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ABSTRACT: Polarization switching in ferroelectric capacitors
is typically realized by application of an electrical bias to the
capacitor electrodes and occurs via a complex process of
domain structure reorganization. As the domain evolution in
real devices is governed by the distribution of the nucleation
centers, obtaining a domain structure of a desired config-
uration by electrical pulsing is challenging, if not impossible.
Recent discovery of polarization reversal via the flexoelectric
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effect has opened a possibility for deterministic control of polarization in ferroelectric capacitors. In this paper, we demonstrate
mechanical writing of arbitrary-shaped nanoscale domains in thin-film ferroelectric capacitors with graphene electrodes facilitated
by a strain gradient induced by a tip of an atomic force microscope (AFM). A phase-field modeling prediction of a strong effect
of graphene thickness on the threshold load required to initiate mechanical switching has been confirmed experimentally.
Deliberate voltage-free domain writing represents a viable approach for development of functional devices based on domain
topology and electronic properties of the domains and domain walls.

KEYWORDS: Flexoelectric switching, graphene, domain engineering, ferroelectric films

P olarization reversal in ferroelectrics under the action of an
external electrical field is the most important aspect of
their functional behavior. The mechanism of switching
invariably involves a complex process of domain structure
reorganization—domain nucleation, growth, and coalescence—
which determines the performance of most of ferroelectric-
based devices." Application of ferroelectrics in memory devices
is based on differentiation between two polarization states,
which are used as logical bits. Functioning of recently proposed
multilevel data storage devices, ferroelectric menmristors,”>
depends on a ratio of oppositely oriented domains as a
parameter controlling the device resistance. Also, recent
research on domain walls as independent functional entities
has shown that they possess physical properties distinct from
those of the domains themselves."™® These findings suggest
that conceptually different ferroelectric devices with extended
functionality can be explored by using domain topology, such as
domain shape, domain size, domain walls density, and
perimeter length, etc. Thus, accurate and arbitrary control of
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ferroelectric domains in ferroelectric capacitors is essential for
exploring their emergent functionalities and realizing novel
potential applications.

Polarization switching in ferroelectric capacitors is typically
realized by application of an electric field that exceeds the
coercive field of the material. Although in real devices domain
evolution of 180° domains is not stochastic—it is typically
governed by the defect structure of the ferroelectric medium’—
local domain control in capacitors by electrical means cannot be
realized, except for some special cases:'® application of a voltage
pulse to the electrodes results in multiple nucleation events
leading to polarization reversal in the whole volume of the
ferroelectric sandwiched between the electrodes. An electrically
biased tip of an atomic force microscope (AFM) does allow
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local electrical control of polarization, but only on a bare
ferroelectric surface without the top electrode.”'” Hence,
obtaining a domain structure of a specific configuration in a
ferroelectric capacitor by electrical pulsing is challenging, if not
impossible. On the other hand, recent discovery of a new
polarization switching approach—via the flexoelectric effect—
has enabled voltage-free control of polarization at the
nanoscale.”” Flexoelectric switching exploits a high strain
gradient generated by the AFM tip pressed against the
ferroelectric film surface,"* which produces an electric field
strong enough to overcome the coercivity of the film.
Importantly, this mechanism provides a possibility for local
polarization control in ferroelectric capacitors, since the strain
gradient can be induced even in the presence of a top electrode.
In this paper, we report the deterministic nanoscale control of
polarization and domain engineering in BaTiO; thin-film
capacitors with graphene electrodes by means of flexoelectric
switching. Phase-field modeling predicts a strong effect of
graphene thickness on the threshold mechanical load required
for polarization reversal, which is consistent with the
experimental data. The obtained results represent the first
demonstration of deterministic domain control and domain-
wall engineering in ferroelectric capacitors. This approach may
further advance realization of a multilevel memory concept with
mechanical writing and electrical reading of data.

To realize local control of polarization in ferroelectric
capacitors, several issues have to be considered. First, the
electric field strength due to a strain gradient generated by the
AFM tip decreases with the distance from the surface; thus the
top electrode should be thin enough (not more than a few
nanometers according to our calculations below) to allow
polarization switching in the ferroelectric film. Second, the
same requirement holds for the ferroelectric film itself.
Preliminary testing showed that the mechanical switching
could be accomplished in the ferroelectric films as thick as 50
nm (see Figures S1 and S6 in the Supporting Information).
Third, the electrode should be durable and complacent under a
high mechanical load. From these considerations, epitaxial
oxide electrodes, such as SrRuOj;, seem to be ideal for tip-
induced flexoelectric switching. However, recent experimental
studies showed that polarization screening by metal oxides is
less effective than expected, which results in a progressive loss
of the net polarization in ultrathin ferroelectric capacitors."*"°
Typical metal electrodes used with ferroelectric capacitors, such
as Pt, should be at least 10 nm thick to ensure good
conductivity and mechanical durability, which might be too
thick for mechanical switching. Here, we have chosen graphene
as a top electrode material for the BaTiO; thin-film capacitors.
This choice is based on the fact that graphene can be as thin as
a single atomic carbon layer and that it is one of the strongest
materials ever tested,'” which would allow it to withstand a high
tip-induced stress. Also, as a material with high carrier mobility
and good electrical conductivity, graphene is an ideal material
for electrodes. In our recent studies, we have demonstrated the
use of graphene as an electrode in ferroelectric tunnel junctions,
which allowed us to achieve reliable control of polarization and
enhance the resistive switching behavior through interface
engineering.18

For this study, the ferroelectric capacitors with graphene
electrodes have been fabricated using BaTiOs-based thin-film
heterostructures (BaTiO;/Lag ¢,Srq33MnO;/SrTiO;) (Gr/
BTO/LSMO). Epitaxial single-crystalline BaTiO; films with a
thickness of 48 unit cells (u.c.) have been produced by pulsed-
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laser deposition on epitaxial La,¢,Srg33MnOj; layers grown on
atomically smooth (001) SrTiO; substrates.'” This type of
substrate produces compressively strained BaTiO; films that
possess only out-of-plane polarization.”” Mechanically exfoli-
ated graphene flakes were directly transferred onto the BaTiO;
surface to form a Gr/BTO/LSMO capacitor (Figure 1a). Flakes
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Figure 1. (a) A schematic view of the Gr/BTO/LSMO capacitor. (b)
An AFM topographic image of a graphene flake on the BaTiO; surface.
(c) AFM topographic image of the BaTiO; surface partially covered by
graphene (on the right). (d—e) PFM amplitude (top) and phase
(bottom) images after application of a —6 V voltage pulse (d) and a +4
V voltage pulse (e) to the graphene flake. Polarization underneath
graphene has been fully switched upward or downward while
polarization in the exposed BaTiO; remains intact.

composed of several graphene layers (from 1 to S layers) have
been chosen for this study as they are sufficiently thin to allow
stress extension into the underlying BaTiO; film (for details of
graphene flakes characterization, see Figure S2 in the
Supporting Information). Figure 1b shows an AFM image of
the graphene flake on the BaTiOj; surface. Detailed sample
preparation information is given in the Materials and Methods
Section.

Figure lc—e demonstrates that conventional control of
polarization in the Gr/BTO/LSMO capacitors by electrical
means can be realized by applying a voltage pulse to graphene.
Specifically, after voltage application, the resulting domain
structures have been visualized by means of piezoresponse force
microscopy (PEM).*"** PEM imaging around the graphene
edge (Figure 1c) shows that the polarization state of BaTiO,
underneath graphene can be completely switched up (Figure
1d) or down (Figure le), while the polarization state of the
exposed BaTiO; film remains intact.

Results of the detailed study of domain structure evolution in
the Gr/BTO/LSMO capacitors as a function of the applied bias
are shown in Figure 2a. Voltage pulses of variable amplitude
and fixed duration (1 s) were applied to induce polarization
reversal. The onset of the switching process is characterized by
homogeneous domain nucleation throughout the Gr/BTO/
LSMO capacitor area followed by domain sidewise expansion.
The maximum density of nucleation sites is estimated to be
~400/pm?. The PEM phase images for different values of pulse
amplitude have been converted to the switched capacitor areas
allowing us to obtain a global PFM hysteresis loop (Figure 2b),
which is analogous to the conventional polarization P—V
hysteresis loops.” Significant asymmetry of the global PFM
loop, which is also observed in the conventional (local) PFM
loops (Figure S3 in the Supporting Information), is a
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Figure 2. (a) PFM phase images of domain structures in the Gr/BTO/LSMO capacitor arising after application of voltage pulses of various
amplitude and polarity to the graphene electrode. The images show a BTO film region completely covered by graphene. The pulse duration was set
at 1 s. Homogeneous domain nucleation is observed in BTO underneath the graphene flake. (b) The switched downward domain area as a function

of the pulse amplitude, showing typical ferroelectric hysteresis behavior.
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Figure 3. PFM images (top panel: amplitude; bottom panel: phase) of mechanical written domains in the Gr/BTO/LSMO capacitor. The images
show BTO film regions completely covered by graphene. (a) An initial state with upward polarization. (b) The same area after scanning the central
500 X 500 nm? area with a grounded AFM tip held under 1.6 uN load. Polarization in the scanned area has been fully switched downward. (c)
Electrical erasure of the mechanically written domain by a —6 V, 1 s electrical pulse. (d) Mechanically written nanodomain patterns.

manifestation of drastically different screening condition at the
top (Gr/BTO) and bottom (BTO/LSMO) interfaces likely
exacerbated by the presence of an adsorbate layer at the
interface between graphene and BTO."®

Local control of polarization switching in the Gr/BTO/
LSMO heterostructure is realized via the mechanical writing
approach: the region underneath graphene surface that requires
polarization switching is scanned by a grounded AFM tip held
under a high mechanical load. A mechanical strain gradient
generated by the AFM tip leads to polarization switching in the
scanned region. Note that this approach can only switch
polarization from the upward to the downward direction."” An
initial upward polarization state in the Gr/BTO/LSMO
heterostructure was generated by application of a —6 V pulse
to the graphene flake (Figure 3a). Mechanical writing was
performed by scanning a S00 X 500 nm” area with AFM tip
under a 1.6 4N load, followed by conventional PFM imaging.
Figure 3b shows the resulting domain pattern: the central 500
X 500 nm” area has been fully polarized downward while
upward polarization outside this area remains intact. As
mentioned above, in general, this type of location-specific
polarization control cannot be realized via an electrical poling
(Figure 2a). The mechanically poled area shows remarkable
retention (at least several days without significant signs of
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relaxation) can be switched back simply by application of a
negative voltage pulse to the graphene flake (Figure 3c). A “left-
over” box with the higher amplitude at the location of the
erased domain is likely due to removal of the interfacial
adsorbate layer during mechanical poling (see discussion below
and Figure S), which ensures a better electrical contact between
graphene and BTO. Mechanically induced transition from the
upward to the downward polarization occurs via nucleation of a
number of nanoscale domains with a domain nucleation density
increasing upon the load increase until all domains coalesce.
Figure S4 shows a series of transient domain structures, which
develop in the Gr/BTO/LSMO heterostructure during
scanning the graphene surface with the tip under various
loads. This observation illustrates similarity between electrically
and mechanically induced polarization reversal processes,
although in the latter case the contribution of sidewise domain
growth to switching seems to be less significant than in the
former one.

Recently, it was shown that mechanically induced polar-
ization reversal is more spatially localized than that due to the
applied electrical field.”* The localized nature of mechanical
switching arises from a much smaller volume, over which
mechanical stress is exerted by the AFM tip, in contrast to the
volume affected by the electric field, which extends over
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distances well beyond the tip—sample contact area. It can be
assumed that the tip-generated stress should be also localized in
the presence of a sufficiently thin top electrode, such as
graphene, which would open a possibility of polarization
control in the graphene-based ferroelectric capacitors with
nanoscale precision. This feature is illustrated by Figure 3d,
which shows PFM images of mechanically written triangular-
shaped 20—40 nm wide domain lines in the Gr/BTO/LSMO
heterostructure.

To get a better insight into mechanically induced polarization
reversal in the Gr/BTO/LSMO heterostructures, we carried
out phase-field modeling of the flexoelectric switching”**° using
graphene thickness, tg, as a variable with thickness values
corresponding to 3, 6, 9, and 12 layers (assuming a commonly
referred thickness of single-layer graphene of 3.4 A). Other
parameters used for modeling and a simulation setup
illustrating a process of mechanically induced polarization
reversal are shown in Figure 4a, and more details are provided
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Figure 4. (a) A sketch diagram used for phase-field modeling of
mechanical switching in Gr/BTO/LSMO capacitors by a scanning tip
under pressure. The dashed area indicates an area subjected to
mechanical load, which was increasing from 200 to 3000 nN. (b)
Calculated volume of switched polarization as a function of mechanical
load for different graphene thicknesses. Inset: graphene thickness
dependence of the threshold load defined as the load required to
switch 50% of polarization volume underneath the tip. Maximum
graphene thickness that still allows mechanical switching by the load as
high as 3 4N is equivalent to nine layers. (c) PFM images acquired in
the Gr/BTO/LSMO heterostructure after mechanical domain writing
by the AFM tip under an incrementally increasing load for two
different graphene thicknesses. (d) Experimentally measured area of
switched polarization as a function of mechanical load for different
graphene thicknesses. Data are obtained from analysis of the PFM
images in (c) (PFM image for tg, = 3 layers is not shown). The inset
shows the graphene thickness dependence of the threshold load.

in Materials and Methods. The percentage of mechanically
switched volume of BaTiO; underneath the tip calculated as a
function of mechanical load is plotted in Figure 4b for different
graphene thicknesses. It clearly predicts that, for ¢, in the range
from 0 to 9 layers, polarization reversal will occur as a result of
an increasing mechanical load, while for t; = 12 layers
mechanical switching will not be possible. Also, it can be seen
that the threshold load Fy, defined as the load required to
switch 50% of polarization volume underneath the tip (similar
to the definition of the local coercive field) becomes larger for
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thicker graphene. The calculated graphene thickness depend-
ence of the threshold load is shown as inset in Figure 4b. The
observed trend demonstrates that the existence of graphene
electrode inhibits the mechanical switching in the BaTiO; film.
Even a three-layer graphene flake (~1 nm thick) increases the
threshold load by nearly 600 nN (Figure 4b) suggesting that
the strain is concentrated in a small volume right underneath
the tip.'* The calculations predict that the maximum thickness
of the graphene electrode allowing mechanical switching in the
Gr/BTO/LSMO heterostructures is 9 layers (~3 nm) for the
maximum load of 3 uN. Although mechanical switching may
still be achievable with loads higher than 3 uN, such a high
pressure typically leads to permanent damage (ripping) of
graphene (Figure SS in the Supporting Information).

The theoretical prediction of the threshold load increase with
graphene thickness has been verified experimentally. Informa-
tion on graphene flakes thickness has been obtained by AFM
cross-section analysis and Raman spectroscopy (Figure S2 in
the Supporting Information). Figure 4c shows the PFM phase
images acquired after mechanical writing in the Gr/BTO/
LSMO capacitors with graphene electrodes of different
thickness, which illustrate the theoretically predicted trend:
the onset of polarization reversal for monolayer graphene
occurs at a much lower load than for § layers of graphene. More
detailed studies shown in Figure 4d give clear evidence of a
good agreement between experimental data and modeling
results. Some minor qualitative discrepancy is observed for
relatively small values of tg, ie, a threshold load predicted
theoretically is higher than that measured experimentally
(compare inset plots in Figure 4b and d). There are several
factors that may contribute to this discrepancy. First, the exact
flexoelectric coefficients for ultrathin BaTiO; films are still
unknown. In the present study, we have used the ones from
first-principle calculations (see Materials and Methods section
for details). Second, the tip—sample contact area can only be
estimated approximately.””*® Third, presence of an adsorbate
layer at the graphene/BaTiOj; interface, which was not taken
into account during modeling, may affect the calculations.
Indeed, Figure S shows a change in surface morphology of
graphene as a result of applied mechanical load. Specifically,
there is a depression with a depth of about 0.6 nm in the
mechanically written square area, while the surrounding area
has a height increase by up to about 0.4 nm. Remarkably, this
topographic change gradually decreases with time, and
eventually disappears, suggesting that there might be a fluidic

-

= 5 min after writing
© 3 h after writing
4 20 h after writing

04 08 12
Position (um)

Figure S. (a) AFM images of the Gr/BTO/LSMO capacitor showing
topographic changes as a function of time after mechanical domain
writing using a 1.6 4N load in the same square region as in Figure 3b.
(b) The height profile along the blue line in (a) indicates a gradual
decrease of the topographic depression with time. Note that the
graphene flake is not damaged.
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layer at the Gr/BTO interface, which can be squeezed out by
mechanical load and can move back after the load is released.

Similar measurements on electrical and mechanical switching
have been performed in Pb(Zr,Ti)O; films with graphene
electrodes (Figures S7 and S8 in the Supporting Information)
illustrating a general nature of the flexoelectric domain control,
which therefore can be extended to other ferroelectric
capacitors with ultrathin electrodes.

In conclusion, we have demonstrated controlled mechanical
writing of arbitrary-shaped nanoscale domains in thin film
ferroelectric capacitors with graphene electrodes facilitated by
the flexoelectric effect due to a strain gradient induced by an
AFM tip. Phase-field modeling of the flexoelectric switching is
in good agreement with the experimental data. The obtained
results demonstrate a feasibility of developing conceptually
novel ferroelectric devices based on domain topology. Domains
and domain walls of any configuration can be controllably
created by means of mechanical switching, and electrically
erased. Functionality of such devices will be determined not
just by the polarization state (up or down) but also by domain
size and domain walls configuration. For example, multilevel
data storage devices based on electroresistance effect in the
ferroelectric tunnel junctions™ can be realized by gradual
mechanically induced change in the volume faction of
antiparallel domains allowing continuous tuning of device
resistance from the OFF to the ON state. If instead domain
wall conductivity is used as an active parameter,” the
conductance of the device can be varied continuously by
manipulating a density and perimeter length of the conducting
domain walls connecting device electrodes making a tunable
memristive device. Other functional properties of mechanically
engineered domains and domain walls, such as super-
conductivity and magnetism, can be also employed to extend
functionality of future devices.

Materials and Methods. Sample Preparation. Epitaxial
single-crystalline BaTiO; films with thickness of 48 u.c. have
been grown by pulsed laser deposition (PLD) on atomically
smooth TiO,-terminated (001)-SrTiO; substrates with a 30 nm
thick Lag¢;Srg33MnO; layer as a bottom electrode. Before
deposition, low angle miscut (<0.1°) SrTiO; substrates were
etched using buffered HF acid for 60 s to maintain Ti-
termination and then were annealed in oxygen at 1000 °C for 6
h to create atomically smooth surfaces with single-unit-cell-
height steps. During deposition of all the layers, the substrate
temperature was maintained at 680 °C with chamber oxygen
pressure kept at 150 mTorr. The samples were cooled down to
room temperature in oxygen atmosphere at 1 atm.

Graphene electrodes on BaTiOj; surface were fabricated by
means of mechanical exfoliation. To do so, flakes of highly
oriented pyrolytic graphite (HOPG) were sandwiched between
two pieces of Scotch tape so that their adhesive surfaces were
facing each other. The two layers were then pressed firmly
together and gently unfolded so that shiny graphite flakes
remained on both pieces of tape. This process was repeated
several times to obtain not shiny, but dark gray graphene flakes.
Next, the BaTiO; film is pressed against the flake, and then the
Scotch tape is gently peeled away leaving graphene flakes on
the BaTiO; surface of film.

Characterization. Polarization imaging and local switching
spectroscopy has been performed using a resonant-enhanced
piezoresponse force microscopy (MFP-3D, Asylum Research).
Conductive silicon cantilevers (PPP-EFM, Nanosensors) have
been used in this study. PEM hysteresis loops were obtained at
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fixed locations on the heterostructure surface as a function of
switching pulses (12 ms) superimposed on ac modulation bias
with amplitude of 0.6 V,,_, at about 320 kHz. Tip contact forces
have been calibrated by measuring force—distance curves and
have been kept at a level of about 50—100 nN.

Phase-Field Modeling. As shown in Figure 4a, the Gr/
BTO/LSMO heterostructure is modeled as a multilayer system
sized by 128Ax X 128Ax X 40Ax grids where Ax = 1 nm. The
thickness of BTO film (48 u.c.) and the substrate is set to be
19Ax and 13Ax, respectively, while the thickness of graphene
electrode ranges from 0 to 4Ax. The temporal evolution of
polarization in BTO ferroelectric film is described by time-
dependent Ginzburg—Landau (TDGL) equation

OB(r, t)
o

OoF
SP(r, t)

- (1)

where P,(r,t) is the polarization with respect to position r and
time t, L is a kinetic coefficient, and F is the total free energy of
the system. This equation is solved by semi-implicit Fourier
method™ with periodical boundary conditions in x and y
directions, the details of which is elucidated in our previous
works.>® The Landau, elastic, electrostrictive and gradient
coefficients used in the present phase-field modeling are
identical with those in refs.””*’ and the flexocoupling
coefficients are adopted from the first-principles calculations.”

The biaxial compressive constraint exerted on BTO film by
(001)-oriented STO substrate is 2.2%, calculated from the bulk
lattice parameters at room temperature (agrg = 3.99 A agro =
3.905 A). However, this homogeneous strain is partly relaxed
by dislocations since the film thickness (~19 nm) is far larger
than the critical thickness (~5 nm) of BTO/STO epitaxial
films.”> The effective homogeneous strain within 19 nm BTO
film is computed to be 1.2% following the People—Bean
model***” and our earlier work.*® The mechanical boundary
condition at the bottom of substrate is displacement-free, while
at the BT O surface is stress-free superposed by the distributions
of applied stress 033 and 63 given by 6,3 = ko3, where frictional
coefficient k is assumed to be 0.25 for bare BTO case and 0 for
graphene top electrode cases, and o033 is consistent with our
previous work.”® For the tip movement, its position is set to
move 5 nm along y axis every 2000 timesteps, accompanied by
an increment of 200 nN loads starting from 200 to 3000 nN.
After that, the applied stress is removed to have the simulated
system relaxing for another 2000 timesteps.

An example of the calculated static domain structure under
different load conditions applied to the BTO films through the
top three-layer-thick graphene flake is shown in Figure S9 in
the Supporting Information.
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Supplementary Figures S1—S9. Figure S1: PFM images
acquired after mechanical writing in the 48-u.c.-thick
BTO film. Figure S2: AFM topographic and Raman
spectroscopy data of the graphene flakes. Figure S3: PFM
hysteresis loops. Figure S4: PEM images of BTO partially
polarized by mechanical writing through graphene.
Figure S5: AFM image of mechanically damaged
graphene. Figure S6: Examples of mechanical switching
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in other ferroelectric films. Figure S7: PEM images of the
domain patterns in the Gr/PZT(S0 nm)/LSMO. Figure
S8: Tllustration of both electrical and mechanical control
of domain patterns in the Gr/ PZT(50 nm)/LSMO.
Figure S9: phase-field modeling of polarization reversal
under tip-induced pressure (PDF)
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