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Abstract

A sub-nanometer resolution scanning nonlinear dielectric microscope (SNDM) was developed
for observing ferroelectric polarization. We also demonstrate that the resolution of SNDM is
higher than that of a conventional piezo-response imaging. Secondly, we report new SNDM
technique detecting higher nonlinear dielectric constants e3333 and €33333. Higher order non-
linear dielectric imaging provides higher lateral and depth resolution. Thirdly, a new type of
scanning nonlinear dielectric microscope probe, called the e311-type probe, and a system to
measure the ferroelectric polarization component parallel to the surface were developed. Fi-
nally, the formation of artificial small inverted domain is reported to demonstrate that SNDM
system is very useful as a nano-domain engineering tool. The nano-size domain dots were
successfully formed in LiTaOg3 single crystal. This means that we can obtain a very high
density ferroelectric data storage with the density above 1 Tbits/inch?.

16.1 Introduction

Recently, ferroelectric materials, especially in thin film form, have attracted the attention of
many researchers. Their large dielectric constants make them suitable as dielectric layers of
microcapacitors in microelectronics. They are also investigated for application in nonvolatile
memory using the switchable dielectric polarization of ferroelectric material. To characterize
such ferroelectric materials, a high-resolution tool is required for observing the microscopic
distribution of remanent (or spontaneous) polarization of ferroelectric materials.

With this background, we have proposed and developed a new purely electrical method
for imaging the state of the polarizations in ferroelectric and piezoelectric material and their
crystal anisotropy. It involves the measurement of point-to-point variations of the nonlinear
dielectric constant of a specimen and is termed “scanning nonlinear dielectric microscopy
(SNDM)” [1-7]. This is the first successful purely electrical method for observing the fer-
roelectric polarization distribution without the influence of the screening effect from free
charges. To date, the resolution of this microscope has been improved down to the sub-
nanometer order.

Here we describe the theory for detecting polarization and the technique for nonlinear di-
electric response and report the results of the imaging of the ferroelectric domains in single
crystals and thin films using SNDM. Especially in a measurement of PZT thin film, it was
confirmed that the resolution was sub-nanometer order. We also describe the theoretical res-
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olution of SNDM. Moreover, we demonstrate that the resolution of SNDM is higher than that
of a conventional piezo-response imaging by using scanning force microscopy (SFM) tech-
nique [8,9].

Next, we report new SNDM technique. In the above conventional SNDM technique, we
measure the lowest order nonlinear dielectric constant €333, which is a 3rd rank tensor. To
improve the performance and resolution of SNDM, we have modified the technique such that
higher nonlinear dielectric constants €3333 (4th rank tensor), €33333 (Sth rank tensor) are de-
tected. It is expected that higher order nonlinear dielectric imaging will provide higher lateral
and depth resolution. We confirmed this improvement over conventional SNDM imaging ex-
perimentally, and used the technique to observe the growth of a surficial paraelectric layer on
periodically poled LiNbO3 [10-12].

In addition to this technique, a new type of scanning nonlinear dielectric microscope probe,
called the €311-type probe, and a system to measure the ferroelectric polarization component
parallel to the surface have been developed. This is achieved by measuring the ferroelectric
material’s nonlinear dielectric constant €317 instead of €333, which is measured in conven-
tional SNDM. Experimental results show that the probe can satisfactorily detect the direction
of the polarization parallel to the surface [13]. Finally, the formation of artificial small inverted
domain is reported to demonstrate that SNDM system is very useful as a nano-domain engi-
neering tool. The nano-size domain dots were successfully formed in LiTaO3 single crystal.
This means that we can obtain a very high density ferroelectric data storage with the density
above Thbits/inch?.

16.2 Nonlinear dielectric imaging with sub- nanometer
resolution

First, we briefly describe the theory for detecting polarization. Precise descriptions of the
principle of the microscope have been reported elsewhere (see [3,4]). We also report the
results of the imaging of the ferroelectric domains in single crystals and in thin films using the
SNDM. Especially in the PZT thin film measurement, we succeeded to obtain a domain image
with a sub-nanometer resolution.

16.2.1 Principle and theory for SNDM

Figure 16.1 shows the system setup of the SNDM using the LC lumped constant resonator
probe [4]. In the figure, C(t) denotes the capacitance of the specimen under the center
conductor (the tip) of the probe. C;(t) is a function of time because of the nonlinear dielectric
response under an applied alternating electric field E,3 (= E,, cos(wpt), fp =5 — —100kHz).
The ratio of the alternating variation of capacitance AC,(t) to the static value of capacitance
Cso without time dependence is given as [3]

ACs €333

€3333
= —F, cos(wpt) +
Co €3 g 4es3

E2 cos(2wpt) (16.1)

where €33 is a linear dielectric constant and €333 and €3333 are nonlinear dielectric constants.
The even rank tensor, including the linear dielectric constant €33, does not change with 180°
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rotation of the polarization. On the other hand, the lowest order of the nonlinear dielectric
constant €333 is a third-rank tensor, similar to the piezoelectric constant, so that there is no
€333 in a material with a center of symmetry, and the sign of €333 changes in accordance with
the inversion of the spontaneous polarization.
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Figure 16.1: Schematic diagram of SNDM

This LC resonator is connected to the oscillator tuned to the resonance frequency of the
resonator. The above mentioned electrical parts (i.e. tip, ring, inductance and oscillator) are
assembled into a small probe for the SNDM. The oscillating frequency of the probe (or oscilla-
tor) (around 1.3 GHz) is modulated by the change of capacitance AC,(t) due to the nonlinear
dielectric response under the applied electric field. As a result, the probe (oscillator) produces
a frequency modulated (FM) signal. By detecting this FM signal using the FM demodulator
and lock-in amplifier, we obtain a voltage signal proportional to the capacitance variation.
Each signal corresponding to €333 and €3333 was obtained by setting the reference signal of
the lock-in amplifier at the frequency 2w, of the applied electric field and at the doubled fre-
quency 2wy, respectively. Thus we can detect the nonlinear dielectric constant just under the
needle and can obtain the fine resolution determined by the diameter of the pointed end of
the tip and the linear dielectric constant of specimens. The capacitance variation caused by
the nonlinear dielectric response is quite small. (AC,(t)/Cy is in the range from 1073 to
1078.) Therefore the sensitivity of SNDM probe must be very high. The measured value of
the sensitivity of an above mentioned lumped constant probe is 10722 F.
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16.2.2 Nonlinear dielectric imaging

The tip of the lumped constant resonator probe was fabricated using electrolytic polishing of a
tungsten wire or a metal coated conductive cantilever. The radius of curvature of the chip was
1 um-25 nm. To check the performance of the new SNDM, first, we measured the macroscopic
domains in a multidomain BTO single crystal. Figure 16.2 shows the two-dimensional image
of the so called 90° a-c domain which is obtained by a coarse scanning over a large area.
The sign of the nonlinear dielectric constant €333 of the +c-domain is negative, whereas it is
positive in the -c-domain.

Moreover the magnitude of €117 = €392 is zero in the a-domain, because BTO belongs
to tetragonal system at room temperature. Thus, we can easily distinguish the type of the
domains.

Output Signal [mV]
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Figure 16.2: A two-dimensional image of the 90° a-c domain in a BTO single crystal and the
cross-sectional (one- dimensional) image along the line A-A’.

To demonstrate that this microscopy is also useful for the domain measurement of thin
ferroelectric films, we measured a PZT thin film. Figure 16.3 shows the SNDM (a) and AFM
(b) images taken from a same location of PZT thin film deposited on a SrTiO3 (STO) substrate
using metal organic chemical vapor deposition.

From the figure, it is apparent that the film is polycrystalline (from Figure 16.3 (b)) and
that each grain in the film is composed of several domains (from Figure 16.3 (a)). From X-ray
diffraction analysis, this PZT film belongs to the tetragonal phase and the diffraction peaks,
corresponding to both the c-axis and a-axis, were observed. Moreover, in Figure 16.3 (a), the
observed signals were partially of zero amplitude, and partially positive. Thus, the images
show that we succeeded in observing 90° a-c domain distributions in a single grain of the
film.

These images of the film were taken from a relatively large area. Therefore, we also tried
to observe very small domains in the same PZT film on STO substrate. The results are shown
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Figure 16.3: Images of a PZT film on a SrTiO3 substrate. (a) Domain patterns by SNDM, (b)
surface morphology by AFM.
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Figure 16.4: Nano-scale ferroelectric domain on PZT thin film, (a) domain image, (b) Cross
sectional image of nano-scale 180° c-c domain, (one-dimensional) image of phase signal along
the line A-A’.

in Figures 16.4 (a) and (b). The bright area and the dark area correspond to the negative
polarization and the positive polarization, respectively. It shows that we can successfully
observe a nano-scale 180° c-c domain structure. Figure 16.4 (b) shows a cross sectional image
taken along line A-A’ in Figure 16.4 (a). As shown in this figure, we measured the c-c domain
with the width of 1.5 nm. Moreover we find that the resolution of the microscope is less than
0.5nm.
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However, as the above mentioned data shown in Figure 16.4 was phase images, some
readers may think that the sub-nanometer resolution of SNDM is not convincingly proven in
the references because phase profiles are invariably abrupt and can not be considered as the
definition of the resolution and amplitude signals show more realistic resolution. Therefore,
here, we show the amplitude images in Figure 16.5 to demonstrate the resolution of SNDM is
really sub-nanometer order. These images were taken from an epitaxial PZT thin (4000 A) /
La-Sr-Co-O / StTiO3 [14]. The macroscopic surface topography and the domain pattern of
this PZT thin film are shown in Figure 16.6. Square c-domains and their surrounding a-domain
strip pattern are clearly observed.
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Figure 16.5: (a) Amplitude image of nanoscale ferroelectric domain on PZT thin film (b) Cross-
sectional amplitude image taken along A-A’.

The strip shape domain pattern is seen in Figure 16.5. Figure 16.5 (b) is a cross sectional
image taken along line A-A’ in Figure 16.5 (a). From the distance between the clearly distin-
guishable structures in the image, it is apparent that SNDM has sub-nanometer resolution.

To clarify the reason why such high resolution can be easily obtained, even if a relatively
thick needle is used for the probe, we show the calculated results of the one dimensional image
of 180° c-c domain boundary lying at y = 0 (We chose y direction as the scanning direction)
[15,16]. Figure 16.7 shows the calculated results where Yj is the tip position normalized
with respect to the tip radius a. The resolution of the SNDM image is heavily dependent on
the dielectric constant of the specimen. For example, for the case of e€33/¢g = 1000 and
a = 10nm, an atomic scale image will be able to be taken by SNDM.

16.2.3 Comparison between SNDM imaging and piezo-response imaging

Another frequently reported high-resolution tool for observing ferroelectric domains is piezo-
electric response imaging using SFM [8,9]. From the viewpoint of resolution for ferroelectric
domains, SNDM will surpass the piezo-response imaging because SNDM measures the nonlin-
ear response of a dielectric material which is proportional to the square of the electric field,
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SNDM

Figure 16.6: Macroscopic surface topography and domain pattern taken from an epitaxial PZT
thin (4000 A) / La-Sr-Co-O / SrTiO3.
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Figure 16.7: Theoretical images of the 180° c-c domain boundary.

whereas the piezoelectric response is linearly proportional to the electric field. The concen-
tration of the distribution of the square of the electric field in the specimen underneath the tip
is much higher than that of the linear electric field. Thus, SNDM can resolve smaller domains
than that measured by piezo-imaging technique. To prove this fact experimentally, we also
performed the simultaneous measurements of the same location of the above mentioned PZT
film sample by using AFM (topography)- , SNDM- and piezo-imaging. The result is shown
in Figure 16.8. These domain images were taken under identical conditions except that the
applied voltage was 2V}, in the SNDM imaging and 8V, in the piezo-imaging. In both SNDM
image and piezo image, large negative signal was observed on the -c-domain and almost zero
signal was detected on the a-domain, because there is a crystal symmetry along the depth di-
rection on the a-domain. From the images, we can prove that SNDM can resolve greater detail
than a conventional piezo-response imaging by using SFM technique.
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Figure 16.8: Simultaneously taken images of a PZT film. (a) Schematic domain structure (b)
Topography by AFM, (c) domain patterns by SNDM, and (d) domain patterns by SFM (piezo-
imaging).

16.2.4 Observation of domain walls in PZT thin film using SNDM

Several studies have examined the thickness of the domain wall in ferroelectric materials [17].
The 90° a-c domain wall thickness has been measured using a transmission electron micro-
scope (TEM), [14] but distinguishing the positive and negative domains in 180° opposite polar-
ization areas is difficult because these methods are used to observe the strain of arrangements
of molecules. Direct clarification of the domain wall thickness is important with respect to
both scientific and engineering aspects.

Therefore we observed the 90° a-c domain walls and the 180° c-c domain walls in the
above mentioned same epitaxial PZT thin film grown on SrTiO3 using SNDM.

The linear dielectric constant of a-domain is expected to be larger than that of c-domain
based on the BTO single crystal analogy. To the authors’ knowledge, no actual observation
of linear dielectric constant of a- and c-domains in PZT has been reported. Because obtaining
a PZT single crystal of sufficient size in order to compare the linear dielectric constant of a-
domain and that of c-domain by the bulk method using a parallel plate capacitor is difficult.
Therefore, at first, we measured the linear dielectric constant of a- and c-domains. The obser-
vation images are shown in Figure 16.9. In the linear dielectric constant measurements, we
measure directly the frequency shifts immediately under the tip. If the high linear dielectric
constant area is measured, the frequency shifts low. In Figure 16.9, we can see the frequen-
cies in the a-domain areas are lower than those in the c-domain areas. So the linear dielectric
constant of the a-domain is larger than that of the c-domain. The a-domain was first proven to
have a higher linear dielectric constant than that of the c-domain just like BaTiOs.

Next we observed the domain walls of 90° a-c and 180° c-c domains. Figure 16.10 (a)
is a two-dimensional SNDM image of a-c domain and Figure 16.10 (b) is the cross-sectional
image along the A-A’ line in Figure 16.10 (a). In Figure 16.10 (b), the thickness of the bound-
ary between a-domain and c1-domain was larger than that between a-domain and c2-domain.
Moreover, according to the above-mentioned observation, a-domains have larger linear di-
electric constants than c-domains. Therefore, the depth sensitivity at the a-domain becomes
thinner than that at the c-domain. As a result, when the c-domain is measured, a signal of
thicker area can be obtained than when the a-domain is measured. At the boundary between
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Figure 16.9: (a) Linear dielectric image of a-c domain in PZT, (b) cross-sectional image along
the A-A’ line.
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Figure 16.10: (a) Image of a-c domain wall in PZT, (b) cross-sectional image of a-c domain

along the A-A’ line.

the c1-domain and the a-domain, the tip senses the a-domain under the c-domain before the
tip reaches the real a-c domain boundary. As a result, the signal transition distance between
cl-domain and a-domain becomes larger than the thickness of the actual a-c domain bound-
ary. On the other hand, at the boundary between a-domain and c2-domain, the signal shows
the change with no influence of c-domain under the a-domain, because the depth sensitivity at
the a-domain is thinner then that at the c-domain. As a result, the distance between a-domain
and c2-domain can be regarded as the actual a-c domain wall thickness. This wall thickness
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was measured to be 5.01 nm, as shown in Figure 16.10 (b). The average thickness and min-
imum thickness of a-c domain wall were 5.54 nm and 2.52 nm, respectively. The minimum
value seems to indicate the ideal domain wall thickness without the influences of the internal
electric field or the residual stress stored in the boundary.
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Figure 16.11: (a) Image of c-c domain wall in PZT, (b) cross-sectional image of c-c domain
along the A-A’ line.

In a similar way, we observed the domain wall between the 180° c-c domains. Before
observation, we applied +10V voltage to the -c domain area to make the +c domain area.
Figure 16.11 (a) shows the two-dimensional SNDM image. The dark area in the center of the
image is the +c domain area. Figure 16.11 (b) is a cross-sectional image along line A-A’
shown in Figure 16.11 (a). The thickness of the c-c domain wall is 3.89 nm in this image. The
average thickness and minimum thickness of the c-c domain wall were 3.95 nm and 1.87 nm,
respectively. The c-c domain wall had a size of a few unit cells.

In the case of the a-c domain wall, the boundary of a-domain and c-domain is constructed
to include lattice strain in order to match the length of the a-axis and the c-axis. On the other
hand, in the case of the c-c domain wall, the lattice lengths do not need to match. Therefore,
the c-c domain wall does not contain strain, which depends on lattice mismatching. As a
result, the c-c domain wall appears to be smaller than the a-c domain wall. Based on the
above result, we determined experimentally that the 180° c-c domain wall is thinner than the
90° a-c domain wall.

16.3 Higher order nonlinear dielectric microscopy

A higher order nonlinear dielectric microscopy technique with higher lateral and depth reso-
lution than conventional nonlinear dielectric imaging is investigated. The technique is demon-
strated to be very useful for observing surface layers of the order of unit cell thickness on
ferroelectric materials.
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16.3.1 Theory for higher order nonlinear dielectric microscopy

Equation (16.2) is a polynomial expansion of the electric displacement D3 as a function of
electric field E5.

D3 = Py3 + e33E3 + %6333E§ + %63333E§ + i€33333E§‘ + ... (16.2)
Here, €33, €333, €3333, and €33333 correspond to linear and nonlinear dielectric constants and
are tensors of rank 2nd, 3rd, 4th and 5th, respectively. Even-ranked tensors including linear
dielectric constant €33 do not change with polarization inversion, whereas the sign of the odd-
ranked tensors reverses. Therefore, information regarding polarization can be elucidated by
measuring odd-ranked nonlinear dielectric constants such as €333 and €33333.
Considering the effect up to E*, the ratio of the alternating variation of capacitance AC,
underneath the tip to the static capacitance Cy is given by

AC e le
S B cos(uyt) + 4 3353
Cyo ess 4 ess

1 es3333
Efj<;os(2w,,t)+ﬂ o E3 cos(3wpt) + ... (16.3)

This equation shows that the alternating capacitance of different frequencies corresponds to
each order of the nonlinear dielectric constant. Signals corresponding to €333, €3333 and €33333
were obtained by setting the reference signal of the lock-in amplifier in Figure 16.1 to fre-
quency wp, 2wy, and 3 w,, of the applied electric field, respectively.

Next, we consider the resolution of SNDM. From (16.2), the resolution of SNDM is found
to be a function of electric field E. We note that the electric field under the tip is more highly
concentrated with the increase of €33 [18], and the distributions of E2, E? and E* fields
underneath the tip become much more concentrated in accordance with their power than that
of the E field, as shown in Figure 16.12. From this figure, we find that higher order nonlinear
dielectric imaging has higher resolution than lower order nonlinear dielectric imaging.

€33 =300
0 0.005 a
"-—-—-—-—'—" 1
E E2
€33 (or Piezo) imaging €333 Imaging
B o e 1/e
€3333 imaging €33333 imaging

Figure 16.12: Distribution of F, E?, E? and E* field under the needle tip. a denotes the tip
radius.
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16.3.2 Experimental details of higher order nonlinear dielectric
microscopy

We experimentally confirmed that e33333 imaging has higher lateral resolution than €333 imag-
ing using an electroconductive cantilever as a tip with a radius of 25 nm. Figures 16.13 (a) and
(b) show €333 and €e33333 images of the two-dimensional distribution of lead zirconate titanate
PZT thin film. The two images can be correlated, and it is clear that the e33333 image resolves
greater detail than e333 image due to the higher lateral and depth resolution.

Tum

Figure 16.13: (a) €333 and (b) €33333 images of PZT thin film.

Next, we investigated the surface layer of periodically poled LiNbO3 (PPLN) by €333, €3333
and e33333 imaging. Figure 16.14 (a) shows €333, €3333 and €33333 signals of virgin unpolished
PPLN. In this figure, only €333 imaging detects the c-c domain boundary, while €33333 imaging
does not. The €3333 signal shows weak peaks at domain boundaries. This is because 3333 and
€33333 imaging is affected by the surface paraelectric layer. To prove the existence of a surface
paraelectric layer, we polished and measured the PPLN. Figure 16.14 (b) shows the images
of it. In this figure, it is clear that e33333 imaging can detect the c-c domain boundary after
removal of the paraelectric layer. Moreover, e3333 imaging can also detect periodic signals,
in contrast to our expectation. The nonlinear dielectric signals of a positive area of PPLN
are stronger than those of a negative area immediately after polishing, possibly because the
negative area is more easily damaged than positive area and has already been covered by a
very thin surface paraelectric layer with weak nonlinearity even immediately after polishing.
One hour after polishing, we conducted the €333, €3333 and €33333 imaging again, and the
results are shown in Figure 16.14 (c). In this figure, the e33333 signal disappears and the 3333
signal becomes flat again, whereas €333 imaging clearly detects the c-c domain boundary
(Figure 16.14 (a)). This implies that the entire surface area of PPLN is covered by the surface
paraelectric layer again. From theoretical calculations, on the LiNbOj3 substrate, €33333 and
€3333 imagings have sensitivities down to 0.75 nm depth and 1.25 nm, respectively, whereas
€333 imaging has sensitivity down to 2.75 nm depth when a tip of 25 nm radius is used. Thus,
we conclude that the thickness of this surface paraelectric layer ranges between 0.75 nm and
2.75nm.

From these results, we succeed in observing the growth of the surface layer and we confirm
that the negative area of LiNbOj3 can be more easily damaged than the positive area.
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Figure 16.14: (a) €333, €3333 and €33333 images of virgin PPLN, (b) immediately after polishing,
and (c) 1 h after polishing.
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16.4 Three-dimensional measurement technique

A new type of scanning nonlinear dielectric microscope (SNDM) probe, named €311 type
probe, and a system to measure the ferroelectric polarization component parallel to the sur-
face using SNDM has been developed [19]. This is achieved by measuring a nonlinear di-
electric constant of ferroelectric material €317 instead of €333, which is measured in conven-
tional SNDM. Experimental results show that the probe can detect the polarization direction
parallel to the surface with high spatial resolution. Moreover, we propose an advanced mea-
surement technique using rotating electric field. This technique can be applied to measure
three-dimensional polarization vectors.

16.4.1 Principle and measurement system

Figure 16.15 shows parallel plate models of nonlinear dielectric constant measurements. Since
precise descriptions of the €333 measurement have been mentioned above, we explain only the
€311 measurement. We consider the situation in which a relatively large electric field Es
with the amplitude F,, and angular frequency w,, is applied to the capacitance C's, produc-
ing a change of the capacitance resulting from the nonlinear dielectric response. We detect
the capacitance variation ACy, which is perpendicular to the polarization direction (z-axis)
by a high frequency electric field with small amplitude along x-axis (E;) as shown in Fig-
ure 16.15 (b). (In the €333 measurement, we detect AC, along the direction of spontaneous
polarization Ps3.) That is, in the €311 measurement, Eis perpendicular to E. We call this kind
of measurements, which use the crossed electric field, “e31; type” measurement. In this case,
final formula is given by

AC(t)  esnn 1 ess11
———~—E, - E 2 16.4
Coo o cos(wpt) + 1o cos(2wpt) ( )

where €11 is the linear dielectric constant, and €311 and €331 are nonlinear dielectric constants.
From this equation, by detecting the component of capacitance variation with the angular fre-
quency of the applied electric field w;,, we can detect the nonlinear dielectric constant €311.
According to this principle, we develop a €311 type probe for measuring the polarization di-
rection parallel to the surface. Figure 16.16 shows a schematic diagram of the measurement
system. We put 4 electrodes around the probe tip to supply the electric field £, which causes
the nonlinear effect. The electrode A and B supply Ej3, which is along the z-axis, and elec-
trode C and D supply Es, which is along the y-axis. We apply voltages to the electrodes,
as satisfying the condition that, Es and Es just under the tip become parallel to the surface
without concentrating at the tip as shown in Figure 16.16 (b). (In Figure 16.16 (b) the compo-
nent related to y-direction are omitted for simplification.) On the other hand, the electric field
E for measuring the capacitance variation concentrates at the probe tip as the conventional
measurement. It is sufficient to consider only x- component of E, because we confirmed that
most of £ underneath the tip is perpendicular to the surface.

Moreover, we can obtain any electric field vector E with arbitrary rotation angle by com-
bining the amplitude of £ and E5. Therefore, we need not to rotate the specimen for detecting
a lateral polarization with an arbitrary direction.



16.4  Three-dimensional measurement technique 317
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Figure 16.15: Capacitance variation with alternating electric field. (a) €333 measurement, and
(b) €333 measurement.

(@) (b)

Prqbe FM Demodulator Look-in
Ground Tip Amplifier

electrode Electrode v, * Feedback 3

Amplifier

vy

Electrode V \ Electrode

A Electrode B
C

Figure 16.16: Schematic configuration of (a) new €311 probe and (b) measurement system.

16.4.2 Experimental results

Figure 16.17 shows measurement result of PZT thin film as changing the direction of applied
electric field £. In Figure 16.17 (a), when E is parallel to the polarization direction, the pattern
corresponding to the polarization is observed, while no pattern is observed in Figure 16.17 (b)
because, in this case, E is perpendicular to the polarization direction. Figures 16.17 (c) and (d)
are the cases where £ is applied along the intermediate direction. The pattern can be observed
from both Figures 16.17 (c) and (d), because the vector E can be divided by the component
along the polarization direction. However the opposite contrast was obtained because the signs
of the component along the polarization are opposite.

Moreover, the new probe can measure both €317 and €333 independently. Figure 16.17 (e)
shows an €333 image, which corresponds to the perpendicular component of the polarization.
From the same position in Figure 16.17 (a), signals are observed. It means that this polar-
ization has both parallel and perpendicular component, that is, the polarization tilts from the
surface. Figure 16.17 (f) is a topography, which is also measured simultaneously. From these
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Figure 16.17: Images of PZT thin film, (a)—(d) €311 images, (e) €333 image, and (f) topography.

results, we confirmed that the new probe and system can be applied to the 3-dimensional
polarization measurements.

Based on this technique, we have developed a more advanced method to measure the
distribution of polarization directions parallel to the surface. We use a rotating electric field
by applying a 90° phase shifted electric voltage between the electrodes A, B, and C, D; that
is, we apply the electric fields F3 = E cosw,t and E> = E cos wpt just under the probe tip of
Figure 16.16. Under this condition, the electric field rotates with an angular frequency of w,,
and the amplitude of the capacitance variation is changed periodically. When the electric field
is parallel to the polarization direction, the capacitance variation is at a maximum, and when
the electric field is perpendicular to the polarization direction, the capacitance variation is at a
minimum. Consequently, if we detect the capacitance variation by a lock-in amplifier using a
reference signal of angular frequency w,,, we can obtain the angle of the polarization direction
directly from the phase output of the lock-in amplifier. Figure 16.18 shows the measurement
results on a PZT thin film using a rotating electric field. Histogram of the measured data
clearly shows three peaks, which correspond to 0°, 90° and 180°. In Figure 16.18, we can see
these three regions. One region is white and black. Within the white and black regions, the
white parts and the black parts show the polarization directions +180° and -180°, respectively.
Therefore these regions can be considered to be the same domain. Another region is dark
gray. The polarization direction in this region is 0°. The third region is bright gray, where the
polarization direction is 90°. We suppose that the reasons why a -90° region does not exist
are related to a film growth condition. The polarization direction for each region is shown by
arrows. The domain structure of this figure is not the typical 90° a-c domain and 180° c-c
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domain which is usually seen in PZT ceramics. This is because the sample is a thin film. Since
the grain size of this film is about 300 nm, Figure 16.18 shows the polarization distribution in
a grain. We suppose that the domain structure in a grain depends on a film growth condition.
As shown in this figure, we could successfully observe the domain structure, showing the
different directions of the polarization parallel to the surface with high spatial resolution.

500 nm

-

f—i

:ﬁql;

T .
.‘.L o
500 nm
-180° -90° 0 90° 180°

Figure 16.18: Image of a PZT thin film measured by SNDM using rotating electric field.

16.5 Ultra High-Density Ferroelectric Data Storage Using
Scanning Nonlinear Dielectric Microscopy

Ferroelectrics have created considerable interest as promising storage media. Here, an inves-
tigation for ultra high-density ferroelectric data storage based on scanning nonlinear dielectric
microscopy (SNDM) was carried out. For the purpose of obtaining the fundamental knowl-
edge of high-density ferroelectric data storage, several experiments of nano-domain formation
in lithium tantalate (LiTaOg3) single crystal were conducted. As a result, very small inverted
domain with radius of 6 nm was successfully formed in stoichiometric LiTaO3 (SLT), and be-
sides, domain dot array with areal density of 1.5 Tbit/inch? was written in congruent LiTaO3
(CLT).
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16.5.1 SNDM domain engineering system

Figure 16.19 shows the schematic diagram of SNDM domain engineering system. The probe
is composed of a metal-coated conductive cantilever (typical tip radius is 25 nm), an oscillator
and a grounded metal ring. Polarity distinction is performed by SNDM technique. On the
other hand, writing is performed by applying relatively large voltage pulse to the specimen
and locally switching the polarization direction.

Oscilloscope

A, 0=0,-0,

Phase Sensitive | 61
Detector

FM Demodulator
A

A
Reference 0, Probe

wp, 20p, 30p Oscillator
Voltage
Source Pulse

wp
Generator

FM Signal

Figure 16.19: Schematic diagram of SNDM domain engineering system.

16.5.2 Nano-domain formation in LiTaOj; single crystal

In this study, we selected LiTaOj3 single crystal as a recording medium because this material
has suitable characteristics as follows:

(1) There exist only 180° c-c domains.
(2) It does not possess transition point near room temperature.

(3) High-quality and large single crystal can be fabricated at low cost.

At the present time, two types of LiTaO3 single crystals are widely known; one is stoichio-
metric LiTaO3 (SLT) [20] and the other is congruent LiTaO3 (CLT). It is reported that domain
inversion characteristics of these crystals are distinctly different each other [21-23]. SLT has
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few pinning sites of domain switching derived from Li point defects. Therefore, SLT has the
characteristics that the coercive field is low and the switching time is short. This means that
SLT is favorable for low-power and high-speed writing.

Stoichiometric LiTaO, Congruent LiTaO,
80 80
1 (a) 1 (b)
— 40 - — 40 -
g% [ £
o L
> 0 > 0
x =
Q 40 - , J Q 40 -
-80 T T T T -80 T T
-30 -20 -10 0 10 20 30 -400 -200 0 200 400
E [kV/cm] E [kV/cm]

Figure 16.20: D-E hysteresis loop of LiTaO3 measured by applying 10 mHz triangular wave
voltage.

Figure 16.20 shows D-E hysteresis of SLT and CLT measured by applying 10 mHz triangu-
lar wave voltage, and lower coercive field of SLT compared with that of CLT can be confirmed.
On the other hand, CLT has many pinning sites because it is Ta-rich crystal, and it is known that
natural domain size of CLT is much smaller than that of SLT. Therefore, we expect that CLT is
suitable for higher density storage with smaller domain dots. In the case of forming inverted
domain by means of applying voltage to a specimen using a sharp-pointed tip, electric field is
highly concentrated just under the tip. So, if the specimen is very thick as compared to the tip
radius, large voltage is required for domain switching. Therefore, making thin specimens is
very important. In this study, we prepared specimens with thickness of about 100 nm.

Figure 16.21 shows SNDM images of typical nano-sized inverted domains formed in a
100 nm thick SLT medium by means of applying voltage pulses with amplitude of 15V and
duration time of (a) 500 ns (b) 100 ns (c) 60 ns. From these figures, we found that the area of
the domain decreases with decreasing voltage application time.

The dependence of domain size on voltage application time is derived from sidewise mo-
tion of domain wall. More detailed experimental result with regard to the relationship between
the radius of the inverted domain and voltage application time is shown in Figure 16.22.

Figure 16.23 shows the smallest inverted domain at the present time. The radius of this
domain is 6 nm, which corresponds to storage density of 4 Tbit/inch? if more than one dot
can be formed in close-packed array. The result of studying the retention of small inverted
domains is depicted in Figure 16.24. These images are observed (a) 50 minutes after pulse
application (b) 8 hours after pulse application (c) 24 hours after pulse application. From this
result, we found that small inverted domains remained stably for a long time.
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Figure 16.21: Images of typical inverted domains formed in SLT by means of applying a voltage
pulse with amplitude of 15V and duration time of (a), (d) 500 ns, (b), (e) 100ns, (c), (f) 60 ns.
(a)—(c) cos © images, (d)-(f) polarity images.
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Figure 16.22: Relationship between the radius of the inverted domain and voltage application
time in SLT. Sample thickness is 250 nm.
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Figure 16.23: The smallest inverted domain at the present time, which was formed in 100 nm
thick SLT by applying 15V, 60 ns pulse.
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Figure 16.24: Images of inverted domain dot array in 150 nm thick SLT. These images are
observed (a) 50 minutes after pulse application (b) 8 hours after pulse application (c) 24 hours
after pulse application.

Figure 16.25 shows the relationship between the radius of the inverted domain and voltage
application time in SLT and CLT. Voltage application time required for forming a certain size
of domain in SLT and CLT are different by five to six orders of magnitude. This difference in
switching time is derived from the difference in the number of domain pinning sites. Short
switching time in SLT is favorable for low-power and high-speed writing. Subsequently, we
conducted some experiments of forming any domain shape by means of applying voltage
pulses in multipoint while controlling the probe position.

Figure 16.26 shows the domain characters “TOHOKU UNIV.” written in SLT and CLT. The
inverted domain in Figure 16.26 (a) was formed in 150 nm thick SLT by applying 15V, 100 ns
voltage pulses, and the inverted domain in Figure 16.26 (b) was formed in 70 nm thick CLT
by applying 14V, 10 us voltage pulses for the left figure and 14V, 5 us voltage pulses for the
right figure. From these figures, we found that small inverted domain pattern was successfully
formed in CLT despite of applying relatively long pulses on a thinner sample. This result is
vividly reflects that pinning sites derived from lithium nonstoichiometry prevent the sidewise
motion of domain walls. Thereby, we verified the feasible storage density using CLT.
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Figure 16.25: Relationship between the radius of the inverted domain and voltage application
time in SLT and CLT. Sample thickness is 250 nm.

Figure 16.27 shows images of the inverted domain pattern in CLT with density of (a)
0.62 Thit/inch? (b) 1.10 Tbit/inch? (c) 1.50 Tbit/inch?. These domain patterns were formed
by applying voltage pulses with amplitude of (a) 11V (b),(c) 12V and duration time of (a)
10 us (b) 500ns (c) 80ns. Close-packed dot array composed of positive and negative domain
can be seen in these figures.

Although the dots in the 1.50 Tbit/inch? array may not be resolvable with sufficient accu-
racy for practical data storage, this system is fully expected to become practically applicable
as a storage system after further refinement. We have thus demonstrated, using a ferroelec-
tric medium and nano-domain engineering, that rewritable bit storage at a data density of
more than 1 Tbit/inch? is achievable. To the best of our knowledge, this is the highest den-
sity reported for rewritable data storage, and is expected to stimulated renewed interest in this
approach to next-generation ultrahigh-density rewritable electric data storage systems.

16.6 Conclusions

In this paper, first, a sub-nanometer resolution scanning nonlinear dielectric microscope
(SNDM) for the observation of ferroelectric polarization was described. We also demonstrated
that the resolution of SNDM is higher than that of a conventional piezo-response imaging. Us-
ing SNDM, we measured the wall thickness of PZT thin film. We also described the theoretical
resolution of SNDM. This theoretical result predicted that an atomic scale image can be taken
by SNDM.

Next, we reported new SNDM technique detecting higher nonlinear dielectric constants
€3333 and €33333. It is expected that higher order nonlinear dielectric imaging will provide
higher lateral and depth resolution. Using this higher order nonlinear dielectric microscopy
technique, we successfully investigated the surface layer of ferroelectrics. Moreover, a new
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Figure 16.26: Nano-domain characters “TOHOKU UNIV.” written in (a) SLT and (b) CLT.

type of scanning nonlinear dielectric microscope probe, called the €311-type probe, and a sys-
tem to measure the ferroelectric polarization component parallel to the surface was developed.

Finally, the formation of artificial small inverted domain was reported to demonstrate that
SNDM system is very useful as a nano-domain engineering tool. The nano-size domain dots
were successfully formed in LiTaO3 single crystal. This means that we can obtain a very high
density ferroelectric data storage with the density above 1 Tbits/inch?.

Therefore, we have concluded that the SNDM is very useful for observing ferroelectric
nano domain and local crystal anisotropy of dielectric material with sub-nano meter resolution
and also has a quite high potential as a nano-domain engineering tool.
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Storage density: 0.62 Tbit/inch?
Applied voltage: 11 V

Voltage application time: 10 ps
Sample thickness: 70 nm

Storage density: 1.10 Tbit/inch?
Applied voltage: 12 V

Voltage application time: 500 ns
Sample thickness: 70 nm

Storage density: 1.50 Tbit/inch?
Applied voltage: 12 V

Voltage application time: 80 ns
Sample thickness: 70 nm

100 nm

Figure 16.27: Images of the inverted domain pattern formed in CLT with density of (a)
0.62 Tbit/inch? (b) 1.10 Tbit/inch? (c) 1.50 Thit/inch?.
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