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The tip–sample capacitance in the scanning capacitance microscopy~SCM! of dielectric films is
described through theoretical calculations based on the method of images. The results are explained
with the charge density distribution in the tip–sample system. Furthermore, capacitance signals in
the tapping mode SCM of dielectric films are experimentally investigated and found to be in good
agreement with the simulation results. ©1998 American Institute of Physics.
@S0021-8979~98!05820-4#
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I. INTRODUCTION

Scanning capacitance microscopy~SCM!1–7 is a tech-
nique to measure spatial variations of the tip–sample cap
tance with a conductive tip. The SCM has been successf
applied to measurements of dopant density profiles in se
conductor devices on the basis of the conventio
capacitance–voltage (C–V) method.4 Another interesting
application of the SCM is its use in the high-density info
mation storage with a nitride–oxide–silicon medium.5–7

For interpretation of SCM images, it is essential to
vestigate the contrast formation and the quantitative dete
nation of the tip–sample capacitance. Owing to the lo
distance nature of capacitance, however, these problem
complicated and should be studied with theoretical supp
So far, a number of theoretical studies have been repo
concerning capacitance, electrostatic force, and its grad
in the tip–sample system.2,8–11The calculation methods use
in the studies include the method of images,2,12,13the charge
simulation method,8,9 the surface charge method,10 and the
finite element method.11 Most of the studies were made fo
conducting samples. Investigations of the SCM, howev
should be performed for dielectric thin films with conducti
substrates, because such samples are generally measur
the SCM. Recently, electrostatic calculations for SC
samples of dielectric films were performed with the fin
element method, and the contrast formation in the SCM w
discussed.11

In this article, we present the theoretical calculations a
experimental measurements of the tip–sample capacit
for dielectric films with conductive substrates. The theore
cal analyses are performed by using the method
images.2,12,13The dependence of the tip–sample capacita
on the tip–sample distance, the film thickness, and the
permittivity is investigated. Furthermore, capacitance sign
in the tapping mode SCM6,7 are calculated. They are com
pared with experimental results obtained in the tapping m
SCM of dielectric films with different thicknesses.

a!Research Fellow of the Japan Society for the Promotion of Science.
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II. THEORETICAL APPROACH BY THE METHOD OF
IMAGES

A. Modeling of the tip–sample system

The tip–sample model for our electrostatic calculatio
is depicted in Fig. 1. The tip is represented by a conduc
sphere with radiusa, which equals the radius of curvature fo
the end of an actual tip. The tip end is away from the sam
surface by the distanced. The sample is a dielectric film o
thicknessb having an underlying conducting plane. The pe
mittivity of the film is e1 , while that of the surrounding
atmosphere ise0 , which is assumed to equal that of vacuu
The potential is set toV at the sphere; the tip–sample voltag
is V, because the potential at the plane is zero. In our mo
we assume that, ford,a, the electrostatic field near the ti
end approximates that of an actual tip–sample system;
cording to Ref. 8, the tip–sample field at the tip end ford
,a is dependent solely on the radius of the tip end a
almost independent of the overall tip shape. The approxim
tion can be good also for the tip-sample capacitance chan
~SCM signals!, if the field changes are caused exclusively
a local region near the tip end. This will be confirmed la
by calculating the charge density distribution on the surfa
of the tip and sample.

The field determined by the model is equivalent to th
determined by surface charges~space charges! continuously
distributed over the surfaces of the sphere, film, and pl
which are virtually replaced by vacuum~here, the surface
charges on the film–plane interface are apparent char
i.e., the real charges on the plane side plus the polariza
charges on the film side!. The surface charges are repr
sented by the point charges obtained with the following te
nique. Electrostatic problems are then solved with the mo
by the use of the point charges.

B. Principle

The principle of the technique is to successively perfo
electrical imaging for the following three models: A poin
charge and a dielectric plane, a point charge and a con
tive plane, and a point charge and a conductive sphere.
electrical imaging for these models is described in
literature.13 The procedure for the technique is as follow
First, an initial charge is placed at the center of the sph
3 © 1998 American Institute of Physics
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The initial charge, shown asq0 in Fig. 1, determines the
potentialV at the sphere. Here,V5q0 /(4pe0a). Next, two
image charges, shown asq1 and q2 in Fig. 1, are created
from q0 . q1 and q2 are determined independently with th
conventional methods13 and placed in the film and the plan
respectively.~The location ofq1 , the polarization charge
depends on from which side the charge is seen: It is loca
on the film side~as shown in Fig. 1! and at the same positio
as q0 , seen from the sphere and from the plane, resp
tively.! Likewise, two more image charges are created fr
each ofq1 andq2 . The production of image charges is co
tinued in a similar manner until the total charges in t
sphere and plane converge. The field determined by all
point charges~including the polarization charges! then ap-
proaches that determined by the surface charges menti
above.

The tip–sample capacitance is given by dividing the
tal charges~real charges! by the tip–sample voltageV. Inci-
dentally, calculating the density of the charges induced
the surfaces of the sphere and plane helps in understan
the tip–sample capacitance. The charge densities, which
proportional to the fields at the sphere and plane surfaces
obtained by superimposing the fields from the point char
~including the polarization charges!.

In order to simplify the calculations, the imaging oper
tions in our computation method are performed by using
algorithm in which a charge in the sphere or plane gener
an image charge in each of the sphere and plane. In o
words, the imaging operations for an original charge and
polarization charge are performed simultaneously. In Fig
for example,q0 directly generates one image charge in t
sphere and the other in the plane: The former is one im
charge forq1 and the latter is the sum ofq2 and the other
image charge forq1 .13

C. Simulation of capacitance signals in tapping mode
SCM

It is interesting to compare tip–sample capacitances
tained by the above technique with corresponding exp
mental results. In particular, the comparison should be p
formed in terms of capacitance changes reflecting change

FIG. 1. Calculation model of the tip–sample system.e0 and e1 represent
permittivities of the atmosphere~vacuum! and of the film, respectively.q0 is
the initial point charge.q1 and q2 are image charges in the dielectric film
and the conductive plane, respectively.
Downloaded 11 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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the field near the tip end. Accordingly, the experiment sho
be performed with an SCM using a capacitance modula
technique for differential capacitance sensing.2–6 The tap-
ping mode SCM6,7 is a good choice here. This SCM uses t
tapping motion of the tip not only to modulate the tip
sample capacitance but also to accurately control the
sample distance in a tapping mode scanning force mic
copy fashion. Simulations of capacitance signals in
tapping mode SCM are performed in the following way. T
tip–sample distanced is sinusoidally changed due to th
sinusoidal vibration of the tip tapping the sample surface
frequencyf. d(t) as a function of timet is then given by
d(t)5dmax(12cos 2p f t)/2, wheredmax is the maximum tip–
sample distance, i.e., the peak-to-peak amplitude of the
vibration. The tip–sample capacitanceC(d) as a function of
d is accordingly modulated with the tip vibration and the
lock-in amplified. Consequently the output signal is prop
tional toCmod, the component oscillating at the fundamen
frequency~modulation frequency! of f. Cmod is given by

Cmod5
2

T E
2T/2

T/2

C@d~ t !#cos 2p f t dt, ~1!

whereT51/f .

D. Calculations

The electrostatic calculations by the above method
quire that the tip–sample fields should converge after a
tain number of imaging operations. In order to confirm t
convergence, the total charges obtained aftern times of im-
aging operations were examined. One imaging operation
fined here is to produce, in the algorithm mentioned abo
two image charges from every original charge: In thenth
operation, 2n image charges are produced from 2n21 original
charges. The calculations were performed fora5100 nm,
b550 nm, e r5e1 /e055, and d50 nm. In the following
calculations,a5100 nm ande r55 unless otherwise spec
fied.

Tip–sample capacitances were calculated as function
d for b550 and 100 nm anda550, 100, and 150 nm.d was
varied from 0 to 100 nm. Next, the dependence of the ti
sample capacitance on the thickness and the permittivity
film was examined ford50 nm. b ande r were varied from 2
to 200 nm and from 1 to 20, respectively. Furthermore,
charge densities on the surfaces of the sphere and plane
calculated ford50 and 50 nm andb550 nm; forb525, 50,
and 100 nm andd50 nm; and fore r52.5, 5, and 10,b
550 nm, andd50 nm.

Capacitance signals in the tapping mode SCM were
culated according to Eq.~1! for b550 and 100 nm whilea
550, 100, and 150 nm.dmax was varied from 0 to 100 nm
Capacitance curves forC(d) were obtained by calculating
tip–sample capacitances for different values ofd and then
interpolating the calculated values.

III. EXPERIMENT

As mentioned above, the tip–sample capacitance in
SCM of dielectric films on conductive substrates was inv
tigated experimentally with the tapping mode SCM.6,7 The
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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samples used here are thermally grown SiO2 films on Si
wafers @n-type, ~100!, 0.01–0.02V cm#. The Si substrates
are regarded as conductors because of their very high do
density. The SiO2 films were etched with hydrogen fluorid
~HF! solution to form 5mm line/space structures having tw
different film thicknesses. Two SiO2/Si samples were use
in the SCM measurements; sample A withb5240 and 120
nm, and sample B withb5240 and 50 nm.

The experimental setup here was the same as that p
ously used.6,7 The probe is a cantilever of tungsten wire of 5
mm in diameter. The cantilever length is about 2 mm. T
free end of the probe is bent at a right angle, with the
length less than 1 mm. The end of the tip is sharpened
electrochemical etching. According to a scanning elect
microscopy observation, the whole tip can be represente
a cone with a spherical end. The half opening angle for
cone is about 15°. The tip end is well represented by a sp
with the radius of 200 nm in terms of the tip size, althoug
strictly speaking, the radius of curvature at the apex is ab
400 nm.

The samples were line scanned by the tapping m
SCM, while the capacitance signal and the topographic
nal were simultaneously acquired with tapping motion a
plitudes kept constant by feedback control. The scan sp
was set very low~10 s/line! so that the feedback controlle
could follow step changes in a sample with sufficiently sm
errors.dmax was set to different values ranging from 30
100 nm. The experimental results were then compared w
theoretical results obtained by the above method.

IV. RESULTS AND DISCUSSION

A. Calculation results

In Fig. 2, the total charges~real charges! in the sphere
and plane forb550 nm,e r55, anda5100 nm are shown a
functions of the number of operationsn. The tip–sample
voltageV is 1 V. Figure 2 shows that the convergence of t
total charges is quite good. The convergence tends to
slower for thinner films or higher permittivity films.

Figure 3 shows tip–sample capacitances as function

FIG. 2. Convergence of the total charges in the sphere and the planb
550 nm, e r55, anda5100 nm.
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d for b550 and 100 nm ande r55. As shown in Fig. 3, the
capacitances do not change much with changes in the
sample distance or the film thickness, unlike a sim
parallel-plate capacitance. Also, with the increase of the t
sample distance, the tip–sample capacitances do not
proach zero butC54pe0a, the capacitance for an isolate
conductive sphere with radiusa.

Figure 4 shows the capacitance–thickness curve foe r

55 and capacitance–permittivity curve forb550 nm. As
exhibited in Fig. 4, the capacitance varies slowly w
changes in the thickness and permittivity, showing, roug
speaking, logarithmic dependence on them. This is an imp
tant result for interpretations of SCM images.

Figure 5 shows surface charge density distributions
the conductive sphere and plane fora5100 nm. The tip–
sample voltageV is 1 V. Figures 5~a! and 5~b! show the
charge densities on the sphere and plane, respectively. H
d50 and 50 nm whileb550 nm ande r55. The tip–sample
capacitances are 25.1 and 16.5 aF ford50 and 50 nm, re-

.
FIG. 3. Tip–sample capacitance as a function of the tip–sample distand
for e r55.

FIG. 4. Dependence of the tip–sample capacitance on the thicknessb and
the relative permittivity e r of the film for a5100 nm. e r55 for the
capactance–thickness curve.b550 nm for the capacitance–permittivity
curve. The broken line is forC54pe0a, the capacitance of an isolate
conductive sphere.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 5. Charge densities on the sphere~a! and on the plane~b! for d50 and 50 nm,a5100 nm, ande r55; and charge densities for different film thickness
~c! and for different permittivities~d!.
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spectively. Figure 5~c! shows charge densities on the pla
for b525, 50, and 100 nm whiled50 nm ande r55. The
tip–sample capacitances are 28.0, 25.1, and 22.7 aF fb
525, 50, and 100 nm, respectively. Figure 5~d! shows
charge densities on the plane fore r52.5, 5, and 10 while
b550 nm andd50 nm. The tip–sample capacitances a
21.3, 25.1, and 29.4 aF fore r52.5, 5, and 10, respectively
As shown in Fig. 5, the charge densities are concentrate
the center axis~r 50 andu50! of the tip–sample system an
the charge density changes are almost zero for large va
of u andr. Furthermore, the broadening of the charge den
distribution, evaluated by half width at half maximu
~HWHM!, decreases with the decrease ofd and b and with
the increase ofe r , while the maximum value of the densit
increases. These facts account for the changes in the
sample capacitance being small, as discussed above wit
spect to Figs. 3 and 4. In addition, the broadening of
charge density distributions on the plane is likely to det
mine the lateral resolution in the SCM. In Fig. 5~b!, the
HWHM of the curve for the charge density difference
comparable to the tip radius, which suggests that the lat
resolution in the SCM is comparable to the tip size.2,3,6
Downloaded 11 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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The surface integral of the charge density change sho
in Fig. 5~a! proves that the change in the surface charges
the area defined by 0°,u,90°, the hemisphere on th
sample side, are responsible for 95% of the change in
total charge in the sphere. This fact supports, in terms of
capacitance change, the validity of the approximation tha
actual tip is represented with a sphere. A condition for go
approximation will bed,a, as mentioned in Sec. II.

Figure 6 shows the simulation results of the capacita
signals in the tapping mode SCM of dielectric films ofb
550 and 100 nm ande r55. In Fig. 6, curves for 2Cmod, the
peak-to-peak amplitudes of the capacitance signal, are dr
as functions ofdmax. This figure shows that the gradients
the curves decrease withdmax, reflecting the gradients of the
capacitance–distance curves shown in Fig. 3. In addition,
signal contrasts, i.e., the ratios of the signals forb550 nm to
those forb5100 nm, do not depend considerably ondmax or
a.

B. Experimental results

Figure 7~a! shows a cross section of a SiO2 sample
~sample A!. Figure 7~b! shows the capacitance signal and t
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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topographic signal obtained simultaneously from sample
for dmax550 nm by line scanning a region having a step,
thickness difference. As shown in Fig. 7~b!, the capacitance
signal forb5120 nm is larger than that forb5240 nm by a
factor of 1.4. In addition, in Fig. 7~b!, the capacitance signa
drops in a region (b5240 nm) on the right side of the ste
edge. This means that the step changed the tip–sample
pacitance, reflecting its long-distance nature. The width d
ignated in Fig. 7~b! probably reflects the broadening of th
charge density distribution on the sample. In fact, the wi
is comparable to the HWHM of the charge density distrib
tion theoretically calculated.

The capacitance signals for different film thicknesses
plotted againstdmax as shown in Fig. 8.~The capacitance
signals from sample B forb5240 nm were smaller than

FIG. 6. Simulation results for capacitance signals of 2Cmod in the tapping
mode SCM as functions of the amplitudedmax of the tapping motion of the
tip. e r55.

FIG. 7. ~a! Cross section of a SiO2 sample~sample A!; ~b! the capacitance
signal and the topographic signal obtained in the experiment with the
ping mode SCM fordmax550 nm.
Downloaded 11 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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those from sample A by about 10%, which is often the ca
when samples are changed. Hence all the capacitance si
from sample B were corrected; namely, they are multipl
by a constant, assuming that the tip–sample capacita
changes with samples A and B forb5240 nm had been the
same.! The theoretical curves corresponding to the expe
mental data are also drawn in Fig. 8. These curves are
tained for a5200 nm ande r53.7, the permittivity of the
thermally grown SiO2 . The experimental data are plotted s
that those fordmax550 nm fit the curves well. As a whole
the experimental results agree well with the theoretical
sults as shown in Fig. 8, which is especially true for t
relative values of the capacitance signals for different fi
thicknesses. The agreement verifies that most of the ch
density change is caused in a local region near the tip e
i.e., if the contribution from regions far from the tip end
large, the signal contrasts would be considerably reduced
addition, theoretical signals were also calculated fora
5400 nm. Each of the curves for these signals could be
ter fit to the corresponding experimental data, but the sig
contrasts were greater than those for the data. A poss
reason for the small discrepancy between the theoretical
experimental results is that the end of the tip used in
experiment was not perfectly spherical. Another reason
that, in principle, the actual tip–sample field cannot be co
pletely realized by the presented model, even if the tip en
perfectly spherical.

More strict comparisons between the experimental a
theoretical results are possible, provided that the abso
values for the former are obtained. For this purpose, accu
calibration of the tip–sample capacitance sensing is in
pensable, although it is difficult because the capacitance
be detected are very small compared to stray capacitance
our experiments, the magnitudes of the experimental cap
tance signals (2Cmod) roughly calibrated proved to be of th
same order as those of the theoretical signals.

V. CONCLUSIONS

The tip–sample capacitance in the SCM was inve
gated for samples of dielectric films on conductive su

p-

FIG. 8. Experimental data plots and the corresponding theoretical curve
capacitance signals obtained from samples A and B in the tapping m
SCM.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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4048 J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 K. Goto and K. Hane
strates. The method of images was applied to electros
calculations for the tip–sample system represented b
sphere-film-plane structure. It proved that the tip–sample
pacitance changes slowly with the tip–sample distance,
thickness, and the film permittivity, as opposed to a sim
parallel-plate capacitance. The capacitance increase b
small is a result of the concentration of the charge den
distribution on the center axis of the tip–sample system.
pacitance signals in the tapping mode SCM were theor
cally calculated from capacitance–distance curves obtai
The simulation results agreed well with the experimental
sults for SiO2/Si samples.
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11Š. Lányi, J. Török, and P. Řehůřek, J. Vac. Sci. Technol. B14, 892

~1996!.
12H. C. Miller, J. Appl. Phys.37, 784 ~1966!.
13W. K. H. Panofsky and M. Phillips,Classical Electricity and Magnetism,

2nd ed.~Addison–Wesley Reading, MA, 1962!, Chap. 3; K. J. Binns and
P. J. Lawrenson,Analysis and Computation of Electric and Magnet
Field Problems, 2nd ed.~Pergamon, Oxford, 1973!, Chap. 3.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp


