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Tip—sample capacitance in capacitance microscopy of dielectric films
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The tip—sample capacitance in the scanning capacitance micro§8@d) 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. 98 American Institute of Physics.
[S0021-897€08)05820-4

I. INTRODUCTION Il. THEORETICAL APPROACH BY THE METHOD OF
IMAGES

Scanning capacitance microscof§CM)*~" is a tech- 5 Modeling of the tip—sample system
nigue to measure spatial variations of the tip—sample capaci- The fi | del § | ) lculati
tance with a conductive tip. The SCM has been successfull}/S d e tip=sample mode! for our electrostatic calculations

applied to measurements of dopant density profiles in semi- epicted in Fig. 1. The tip is represented by a conductive
bp b y P sphere with radiug, which equals the radius of curvature for

conductor devices on the basis of the conventionajne enq of an actual tip. The tip end is away from the sample
capacitance-voltageC{-V) method! Another interesting  grface by the distanc# The sample is a dielectric film of
application of the SCM is its use in the high-density infor- thicknessb having an underlying conducting plane. The per-
mation storage with a nitride—oxide—silicon mediif. mittivity of the film is e;, while that of the surrounding
For interpretation of SCM images, it is essential to in-atmosphere ig,, which is assumed to equal that of vacuum.
vestigate the contrast formation and the quantitative determiFhe potential is set t¥ at the sphere; the tip—sample voltage
nation of the tip—sample capacitance. Owing to the longiS V, because the potential at the plane is zero. In our model,
distance nature of capacitance, however, these problems af¢ assume that, fai<a, the electrostatic field near the tip
complicated and should be studied with theoretical suppor€Nd @pproximates that of an actual tip-sample system; ac-

So far, a number of theoretical studies have been reporte‘t‘jDrOIing to Ref. 8, the tip—sample field at the tip end dor

. : . . . _<a is dependent solely on the radius of the tip end and
concerning capacitance, electrostatic force, and its gradien

in the ti | teRf-11Th lculati thod d almost independent of the overall tip shape. The approxima-
N the tip—sample Systef. € calculation methods Used yion can pe good also for the tip-sample capacitance changes

in the studies include the method of image$;*the charge (SCM signals, if the field changes are caused exclusively in

simulation method:’ the surface charge methd¥and the 5 |ocal region near the tip end. This will be confirmed later

finite element method: Most of the studies were made for by calculating the charge density distribution on the surfaces
conducting samples. Investigations of the SCM, howeverpf the tip and sample.

should be performed for dielectric thin films with conductive The field determined by the model is equivalent to that

substrates, because such samples are generally measureddejermined by surface chargéspace chargésontinuously

the SCM. Recently, electrostatic calculations for SCMdistributed over the surfaces of the sphere, film, and plane
samples of dielectric films were performed with the finite Which are virtually replaced by vacuuimere, the surface

element method, and the contrast formation in the SCM waSharges on the film—plane interface are apparent charges,
discussed! i.e., the real charges on the plane side plus the polarization

. . . . harges on the film side The surface charges are repre-
In this article, we present the theoretical calculations an . : . .
. . . sented by the point charges obtained with the following tech-
experimental measurements of the tip—sample capacitan

. L i X ,?‘ﬁque. Electrostatic problems are then solved with the model
for dielectric films with conductive substrates. The theoretl—by the use of the point charges.

cal analyses are performed by using the method of

images>'**3The dependence of the tip—sample capacitancg_ Principle

on the tip—sample distance, the film thickness, and the film o ) ) )

permittivity is investigated. Furthermore, capacitance signals The principle of the technique is to successively perform

in the tapping mode SCHM are calculated. They are com- electrical imaging for_the following _three models: A point
charge and a dielectric plane, a point charge and a conduc-

pared with experimental results obtained in the tapping mOdﬂve plane, and a point charge and a conductive sphere. The
SCM of dielectric films with different thicknesses. electrical imaging for these models is described in the
literature®® The procedure for the technique is as follows.
dResearch Fellow of the Japan Society for the Promotion of Science.  First, an initial charge is placed at the center of the sphere.
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a the field near the tip end. Accordingly, the experiment should
be performed with an SCM using a capacitance modulation
technique for differential capacitance sensin®The tap-
ping mode SCM’ is a good choice here. This SCM uses the
tapping motion of the tip not only to modulate the tip—
sample capacitance but also to accurately control the tip—
sample distance in a tapping mode scanning force micros-
copy fashion. Simulations of capacitance signals in the
tapping mode SCM are performed in the following way. The
tip—sample distance is sinusoidally changed due to the
sinusoidal vibration of the tip tapping the sample surface at
frequencyf. d(t) as a function of time is then given by
d(t) =dpafl—cos 27ft)/2, whered . is the maximum tip—
FIG. 1. Calculation model of the tip—sample systemj.and €, represent ~ sample distance, i.e., the peak-to-peak amplitude of the tip
permi?t_ivities. of the atmosphe(eacuurﬁ and of the film', respec'tivelgq('J is_ vibration. The tip—sample capacitanGéd) as a function of
g‘ned '?Agaégﬁéztcgczrgmle f"?:s‘gze;ri\elélr;age charges in the dielectric film o accordingly modulated with the tip vibration and then
lock-in amplified. Consequently the output signal is propor-
tional to C,,oq, the component oscillating at the fundamental
The initial charge, shown agq in Fig. 1, determines the frequency(modulation frequengyof f. C,,oq iS given by
potentialV at the sphere. Her&/=q,/(4mega). Next, two o 12
image charges, shown ag and g, in Fig. 1, are created Crod== f C[d(t)]cos 2rft dt, (1)
from qg. g, andq, are determined independently with the T )2
conventional method3and placed in the film and the plane, whereT= 1/f.
respectively.(The location ofq,, the polarization charge,
depend; on'from which side 'Fhe charge is seen: It is Ilolcategl Calculations
on the film side(as shown in Fig. land at the same position
as ggp, seen from the Sphere and from the p|ane, respec- The electrostatic calculations by the above method re-
tively.) Likewise, two more image charges are created fronfluire that the tip—sample fields should converge after a cer-
each ofg, andq,. The production of image charges is con- tain number of imaging operations. In order to confirm the
tinued in a similar manner until the total charges in theconvergence, the total charges obtained aftémes of im-
sphere and plane converge. The field determined by all thagding operations were examined. One imaging operation de-
point chargegincluding the polarization chargeshen ap- fined here is to produce, in the algorithm mentioned above,
proaches that determined by the surface charges mention&0 image charges from every original charge: In titk

conductive

above. operation, 2 image charges are produced frofhi 2 original
The tip—sample capacitance is given by dividing the to-charges. The calculations were performed &+ 100 nm,
tal chargegreal chargesby the tip—sample voltag¥. Inci-  b=50nm, & =¢€;/€,=5, andd=0nm. In the following

dentally, calculating the density of the charges induced ofalculations,a=100 nm ande,=5 unless otherwise speci-
the surfaces of the sphere and plane helps in understandirﬁ@d-
the tip—sample capacitance. The charge densities, which are TiP—sample capacitances were calculated as functions of
proportional to the fields at the sphere and plane surfaces, afefor b=50 and 100 nm and =50, 100, and 150 nnd was
obtained by superimposing the fields from the point charge¥aried from 0 to 100 nm. Next, the dependence of the tip—
(including the polarization charges sample capacitance on the thickness and the permittivity of a
In order to simplify the calculations, the imaging opera—f”m was examined fod=0 nm. b ande, were varied from 2
tions in our computation method are performed by using ari® 200 nm and from 1 to 20, respectively. Furthermore, the
algorithm in which a charge in the sphere or plane generategharge densities on the surfaces of the sphere and plane were
an image charge in each of the sphere and plane. In othéglculated fod=0 and 50 nm ané= 50 nm; forb=25, 50,
words, the imaging operations for an original charge and it&nd 100 nm andi=0 nm; and fore,=2.5, 5, and 10b
polarization charge are performed simultaneously. In Fig. 1=50 nm, andd=0 nm.
for example,q, directly generates one image charge in the ~ Capacitance signals in the tapping mode SCM were cal-
sphere and the other in the plane: The former is one imaggulated according to Eq1) for b=50 and 100 nm whilex
charge forg, and the latter is the sum af, and the other =50, 100, and 150 nmd,, was varied from 0 to 100 nm.

image charge fog; .*3 Capacitance curves foE(d) were obtained by calculating
tip—sample capacitances for different valuesdond then
C. Simulation of capacitance signals in tapping mode interpolating the calculated values.
SCM
Ill. EXPERIMENT

It is interesting to compare tip—sample capacitances ob-
tained by the above technique with corresponding experi- As mentioned above, the tip—sample capacitance in the
mental results. In particular, the comparison should be perSCM of dielectric films on conductive substrates was inves-
formed in terms of capacitance changes reflecting changes tigated experimentally with the tapping mode SEfiThe
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FIG. 3. Tip—sample capacitance as a function of the tip—sample distance
FIG. 2. Convergence of the total charges in the sphere and the fane. for €,=5.
=50 nm, ¢,=5, anda=100 nm.

d for b=50 and 100 nm and,=5. As shown in Fig. 3, the
samples used here are thermally grown Sims on Si capacitances do not change much with changes in the tip—
wafers[n-type, (100, 0.01-0.02Q2 cm]. The Si substrates sample distance or the film thickness, unlike a simple
are regarded as conductors because of their very high dopagérallel-plate capacitance. Also, with the increase of the tip—
density. The SIQfI'mS were etched with hydrogen fluoride Samp]e distance, the tip_samp|e Capacitances do not ap-

(HF) solution to form 5um line/space structures having two proach zero bu€=4meya, the capacitance for an isolated
different film thicknesses. Two SKISi samples were used conductive sphere with radius

in the SCM measurements; sample A with 240 and 120 Figure 4 shows the capacitance—thickness curveefor
nm, and sample B withh=240 and 50 nm. =5 and capacitance—permittivity curve for=50 nm. As
The experimental setup here was the same as that prevéxhibited in Fig. 4, the capacitance varies slowly with
ously used:” The probe is a cantilever of tungsten wire of 50 changes in the thickness and permittivity, showing, roughly
um in diameter. The cantilever length is about 2 mm. Thespeaking, logarithmic dependence on them. This is an impor-
free end of the probe is bent at a right angle, with the tiptant result for interpretations of SCM images.
length less than 1 mm. The end of the tip is sharpened by Figure 5 shows surface charge density distributions on
electrochemical etching. According to a scanning electroRhe conductive sphere and plane o100 nm. The tip—
microscopy observation, the whole tip can be represented byample voltage/ is 1 V. Figures %) and §b) show the
a cone with a spherical end. The half opening angle for thgharge densities on the sphere and plane, respectively. Here,
cone is about 15°. The tip end is well represented by a spheig=0 and 50 nm whild»=50 nm ande,=5. The tip—sample

with the radius of 200 nm in terms of the tip size, although,capacitances are 25.1 and 16.5 aFder0 and 50 nm, re-
strictly speaking, the radius of curvature at the apex is about

400 nm.

The samples were line scanned by the tapping mode film permittivity &,
SCM, while the capacitance signal and the topographic sig- 1 S [
nal were simultaneously acquired with tapping motion am- 40+ i

plitudes kept constant by feedback control. The scan speed
was set very low(10 s/line so that the feedback controller
could follow step changes in a sample with sufficiently small
errors.d . Was set to different values ranging from 30 to
100 nm. The experimental results were then compared with o0k ]
theoretical results obtained by the above method. l

IV. RESULTS AND DISCUSSION

tip—sample capacitance [aF]

A. Calculation results

In Fig. 2, the total chargegeal chargesin the sphere — =T ST
and plane fob=50 nm, ¢,=5, anda= 100 nm are shown as film thickness b [nm]
functions of the number of operations The tip—sample

voltageV is 1 V. Figure 2 shows that the convergence of theF!G- 4. Dependence of the tip—sample capacitance on the thicknasd
total charges is quite good. The convergence tends to btge relative permittivity e, of the film for a=100 nm. ¢,=5 for the

. . . oo capactance—thickness curvb=50 nm for the capacitance—permittivity
slower for thinner films or higher permittivity films. curve. The broken line is foE=4meya, the capacitance of an isolated

Figure 3 shows tip—sample capacitances as functions abnductive sphere.
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FIG. 5. Charge densities on the sph&eand on the plané) for d=0 and 50 nma= 100 nm, ance, =5; and charge densities for different film thicknesses
(c) and for different permittivitiegd).

spectively. Figure &) shows charge densities on the plane  The surface integral of the charge density change shown
for b=25, 50, and 100 nm whild=0 nm ande,=5. The in Fig. 5@a) proves that the change in the surface charges on
tip—sample capacitances are 28.0, 25.1, and 22.7 alb for the area defined by 6°6<90°, the hemisphere on the
=25, 50, and 100 nm, respectively. Figurédp shows sample side, are responsible for 95% of the change in the
charge densities on the plane fgr=2.5, 5, and 10 while total charge in the sphere. This fact supports, in terms of the
b=50 nm andd=0 nm. The tip—sample capacitances arecapacitance change, the validity of the approximation that an
21.3, 25.1, and 29.4 aF fa;,=2.5, 5, and 10, respectively. actual tip is represented with a sphere. A condition for good
As shown in Fig. 5, the charge densities are concentrated capproximation will bed<<a, as mentioned in Sec. Il.

the center axi¢r =0 and6=0) of the tip—sample system and Figure 6 shows the simulation results of the capacitance
the charge density changes are almost zero for large valuaggnals in the tapping mode SCM of dielectric films lof

of # andr. Furthermore, the broadening of the charge density=50 and 100 nm and,=5. In Fig. 6, curves for £,,,4, the
distribution, evaluated by half width at half maximum peak-to-peak amplitudes of the capacitance signal, are drawn
(HWHM), decreases with the decreasedodindb and with  as functions ofd,,,. This figure shows that the gradients of
the increase o€, , while the maximum value of the density the curves decrease with,,y, reflecting the gradients of the
increases. These facts account for the changes in the tipeapacitance—distance curves shown in Fig. 3. In addition, the
sample capacitance being small, as discussed above with reignal contrasts, i.e., the ratios of the signalsikfer50 nm to
spect to Figs. 3 and 4. In addition, the broadening of thehose forb=100 nm, do not depend considerably ayy, or
charge density distributions on the plane is likely to deter-a.

mine the lateral resolution in the SCM. In Fig(bh the
HWHM of the curve for the charge density difference is
comparable to the tip radius, which suggests that the lateral Figure da) shows a cross section of a SiGample
resolution in the SCM is comparable to the tip si7€. (sample A. Figure Tb) shows the capacitance signal and the

B. Experimental results
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FIG. 6. Simulation results for capacitance signals 6f.g, in the tapping amplitude dpgx [nm]
mode SCM as functions of the amplitudg,, of the tapping motion of the |G, 8. Experimental data plots and the corresponding theoretical curves for

tip. €=5. capacitance signals obtained from samples A and B in the tapping mode

SCM.

topographic signal obtained simultaneously from sample A L
for d.,.,,=50 nm by line scanning a region having a step, thethose from sample A by about 10%, which is often the case

thickness difference. As shown in Fig(J, the capacitance when samples are changed. Hence all the capacitance.si'gnals
signal forb=120 nm is larger than that fdy=240 nm by a from sample B were cqrrected; namgly, they are muItlplled
factor of 1.4. In addition, in Fig. (b), the capacitance signal by a constant, assuming that the tip—sample capacitance

drops in a region =240 nm) on the right side of the step changes with samples A and B fbr=240 nm had been the

edge. This means that the step changed the tip—sample C%qme) The theoretical curves corresponding to the experi-

pacitance, reflecting its long-distance nature. The width desm?ntgl fdata_are also dra:jwn_in Fig.h8. Thes_e _c_urve? ahre ob-
ignated in Fig. Tb) probably reflects the broadening of the tzune ”ora—ZOO nm aﬂ &=3.7, the Fgrmlttlwty Io tde
charge density distribution on the sample. In fact, the widgrnermally grown SIQ. The experimental data are plotted so

is comparable to the HWHM of the charge density distribu-tEat those_ fordmalx=50 Inm fit the culrlve§ r\]/ver:l. Ahs a W.h0||e’
tion theoretically calculated. the experimental results agree well with the theoretical re-

The capacitance signals for different film thicknesses aréuns, as shown in Fig. 8, W,hiCh is gspecially t'rue for t'he
plotted against,., as shown in Fig. 8(The capacitance relative values of the capacitance signals for different film
signals from sanr1r1aEIe B fob= 240 nm were smaller than thicknesses. The agreement verifies that most of the charge

density change is caused in a local region near the tip end,

i.e., if the contribution from regions far from the tip end is

large, the signal contrasts would be considerably reduced. In
5um  , observed region addition, theoretical signals were also calculated for

m w u M =400 nm. Each of the curves for these signals could be bet-
240nm . . . -

i1l ______9R2 ter fit to the corresponding experimental data, but the signal
- B contrasts were greater than those for the data. A possible
reason for the small discrepancy between the theoretical and
experimental results is that the end of the tip used in the

experiment was not perfectly spherical. Another reason is

that, in principle, the actual tip—sample field cannot be com-

pletely realized by the presented model, even if the tip end is
perfectly spherical.

More strict comparisons between the experimental and
theoretical results are possible, provided that the absolute
values for the former are obtained. For this purpose, accurate
calibration of the tip—sample capacitance sensing is indis-
pensable, although it is difficult because the capacitances to
be detected are very small compared to stray capacitances. In
our experiments, the magnitudes of the experimental capaci-
. . tance signals (€,,,9 roughly calibrated proved to be of the

0 1 2 3 same order as those of the theoretical signals.
position [um]
(b) V. CONCLUSIONS
FIG. 7. (a) Cross section of a SiOsample(sample A; (b) the capacitance . . . . .
signal and the topographic signal obtained in the experiment with the tap- 1€ tip—sample capacitance in the SCM was investi-
ping mode SCM ford,,,=50 nm. gated for samples of dielectric films on conductive sub-

—~
&
N

0.6
0.4
0.2

T T T ¥ T
| I T N Y S S B

capacitance signal [A.U.]

T T T T /300

3 ’ 1200

r -100

film thickness [nm]

Downloaded 11 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



4048 J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 K. Goto and K. Hane

strates. The method of images was applied to electrostatiéJ. R. Matey and J. Blanc, J. Appl. Phy&¥, 1437(1985.

calculations for the tip—sample system represented by &H. P. Kleinknecht, J. R. Sandercock, and H. Meier, Scanning Micsc.
sphere-film-plane structure. It proved that the tip—sample ca—31839(198_3- _

pacitance changes slowly with the tip—sample distance, film S'QEQW""amS' W. P. Hough, and S. A. Rishton, Appl. Phys. L88.203
thickness, and the fl.lm permittivity, as pppose_d to a Slmpl.e“C. C. Williams, J. Slinkman, W. P. Hough, and H. K. Wickramasinghe,
parallel-plate capacitance. The capacitance increase beln%ppl_ Phys. Lett55, 1662(1989.

small is a result of the concentration of the charge densitysr, c. Barrett and C. F. Quate, J. Appl. Phys, 2725(1992.
distribution on the center axis of the tip—sample system. Ca$k. Goto and K. Hane, Rev. Sci. Instruré8, 120(1997.

pacitance signals in the tapping mode SCM were theoreti-'K. Goto and K. HaneAdvances in Information Storage Systefmeri-
cally calculated from capacitance—distance curves obtained.can Society of Mechanical Engineers, World Scientific, Singapore
The simulation results agreed well with the experimental re-°G. Mesa, E. Dobado-Fuentes, and J. Jerfa J. Appl. Phys79, 39

. . 1996.
sults for SiQ/Si samples. (
Q P 9S. Belaidi, P. Girard, and G. Leveque, J. Appl. PH8%.1023(1997).

105, watanabe, K. Hane, T. Ohye, M. Ito, and T. Goto, J. Vac. Sci. Technol.
ACKNOWLEDGMENTS B 11, 1774(1999. V
' ' o ne o o o .
This work was supported in part by a Grant-in-Aid from (Sl-g'éae)”y" J. Taok, and P. Rhuek, J. Vac. Sci. Technol. B4, 892

the Ministry of E tion ien n lture of n )
Se tSCy('z fduc:do ’ ScdeTcle, and Cultu f.o J?_pah, b?{ZH. C. Miller, J. Appl. Phys37, 784 (1966.

upport Lenter tor vance e ecommumca lons fechno BW. K. H. Panofsky and M. PhillipsClassical Electricity and Magnetism
ogy Research, and b_y Hoso Bunka_ Foundation. Part_ of theng ed.(Addison—Wesley Reading, MA, 192Chap. 3; K. J. Binns and
work was performed in Venture Business Laboratory in To- p. j. LawrensonAnalysis and Computation of Electric and Magnetic

hoku University. Field Problems 2nd ed.(Pergamon, Oxford, 19F3Chap. 3.

Downloaded 11 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



