polarization P in the 180°domain wall-
surface junctions is directed along the polar axis z
(Fig. 8). The polarization z-component equals

P; (r,B3) = P} (r, E3) + €0 (€53 — 1) E,

where the so-called relative “background” permittiv-
ity 6%‘ [49] is introduced. The values of e% are not re-
lated to a soft ferroelectric mode, being limited by the
linear dielectric response of the lattice. Therefore, for
the majority of ferroelectrics perovskites, those val-
ues fall within an interval of 4-7 (as for their exper-
imental determination, see work [53] and references
therein). The spatial distribution of the ferroelectric
polarization P (x,y, z) is determined from the time-
dependent LGD-type Euler-Lagrange equation
0Ps

[=" +aPs + bP} + cP) — gAP3 = Es,
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(4.1)

where T is the Landau—Khalatnikov relaxation coeffi-
cient [41], g is a gradient coefficient, and A stands
for the 3D Laplace operator. The constants a =
= ar (T —T¢), b, and c are coefficients of the LGD
potential series expansion in the polarization; they
are also called the linear, a, and nonlinear, b and
¢, dielectric stiffness coefficients. The corresponding
boundary conditions are of the third kind [54] and
include the extrapolation lengths Ay [55].

For the problem geometry shown in Fig. 8, the
corresponding system of electrostatic equations can
be found in work [17]. The relevant boundary con-
ditions are as follows: fixed potentials at the top
(z = —ho) and bottom (2 = hpy + hg =~ hyp)
gate electrodes; the continuity of the electric poten-
tial across the graphene layer (z = 0); the relation
DY — DPY = ¢4 (x,y), where o (z,y) is the surface
charges in graphene, for the normal electric displace-
ment components D3O = €o€n i3 and D?]?L = eoepr, 3
at z = 0; and the continuity of the normal displace-
ment component across the dead layer/ferroelectric
interface, Df = DD where Df = epebs B3 + Pf and
DYt = eoepr,Er3. The gate voltage is periodic with a
period Ty: U (t) = Upax sin (27t /Ty).

For the domains to move, the ferroelectric film
thickness should exceed a critical value [, for the size-
induced phase transition into the paraelectric phase,
with the parameter [.,. depending on the thicknesses
of the dielectric and dead layers [56-58]. Domains ap-
pear above the critical thickness, since they minimize
the depolarization field energy in the gap and dielec-
tric layer [36].

Since a typical lateral dimension of the ferroelectric
film, Lyg, is much larger than the graphene channel
length L, an odd or even number of domain walls
can pass along the channel during the gate voltage
oscillation period Ty, depending on the interrelation
between the graphene channel length L and the pe-
riod Trg of the domain structure in the ferroelectric
film (see work [17]). The realistic situations can be
modeled by periodic, mixed or antiperiodic boundary
conditions (BCs) for the polarization component Ps
and its derivative %,as well as the electric potential

¢y and its derivative 88%, at the lateral boundaries

x==+L/2[17].

Using the results of works [15,17], for the even (2k)
number of domain walls in the graphene channel be-
tween the source and drain electrodes, the channel
conductances G{*! and G'*°*! are identical for both
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gate voltage polarities: Gl = Gl Tt is so be-
cause, at each polarity, there are k p—n junctions
with their conductance described by Eq. (8) from
work [15], and k& p—n junctions with their conduc-
tance described by Eq. (10) from work [15]. For the
odd (2k+1) number of walls, Eq. (14) from work [15]
can be modified:

Gietal B(L+ )+ Ne(1+3)

Gl — B(L+A) + Me(1+ 8) + A’ (42)

where the factor 8 beta is defined by Eq. (2.5). A
typical electron mean free path A is essentially smaller
that the channel length L.

In a pronounced diffusion regime for the current
(BL > ) and provided a large number of the walls,
ie. if k> k.., where

BL
ke =1+ 1 Ay
1+8)A
the graphene channel conductance is given by the ex-
pression [3, 38|

A (ngD) 262
7 h7‘(‘3/2 W\/?’LQD.

The mean free path A(nap) ~ /nap for the scattering
at ionized centers in the substrate and in the temper-
ature interval far from the Curie temperature [33].

G:

4.2. Analysis of correlated dynamics
for ferroelectric domains and p—n junctions

In this section, we present the results of numeri-
cal simulation of the problem concerned. The pa-
rameters used in calculations are listed in Table I
of work [17]. The component P; of the ferroelec-
tric film polarization, variation of the 2D concentra-
tion of free charge carriers in the graphene channel
Ang = (p2p —nap), and effective charge carrier ratio

_ AnG (+Umax)
N ATLG (_Umax)

were calculated as functions on the periodic gate volt-
age U (t) = Umaxsin (2nt/Ty). The hysteresis loops
for the average polarization P3 (U) and the concen-
tration variation Ang (U) are shown in Fig. 9.

At relatively low voltages (Upax < 2 V), the polar-
ization and concentration loops have a quasielliptic
shape [black curves in Figs. 9, a—d. This shape is a
result of the polydomain structure of the film and due
to the motion of the domain walls under the action

An (UmaX)
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of the electric field, when the gate voltage changes
between —Upax and +Upax. As the gate voltage am-
plitude Uy, ax increases to 5+10 V, the domain walls
start to collide, and the domains with the opposite po-
larization orientations almost mutually “annihilate”
at definite periodic time moments t; afterward, the
polarized state of the film with a certain degree of
unipolarity partially restores (see red and magenta
curves in Figs. 9, a—d). The loop asymmetry and the
rectification ratio are associated with the symmetry
of BCs for the polarization and electric potential at
the lateral surfaces x = +L/2.

Completely symmetric loops for the polarization
P5 (U) and the concentration variation Ang (U) cor-
respond to periodic BCs (Figs. 9, a and ¢). The recti-
fication effect is absent in the case of periodic BCs. It
is so because the effective ratio An (Unax) = —1 for
all Unax (Fig. 9, e), since the even number of domain
walls are available in the ferroelectric substrate at
any moment. The characteristic distributions of the
polarization component P3; and the free charge con-
centration along the graphene channel are shown in
Figs. 10, a and 10, ¢, respectively. Two p—n junctions
are induced by two moving domain walls at certain
moments during each gate voltage period.

The antiperiodic BCs lead to asymmetric loops in
the polarization, P5(U), and concentration, Ang(U),
dependences (Figs. 9, b and 9, d, respectively). The
vertical asymmetry and the horizontal shift of the
P; (U) loop are much stronger than the correspon-
ding parameters for the Ang (U) loop, because the
polarization acts indirectly on the charge via the
depolarization field. The asymmetry of the Ps (U)
and Ang (U) dependences becomes weaker, as the
maximum voltage increases (cf. different loops in
Figs. 9, c and 9, f). The rectification effect is evident
at low and moderate voltages, since the effective ratio
AN (Upnax) < lat 1 < Upax < 4. At higher voltages
(Fig. 9, f), the ratio saturates, An (Upnax) — —1, be-
cause an odd number of domain walls mostly move in
the ferroelectric film. The characteristic distributions
of the polarization and graphene charge are shown in
Figs. 10, b and 10, d, respectively. Three p—n junc-
tions are induced by three moving domain walls dur-
ing one gate voltage period.

4.3. Extrinsic size effect

Note that the conductance of the graphene chan-
nel, which is proportional to the variation of the to-
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Fig. 9. Hysteresis loops of the ferroelectric polarization P3 (U) (a,b), charge carriers concentration variations in the graphene
channel Ang (U) (e, d), and conductance ratio An (Umax) (e, f) calculated for periodic (a, ¢, ) and antiperiodic (b, d, f) boundary
conditions (BCs). (a,b,c,d) Black, red, and magenta loops correspond to different gate voltage amplitudes Umax = 2, 5, and
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are shown since ¢ = 500 s. Adapted from [A.I. Kurchak, E.A. Eliseev, S.V. Kalinin, M.V. Strikha, A.N. Morozovska. Phys. Rev.
Appl. 8,024027 (2017)] with permission from AIP Publishing for the authors’ artwork

tal charge carrier concentration Ang (L,t), depends
on its length L (see the color map of the concen-
tration variation Ang (L,t) average over the chan-
nel length in the ‘“channel length L versus time
t” coordinates in Fig. 11). The phenomenon, which
we called the “extrinsic size effect” [15], consists
in a quasiperiodic modulation of the conductiv-
ity amplitude with the channel length for periodic
BCs. The modulation extremes are the most pro-
nounced at L ~ 27.5 nm (the first maxima and
minima) and 50 nm (the second maxima and min-
ima) for the parameters listed in work [15]. The
modulation becomes less pronounced as L increases
(cf. the contrast between the modulation maxima
and minima at L & 27.5 and 50 nm). Furthermore,
the distance AL between the maxima is voltage-
independent and slightly increases together with
L. We expect that the extrinsic size effect should
disappear for channels, which are much longer than
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the intrinsic period of a domain structure in the
ferroelectric substrate.

5. Graphene Separation
and Stretching by Piezoelectric
Effect in Ferroelectric Domains

The p—n junctions in graphene on ferroelectric sub-
strates were actively studied for rather a long time,
but the influence of the piezoelectric effect in the
ferroelectric substrate with FDWs on graphene char-
acteristics has been considered only recently. Name-
ly, as was shown in work [18], an elastic strain
can significantly affect the graphene conductance
via stretching the graphene surface and separat-
ing graphene sections at the steps between the
elongated and shoterned domains. The theoretical
formalism presented in this section is based on
work [18].
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Fig. 11. Dependence of the electron concentration on the
channel length and the time for periodic BCs and the gate
voltage amplitude Umax = 5 V. Adapted from [A.I. Kurchak,
E.A. Eliseev, S.V. Kalinin, M.V. Strikha, A.N. Morozovska.
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The idea consists in that ferroelectric domain
stripes with opposite spontaneous polarizations elon-
gate or shorten due to the piezo-effect, depending on
the voltage polarity applied to the substrate. If the
voltage is applied to the gate of the GFeFET with
FDWs, one domain elongates and the next one short-
ens (Fig. 12). The surface displacement can be signif-
icant for ferroelectrics with high piezoelectric coefhi-
cients. For instance, for PbZrg 5Tiyp.503 (PZT), those
piezoelectric coefficients can reach 0.3—1 nm/V de-
pending on the film thickness and the temperature
[59]. The corresponding displacement step h at the
piezoelectric surface is about 0.5-1 nm for a gate
voltage of about 1-3 V. The thickness d < 0.5 nm
of the physical gap between the graphene and ferro-
electric layers is governed by the van der Waals in-
teraction. The binding energy density J for graphene
on a SiOg substrate is about 0.5 J/m? [60]. Since
the graphene adhesion to the SiOy surface should
be the strongest among other surfaces, it is natu-
ral to expect that the J-value for graphene on the
PZT surface would be smaller. Young’s modulus Y
of graphene is giant: it equals 1 TPa [61, 62]. Un-
der such conditions, a partially separated piece of
the graphene layer appears at the step when the
normal component F,, of the elastic tension force
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F applied to a carbon atom exceeds the force Fj
binding this atom to the surface (see the force
scheme in Fig. 12, b). As a result, the separated
graphene section, which has the length [ + Al and
is located between the bound sections, becomes
“suspended”.

5.1. Piezoelectric displacement
of ferroelectric substrate surface

An analytical expression for the vertical displace-
ment uz (x) of the separated graphene section in a
vicinity of the FDW-surface junction was derived in
work [18] in the framework of the decoupling approx-
imation [63-67]. The displacement us (z) looks like
18]

us (.T) =-U [W33 (SL‘) dss + Ws3q (.T) d31], (51)

where U is the voltage difference between the top and
bottom electrodes, i.e. the gate voltage; and ds3 and
ds1 are piezoelectric coefficients. Specific expressions
for W33 (x) and W3, (x) are given in work [18].

Figure 13 shows typical profiles of the PZT surface
displacement. The values of the PZT film thickness H
are varied in the interval H = 20500 nm, and the
separation gap d = 0.5 nm. One can see that a step
emerging at the FDW-surface junction is the widest
for the smallest ratio d/H (curve 1) and becomes
essentially thinner, as this ratio increases (curves 2
to 4). It is also evident that the maximum height h
of the step changes non-monotonically, as the d/H-
ratio increases, but the difference between the dis-
placements far from the domain wall,

hoo = |ug (x = 00) — uz (x = —00)|,

is the same for all curves and is given by the expres-
sion [18]
hoo = 2|U|[d33 + (1 + 2v) d31]. (5.2)
A complete separation (i.e. exfoliation) of graphene
induced by the piezoelectric effect is hardly possible
for thick ferroelectric films with smooth profiles of
the surface displacement corresponding to curve 1 in
Fig. 13. The exfoliation becomes impossible if there
is only one domain wall in the film, and the graphene
sheet is only stretched by the piezoelectric effect. The
partial separation or complete exfoliation of graphene
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Fig. 12. Partial separation of a graphene channel section induced by the piezoelectric effect at the FDW-surface junction. The
separation is absent at the zero applied voltage, U = 0 (a), and appears at a nonzero one, U # 0 (b). F is the elastic tension
force, Fy, its normal component, Fg its lateral component, and F} the force binding a carbon atom to the surface. Adapted from
[A.N. Morozovska, A.I. Kurchak, M.V. Strikha. Phys. Rev. Appl. 8, 054004 (2017)] with permission from AIP Publishing for
the authors’ artwork
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Fig. 13. Profiles of the ferroelectric surface displacement u3 calculated for various ferroelectric film thicknesses H and distances
d (indicated in the legend). The gate voltage U = 1 V. The thermodynamic piezoelectric coefficients ds3 ~ 10° pm/V and
d31 =~ —450 pm/V, and Poisson’s ratio v = 0.3 correspond to PZT at room temperature. Note that the vertical picometer scale
is much smaller than the horizontal nanometer scale. Adapted from [A.N. Morozovska, A.I. Kurchak, M.V. Strikha. Phys. Rev.
Appl. 8, 054004 (2017)] with permission from AIP Publishing for the authors’ artwork
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equal to each other (see Fig. 12, b), we derived [1§]
the following analytical expression for the minimum
length [ of a separated graphene section:

7 4Yd
lzhf/;> U (dss + (1 +2v) da1) | 5

is preferable when the latter contacts with a ferroelec-
tric surface with relatively sharp profiles across the
FDWs (Fig. 13, curves 2 to 4).

5.2. Graphene separation, stretching,
and exfoliation: impact on the conductance

(5.3)

Taking into account that the normal component F),
of the tangential force F' and the binding force F} are
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The indicated inequality originates from the inequal-
ity h > ho (see Fig. 13|. Estimates made with
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Eq. (5.3) showed that the stretched section length
can reach tens of nanometers for the gate voltages
|U| > 3 V, provided the PZT parameters at room
temperature, the binding energies .J<0.25 J/m?, and
the separation gap d = 0.5 nm.

The graphene channel conductance G in the dif-
fusion regime can change significantly, because elec-
trons in the separated stretched section are scattered
by acoustic phonons [38]. The voltage dependence
G (U) for the graphene channel of the length L, when
its section [ (U) is separated and the remaining sec-
tion L — [ (U) is bound, obeys the Matthiessen rule
[38]

-1

L-1() , 1)

OB os

GWU)=WwW (5.4)
The separated section length I (U) = x |U|, where the
coefficient

X = (dsz + (1 + 2v) dsy) 3/4Yd/ T

in accordance with work [18].

The conductivity of the remaining bound part looks
like [3]

2¢2
op = mABM, (5.5)
where A Planck’s constant, Ap the electron mean free
path in the bound part of graphene channel. The con-
centration nsp of 2D electrons far from the FDWs can
be regarded as a constant voltage-independent value,
namely, nop =~ |Ps/e|[17, 18, 33]. Then, for the most
common case of electron scattering in the graphene
channel at ionized impurities in the substrate, A\p =
= £\/n2p, where the proportionality coefficient £ de-
pends on the substrate material and graphene-ferro-
electric interface chemistry. From Eq. (5.5), we obtain
the dependence
2

O'B(RQD) = %nQD ~ 8.75 x 1075577,2[) S.
Taking into account that the Pg-value for thin films
can be one order of magnitude smaller than in the
bulk, the concentration varies in the interval nop =
=~ (0.3+-3) x 10*® m~2 depending on the film thick-
ness. But it should be regarded as a voltage- and
coordinate-independent constant far from the FDW.
Thus, elementary estimates give op = (0.15+ 15) X
x 1073 Q=1 for reasonable values A\g = 10=100 nm
and Pg = 0.05+ 0.5 C/m?.
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(5.6)

Electron collisions with acoustic phonons are the
main channel for the electron scattering in the
separated stretched section of structurally perfect
graphene. In this case, Ag(F) ~ 1/E [3], and we ar-
rive at the well-known paradox: the conductivity og
should not depend on the 2D electron concentration
in the graphene channel. For estimations, the well-
known upper limit for og [3] can be used:

_ 4€?hppvEug

- 5.7
78 T T aD%ksT (57)

Here, p,, ~ 7.6 x 1077 kg/m? is the 2D mass density
of charge carriers in graphene, vg ~ 2.1 x 10* m/s is
the sound velocity in graphene, kg = 1.38x10723 J /K
is the Boltzmann constant, and D4 ~ 19 €V is
the acoustic deformation potential that describes the
electron-phonon interaction. For the indicated pa-
rameters and room temperature, Eq. (5.7) yields
og~3.4x1072 QL.

Figure 14 illustrates the conductance G calcu-
lated for various values of the gate voltage U, bind-
ing energy J, and channel length L. The conduc-
tance increases together with U; the correspond-
ing growth is monotonic and faster than linear, be-
ing the most pronounced at small binding energies
J <0.2 J/m? (Fig. 14, a) and small channel lengths
L < 100 nm (Fig. 14, b). The conductance ratio
G(U)/G(0) does not exceed 1.25 in the case of par-
tial graphene separation (curves 1) for realistic pa-
rameters. However, it can be significantly larger, if
the domain stripe period D is much shorter than
the channel length L. Let the length of the separated
section be approximately equal to half the channel
length, i.e.l ~ L/2. Provided that the p—n junc-
tions at FDWs do not change the general conduc-
tance of the graphene channel significantly, the elec-
tron mean free paths \g < D and \¢ <« D, so
that og > op, and Eq. (5.4) yields G(U)/G(0) =~
~ 2. Note that the ratio G(U)/G(0) can be signifi-
cantly larger than 2, e.g., in the case of mostly sus-
pended graphene (I = L) with og > op. However,
the possibility of this limiting case needs a special
examination.

Figure 15 schematically illustrates the conductance
G(U) calculated using Egs. (5.4)—(5.7). The predicted
effect of conductance modulation can be very use-
ful in order to improve and miniaturize various elec-
tronic devices (such as advanced logic elements, mem-
ory cells, highly efficient hybrid electrical modula-
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legend in J/m? units) at I = 50 nm and (b) for various channel lengths L (indicated in the legend in nm units) at J = 0.5 J/m?2.
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tors and transducers of voltage-to-current type, and
piezo-resistive elements). We also propose an alter-
native method to create suspended graphene sec-
tions, which is based on the piezo-effect in the ferro-
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electric substrate. The method does not require any
additional technological procedures like the chemi-
cal etching or mechanical treating of the substrate
surface.
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It is the graphene channel sections separated by
piezo-effect that can invoke physical effects that are
interesting for fundamental physics. First, the gra-
phene channel conductance changes significantly in
the diffusion regime, because electrons in the stret-
ched section are scattered by acoustic phonons. Se-
cond, mechanic vibrations in the MHz interval can be
realized here [68]. Third, high pseudo-magnetic fields
were reported for stretched graphene [69].

6. Conclusions

Since GFETs on the ferroelectric substrate are promi-
sing candidates for novel non-volatile ultra-fast ferro-
electric memory (FRAM) units [46, 47], the theoret-
ical description of the operation of those devices re-
quires reliable knowledge of the ferroelectric response
in a wide frequency interval, as well as the nature
of the charge carrier trapping processes at a given
frequency.

It has been shown that the contact between the
domain wall and the ferroelectric surface creates a p—
n junction in the graphene channel. The charge car-
rier concentration induced at that in graphene by un-
compensated ferroelectric dipoles can reach a value
of 10'” m~2 in the ballistic regime, which is two or-
ders of magnitude higher than the values obtained
for graphene on non-ferroelectric substrates [14]. The
performance of the majority of realistic graphene de-
vices depends on the electron mean free path (about
50-250 nm), and, hence, they operate in the diffusion
regime. We present the theory of the conductance of
p—n junctions in the graphene channel located on the
ferroelectric substrate with FDWs. The consideration
is valid for an arbitrary current regime: from ballistic
to diffusion one [15]. In works [14, 15], it was demon-
strated that graphene channels with p—n junctions at
the FDWs can serve as excellent rectifiers because of
their large conductance ratio for the “direct” and “in-
verse” voltages applied between the source and drain
electrodes, which is a result of a high ferroelectric
substrate permittivity.

The competition between the ferroelectric dipoles
and the dipoles adsorbed on the graphene surface
determines the FRAM operating characteristics. We
proposed a general theory for versatile hysteretic
phenomena in the graphene-based field effect tran-
sistor (GFET), which allows an analytical descrip-
tion. The theory makes allowance for the existence
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of external dipoles on the graphene free surface
and localized states at the graphene-surface inter-
face [16]. We demonstrated that the adsorbed dipole
molecules (e.g., dissociated or highly polarized wa-
ter molecules) can induced a hysteresis loop in the
dependence of the charge carrier concentration on
the gate voltage and in the corresponding gate-
voltage dependence of the graphene conductance in
the GFET on substrates of various types, including
the most common SiOs and ferroelectric ones. The
results of work [16], although being valid for the
description of hysteretic phenomena in various real-
istic GFETs that operate at low and intermediate
frequencies, may be not applicable directly to de-
scribe the ferroelectric response at ultra-high frequen-
cies; first of all, because the high-frequency response
of adsorbed and ferroelectric dipoles requires fur-
ther experimental studies. The results obtained can
be useful when predicting the most suitable ferro-
electric substrates for graphene-on-ferroelectric struc-
tures used in ultrafast non-volatile memory units of
new generation.

Using a self-consistent approach based on the
Landau-Ginzburg—Devonshire phenomenology and
classical electrostatics, we studied the dynamics of p—
n junctions in the graphene channel induced by the
nucleation, motion, and reversal of stripe domains in
the ferroelectric substrate [17]. It was demonstrated
that, in the case of perfect electric contact between
the ferroelectric and the graphene sheet, relatively
low gate voltages are required to induce a pronounced
hysteresis in the dependences of ferroelectric polar-
ization and graphene charge on the gate voltage. The
electrostatic boundary conditions for the polarization
at the lateral surfaces of the ferroelectric substrate
govern the conductance asymmetry of the graphene
channel between the source and drain electrodes. We
also revealed a pronounced extrinsic size effect in the
dependence of the graphene channel conductance on
the channel length.

The p—n junctions at FDWs in graphene have
been actively studied recently, but the role of the
piezoelectric effect in the ferroelectric substrate has
not been considered. We proposed [18] a piezoelec-
tric mechanism to control the conductance of the
GFET on the ferroelectric substrate with immobile
domain walls. In particular, we predicted that the
graphene channel conductance can be controlled by
the gate voltage due to the piezoelectric elongation
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and shortening of ferroelectric domains with opposite
polarization directions. At the same time, the gate
voltage can create bound, separated, suspended, and
stretched sections of the graphene single layer with
significantly different conductance values. Our calcu-
lations demonstrated a capability to substantially (by
several times) increase the conductance of GFETs on
ferroelectric substrates with a high piezoelectric re-
sponse. We also proposed an alternative method to
fabricate suspended graphene sections, which is based
on the piezo-effect in the ferroelectric substrate. The
method does not require any additional technological
procedures like the chemical etching or mechanical
treating of the substrate surface.

Taking into account that the conductance of
the graphene-on-ferroelectric structure is significantly
higher than that of graphene on ordinary dielectric
substrates, the predicted effect can be very useful for
the improvement and miniaturization of many types
of electronic devices, including various logic elements,
memory cells, highly efficient hybrid electrical modu-
lators and voltage-to-current transducers with the fre-
quency doubling and relatively low operational volt-
ages, and piezo-resistive elements.
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BIIUB JOMEHHOI CTPYKTYPU
CETHETOEJIEKTPUYHOI MIJIKJIA KN
HA HPOBIJTHICTb 'PAGEHY
(ABTOPCBHKUI OTJISI)

Peszmowme

Orisi TPUCBSYEHO OCTAHHIM TEOPETUYHHUM JIOCJII>KEHHSIM
BIIUBY JOMEHHOI CTPYKTYPH CErHETOEJEKTPHUYHOI ITiJKIaJKA
Ha TPOBiAHICTH rpadeHoBoro Kanajy. PosrisiHyTnit aHagiTu-
9HUN onuc ePeKTIB maM’sTi riCTepe3nCHOro THUILY Y MOJIBOBOMY
TPaH3UCTOP] Ha OCHOBI rpadeHa-Ha-CerHETOEJIEKTPUKY, 3 ypa-
XyBaHHSM aJICOPOOBAHUX JIUIIOJIBHUX IIaPiB HA BIJIbHIN TOBEDX-
Hi rpadeny i JiokasizoBaHux craniB Ha foro intepdeiicax. Ana-
JIBYIOTHCSI ACHEKTH HEIIOJABHO PO3BUHYTOI T€Opil MPOBiHOCTI
Pp—n-TmepexoiiB y rpadeHOBOMY KaHAJI HA CErHETOEJIEKTPUIHIN
migksaai, siki crBopeni 180-rpa/1yCHOIO CErHETOEIEKTPUIHOIO
JOMEHHOIO CTPYKTYPOIO, IPUUOMY PO3IJISIHYTI BUIAJIKU PISHUX
peRuUMiB cTpyMy, Big Gamicruanoro no mudysiitnoro. O6roso-
PIOETHCS BIJIUB PO3MIPHUX €(EKTIB y TAKUX CUCTEMAX Ta MO-
2KJIUBICTh BUKOPUCTAHHSI PE3YJIBTATIB JIjIsi BIOCKOHAJIEHHSI Xa-
PaKTEPUCTHK ITOJIbOBUX TPAH3UCTOPIB 3 rpadeHOBUM KaHAJIOM,
KOMIPOK €HEPrOHE3aJIEZKHOI CErHETOEIEKTPUIHOI ITaM’aTi 3 1o-
BIJIBHUM JIOCTYIIOM, CEHCODIB, & TAKOXK JJIs MiHiaTiopu3anii pi-
3HUX MPUCTPOIB PYHKIIOHAIBLHOI HAHOEJIEKTPOHIKH.
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