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Direct Observations of Retention Failure in Ferroelectric

Memories

Peng Gao, Christopher T. Nelson, Jacob R. Jokisaari, Yi Zhang, Seung-Hyub Baek,
Chung Wung Bark, Enge Wang, Yuanming Liu, Jiangyu Li, Chang-Beom Eom,

and Xiaoqing Pan*

The ability to reversibly switch the spontaneous polarization
with an applied electric field and a small critical domain size
makes ferroelectric materials attractive for high-density non-
volatile memories.’ However, the written polarization often
suffers from a gradual backswitching leading to data loss.>1% At
larger scales this process can be attributed to a thermodynamic
instability of the written polarization due to electrostatic or
elastic energy from built-in electric fields®"-'* and strain.[*>16]
However, we find that in writing nanosized domains, such as
for memory bits in high bit-density storage, the domain wall
itself can drive backswitching. Using high resolution in situ
transmission electron microscopy we show that localized 180°
polarization switching in a PbZr,,Ti;303; (PZT) film initially
forms domain walls along unstable planes due to the inhomo-
geneous electric field from the small switching electrode. After
removal of the external field, they tend to relax to low energy
orientations. In sufficiently small domains this process results
in complete backswitching. Our results suggest that even ther-
modynamically favored domain orientations are still subject to
retention loss, which must be mitigated by overcoming a crit-
ical domain size.

The polarization in ferroelectric oxides such as PZT results
from an electric dipole moment created by relative displace-
ments between cations and anions from their centrosymmetric

Dr. P. Gao,[1 Dr. C. T. Nelson,[" ]. R. Jokisaari, Dr. Y. Zhang,

Prof. X. Q. Pan

Department of Materials Science and Engineering

University of Michigan

Ann Arbor, Michigan 48109, USA

E-mail: panx@umich.edu

Dr. Y. Zhang

National Laboratory of Solid State Microstructures and Department
of Materials Science and Engineering

Nanjing University

Nanjing, 210093, P.R. China

Dr. S.-H. Baek, Dr. C. W. Bark, Prof. C.-B. Eom

Department of Materials Science and Engineering

University of Wisconsin-Madison

Madison, Wisconsin 53706, USA

Prof. E. G. Wang

International Center for Quantum Materials and School of Physics
Peking University

Beijing 100871, China

Y. M. Liu, Prof. J. Y. Li

Department of Mechanical Engineering
University of Washington

Seattle, WA 98195, USA

[+] P.G.and C. T. N. contributed equally to this work.

DOI: 10.1002/adma.201103983

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

positions. There are six nominally degenerate <100> polariza-
tion directions in tetragonal PZT, but electric and strain fields
will preferentially favor one or more orientations. The surface
energy of the domain walls which separate regions with dif-
ferent polarizations are typically less than a few hundred m]/
m?2.718 This is sufficiently small in comparison to depolar-
izing fields and strain energy that ferroelectric films intrinsi-
cally adopt polydomain structures. However, this energy can
become prohibitive for nanoscale domains since it scales with
the surface area of the domain rather than its volume, and is
well known for imposing a critical size barrier for the nuclea-
tion of new domains. In this work we find that a similar but
larger size barrier is imposed for switching stability owing to
the metastable domain wall orientations formed under the
inhomogeneous applied electric field from a surface probe.

Local polarization switching was performed in a single crystal
100 nm thick (001) oriented Pb(Zr,,Tiyg)O; film grown on a
(110)o DyScOj; substrate with an epitaxial 50 nm (110)o SrRuO;
(SRO) conducting electrode’®?% (subscript O corresponds to
orthorhombic indices). Small compressive strain from the
DyScOj; substrate produces a c-axis oriented film, i.e., the polari-
zation axis is normal to the film, yielding two possible polariza-
tion directions, upward to the free surface (Pjg;)) or downward
to the substrate (Pygoi)). Intrinsic electric fields arise internally
from the polar surfaces (depolarizing fields), space charge
layers, and injected charges, which can significantly influence
the domain structure. In this case the SRO electrode partially
screens the depolarizing fields but introduces a space charge
layer in the form of a Schottky junction with a field along the
film normal (E||[001]) promoting an upward polarization (Pjor))
at this interface. Highly localized polarization switching is pro-
duced by applying a bias between a scanning tungsten probe
acting as top electrode and the SRO bottom electrode. An out-
of-plane electric field concentrated directly below the sharp tip
promotes the local reversal of the polarization along the z-axis,
i.e., 180° switching, which occurs by a domain nucleation and
growth mechanism.?!l To capture switching at this scale, the
real-time domain structure is characterized by in situ transmis-
sion electron microscopy (TEM). The increased spatial resolu-
tion of TEM over electronic®%1% or surface probe studies(®”:1%]
and the access to depth-dependent structural information pro-
vides a complete picture of the stable and metastable domain
structure in the film during switching.?2-24

The switching induced by a surface probe is characterized
using piezoresponse force microscopy (PFM) and by in situ
TEM in Figure 1. An out-of-plane PFM image (Figure 1a) shows
the boundary between regions biased by the surface probe
at +17.5 Vpc (yellow region) and —17.5 Vpc (red region). The
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Figure 1. 180° domain walls induced by external electric fields. PFM images showing 180° domain walls written in lithography mode with a voltage
bias of +17.5 V (down) and =17.5 V (up). a) The overlay of PFM phase on the amplitude, indicating a 180° rotation. b) PFM amplitude image over-
laid on surface topography shows the independence of the domain wall position (blue) from the surface contours. c) Dark field in situ TEM image
showing the geometry of the tungsten tip-PZT-SRO heterostructure. A switched domain corresponding to a 180° rotation of the polarization appears

in dark contrast imaged using g =
its polarization angle, revealing a 180° domain wall.

change in phase (color), but not amplitude (height), indicates
a 180° rotation. The film topography is overlaid on the PFM
amplitude image in Figure 1b, which shows some roughening
on film surface, however, the domain wall (blue line) does not
follow the surface contours. Local nanoscale switching carried
out in situ on thin TEM cross sections is also determined to
be 180°, an example dark field image of a switched region is
shown in Figure 1c. The amplitude and direction of the polari-
zation across the 180° domain wall were determined by calcu-
lating the relative offset of the Zr/Ti atoms to the Pb sublattice
using high-resolution high angle angular dark field (HAADF)
images.[’ Figure 1d shows the HAADF image of the switched
domain wall overlaid with its atom-offset derived polarization
angle, confirming a 180° rotation of the polarization.

Although the as-grown PZT thin film is primarily polarized
upward (Pygy)), some downward ( Pgoy)) polarized regions are
frequently observed. A time series of a Pjpp;; domain (light) for-
mation and subsequent backswitching from one such Pyos, polar-
ized region (dark) under a positive-field is shown in Figure 2a—d
(see Supporting Information Video 1). The images corre-
spond to the negative voltage cycle of a 0.1 Hz, 18 Vjeui.to-peak
triangular wave. The corresponding hysteresis loop is shown in
Figure 2e determined by the domain volume. Formation of a
Plgo1) domain occurred at —6.6 V during the initial 0 V to -9 V
ramp and remained stable until -5.5 V of the returning -9 V to
0 V ramp (Figure 2b). Further reduction in the voltage resulted
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(202). The polarization direction is indicated by arrows. d) A sub-Angstom resolution HAADF image overlaid with

in the rotation of the domain walls towards the equilibrium
(100) planes (vertical) as shown in Figure 2c. This leads to the
annihilation of the two opposing domain walls and the com-
plete backswitching of the Pjg9;; domain (Figure 2d).

The formation of a Pjgoy domain can be stabilized by an
increase in the domain size using a larger magnitude and/or
longer duration of the applied voltage (see Supporting Informa-
tion Video 2). A time series of the domain structure evolution
during switching in the same region of the film under a larger
voltage and longer dwell time is shown in Figure 3. The initial
domain structure is identical (Figure 3b). However, the longer
switching time allows for slow lateral expansion of the Py
domain (Figure 3c-d). Upon removal of the applied voltage the
relaxation of the domain walls no longer brings them into con-
tact (Figure 3e), but rather results in only a reduction in domain
size as the domain walls acquire typical equilibrium vertical
180° domain orientations (Figure 3f).

According to first-principles calculations the 180° domain
walls in PZT along the low energy {100} planes have energy
densities of about 130 mJ/m?2.'”] However, the highly inclined
orientations formed under applied electric fields, observed in
Figures 2 and 3, results in positive bound charges from the
head-to-head orientation of the polarization vectors normal
to the domain wall plane (Figure 4a). Given the domain wall
incline 6 = 55° from figure 2b, the bound charge density from
the termination of each of the polarization directions at the
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Figure 2. Polarization retention loss in a small switched domain.
a-d) Continuous image sequence of domain evolution in PZT film
under linear 0— —9—0 V voltage ramps. The time elapsed (in seconds)
and bias (in volts) are marked in the figures. a) The initial domain was
polarized downward (Po7)). b) An upward polarized triangular shaped
domain (Ppor)) forms at —6.6 V. With the decrease in voltage, this domain
(c) shrinks by the rotation of the inclined domain walls to their vertical
equilibrium positions and (d) finally switches back completely. e) The
polarization hysteresis loop calculated by the projected domain area of
the Ploo) domain as a function of the applied bias.

domain wall (cos@ Pg) is 0.57Ps, where P is the spontaneous
polarization. This gives a total charge density of 1.14Pg which
exceeds even the surface charge density of the film (Pg). Given
an approximate value of Pg =70 pC/cm?,2627] this corresponds
to a charge density of 80 puC/cm? or an equivalent density
of 5.0 - 10'* cm™? elementary charges. This charge makes the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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orientation of the domain walls metastable, leading to sponta-
neous relaxation to {100} planes after the bias is removed and a
shrinking of the switched domain area. For small domains
where the apex of these two walls meet to form a triangle shaped
domain, as in Figure 4a, the backswitching leads to a complete
reversal of polarization within a few seconds. Larger trapezoidal
domains (Figure 4b) suffer the same immediate loss in domain
volume from the domain wall reorientation, but still retain a
rectangular switched domain (Figure 4c). These domains still
remain stable after four months (107 seconds), indicating ther-
modynamic stability.

The driving force for adopting metastable domain orienta-
tions can be understood from the electric field distribution
within the PZT film. The two primary contributions are the
Schottky junction at the PZT/SRO interface (Figure 4d) and the
external field applied between the surface probe and SRO elec-
trode (Figure 4e). The former arises from the larger work func-
tion of SRO (4.9 eV) in comparison with the electron affinity of
PZT (3.5 eV).12%%] The resulting electric field is normal to the
interface and increases linearly with depth, reaching its max-
imum value ~18 MV/m at the PZT/SRO interface*” as shown
in the contour plot (Figure 4d), derived assuming homogenous
doping and a depletion width equal to the film height. In con-
trast, the external applied field is concentrated at the top near
the film surface due to the local contact of the tip. The inhomo-
geneous vertical electric field distribution is shown in Figure 4e
for a -6 V bias and 10 nm tip contact area. The combination
of these two fields produces the distribution of the total field
shown in Figure 4f. The equipotential lines in this contour map
exhibit the same triangular shape for moderate field strengths
(Figure 4f) as the initial switched domain. Since the domain
nucleation and domain wall motion are field dependent,
new domains will nucleate from one of the two maximum
field regions at the top and bottom interfaces, expand rapidly
through high field regions (red), and slow down as they extend
to regions of low field resulting in inclined orientations. Lat-
eral growth of the domain away from the tip would be particu-
larly slow at the top surface where the applied field is almost
entirely in plane. Similar switching experiments in the opposite
direction, forming Pyo1; domains within a Pjgoy) Tegion, exhib-
ited very little inclination of the domain walls from the stable
vertical planes and backswitching by this mechanism was not
observed.

Although the applied electric field and the Schottky bar-
rier between PZT and SRO can account for a tapered domain
shape, other possible built-in fields may be present and desta-
bilize the Pjg9;) domain near the free surface. These fields may
result from a Schottky junction between the tungsten tip and
PZT831 or from the possible diffusion of charged defects
and adsorption of charged species aligned to the original Pyoj,
orientation. The presence of surface states and the short con-
tact of the tungsten tip to the PZT film at room temperature,
which is unlikely to have reached electrochemical equilibrium,
makes the W/PZT Schottky field difficult to estimate. The
built-in field at this junction has the potential to be slightly
larger than at the PZT/SRO interface, but opposite in direc-
tion, reducing the applied field at the tip contact point. The
contribution of the alignment of defect dipoles to the original
Pyoij polarization, an aging process common to ferroelectric
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Figure 3. Partial retention loss. a) Original polar state is downward. b) A triangular Pjgy;; domain is created at 5.4 V bias with inclined domain walls.
c-d) With increase of the amplitude and duration of the voltage, the domain laterally expands into a final trapezoidal shape. e) The inclined domain
walls relax after removal of the bias reducing the switched area and forming, f) a rectangular stable domain.

the relaxation of their high-energy domain walls. Practically
this imposes a critical size criteria on the formation of stable

oxides, must be either sufficiently weak or rapidly reversed so
that the induced Py orientation is thermodynamically stable

as evidenced by the long term retention of all but the smallest
domains.

In conclusion, given the positive field at the PZT/SRO
Schottky junction and the lack of strain in 180° switching, the
induced Pjgo; domain may not only be degenerate, but ther-
modynamically favored in the film at zero bias. In such a case
the backswitching of small domains can be solely attributed to

switched domains, similar to the critical size for domain nucle-
ation. This also reveals that for a ferroelectric thin film in an
inhomogeneous field lateral domain wall creep does not take
place by the stepwise movement of equilibrium domain walls,
as it is typically modeled.[*?l The propagation of charged, rather
than neutral domain walls may significantly alter the kinetics of
the switching since the domain wall itself will electrostatically

150

-150 (nm) 150 -150 0 (nm) 150 -150 0 (nm)
Figure 4. Domain shape and electric field distribution. Inclined domain walls in (a) triangular and (b), trapezoidal domains are positively charged
due to head-to-head polarization arrangements. c) At zero bias stable domains are rectangular with uncharged vertical domain walls. d) Contour plot
showing the distribution of the built-in electric field (E,;) in a fully depleted PZT film resulting from a Schottky barrier between PZT and SrRuOs. Ej;
decreases linearly from its maximum value (~18 MV/m) at the interface toward zero at the top surface. e) Contour plot of the vertical component of
the external electric field (E,,;) in PZT calculated with a tip contact width of 10 nm and voltage —6 V. f) The combination of these electric fields results
in the contour plot with tapered lines of equipotential field strength, the bright red region corresponding closely to the triangular domain shape initially

adopted during switching.
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interact with charged defects and built in fields. The dynamic
variation of the domain wall along the film depth is an important
consideration not only for ferroelectric storage, but for surface
probe microscopy which utilizes this same geometry.

Experimental Section

Materials synthesis and characterization: Epitaxial PbZrg,Tip3O; and
SrRuO; films were grown on single crystal (110) DyScOj; substrates
by 90° off-axis sputtering. SRO was grown at 630 °C and 200 mTorr
with 3:2 ratio of Ar to O, and PZT at 530 °C and 200 mTorr with a
1:1 ratio of Ar to O, gasses. Cross-sectional TEM specimens were
prepared by mechanical polishing followed by argon ion milling. In situ
TEM experiments were carried out using JEOL 2010F, 3011 and the
spherical aberration (Cs) corrected 2100F microscopes equipped with
a Nanofactory scanning tunneling microscopy (STM) system. A bias
voltage was applied between an electrochemically etched tungsten tip,
serving as a top electrode, and the conductive SRO bottom electrode
which was connected to the holder ground. External voltages were
applied using an HP 6614C power supply for DC voltages and an HP
3324A function generator. The domain structure was imaged in real time
using diffraction contrast imaging and recorded by a TV-rate camera
at 30 frames per second. Polarization directions were determined
by scanning transmission electron microscope (STEM) using a Cs
corrected FEI Titan 80-300 operated at 300 kV (TEAM 0.5) and a Cs
corrected JEOL 2100F.

Piezoresponse force microscopy (PFM): PFM experiments were carried
out on an Asylum Research MFP-3D AFM using Umasch NSC18/Pt tips
tuned to resonance with the sample. Sample poling was performed in
lithography mode, with an applied voltage of +/-17.5 V.

Electric field distribution: A linear built-in electrical field (E,;) from the
Schottky barrier between SRO and PZT is used in this work, assuming
homogenous space charge, i.e., homogenous doping, vacancies,
and charge injection (or a lack thereof). The maximum E, value of
~18 MV/m at the interface of SRO/PZT is derived from estimated work
functions of 5.8 eV for PZT and 4.9 eV for SRO neglecting interface
states. The external electrical field (E,;) was modeled by finite element
calculations using Ansoft Maxwell software assuming tungsten as a
perfect conductor and PZT as an insulator with a resistivity of 10" Qm
and a relative dielectric constant of 1000. The tip contact width was
estimated to be ~10 nm.

Supporting Information

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