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Active Control of Ferroelectric Switching Using

Defect-Dipole Engineering

Daesu Lee, Byung Chul Jeon, Seung Hyub Baek, Sang Mo Yang, Yeong Jae Shin,
Tae Heon Kim, Yong Su Kim, Jong-Gul Yoon, Chang Beom Eom, and Tae Won Noh*

Electrical switching of spontaneous polarization in ferroelectric
materials offers a means of designing a broad range of mul-
tifunctional devices.'*l Ferroelectric switching is universally
governed by defects.’* Active control of the defect structures,
therefore, has the potential for furthering utilization of ferro-
electric materials and advancing novel applications. Here, we
demonstrate active control of the defect dipole structure and
associated polarization switching in a ferroelectric BiFeO; thin
film without compromising its ferroelectric properties. We vis-
ualize the unique functionality of the defect dipoles to control
local polarization switching. Also, by actively controlling the
defect dipoles, we systematically vary the macroscopic polariza-
tion-voltage (P-V) hysteresis loop in a capacitor geometry, com-
monly used in real device applications. These results provide a
foundation for novel device design utilizing ferroelectric mate-
rials, such as high-density multilevel data storage memories.
Ferroelectric materials have emerged as a primary func-
tional building block for a wide spectrum of electronic, energy-
storage, and information-technology devices.'*l These fer-
roelectric applications come from fast, reversible switching
between thermodynamically equivalent spontaneous polari-
zation states under an applied electric field. The polarization
switching is also strongly coupled to other material properties,
such as electronic,”] magnetic,®% optical,'! and chemicall!!l
properties, enabling multifunctional devices. Thus, the develop-
ment and utilization of ferroelectric devices depend critically on
our ability to control field-induced polarization switching as we
want. However, such precise control is quite difficult because
polarization switching is a stochastic and complicated process,
occurring via the nucleation and growth of domains.*1213]
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Defect engineering has played a crucial role in the rapid
development of modern semiconductor devices because it has
provided powerful methods for controlling their physical prop-
erties and resulting functionality. As in semiconductor devices,
defect engineering has the potential to enhance the function-
ality of ferroelectric devices; we can control ferroelectric prop-
erties, such as a P-V hysteresis loop, by modifying the polari-
zation-switching process with defects. Note that defects affect
the thermodynamic stability of ferroelectric polarization and
can act as nucleation centers for polarization switching, as well
as pinning sites for moving domain walls. Furthermore, typical
ferroelectric materials, such as perovskite titanates, allow for a
diversity of point defects (e.g., oxygen vacancies) and extended
defects. The recent emergence of scanning probe microscopy
and transmission electron microscopy-based techniques has
expedited defect studies in ferroelectric materials.'>'%] Previous
studies, however, have focused on how polarization switching is
affected by the given defects. Very little effort has been directed
toward actively controlling the defect structure and the associ-
ated polarization switching.

In this study, we demonstrate the active control of irrevers-
ible defect dipoles (Dgefec)?! in ferroelectric BiFeOj; thin film
without compromising its ferroelectric properties. Dgefect 1S
defined as an electric dipole consisting of charged defects,
and Dyege; in our film is probably composed of Bi vacancy and
oxygen vacancy. It is well known that parallel alignment of the
Dyefect along the polarization direction (i.e., Dgefect//Ps) is ener-
getically favored.'*-?0] This dipolar interaction between Dy
and Pg enables us to actively control the Dgeqq Structure, as
schematically depicted in Figure 1a. Initially, we write a polari-
zation domain pattern as we want, and then we anneal the
written domain pattern at temperatures below the Curie tem-
perature. During the annealing process, the Dgeg realigns to
the energetically favored state of Dyegi//Ps by thermal migra-
tion of the point defects (e.g., oxygen vacancies).l'#2122 The
resulting Dgefec; Structure would become the same as that of the
intentionally written domain pattern. We visualize that the con-
trolled Dgereqt Structure can be used to control local polarization
switching using piezoresponse force microscopy (PFM). Fur-
thermore, using the controlled Dyer structures, we artificially
generate macroscopic double-polarization switching (Figure 1b),
in which the intermediate polarization (P;,) and switching
voltage (Vsyw) can be varied systematically. Finally, we suggest a
possible real application for high-density multilevel data storage
using our concept.

We first changed the downward-polarized domain of the as-
grown BiFeO; film to a square bi-domain pattern (Figure 2a).
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square area of 5 um X 5 um in the center was
switched back to the downward state (i.e.,
—Ps) by applying a bias of +12.5 V to the tip.
Specifically for the parameters of our study,
we were concerned only with the out-of-plane

a b P 4
Intermediate
P (A m)
/ Unspecified Do Structure
Domain
writing

v component of the polarization, and +Pg (-P)
> indicates the upward (downward) out-of-
plane saturated polarization state. After the
domain-writing process, we read the written
domain pattern by PFM (Supporting Infor-

D getect POrtiON
control

[F4¥+9]

/ Unspecified Dyt & patterned domain

Aligning Dyetect BY
thermal annealing

mation, Figure S2), and then annealed the
sample at 300 °C for 40 min. The first panel
in Figure 2a shows the domain pattern after
annealing, as measured by PFM.

We found that the prepared domain pattern
in the BiFeOj; thin films was robust against
thermal annealing. Its pattern was mostly
v preserved even after annealing (Figure 2a
and Supporting Information, Figure S2);
this may be due to the high Curie tempera-
ture and large coercive field of the film.[>3-2°]
With the surface capped by a top electrode,

I#Hw*

Dyetect density
control

o

Aligned Dy & patterned domain

Figure 1. Active control of Dy and associated ferroelectric switching. a) A scheme to con-
trol the Dyefet Structure. Partial domain writing and subsequent thermal annealing allow the
active control of the Dyef; Structure. b) Double-polarization switching generated by the effect
Of Dyefect- According to the portion of upward and downward Dgeg, We can vary the interme-
diate polarization (P;,;) value. Also, according to the density of aligned Dyefeqr, We can vary the
intermediate switching voltage (Vsy). Vsy is defined as the threshold voltage for making the

P, state.

The polarization in a 10-um x 10-um region of the film was
switched to the upward state (i.e., +Ps) by scanning the film
surface with a tip biased with a voltage of —12.5 V that exceeded
the coercive voltage for the film. Then, the polarization within a

the domains became much more robust,
with little change at high temperature (Sup-
porting Information, Figure S3). A previous
study reported the presence of Dgepq in our
as-grown BiFeO; films.'”! The annealing
process can align the Dy.g along the Pg ori-
entation in the prepared domain structure.
As a result of annealing, the regions of (A)
and (A)’ in the first panel of Figure 2a are
expected to exclusively have the downward
Dgefecr Whereas the (B) region is expected
to include only the upward Dgeg. Thus, the annealing-based
method enables us to actively control the Dyeg; structure (i.e.,
the location and portion of the upward or downward Dyege)-
Such a controlled Dy structure would affect the overall
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Figure 2. Visualization of the Dy effects on local domain evolution. a)
switching from +Ps to —Pg state in the annealed region. Scale bar represen

Adv. Mater. 2012, 24, 6490-6495

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

M+100V  V

A chronological out-of-plane PFM phase-image series during polarization
ts 5 wm. b) Overall polarization switching under the influence of Dyefeqt-
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Figure 3. Control of the macroscopic polarization switching in the capacitor geometry. a) A schematic diagram for the precise control of polarization
by limiting Jp. b) Plots of outflowing current generated from J during polarization switching, according to the Jp' values. c) A systematic variation in
Pt in P=V loops after portion control of Dyerer- We control the Dyere; portion by annealing the capacitor, where we precisely determine the +Ps/—Ps
domain portion as a function of Jp'. d) A systematic variation in Vg, in the P~V loops after the density control of Dyeg. We control the density of the

aligned Dyeet by adjusting the annealing time.

polarization-switching behavior significantly (Supporting Infor-
mation, Figure S4).

To visualize the correlation between the controlled Dgefet
structure and local domain evolution, we used a PFM tech-
nique.?28 After thermal annealing, we poled the whole
domain region into the +Pg state by applying a negative probe-
tip bias of =12.5 V (second panel in Figure 2a). Then, we moni-
tored the polarization reversal to the —Pg state by applying
an incrementally increasing positive bias. When we applied
a tip bias of +6.0 V, nucleation and growth of small domains
began only in the (A) and (A)’ regions. Interestingly, even after
applying a +7.0 V tip bias, the (B) region remained almost
unswitched, whereas most of the (A) and (A)" regions were
switched to the —Pg state. The (B) region began to switch just
after the application of a 7.5 V tip bias, and it had switched com-
pletely to the —Pg state as the tip bias approached +10 V. This
means that the polarization switching to the —Pg state was facil-
itated in the (A) and (A)’ regions by the downward Dyeg, but
was impeded in the (B) region by the upward Dgyeg . Figure 2b
schematically summarizes the overall polarization switching
under the influence of Dy The effect of the Dgege stabilized
the mixed domain pattern over a certain voltage range (corre-
sponding to (3) and (4) in Figure 2b), providing an additional
stable state (i.e., Pp).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Most ferroelectric devices for electronic applications have
a capacitor geometry in which the top ferroelectric surface is
covered with a conducting electrode. For such applications,
we cannot use the local switching technique with PFM, so
we need other reliable methods to control the Dger ; precisely
in the capacitor geometry. Recently, we devised a convenient
way to write a precise portion of +Pg and —Pg domains in the
capacitor geometry.?>3% In this technique,??! the displacement
current, Jp, is kept below Jpt during polarization switching, as
schematically shown in Figure 3a. Jp' is defined as an upper
limit on the current outflow. Because polarization switching is
always accompanied by Jp, we can use it as a practical tuning
parameter in controlling the portion of +Ps/—Ps domains. By
annealing our BiFeO; film with a predetermined portion of
+Pg/-Pg domains, we can obtain a sample that has precisely
determined portions of upward and downward Dgeg in the
capacitor geometry.

We confirmed the feasibility of our capacitor geometry
approach by measuring the macroscopic P-V hysteresis loops.
By varying Jpt during polarization switching (Figure 3b), we
prepared five capacitors with +Pg/—Pg domain portions of 100/0,
75/25, 50/50, 25/75, and 0/100. After manipulating the domain
structure, we annealed the capacitors at 300 °C for 40 min.
During this process, we expected the upward and downward

Adv. Mater. 2012, 24, 6490-6495
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Defect portions to follow the +Pg/—Pg domain
portions. After the annealing, we measured

200

80

the P-V loops. The capacitor including only
the upward (downward) Dgyegr showed the

+Pg

imprinted P-V loops shifted to the right 150 +

(left) side, as shown in Figure 3c. In contrast,

the capacitors with mixed upward/down-
ward Dgere Clearly showed the double P-V
loops. According to the portions of upward
and downward Dygegq, the Py, values in the
double P-V loops varied systematically.

In addition to the portion control, we con-
trolled the degree of the Dyer alignment 0
along Pg (i.e., the aligned Dgep density)
by adjusting the annealing time. Once the
annealing process was underway, the Dyegect
gradually aligned along the Pg direction by

100 1

P (uC cm™)

=50

Frequency (%)

P1
P2

-100 —
-8

thermal rearrangement of the point defects
(e.g., oxygen vacancies).'¥! Thus, the degree
of alignment increased with the annealing
time, at some point reaching saturation.
Figure 3d shows the changes in the P-V loops
in the same capacitor after annealing for 15
and 40 min. We expected a lower degree of
Dgefect alignment along Pg after annealing for
15 min compared with the case when
annealing for 40 min. The capacitor annealed
for less time showed a smaller, less distinct
modification in its corresponding P-V loop.

Our defect-engineering concept will be useful in devising novel
ferroelectric devices. As an example, we applied our concept to
tri-state nonvolatile memory. As seen in PFM and in P-V loop
studies, it is clear that we can make at least three stable polari-
zation states, that is, —Pg, Pj,;, and +Pg. When each ferroelectric
memory cell has three stable polarization states, nine states (3 x 3)
can be programmed using two memory cells. If eight of the nine
possible states are employed, then two memory cells can work as
the three cells of traditional binary memory. Thus, compared with
conventional bistable data storage using —Ps and +Pg states only,
tri-state data storage can enhance the memory density by 50%.51

One requirement for the memory state is state reproduc-
ibility. We checked the reproducibility of the P, state using a
pulse hysteresis measurement,?? as depicted in the inset of
Figure 4a. We repeated this read—write process for 200 cycles.
Even for 200 cycles, the P, state showed a narrow distribution,
with a mean value of —5.3 uC cm™ and standard deviation of
1.4 uC cm™ (Figure 4b). Similarly, we checked the reproduc-
ibility of the —Pg and +Pg states. Our results confirmed that the
reproducibility of the tristable states is good.

We have demonstrated that the influence of Dgep is revealed
as distinct double-polarization switching. Our results, how-
ever, did not limit the effect of Dgeg by double-polarization
switching; it is possible to further tune this process. For
example, we might make a triple P-V loop by combining the
portion and density control of aligned Dgegee. This scheme is
summarized in the Supporting Information, Figure S5. If triple
or multiple P-V loops are realized, then we can further enhance
the functionality of ferroelectric devices, such as high-density
data storage of ferroelectric memories.

Adv. Mater. 2012, 24, 6490-6495
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V (V) P* (uC cm™2)

Figure 4. Demonstration of a reproducible tri-state nonvolatile memory. a) P-V hysteresis
loop measured by applying trapezoid pulses (inset). We wrote the +Ps, P,,;, and —Ps states by
applying -8 V, 3V, and +8 V, respectively. Then, we measured the actual values of the polari-
zation states, denoted by P*, by a pulse measurement of the hysteresis. b) Plot of frequency
versus measured P* for the double P-V hysteresis loop, obtained by 200 pulse measurements
for each polarization state.

Our study also provided general insight into the active
engineering of defects in ferroelectrics. Despite recent
interest in the defect effects in ferroelectrics,2719! efforts to
use defects in the active control of ferroelectric properties
have been limited. Most studies have used as-grown ferro-
electrics, in which the defects were already present, or long-
aging processes to achieve the required defect structure.
However, our work proposes that Dgep can be engineered
actively and systematically using a simple procedure of par-
tial domain writing and subsequent annealing. Additionally,
our approach can be extended to studies on the contribution
of Dgefect to various phenomena in ferroelectric and multifer-
roic materials.

Last, we suggest that the stability of Dg.gq can be strength-
ened by proper metal doping. We found that the Dyeg. effect
in the film could be stable for up to 10* cycles of P-V loop
measurements, after which its effect became weakened.!'!
For practical applications, Dgeg.; and its corresponding align-
ment need to be more stable against the repeated electrical
stress. Intentional metal doping is an effective way to enhance
the stability of Dyegee, Which depends strongly on which metal
impurity associates with the oxygen vacancy.>*! For example,
the binding energy of Dgefe.; can be increased significantly by a
proper choice of metal impurity. In our study, however, we did
not intentionally introduce any defect (e.g., metal doping). The
Defect 1S expected to consist of Bi vacancy (or a metal impurity)
and an oxygen vacancy, which naturally exists in our samples
(Supporting Information, Figure S6-8). Thus, future studies
on Dgefer With intentional metal doping will be important to
enhance the Dy.g stability and its applicability.
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In summary, we directly demonstrated the effect of Dy
fect ON polarization switching in ferroelectric materials. Partial
domain writing followed by thermal annealing enabled us to
actively control the defect structure and the associated polariza-
tion switching. We visualized the defect-mediated polarization
switching using local PFM measurements. Additionally, we suc-
cessfully demonstrated that P-V loops were systematically varied
according to the Dy.g structure. The observed close correlation
between defect structure and polarization switching would pro-
vide a platform for advancing new applications in ferroelectric
materials, such as high-density multilevel data storage.

Experimental Section

Sample Fabrication: We used pulsed laser ablation to grow 200-nm-thick
BiFeO; epitaxial thin films on SrTiO; (001) single-crystal substrates with
a 4° miscut toward the [100] direction. For the lattice-matched bottom
electrodes on the SrTiO; substrates, we used epitaxially strained SrRuOs
films. We deposited the SrRuO; layer by ablating the stoichiometric
SrRuO; ceramic target using a KrF excimer laser (248 nm, Lambda
Physik) with a repetition rate of 2 Hz. Then, we deposited BiFeOs film by
ablating the stoichiometric BiFeO; ceramic target with a repetition rate
of 5 Hz. During deposition, we kept the substrate temperature at 570 °C
and maintained the chamber oxygen partial pressure at 100 mTorr. We
deposited 40-nm-thick Pt at room temperature by sputtering and patterned
the top electrode by photolithography. We confirmed good crystalline
quality of every film using four-circle high-resolution X-ray diffractometry
(XRD) (D8 Advance, Bruker AXS) and atomic force microscopy (AFM)
(XE-100, Park Systems) (Supporting Information, Figure S1). Note that,
in addition to the films grown by pulsed laser deposition, we also used
other BiFeO; films grown by a sputter deposition.?#33 For the latter films,
we obtained nearly the same results on polarization switching changes,
controlled by the Dy alignment.

Ferroelectric Domain Imaging: We used a PFM (XE-100, Park Systems)
to write a local domain and investigate domain evolution under
the influence of Dgyereet- We performed PFM measurements at room
temperature with commercially available Pt/Ir-coated Si tips (PPP-EFM,
Nanosensors). With conductive AFM tips, it was possible to measure
local electrical and topographical properties both simultaneously and
independently. For PFM imaging, we applied an AC voltage of 1.0 Vs
at 17.1 kHz to the bottom electrode (i.e., sample bias). We measured
the amplitude and phase signals of the converse piezoelectric responses
with a lock-in amplifier (SR830, Stanford Research Systems).

P-V Hysteresis Loops: We investigated the ferroelectric properties of
BiFeOj; films using a T-F analyzer (aixACCT) and a low-temperature probe
station (Desert Cryogenics). We measured the P-V hysteresis loops at
2 kHz. The measurement temperatures for Figure 3c,d were 150 K and
room temperature, respectively. We performed pulse measurements of
polarization hysteresis using trapezoid pulses at 150 K (Figure 4a), with
pulse duration of 2 ms and a pulse delay of 0.2 s. To obtain the statistical
distribution of the tristable polarization states (Figure 4b), we repeated
the read—write process 200 times for each state.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from author.
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