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Achieving stable single-digit nanometer inverted domains in ferroelectric thin films is a fundamental
issue that has remained a bottleneck for the development of ultrahigh density 共⬎1 Tbit/ in.2兲
probe-based memory devices using ferroelectric media. Here, we demonstrate that such domains
remain stable only if they are fully inverted through the entire ferroelectric film thickness, which is
dependent on a critical ratio of electrode size to the film thickness. This understanding enables the
formation of stable domains as small as 4 nm in diameter, corresponding to 10 unit cells in size.
Such domain size corresponds to 40 Tbit/ in.2 data storage densities. © 2010 American Institute of
Physics. 关doi:10.1063/1.3280371兴
Probe-based seek-and-scan data storage systems based
on ferroelectric thin films are pursued for ultrahigh density
nonvolatile memory devices.1–7 Data recording in such systems is based on a short electric pulse applied through a
conductive probe 共or an array of probes兲, which creates a
highly concentrated electric field that inverts the polarization
of a local film volume, thus resulting in a nonvolatile ferroelectric domain. For storage density exceeding 1 Tbit/ in.2,
domain size reduction below 10 nm is required.
Small domain sizes can be obtained by decreasing the
size of the probe tip. Unfortunately, the inverted domain is
subjected to ferroelectric depolarization charges and domain
wall energy8–10 that can be high enough to invert the domain
back to its initial polarization. It has been predicted9 that
inverted ferroelectric domains smaller than 15 nm are unstable and could be inverted back to their initial state as soon
as the electric pulse is removed. This instability can be further exacerbated by the presence of a built-in electric field
due to film defects present in thin ferroelectric films. Here,
we demonstrate that single-digit nanometer domains are
stable if a critical ratio between probe size and ferroelectric
film thickness is reached for a full polarization inversion.
Using “nanopencil” probes,7 we were able to write stable
domains only 4 nm in diameter in 17 nm-thick ferroelectric
films of Pb共Zr1−xTix兲O3 共PZT兲—corresponding to
40 Tbit/ in.2 data storage densities.
Sub-10 nm inverted domains can be obtained using
single-walled carbon nanotube 共SWNT兲 probe tips. However, such tips are prone to bending and buckling when operating in contact mode.11,12 In the present study, we use
dielectric sheathed SWNT probes, called nanopencils, which
can operate in contact mode while withstanding forces as
high as 14.5 N without bending and buckling.7 The dielectric sheath is a conformal coating of 共65-nm-thick兲 SiOx,
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which also provides electrical insulation and exceptional
wear characteristics. The fabrication of the nanopencil
probes has been described elsewhere.7,13 Figures 1共a兲 and
1共b兲 show transmission electron microscopy 共TEM兲 images
of two nanopencil probes. The SWNT electrodes are exposed
after a sharpening process on a conductive diamond film.7,13
The exposure is confirmed by conductive atomic force microscopy 共AFM兲. Figures 1共c兲 and 1共d兲 show height images,
current distribution maps, and I-V curves taken on the diamond film after electrode exposure. Both probes show very
similar electrical characteristics with resistances of 3.6⫾ 0.5
and 3.0⫾ .5 M⍀ for the 9 and 3 nm SWNT electrodes, respectively.
The nanopencils are used to write inverted domain dots
on an atomically smooth, single-crystal 50-nm-thick PZT
film grown on SrRuO3 / SrTiO3共100兲 substrate using metalorganic chemical vapor deposition.13,14 The film is initially
polarized in an upward direction. Figure 1共e兲 shows piezoresponse force microscopy 共PFM兲 images of a 4 ⫻ 1 matrix of
inverted dots written using the 9 nm SWNT electrode shown
in Fig. 1共a兲 by applying 100 s wide pulses of 7 V, which is
the smallest bias at which inverted domains could be detected. Dot sizes as small as 11.8 nm were reliably written at
this bias 关Fig. 1共e兲兴. When trying to write the dots using the
3 nm electrode shown in Fig. 1共b兲, however, no domain inversion was recorded even at 10 V 关Fig. 1共f兲兴.
In order to understand the origin of this discrepancy, we
first characterized the ferroelectric properties of the PZT film
using conventional capacitor testing methods.13 Very good
butterflylike capacitance variation, squarelike hysteresis loop
with high switching speeds and low leakage current 共2.75
⫻ 10−7 A / cm2兲 are observed 关Fig. 2共a兲 and 2共b兲兴. However,
a large positive voltage shift is observed in both the capacitance and polarization variations, which indicates a 0.96
⫻ 107 V / m built-in electric field 共Eb兲 关Fig. 2共b兲兴. This field
is due to a remnant polarization that originates from near
surface concentration of negative trapped charges of lead
vacancies15 and is antiparallel to the inverted domain polarization. From the C-V curve, the film has a dielectric con-
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FIG. 1. 共Color兲 关共a兲 and 共b兲兴 TEM images of nanopencil probes composed
of a bundle of a few SWNTs with 9 nm overall diameter 共a兲 and an individual SWNT with 3 nm diameter 共b兲. 关共c兲 and 共d兲兴 Conductive AFM height
images 共top兲, current distribution maps 共middle兲 of a diamond film, and
current-voltage 共I-V兲 curves 共bottom兲 taken after SWNT electrode exposures
of 共a兲 and 共b兲, respectively. Blue dots in the current maps correspond to
locations where I-V curves were taken. 共e兲 PFM height 共top兲, amplitude
共middle兲, and phase 共bottom兲 images of a 50-nm-thick PZT-film surface
with 11.8 nm ferroelectric inverted domains formed by applying 7 V pulses
to the film through the nanopencil shown in 共a兲. 共f兲 PFM images of the same
PZT Film using the nanopencil shown in 共b兲. No inverted domains are
observed after 10 V pulses were applied.

stant r = 95.6 and a coercive field Ec = 1.70⫻ 107 V / m.
The obtained film properties are used to simulate the
domain formation in the 50 nm PZT film by the nanopencil
electrodes 关Figs. 2共c兲 and 2共d兲兴.13 We can see that the 9 nm
electrode creates a concentrated electric field underneath it
that is high enough to form a fully inverted polarization domain through the entire film thickness down to the grounded
electrode 关Fig. 2共c兲兴. Note also that the lateral size of the
written domain is expected to be larger than the actual tip
size, which is also seen experimentally 关Fig. 1共e兲兴. On the
other hand, only partial inversion switching occurs for 3 nm
probe 关Fig. 2共d兲兴. As analyzed in the following paragraph,
the partially inverted domain will be immediately inverted
back after the removal of the writing pulse.
For a spherical domain, which is the case here 关Fig.
2共d兲兴, the total energy is given by9
⌬T =

冋

册

4 3 2 Ps2
a
− 2共Ec + Eb兲Ps + 4a2␥ ,
3  r o
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where a is the radius of the spherical domain, Ps is the spontaneous polarization, Ec is the coercive field, Eb is the
built-in bias 共opposite sign of Ec兲, and ␥ is the surface energy
per unit area of the wall. The first term corresponds to the
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FIG. 2. 共Color兲 关共a兲 and 共b兲兴 Capacitance-voltage hysteresis loop 共a兲,
polarization-voltage hysteresis loop and current-voltage variation 共b兲. 关共c兲
and 共d兲兴 Simulated cross-sectional mappings of the electric field component
along the polarization axis under the same bias conditions of Figs. 1共e兲 and
1共f兲, i.e., 7 V for the 9 nm SWNT electrode 共c兲 and 10 V for the 3 nm
electrode 共d兲. Due to the axial symmetry, only half of the system is shown.
The white areas correspond to electric field exceeding the experimental
coercive field and are a measure of inverted domain volumes. 共e兲 Minimum
electrode size for full-thickness domain inversions for various PZT thicknesses at different applied biases.

change in electrostatic energy due to the introduction of the
inverted domain, which includes the depolarization energy
inside the domain and the energy induced by the coercive
electric field. The second term is the surface energy of the
domain wall. For the inverted domain to remain stable, the
free energy reduction rate associated with the spherical domain, f = −共⌬T兲 / 共a兲, has to be positive, i.e.,
f=−

冋

册

 ⌬T
2 Ps2
= − 4a2
− 2共Ec + Eb兲Ps − 8a␥
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⬎ 0.
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From Fig. 2共d兲, the radius of the spherical domain using
the 3 nm SWNT electrode is estimated to be 18 nm, whereas
from Fig. 2共b兲 Ps = 124.6 C / cm2. As indicated previously,
Ec = 1.7⫻ 107 V / m and Eb = −0.96⫻ 107 V / m. The surface
energy per unit area is taken to be 4 mJ/ m2 共Ref. 8兲. Given
these values, the energy reduction rate is f = −5.35 J / m,
indicating that the inverted domain will switch back to its
initial polarization. This explains the fact that no inverted
domains were observed using the 3 nm SWNT electrode.
Note that domain reversal can also be due to charge
injection from the probe during writing.16 Upon contacting
the inverted domain with a grounded tip during reading, the
field between these injected charges and the probe can be
large enough to switch the domain back. However, this effect
does not occur for epitaxial PZT film thicknesses below 50
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nm.16 The electric field at the probe-tip end during writing
can also be high enough to create oxygen vacancies at the
surface, which are positively charged and can neutralize the
lead vacancies, thus reducing the built-in electric field. But
even with a zero built-in electric field, analysis of the energetic still predicts a negative rate 共f = −4.80 J / m兲.
The energy reduction rate can be made positive by decreasing the surface area and volume over which the domain
wall and depolarization forces are exerted. This can be
achieved by thinning the ferroelectric film to the level where
a fully inverted domain is obtained through the entire film
thickness down to the grounded electrode. The energy reduction induced by the coercive electric field will then be larger
than the surface energy of the domain wall, depolarization
and built-in field energies. Therefore, the thinner the film
thickness, i.e., the smaller the sides of domain walls, the
more stable the inverted domains are. Full inversion down to
the bottom electrode can also be achieved by increasing the
bias pulse or by increasing the electrode size, which can
create a higher electric field. In this case, however, the domain size will be larger, corresponding to lower storage densities. This is the case of the 9 nm SWNT electrode 关Fig.
1共e兲兴, where stable but larger domains were written with only
7 V pulses. At this pulse bias, the energy reduction rate is
estimated to be 0.10 J / m in the lateral direction and
0.07 J / m in the vertical direction. Here the domain is approximated by a prolate spheroid9 that is truncated at the end.
Thus, for sub-10 nm inverted domains to be stable in
thin PZT films, inversion must occur through the entire film
thickness with domain wall sides small enough for the coercive field energy to exceed the domain wall, depolarization
and built-in field energies. This depends highly on the ratio
of the electrode diameter to the ferroelectric film thickness
关Figs. 2共c兲 and 2共d兲兴. Figure 2共e兲 depicts the minimum electrode size for predicted stable domain switching for various
PZT thicknesses at different applied biases 共properties of the
50 nm thick PZT film are assumed without a built-in field兲.
For instance, the PZT film has to be thinner than 23 nm for a
3 nm electrode to write stable domains at 4 V bias pulses.
Our analysis is validated by using a single crystal 17nm-thick PZT film,13 which exhibits also very good butterflylike C-V and squarelike P-V hysteresis loops with high
switching speeds 关Figs. 3共a兲 and 3共b兲兴. The film has a built-in
electric field of 2.3⫻ 107 V / m and a coercive field of 3.7
⫻ 107 V / m. The simulated electric field mapping shows that
stable domain inversion with sub-10 nm size across the entire 17 nm thickness can be obtained using a 3 nm SWNT
electrode by applying only a 5 V pulse 关Fig. 3共c兲兴. Figure
3共d兲 shows experimental PFM images of a 3 ⫻ 1 matrix of
inverted dots written under the same conditions. Dot sizes of
4 nm in diameter, i.e., 10 unit-cell size, are written reliably.
Such domain size corresponds to potential 40 Tbit/ in.2 data
storage densities.
Other nanopencils with individual SWNT electrodes
共2–3 nm in diameter兲 were also used. No inverted domains
were observed on the 50 nm thick PZT film at 10 V pulses.
Instead of decreasing the film thickness, we increased the
size of these electrodes by electrochemically reducing gold
nanoparticles at the exposed tip, which allowed inverted domains to be formed as described in Ref. 13. This observation
reaffirms the dependence of domain stability on the ratio of
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FIG. 3. 共Color兲 关共a兲 and 共b兲兴 Capacitance-voltage 共a兲 and polarizationvoltage 共b兲 hysteresis loops. Measurements taken on a 17 nm single crystal
PZT film. 共c兲 Simulated cross-sectional mappings of the electric field component along the polarization axis under a 5 V bias with a 3 nm SWNT
electrode. Domain inversion through the entire film thickness is predicted.
共d兲 PFM height 共top兲, amplitude 共middle兲 and phase 共bottom兲 images of the
17-nm-thick PZT-film surface with 4 nm ferroelectric inverted domains
formed by applying 5 V pulses to the film through the nanopencil with 3 nm
electrode shown in Fig. 1共b兲.

electrode size to the ferroelectric film thickness.
In conclusion, stable inverted domains less than 10 nm
in diameter can be formed in ferroelectric films provided
polarization inversion occurs through the entire ferroelectric
film thickness. Polarization inversion depends strongly on
the ratio of the electrode size to the ferroelectric film
thickness.
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