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We have investigated the individual switching of nanoscale capacitors by piezoresponse force
microscopy. Nanoscale epitaxial ferroelectric capacitors with terabyte per inch square equivalent
density were fabricated by the deposition of top electrodes onto a pulsed laser deposited lead
zirconate titanate thin film by electron beam evaporation through ultrathin anodic aluminum oxide
membrane stencil masks. Using bias pulses, the nanoscale capacitors were uniformly switched and
proved to be individually addressable. These film-based nanoscale capacitors might be a feasible
alternative for high-density mass storage memory applications with near terabyte per inch square
density due to the absence of any cross-talk effects. © 2010 American Institute of Physics.
�doi:10.1063/1.3474960�

I. INTRODUCTION

Among various nonvolatile memory devices, ferroelec-
tric memories are still investigated due to their unique ad-
vantages such as high density, low power consumption, and
high read/write speed.1–3 As there is an increasing demand
for a very high memory density near terabyte per inch
square, the size of ferroelectric capacitors needs to be scaled
down to the nanoscale range while avoiding detrimental size-
effects. There have been many efforts to fabricate and ana-
lyze individually addressable nanoscale ferroelectric
capacitors.4–12 Several different fabrication methods such as
chemical solution deposition, focused ion-beam �FIB�, and
e-beam lithography have been used for ferroelectric nano-
structure fabrication.6–15 FIB has been almost exclusively
used to fabricate ferroelectric capacitors. However, the area
near the surface can be damaged during processing.9–11 As
the capacitor size becomes very small, close to the nanoscale
range, the beam damage may have a serious detrimental in-
fluence on the ferroelectric properties of the capacitor. Re-
cently we reported an anodic aluminum oxide �AAO�-based
fabrication method which can be easily applied to fabricate
nanoscale ferroelectric capacitors and structures without any
significant detrimental effects.6,8 This AAO-based fabrication
method is a unique approach for the high quality fabrication
of nanostructures and the subsequent solvent-free lift-off
process is suitable for even very sensitive materials.6 There-
fore, this approach may give us reliable access to smaller
capacitors than conventional approaches such as FIB or
e-beam lithography.

The AAO-based fabrication method allows the fabrica-
tion of different types of structures such as metal island/
ferroelectric island/metal film �MIFI�, metal island/

ferroelectric film/metal film �MIFF�, and ferroelectric island/
metal film �FI�.5–8 Among them, we recently reported the use
of the AAO-based method for the fabrication of MIFI and FI
nanostructures.6,7 It was found that the individual nanoscale
capacitors in these structures are physically separated, and
thus the electric field can be effectively concentrated. In ad-
dition, each nanoscale capacitor exhibits significantly im-
proved piezoresponse compared to the film-based counter-
parts as a result of the strain relief that is associated with the
crystal structure.6 However, by further decreasing the size of
the nanoscale capacitors, the ferroelectric properties and the
crystallization of nanoscale islands are expected to become
difficult to control compared to the case of MIFF, where
scaling-down of the top metal electrodes on an epitaxially
grown ferroelectric film is much more amenable.

In this study, we show the preparation of film-based
nanoscale ferroelectric capacitors �MIFF structures� on epi-
taxial lead zirconate titanate �PZT� thin films using an AAO-
based fabrication procedure. Switching behavior, including
cross-talk, of individual nanoscale capacitors has been stud-
ied using piezoresponse force microscopy �PFM�.

II. EXPERIMENT

An epitaxial Pb�Zr0.2Ti0.8�O3 �PZT20/80� thin film with
a thickness of 35 nm was deposited at 650 °C under 100
mTorr oxygen by pulsed laser deposition �PLD� of a KrF
excimer laser with a wavelength of 248 nm, an energy flu-
ence of 500 mJcm−2, and a repetition rate of 5–10 Hz on an
�001� oriented 150 nm thick Pt bottom electrode on an MgO
substrate. Self-ordered ultrathin AAO masks were prepared
by anodization of aluminum6,7 and placed on the PZT/Pt/
MgO substrate, as shown in Fig. 1. 15 nm thick Pt was
subsequently deposited by electron beam evaporation. Fi-
nally, the Pt/PZT/Pt nanoscale capacitors were obtained by
removing the AAO mask. The sizes of nanoscale capacitors
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can be easily tuned by controlling the pore radius of the
AAO mask, which depends on the electrochemical param-
eters of anodization. Micron-scale capacitors were fabricated
using an 150 nm thick epitaxial PZT20/80 tetragonal c-axis
oriented thin film deposited on SrRuO3 /SrTiO3�001� by
PLD as described elsewhere.16 50 nm thick Pt top electrodes
of 1.5�1.5 �m2 were sputtered and patterned by electron
beam lithography and lift-off.

PFM measurements were performed under ambient con-
ditions using commercial atomic force microscopes �AFM-
XE-100, Park Systems and AutoProbe CP Research, TM Mi-
croscopes� with lock-in amplifier �SR830, Stanford Research
Systems�. The PFM measurement is based on the detection
of the local electromechanical vibration of the ferroelectric
materials caused by an external ac voltage, and it has been
widely used for the investigation of ferroelectric nanostruc-
tures due to its high spatial resolution, easy implementation,
and effective polarization manipulation capabilities.17,18 To
obtain local piezoresponse images and hysteresis loops, an ac
modulation voltage of 0.2 Vrms at 6.5–25 kHz was applied to
the PtIr5-coated silicon cantilevers �ATEC-EFM, Nanosen-
sors� with a spring constant of 2.8 N/m and a resonance
frequency of 75 kHz. The local piezoresponse hysteresis

loops were measured by applying bias voltages from �3 to
+3 V for more than 100 nanoscale capacitors.

III. RESULTS AND DISCUSSION

Figure 2 shows MIFF structures with different radii fab-
ricated by the AAO-based method shown in Fig. 1. To fab-
ricate nanoscale capacitors of different sizes, the pore radius
of the AAO mask was controlled by different electrolyte and
anodization voltages.19 The average radius of the final ca-
pacitor is roughly the same as the pore radius of the used
AAO mask. As shown in Fig. 2, all nanoscale capacitors are
well ordered and the smallest nanoscale capacitors in Fig.
2�c� yield a capacitor density of about 1 Tb in.−2.

The piezoresponse hysteresis loop of the nanoscale ca-
pacitors with a radius of 35 nm is presented in Fig. 3. The
rectangular shape of the hysteresis loop indicates the high
quality of the present epitaxial PZT thin film. The positive
and the negative remnant piezoelectric coefficient �R0� �co-
ercive voltages �VC�� are 47.3�5.3 pm /V �0.81�0.21 V�
and −46.4�5.5 pm /V �−0.82�0.25 V�, respectively. The
histograms of each value can be found in Fig. 4. Especially,
the histogram of the remnant polarization shows very uni-
form piezoresponse on each of the nanoscale capacitors. The
nanoscale capacitors have an average coercive voltage of

FIG. 2. SEM images of nanoscale epitaxial ferroelectric capacitors with
different radius: �a� 190 nm, �b� 35 nm, and �c� 20 nm, respectively. �c�
shows a deposited nanoscale capacitor array with the AAO mask �bottom�
and its magnified view �top�. �Scale bars are 200 nm.�

FIG. 3. Piezoresponse hysteresis loop of a nanoscale epitaxial ferroelectric
capacitor with a radius of 35 nm.

FIG. 1. �Color online� Schematic of the fabrication procedure for nanoscale
epitaxial ferroelectric capacitors.

FIG. 4. �Color online� Histogram of the positive and the negative remnant
piezoelectric coefficient distributions for more than 100 nanoscale capaci-
tors with a radius of 35 nm. The inset presents the histogram of the positive
and the negative coercive voltage distributions.
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about 0.82 V and an average effective remnant piezoelectric
coefficient of about 46.9 pm/V. The piezoelectric coefficient
is smaller compared to that of a MIFI structure fabricated in
a similar way due to mechanical constrains in the thin film.4,6

Figure 5 shows PFM phase and amplitude images of the
as-deposited nanoscale capacitors with a radius of 35 nm
showing uniform PFM response of well-ordered capacitors.
Upward polarized regions are randomly distributed in the
as-deposited capacitors. The domains observed through the
Pt top electrodes do not appear to be affected by the fabrica-
tion process and may directly follow the as-deposited do-
mains of the epitaxial PZT thin film. Some capacitors
showed single domain structures, while others consisted of
domains. After application of a bias pulse, however, the as-
deposited domain structure can be manipulated.

Figure 6 shows a typical individual switching experi-
ment. A collection of capacitors were switched downwards
by applying a negative bias. Then, the polarization of a se-
lected capacitor was switched upward by applying a positive
bias pulse. Only the target capacitor was switched in the
desired direction without any influence on the surrounding
capacitors. As we noticed in the as-fabricated state �Fig. 5�
the ferroelectric domains can extend through several capaci-
tors. However, when the bias pulses are applied to the indi-
vidual capacitors, the newly formed domain is confined by
the boundaries of the capacitor. Theoretical analysis of the
electric field distribution at the nanoscale capacitors showed
that the electric field can propagate toward the outside of the
capacitors.6,20 These fringing fields can push the domains
outside of the capacitor, generating a significant
cross-talk.21,22 However, our experimental results show that
the newly formed domain is completely confined by the ca-
pacitor boundaries and no cross-talk occurs during the polar-
ization switching.

For comparison, micron-scale capacitors were fabricated
by electron beam lithography and lift-off on top of the 150
nm PZT film grown on SrRuO3 /SrTiO3�001�. As presented

in Fig. 7, a microscale capacitor was switched in desired
tetragonal c-axis orientation and as expected the switched
region was confined within the capacitor. For both signs of
applied bias pulses, the domains in Fig. 7 were clearly con-
fined by the capacitor boundaries and this confinement at the
boundary was reproducible. However, further investigation
will be conducted to clarify the influence of the aspect ratio
on the domain confinement.

The present observations clearly reveal that the fringing
fields do not represent a critical limitation for both nanoscale
and microscale capacitors, provided that the aspect ratio �i.e.,
the ratio of the lateral size to the thickness� of the capacitor is
larger than one, for which condition a unidirectional distri-
bution of the electric field can be effectively achieved from
the top to the bottom of the PZT film.

Although the present film-based capacitors have many
attractive points for memory devices, there is also limitation
for their application. As previously mentioned, the piezoelec-
tric coefficient of MIFF structures is much smaller than that
of MIFI structures.4,6 In order to decrease the size of the
capacitor, the film thickness must also be reduced in order to
keep the aspect ratio and preserve the domain stability.23 De-
creasing the thickness of ferroelectric thin films could result
in detrimental size-effects.24 Thus, for continued miniaturiza-
tion of capacitors, high quality epitaxial films should be
used. Furthermore, control of extended structural defects,
such as misfit and/or threading dislocations, might be crucial
in achieving uniform ferroelectric and piezoelectric proper-
ties.

IV. SUMMARY

In summary, we have fabricated arrays of nanoscale ep-
itaxial ferroelectric capacitors with metal island/ferroelectric
film/metal film �MIFF� configuration, and investigated the
switching behavior of individual nanoscale capacitors. Using
ultrathin AAO membrane stencil masks, and by taking ad-
vantage of the unique tailoring capability of their pore sizes,
different sizes of film-based nanoscale ferroelectric capaci-
tors could be fabricated on epitaxial PZT thin films. The
memory density of arrays of nanoscale capacitors with the
smallest radius �20 nm� and separation �60 nm� corresponds
to almost 1 Tb in.−2. The switching of a single capacitor
proceeds in the form of a single domain, which in any case is
confined by the capacitor boundaries. Thus there is no cross-
talk between adjacent capacitors. These film-based nanoscale

FIG. 6. �Color online� PFM phase images of �a� a background poled and �b�
a back-switched nanoscale capacitor. Scale bar is 50 nm. The dashed line in
�a� indicates the location of the capacitor.

FIG. 7. �Color online� PFM phase images of �a� a background poled and �b�
a back-switched micron-scale capacitor. �Scale bar is 360 nm.� The dashed
line in �b� indicates the location of the capacitor.

FIG. 5. �Color online� �a� Phase and �b� amplitude PFM images of as-
deposited capacitors with a radius of 35 nm. �Scale bar is 200 nm.�
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capacitors might be a feasible alternative for high-density
mass storage memory applications with near terabyte per
inch square density.
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