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Nanometer resolution piezoresponse force microscopy to study deep
submicron ferroelectric and ferroelastic domains
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Understanding ferroelectricity at the deep submicron regime is desirable in utilizing it for next
generation nonvolatile memory devices, medical imaging systems, and rf filters. Here we show how
piezoresponse force microscopy can be enhanced (1 nm resolution). Using this method, we have
investigated ferroelectric and ferroelastic domains at the deep submicron regime in polycrystalline
lead zirconium titanate thin films. We demonstrate that in the clamped films, periodic pairs of
90° domains are stable even at 10 nm width, challenging recent predictions of minimum domain
size, and suggesting ferroelectricity for high-density storage devices (=10 Tbyte/in?). © 2009
American Institute of Physics. [DOI: 10.1063/1.3105942]

High-density nonvolatile memories constitute a high-
potential arena. Ferroelectric-based memories are currently
one of the leading candidates for such devices. ! Ferroelec-
trics are widely used in everyday technologles such as rf
filters and medical imaging systems Although ferroelec-
tricity has been extensively studied at both the macroscopic
(>1 um) and atomic scale (<1 nm),*> the relation be-
tween the behavior at these two scales is still poorly
understood.®™® Furthermore, during the past half century,
many attempts have been made to predict the minimum di-
mensions for a ferroelectric domain whlle experimental ob-
servations continually challenge them.” " It has already been
shown that ferroelectricity can exist even in films 3 unit cells
thick."? Nonetheless, there is still uncertainty concerning the
minimum lateral dimensions below which a stable ferroelec-
tric, or ferroelastic domain cannot exist.' Piezoresponse
force microscopy (PFM) is a nondestructive method that
uses atomic force microscopy (AFM) to image the in-plane
and out-of-plane polarization distribution simultaneously
with the topography in piezoelectrics (and therefore in
ferroclcctrics).14_17 As a result of the applied ac voltage, be-
tween the AFM tip and the bottom electrode, at a frequency
fae» the AFM cantilever oscillates at f,. due to three indepen-
dent mechanisms: (a) the inverse piezoelectric effect, (b) lo-
cal electrostatic interactions at the tip-surface contact point,
and (c) nonlocal electrostatic interactions between the canti-
lever and the sample surface."* Since both piezoelectricity
and ferroelectricity are collective phenomena, in which the
strain is evcnly distributed among columnar unit cells (body
force eﬁect) ¥ the measured surface polarization reliably
reflects also the microscale polarization distribution. If elec-
trostatic forces govern the cantilever oscillations, the PFM
image will reflect either the charge that screens the polariza-
tion or the polarization itself. 1921 While AFM can be used
down to the atomic regime, the reproducible lateral reso-
lution obtained by PFM is currently far from being so. We
have enhanced the sensitivity of standard PFM to result in
high-resolution (=1 nm) polarization imaging. We chose to
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examine thin polycrystalline lead zirconium titanate (PZT)
films, which have a strong piezoresponse and are a main-
stream material in ferroelectric-based technologies. As dis-
cussed in the supplemental material, the samples under
examination were predominantly (110) (Fig. S1), 190 nm
thick, sol-gel deposited on a bottom electrode, similar to the
way described clsewhere,” and with the composition
PbZr, 5 Tij;05.

Most works in the field of PFM address local quantita-
tive analyses,22 while not much has been done to optimize
the spatial resolution of the technique despite the great inter-
est in detecting and manipulating ferroelectricity at the inter-
mediate scale.”” To increase the resolution of PFM, one
should increase the signal to noise ratio of the cantilever’s
oscillation. One possible way is to increase the applied volt-
age while insuring that this does not change the polarization.
Hence, most studies involve voltages that correspond to an
electric field smaller than the dc coercive field that flips the
polarization.

The macroscopic dc coercive field of our samples is
35-40 kV cm™!, whereas with PFM, ferroelectric patterns
are formed with a dc voltage V{>™"*=3 V, corresponding
to an electric field of several hundrcd kV cm".15 23 However,
when the writing time pulse is shorter than a
certain time constant Tg’“““g (~0.5 s in the studied samples),
no patterns are written even with somewhat higher
voltages.ls’23 Thus, one can deduce that applying higher rms
ac voltages (V) at f,.> 1/ 77" should not affect the native
polarization distribution. In the absence of permanent top
electrodes, the writing time constant is associated with the
screening charge accumulated on the sample’s surface to
stabilize the polarization of the film (~1 s).** This process
is significantly slower than the actual polarization reversal
(~107'2 s), imposed by the phonon speed in the material.
Indeed, no significant differences were observed in more
than fifty repeated scans, lasting several days, when
Vo2 X Ve g f 2 Hz.

We used soft cantilevers (Pt/Cr coated ContE of Budget-
Sensors, resonant frequency: 11-14 kHz, nominal force con-
stant: 0.2 N m~!). It has been shown that if strong forces are
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FIG. 1. (Color onhne) High-resolution PEM. (a) Main graph—the symmet-
ric dependence of cantilever deflection on f,. around f.. (V=5 V) and
the increase in resonance frequency with modulating voltage (small graph
and symbols on main graph). (b) Comparing the dependence of dSit, (top)
and R? (bottom) on f, to that of Az reveals that the former behaves similarly
to Az and enhanced to ~2-3 times than the intrinsic value at f,.=f_. The
highest linearity is obtained at f,.=fg <fl.s (¢) A cross section (top left)
of an out-of-plane polarization image of a polytwinned area (185
X35 nm?2, bottom left) shows the sensitivity of the method. A closer look at
both the out-of-plane (middle) and in-plane (right) cross sections from that
area (designated by dashed squares) demonstrates =1 nm resolution around
90° domain walls. (d) PFM mapping reveals the coexistence of ferroelectric
(shaded) and ferroelastic (striped) domains (a-a twins are highlighted),
(e) the simultaneous AFM topography image of the same area
(22%2.2 um?).

applied to the cantilever (=~ 1 ,uN which usually corre—
sponds to levers with =~ 10 N m~! spring constant' ) the
inverse piezoelectric effect governs the cantilever’s oscilla-
tions; whereas for lower forces, electrostatic forces should
also be taken 1nto account.'”® Kalinin and Bonnell” have
demonstrated'® that if the nonlocal electrostatic forces are
dominant, the cantilever’s first in-contact resonance fre-
quency (f}..,) should be 4.4 times higher than that of the free
cantilever. Indeed, Fig. 1(a) shows that £ = ~55-60 kHz,
in agreement with this determination. This is as opposed to
the case where local electrostatic interactions dominate, in
which case f].., is expected to be an order of magnitude
higher. In the latter case, the resulting tip-surface repulsion
force can overcome the adhesion so that the tip occasionally
leaves the surface. If so, one would expect a nonlinear de-
pendence of the measured cantilever deflection (Az) as a
function of applied voltage and an asymmetric dependence
of Az on frequency. On the other hand, if nonlocal electro-
static interactions govern the oscillations, the tip can still be
kept in-contact, while the electrostatic interactions act on the
cantilever like a homogeneous load, causing it to bow."?
Therefore, a constant (const) is added to the out-of-plane
piezoelectric constant (dgpp), increasing the effective piezo-
response dggp=doop+const. This has the effect of increasing
the measured cantilever’s oscillations while the tip actually
remains in contact, as Az:dgfgpx Ve

The measured symmetric curve of Az as a function of f,
[Fig. 1(a)] further validates the Hertzian approximation,
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guaranteeing that small changes in force between the tip and
sample are linear. To explore the interplay between the elec-
trostatic interactions and the piezoresponse, we fitted Az as a
function of V,. to a linear curve, extracting the effective pi-
ezoelectric coefficient d%fgp as a function of f,.. Moreover,
we used R’>—the statistical value of the best fit, as the lin-
earity figure of merit. Figure 1(b) shows that dii, and Az
share a resonance at 59.45 kHz and behave similarly as a
function of frequency, so that a enhances dpgp to d‘(’)f(f)P
=170 pm/V, which is approximately two to three times
higher than dOOp.19 On the other hand, it shows that the
linearity of the piezoresponse (R?) is well defined only close
t0 fie» and reaches a maximum at a frequency fgs"
~57.8-58.6 kHz. That is near fz5 , the electrostatic inter-

actions enhance deofgp, on one hand, whereas on the other
hand, they are too small to distort the piezoelectric linearity.
Indeed, the highest resolution imaging was obtained near
fac=/35", whereas further from 53" (including at f,.=f\c),
not only does the resolution decrease, but also the imaging is
not always reproducible, suggesting the existence of local
interactions comparable with the adhesion.

The nature of the cantilever oscillations associates them
with atomic force acoustic microscopy (AFAM). In AFAM,
the cantilever is in-contact with a sample that is oscillated
close to ffres, which in turn depends on the applied force.?*%’
From a PFM perspective, choosing f,. close to ffres means
only increasing Az, and hence the signal to noise ratio. How-
ever, the validity of the AFAM framework [Fig. 1(a)] carries
the advantage of a comprehensive quantitative analysis
capability.26 In AFAM, when the cantilever is oscillated near
ﬂcres, its deflection is sensitive also to changes in local elas-
ticity moduli (due to, e.g., crystallographic domain
variations).”® Nonetheless, since the only driving force is
electric and the deflection signal is linear with applying
force, the piezoelectric treatment, i.e., the usage of dggp is
justified. Moreover, although presumably, fllres may change
during the scan,'” the contrast reproducibility and high reso-
Iution imply that the change is small and reproducible with
respect to the scanned area.

To obtain high-resolution imaging of the polarization
distribution in the PZT films, we applied V,.=0.2-5 V.
between the cantilever and the bottom electrode, at
fac=fr2 > while recording the first harmonic locked-in signal.
Figure 1(c) shows a cross section taken from a domain
boundary, indicating <1 nm resolution for both out-of-plane
and in-plane i nnagmg ; whereas it should be noted that the
resolution decreases W1th decreasing voltage and at frequen-
cies further from fp5 .

The imaging reveals two types of pattern: (i) randomly
distributed shaded patterns with ~10 nm—-1 um typical di-
ameter, and (ii) bundles of 10-40 aligned stripes with an
alternating contrast and ~5-70 nm width [Figs. 1(d) and
1(e)]. We associate the random patterns with the native 180°
ferroelectric domains; whereas the strict orientation of the
latter suggests they are ferroelastic twins (polytwins), i.e.,
periodic elastic domains that arise to reduce the elastic en-
ergy by releasing strain w1th the polar axis in- and out-of-
plane (~45°), respectively.” Based on the (110) tetragonal-
ity dominancy, these polytwins can be treated as

..alclalc.... Similarly, areas with polytwin arrays that are
perpendicular to each other correspond to ...a;/c/a;/
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FIG. 2. (Color online) Ferroelasticity in thin PZT films. After manipulating
the area (3 X3 um?), striped domains appear in the simultaneous (a) out-
of-plane and (b) in-plane PFM images. Whereas artificially patterned anti-
parallel domains are seen as shaded patterns only in the out-of-plane polar-
ization image, showing the distinction between ferroelectric and ferroelastic
domains. (c) A cross section of (d) the out-of-plane PFM image of an indi-
vidual grain demonstrates a large-scale periodicity of 10 nm width for a
single a/c period. (e) The topography of the same area (490X 490 nm?).

—c/a,/cla,... ("a-a’) twins [highlighted by the circle in Fig.
1(e)]. This association is supported by the fact that we mea-
sured the contrast between adjacent stripes (¢* and a or ¢~
and a) to be of about half the value of the contrast between
adjacent shaded patterns (¢* and ¢”). Moreover, in areas
where the stripes continue through adjacent shaded domains
of opposite contrast, the contrast is opposite (¢* and ¢~ do-
mains) only at every other stripe, whereas it is constant at the
others (¢ domains).” Finally, these patterns have also been
observed with the independent method of in-lens scanning
electron microscopy in Fig. S2.

To further confirm this distinction, we first “wrote” an-
tiparallel ¢ domains by scanning a 2 X 2u? area while apply-
ing 10 V (dc only) between the tip and the bottom electrode,
followed by a scan of a smaller area while applying —10 V.
The written patterns appeared as shaded domains and were
detected only in the out-of-plane images and not in the in-
plane images, whereas the same stripes appeared in both im-
ages, verifying that stripes are 90° twins and shades are 180°
domains [Figs. 2(a) and 2(b)]3

Recent studies claim that the smallest possible ferroelas-
tic periodicity is ~27 nm.*>** The polytwin structure in
Figs. 2(c) and S3 demonstrates a native ferroelastic period-
icity of ~10 nm (i.e., ~24-26 unit cells). Therefore, this
suggests a possibility of using ferroelectrics as memory ele-
ments with a density as high as >10 Tbyte/ in.2."* Since
the grains in the film are columnar, the corresponding aspect
ratio is higher than 35 with a ~5° corrugation angle at the
PZT-Pt interface.”> The high corrugation angle indicates
strong local strain,™ suggesting that it can exist only where
this strain cannot be released otherwise, e.g., far away from
sample edges where the substrate clamping is high. This ex-
plains why the short periodicit;l is not likely to be seen in
single crystals and with TEM.?

To conclude, we have demonstrated that AFM can yield
high-resolution out-of-plane and in-plane polarization-
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distribution imaging (=1 nm) under ambient conditions.
This is achieved by applying V,. higher than the dc coercive
field, near the cantilever’s in-contact resonance frequency.
Moreover, we extracted a new upper limit for the smallest
ferroelastic domains.
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