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Abstract

A theory for scanning nonlinear dielectric microscopy (SNDM) and its application to the quantitative evaluation of the linear and
nonlinear dielectric constants of dielectric materials are described. A general theorem for the capacitance variation under an applied
electric field is derived and a capacitance variation susceptibility Sy, is defined. The results show that the sensitivity of the SNDM probe
does not change, even if a tip with a smaller radius is selected to obtain a finer resolution and that SNDM has an atomic scale resolution.
Using the theoretical results and the data taken by SNDM, the quantitative linear and nonlinear dielectric properties of several
dielectric materials were successfully determined. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Dielectric properties; Ferroelectric properties; Scanning nonlinear dielectric microscopy; Tantalates

1. Introduction

Recently, we proposed and developed a new purely
electrical technique for imaging the state of ferroelectric
polarization and the local crystal anisotropy of dielectric
materials, which involves the measurement of point-to-
point variation of the nonlinear dielectric constant of a
specimen, and is termed the ““scanning nonlinear dielec-
tric microscopy’” (SNDM).!=3 This is the first successful
purely electrical method for observing the ferroelectric
polarization distribution without the influence of the
shielding effect by free charge. To date, its resolution has
been improved down to one nanometer.®> However, to
understand the dielectric properties using SNDM more
deeply, more precise theoretical investigation is required.

In this paper, we present theoretical studies on the
image production mechanism for SNDM, and we clarify
the reason why such high resolution can be easily
obtained, even if a relatively thick needle is used for the
probe. Secondly, we examine a depth sensitivity of SNDM
and a lateral resolution of SNDM and show that the
SNDM has an atomic scale resolution. Moreover, we
show successful results of the quantitative measurement
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of linear and nonlinear dielectric constants of ferro-
electric materials.

2. General theorem for the capacitance variation under
an applied electric field

We derive a general theorem for the capacitance var-
iation due to the nonlinear dielectric response of a mate-
rial under an applied electric field. As shown in Fig. 1(a),
we consider that a metal conductor with a charge Q and
electrostatic potential V" exists in the space where the
dielectric materials with respective linear and nonlinear
dielectric constants of 82- and afjk(l =1,2,3...) are dis-
tributed.

Taking the nonlinear dielectric response of the mate-
rials into account, the relationship between the stored
charge Q in the metal and its potential ' can be gen-
erally expressed by the polynomial expansion as using
the second-order coefficient Cgp,

Q:C50<V+%aV2+%/3V3+...> (1)

where o and B are second and third order expansion
coefficients, respectively.
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Fig. 1. Models of calculations: (a) capacitance variation under an
applied electric field; (b) needle tip of a SNDM.

Further, Cgy can be given by
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where E; (i =1,2,3...) is the electric field in the mate-
rial. We also consider the situation in which a relatively
large voltage V), is applied to the metal, producing a
change in its differential capacitance from the nonlinear
dielectric response. To measure the differential capaci-
tance variation, a small high frequency voltage V is also
superposed on V.2 We substitute V' = ¥, + V into Eq.
(1) and calculate the relationship between the small high
frequency voltage ¥ and the small high frequency charge
Q induced by V. As the ratio of Q to V gives the differ-
ential capacitance C, we obtain

C=0/V=Co+CoaVo+...=Co+ACs+... (3)

where ACg denotes the first-order differential capaci-
tance variation. Thus, we obtain the final formula which
gives the first-order capacitance variation as

ACS J SgikEiE/Ek
— = ———dv. 4
o Z o @

This equation indicates that the first-order variation of
differential capacitance per unit applied voltage in a sys-
tem with arbitrarily shaped boundaries can be precisely
calculated as the stored energy per unit applied voltage
which is attributable to the nonlinear dielectric constant
eﬁjk. Therefore, Eq. (4) gives the general theorem for the
capacitance variation under an applied electric field.

3. Theoretical calculation for SNDM image

Applying Eq. (4) to a model of the tip of the needle of
a SNDM probe as shown in Fig. 1(b), we consider the
SNDM image theoretically. Like in many papers on
scanning probe microscopy, we also modeled the needle
tip as a spherical conductor with radius ¢ assuming that
the thickness of the sample is much larger than the
radius of the pointed end of the needle.* Generally, the
nonlinear dielectric constant ef].k, which is a third-rank
tensor, exists in anisotropic material and there is no eﬁjk
in a material with a center of symmetry. For this calcu-
lation, however, we use an isotropic approximation for
simplicity, assuming the relationship between the field
strength of the electric displacement D and that of the
electric field E as

1
D =c¢epE+ 58333E2 +... ®)

where &35 and €333 are the linear and nonlinear dielectric
constants defined in the Z-direction. From Egs. (4) and
(5), the first-order capacitance variation in this model is
obtained as

ACs E\’,
S €333 J(;) dv = e333501(€33) (6)

where the parameter Sp(e33) is the quantity giving the
capacitance variation per unit nonlinear dielectric con-
stant e333 and we name this Sy (e33) the ‘“capacitance
variation susceptibility”.

The electric fields in this model are obtained by the
image charge method found in the standard textbooks of
electromagnetic theory. Defining the normalized coordi-
nates with respect to the radius a of the tip of the needle
asx/a =X, y/a = Yand z/a = Z, the three components
of the electric field E,, E, and E. are given by

Eix,y,z)= gE,»(X, Y,Z) (i=1,2,3). (7)

The newly defined normalized electric field compo-
nents, E., Ey and E., are functions of the linear dielec-
tric constant £33 and the normalized coordinates X, Y
and Z only and are independent of the radius a and the
voltage V. Thus the capacitance variation susceptibility
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Sui(e33) is given by
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Sni(e33) is a function of 33 only and does not depend
on the tip radius a. This implies that the probe sensitiv-
ity or signal strength of SNDM does not change even if
we choose a probe needle with a smaller tip radius to
obtain a finer resolution. In other words, in principle,
we can use an infinitely thin probe needle and obtain a
clearly resolved image without degradation of the signal
to noise ratio of the SNDM signal. This is a beneficial
feature of SNDM for observing very small ferroelectric
domains and local crystal anisotropy. We calculated
Sni(e33) as a function of the relative dielectric constant
of the specimen and obtained the result shown in Fig. 2.
Sni(e33) is almost constant (~0.3) above g33/g9 = 10.

An application of Spy(e33) to SNDM imaging is to
estimate what depth information can be obtained using
SNDM. We calculated the depth sensitivity of SNDM
by integrating the region from the sample surface to the
position Z = —H = (—h/a).

3
[ o o (Ei +E2 4 Ef)“dXd Ydz

DSn(es3, H) = Sni(€33)
n

)

DSy(e33H) gives the ratio of the signal arising from
the region between the surface Z =0 and the position
Z = —H to the whole signal strength of the SNDM
From the calculated results shown in Fig. 3, it is clear
that the SNDM is sensitive in the very shallow areas,
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Fig. 2. Capacitance variation susceptibility Sy as a function of linear
relative dielectric constant.
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Fig. 3. Depth sensitivity of the SNDM. H denotes the depth normal-
ized to the tip radius a.

especially when the dielectric constant is large. These
results are quite understandable, because the electric field
under the needle is more highly concentrated with larger
dielectric constant. Next, we calculated one-dimensional
images of the 180° c—c domain boundary lying at ¥ = 0.
These images is obtained by calculating the following
equations,

Y

1 o o
Inen, Yo) = 5= (J_wf(Y)dY _ JYOf( Y)d Y) (10)

and

0 00 3
f(833,Y)EJ J (E2+ B+ B2) dxdz (in)

where Y is the tip position normalized to the tip radius
a. Fig. 4 shows the calculated results. The resolution of
the SNDM image is heavily dependent on the dielectric
constant of the specimen. For example, for the case of
£33/€9 = 1000 and ¢ = 10 nm (a needle tip with a radius
of 10 nm is easily obtainable.), the resolution is about
0.1 nm. Thus, we conclude that an atomic scale image
can be obtained by SNDM.

4. Quantitative measurement of linear and nonlinear
dielectric constant

We describe a quantitative method for measuring lin-
ear and nonlinear dielectric constants using SNDM with
a LC lumped constant resonator probe. A conceptual
figure, describing the measurement of the linear and
nonlinear dielectric constant is also shown in Fig. 1(b).
In this figure, L and Cy show the inductance and the
stray capacitance (which inevitably exists between the
needle and the electrical circuit of the probe), respec-
tively. fy is the carrier frequency of the probe when the
probe needle is far from the specimen. Af; denotes the
frequency shift from f, when the needle makes contact
with the specimen. Cj is the static capacitance variation
from C, by the tip contact and is much smaller than C,
and can also be calculated using the image charge
method. Thus, we obtain
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Fig. 4. Calculation for the one-dimensional image of the 180° c—c
domain boundary.
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where b = (33 — &9)/(e33 + &0).* Eq. (12) indicates that
we can obtain the linear dielectric constant of the speci-
men by a relative measurement using a standard sample,
even if the values of the stray capacitance Cy and the tip
radius a are unknown. To check the above results, we
measured the carrier frequency shift Afs of several
dielectric materials. The results are shown in Fig. 5 with
the theoretical curve (solid line) adjusted to the data of
the standard sample (PZT, &33/¢9 = 2000). Given that
both theoretical and experimental data agree well, it is
clear that we can determine the absolute value of the
linear dielectric constant by a relative measurement
using a standard sample.

Next, using Spy(e33), we can measure the nonlinear
dielectric constant quantitatively. We consider the situa-
tion in which a relatively large alternating voltage Vj is
applied to the capacitor Cy, producing a change in the
capacitance ACs resulting from the nonlinear dielectric
response.!= In this situation, the ratio of the frequency
deviation Afy caused by the applied voltage to the carrier
frequency f; = (fo + Afs) is given by

Mo 1 AG _ 1acy
fs 2(Co + Cs) 2. G

(13)

From Egs. (13) and (12), it is apparent that if the tip
radius a and the linear dielectric constant ¢33 are known,
we can directly measure the nonlinear dielectric con-
stant (absolute measurement) because Cy can be calcu-
lated using Eq. (12). Moreover, even if the radius « is
unknown, we can determine the nonlinear dielectric
constant from a relative measurement using a standard
sample and the following equation

gui . Snl(gég)flst Afgl
333 7 ©333 i i s
Su(e5:) /5 AT

(14)
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Fig. 5. Carrier frequency shift vs. relative dielectric constant.

Table 1

Nonlinear dielectric constants obtained by SNDM

Sample £333 by SNDM (F/V) €333 by the
dynamic method
(F/V)

Absolute Relative
LiNbO;3 —1.65x1071 —1.12x107% —1.12x107%
(standard data)
LiTaO; —2.79x10~1 —2.80x10~1 —2.26x10"1

where the superscript st and ui mean “‘standard sample”
and “under investigation”, respectively. Af4 and AfY
are the measured frequency deviations under the same
applied voltage V.

Based on the results, we performed an absolute mea-
surement of the nonlinear dielectric constants of Z-cut
LiNbO; and Z-cut LiTaOj; substrates. The tip radius
was 12.5 um. The values of e333 obtained from the abso-
lute measurement by SNDM are given in Table 1 with
standard values determined by another accurate stan-
dard method termed the “dynamic measuring method of
capacitance variation with alternating electric field”.”
The data show good agreement with each other,
although the exact evaluation of the tip radius a is fairly
difficult. Of course, the relative measurement for £333 is
easier and more accurate than the absolute measure-
ment. Thus, we also performed the relative measure-
ment of the nonlinear dielectric constant £333 of Z-cut
LiTaOj; using the Z-cut LiNbO3 as the standard sample.
In this measurement, we used a probe needle with an
unknown tip radius. The result is also shown in Table 1.
From the relative measurement, the value of the non-
linear dielectric constant of LiTaO3; was 1.8 times larger
than that of LiNbOj3. In comparison with the standard
value of e3330f LiTaO5 which is 2.0 times larger than
that of LiNbQOs3, both values from the relative measure-
ment and the standard values of the nonlinear dielectric
constants show good agreement.

5. Conclusion

We have described the theory of SNDM and its appli-
cation to the quantitative evaluation of the linear and
nonlinear dielectric properties of ferroelectric and piezo-
electric materials. From the calculation of the depth
sensitivity and one-dimensional images of SNDM, it was
shown that the resolution and the depth sensitivity of
SNDM are functions of the dielectric constant of the
specimen and the tip radius a. For example, in the case
of £33/g9 = 1000 and a=10 nm, atomic scale resolution
is obtainable. Moreover, we successfully determined the
linear and nonlinear dielectric constants of dielectric
materials using SNDM.
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