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Nanoscale capacitance microscopy of thin dielectric films
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We present an analytical model to interpret nanoscale capacitance microscopy measurements on thin
dielectric films. The model displays a logarithmic dependence on the tip-sample distance and on the
film thickness-dielectric constant ratio and shows an excellent agreement with finite-element
numerical simulations and experimental results on a broad range of values. Based on these results,
we discuss the capabilities of nanoscale capacitance microscopy for the quantitative extraction of
the dielectric constant and the thickness of thin dielectric films at the nanoscale. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2957069]

I. INTRODUCTION

Nanoscale capacitance microscopy'_4 (NCM) is an
emerging technique that measures the capacitance between
an atomic force microscope (AFM) tip and the metallic,
semiconductor, or dielectric material deposited on a conduc-
tive substrate [Fig. 1(a)]. For thin dielectric films, the power
of NCM resides in the ability to quantify intrinsic properties,
including film thickness® and dielectric constamt,6 with lateral
spatial resolution well beyond the limit of conventional el-
lipsometry, reflectance spectroscopy,7 and capacitance
metlrology.&9

In two recent papers,6’ % we have demonstrated the quan-
titative measurement of the dielectric constant and the thick-
ness of thin insulating films at the nanoscale. To extract these
parameters, we have used the following logarithmic expres-
sion of the capacitance probed by the nanometric tip apex on
the thin dielectric film,

1

R-(1-sin 90)} i~

Cdielectric , ,/’l =2 Inl 1+
(2.8, = 2megR In 7+ hle,

apex
where g, is the vacuum dielectric constant, ¢, the relative
dielectric constant of the film, & the thickness of the film, z
the apex-film separation distance, R the effective apex ra-
dius, and 6, the cone angle of the tip [see Fig. 1(b)]. How-
ever, a theoretical assessment of the origin and range of ap-
plicability of Eq. (1) has not been provided yet.

In the present paper, we precisely address this issue by
presenting a theoretical discussion on the origin and the
range of applicability of Eq. (1). We demonstrate that this
analytical model is in excellent agreement with finite-
element numerical simulations in a wide range of parameters
and sizes of the system. Based on these results, we will dis-
cuss the capabilities and range of applicability of NCM for
the quantitative characterization of thin dielectric films at the
nanoscale.

We note that an analytical model for the tip-sample ca-
pacitance on a dielectric film, besides a direct use in NCM, is
of great importance also in the context of electrostatic force
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microscopy and scanning capacitance microscopy (scm),!
in which previous studies'> ™" have mostly restrict them-
selves to numerical simulations and not fully addressed the
analytical modeling.

Il. APEX CAPACITANCE MODEL FOR A THIN
DIELECTRIC FILM

A. Theoretical derivation

In NCM, the measured capacitance is the sum of two
contributions shown in Fig. 1(a), namely, the apex capaci-
tance C,ex sensed by the very end of the probe and the stray
capacitance Cyy,, associated with the tip cone, the cantilever,
and the whole AFM probe assembly. Only the apex contri-
bution depends on the local properties of the sample,2’6’10 as
will be clearly shown later, and, hence, it is the single con-
tribution that needs to be analytically modeled in a precise
way. The remaining contributions conform the stray capaci-
tance contribution that can be subtracted from the experi-
ments following an appropriate calibration procedure as pre-
viously reported. 16,10

In order to arrive at an analytical expression for the apex
capacitance in the presence of a thin dielectric film, we will
restrict ourselves to the model system depicted in Fig. 1(b).
The sharp metallic tip is modeled as a truncated cone of
height H and aperture angle 6, ended with a spherical sur-

@ AFM probe

FIG. 1. (Color online) Schematic representation of (a) a nanoscale capaci-
tance measurement and (b) the tip-sample system as modeled in our numeri-
cal calculations.

© 2008 American Institute of Physics
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FIG. 2. (Color online) Surface charge density distribution obtained from
numerical simulation (symbols) and the analytical model (continuous line)
on the tip surface as a function of the radial distance r from the axis (film
thickness 7#=10 nm, tip radius R=100 nm, cone angle 6,=30°, and height
H=16 um, voltage difference V=1 V). (a) Calculation for the tip in con-
tact with the dielectric film (z~0 nm) and different relative dielectric con-
stants. Inset: schematic representation of the model system showing relevant
positions (a, b, and ¢) on the apex; (b) calculation for the tip at different
distances from a dielectric film of relative dielectric constant &,=3.

face of radius R. The apex capacitance is mathematically
defined here as the capacitance associated with the spherical
area of the apex. The tip is located at a distance z from a thin
dielectric layer in air atmosphere of vacuum dielectric con-
stant g,. The film, deposited on a conductive substrate, has
thickness & and relative dielectric constant g,. We will con-
sidered here only thin films, with #<<H, which allows us to
disregard the effect of the cantilever on the electric field
distribution, as demonstrated by Sacha et al."”® For simplicity,
we assume the dielectric film (or any nanostructure on it) to
be homogeneous and with a lateral extension larger than the
apex radius. If these conditions are not satisfied, issues re-
lated to the lateral spatial resolution of the capacitance mea-
surement may appear, which will not be discussed here.

When a voltage difference is applied between the tip and
the bottom electrode, the electric charge distributes itself
over the tip surface as to make it an equipotential surface.
The charge distribution is not uniform due to the close prox-
imity of the dielectric film. Its spatial distribution depends
not only on geometrical parameters of the system, R, 6, and
the tip-film distance z but also on the intrinsic properties of
the dielectric film, / and &,.

In Fig. 2 we plot the charge density distribution (sym-
bols) on the tip surface as a function of the radial distance r
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from the axis, numerically calculated for different relative
dielectric constants [Fig. 2(a)] and tip-film distances [Fig.
2(b)], in the case of a dielectric film of thickness #=10 nm
and for 1 V applied. The tip parameters are those of a typical
conductive probe for scanning force microscopy with radius
of R=100 nm, cone angle 6,=30°, and height H=16 um
(the default parameters of the system if not otherwise speci-
fied). The curves have been obtained by using the electro-
static module in the finite-element software COMSOL MULT-
IPHYSICS. We note in Fig. 2 that only the charge density in
the apex region is sensitive to the relative dielectric constant
value [Fig. 2(a)] and to the tip-sample distance [Fig. 2(b)],
while the charge density corresponding to the remaining part
of the probe is almost insensitive to these parameters. This
fact justifies the assumption that only the apex of the tip is
sensitive to the local properties of the thin film, thus justify-
ing the inclusion of the cone contribution into the stray ca-
pacitance term.

Remarkably the charge distribution on the probe surface
obtained numerically can be quantitatively described by the
following simple analytical model:

a(6)ey N )
R z+h/s,+R—\/R2—r2’

(2)

O-apex(r;z,R’ 0o-h,€,) =

where 0, is the surface charge density (per volt applied)
and « is a constant term dependent only on the cone angle,
with the remaining parameters already defined. By fitting the
numerical simulations with « as single fitting parameter, we
obtain @(30°)=0.23 and, for different cone angles, a(10°)
=0.45 and «@(45°)=0.16. The agreement between Eq. (2) and
the numerical simulations is excellent in the whole range of
distances and parameters, as shown in Fig. 2. A small dis-
crepancy is observed only at the very end of the tip. As will
be seen later, this is not significant in terms of the apex
capacitance, which can be obtained by integrating the charge
density over the whole apex surface.

Equation (2) is interpreted as follows: the first term is
reminiscent from the uniform charge distribution of an iso-
lated probe, as suggested in Ref. 12, while the second term
corresponds to the charge density on an infinite parallel-plate
capacitor of plate separation z+/h+R—\VR?>—r? partially filled
with a dielectric material of thickness 4 and relative dielec-
tric constant &,. However, this simple interpretation should
be taken with caution. On the one hand, the first term does
not correspond quantitatively to the value of the isolated
probe, as we have verified for the case of a conducting
sphere (not shown here). On the other hand, in the infinite
parallel-plate approximation the magnitude of the electric
field is uniform in the perpendicular direction to the plates,
whereas the computed electric fields here show a remarkable
dependence on the vertical spatial variable. In any case, this
simple interpretation allows one arriving at Eq. (2) in a rather
direct way.

The apex capacitance is calculated from the surface
charge density distribution (per volt applied) as
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which gives

R[1 —sin(6,)]

Capex = 27780R In) 1+ + C()(R, 00) s (4)

i+ —
Sr
with
Co(R, 0p) = 2meRa(0p)(1 = sin ), (5)

where all parameters appearing in Egs. (3)—(5) have been
previously defined. Equation (4) coincides with Eq. (1) given
in the Introduction except for an additive constant term. As
we will see later on, this term is necessary to fit the finite-
element simulations, but it is irrelevant from an experimental
point of view, where only variations (and not the absolute
values) of the apex capacitance with respect to the stray ca-
pacitance can be measured.

Equation (4) provides the dependency of the apex ca-
pacitance as a function of the apex geometry (here repre-
sented by R and 6,), the intrinsic properties of the dielectric
film (h and &,), and the tip-film separation z. Equation (4)
displays a remarkably simple dependence of the apex capaci-
tance on the film parameters through the ratio i/e,. It is also
worth noting the logarithmic dependence of Eq. (4) on the
dielectric ratio h/e, and tip-sample distance z, which essen-
tially departs from the parallel-plane capacitor behavior that
would show stronger sensitivity to the local dielectric prop-
erties. In the limit of a metallic sample, obtained either when
h=0 or g,—», Eq. (4) reduces to

R[1—sin(6,)]
Z

C™ =2 7rg R Iny 1 +

apex + CO(R9 00) ’ (6)
which is the expression proposed by Hudlet et al.'® for a
metallic sample except for the (experimentally irrelevant)
constant term (see Ref. 17 for an experimental validation of
Hudlet et al. formula).

B. Numerical validation

To analyze the range of validity of the analytical expres-
sion proposed for the apex capacitance, we have compared
the behavior of Eq. (4) to finite-element numerical simula-
tions for different parameters and sizes of the tip-dielectric
film system. The goodness of Eq. (4) is studied varying the
geometrical size of the probe (R and 6,), the intrinsic prop-
erties of the thin film (k& and &,), and the tip-film distance z.
In the following, we will assume £=10 nm, R=100 nm,
6,=30°, and &,=3, if not otherwise specified.

Figure 3 shows the apex capacitance as a function of the
apex-dielectric film separation z for different radii, R=30,
100, and 200 nm, and relative dielectric constants €,=1, 3,
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FIG. 3. Capacitance-distance curves on a film of thickness 2=10 nm cal-
culated for different radii (R=30, 100, and 200 nm) and film relative dielec-
tric constants (g,=1, 3, and 6). Symbols: numerical simulations. Solid lines:
theoretical curves given by Eq. (4) with a(30°)=0.23.

and 6. The numerically computed capacitance and its depen-
dence on the relative dielectric constant and apex radii are
qualitatively similar to the one described in a previous nu-
merical analysis.12 The theoretical values given by Eq. (4)
provide a remarkably excellent agreement with the numerical
simulations in all cases by using «(30°)=0.23. Similar
agreement is obtained when varying the film thickness, e.g.,
h=30 nm and 2=100 nm (not shown here).

The cone angle dependence is also adequately repro-
duced by the analytical model. Figure 4 shows the apex ca-
pacitance as a function of the apex-dielectric film separation
z for three different cone angles 6,=10°, 30°, and 45°. Again
the agreement between numerical and analytical calculations
is excellent, provided the corresponding values of « reported
in Sec. II A are used.

Finally, Fig. 5 gives the apex capacitance as a function
of the film thickness and of the relative dielectric constant,
when the tip apex is in close proximity to the dielectric film
(z=0.1 nm, not strictly z=0 nm to avoid some simulation
difficulties). Again the theoretical results and the numerical
simulations are in excellent agreement in the whole range of
parameters here considered. Even in the limits of high rela-
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FIG. 4. Capacitance-distance curves calculated on a film of thickness &
=10 nm and relative dielectric constant &,=3 for a probe of radius R
=100 nm calculated for different cone angles 10°, 30°, and 45°. Symbols:
numerical simulations. Solid lines: theoretical curves given by Eq. (4) with
a(10°)=0.45, a(30°)=0.23, and «(45°)=0.16.

Downloaded 14 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



024315-4 Gomila, Toset, and Fumagalli

40 At & 42 tasl AL A AN A A A A MMM

Capex(aF)

0 — T T —

1 10 100
h (nm)

FIG. 5. Apex capacitance calculated for the probe in close contact with a
dielectric film as a function of the relative dielectric constant ¢, for a fixed
dielectric thickness of #=10 nm (upper horizontal axis) and as a function of
dielectric thickness for a fixed relative dielectric constant of g,=3 (bottom
horizontal axis) (tip radius R=100 nm and cone angle 30°). Symbols: nu-
merical simulations. Solid lines: theoretical curves given by Eq. (4) with
a(30°)=0.23.

tive dielectric constant (up to &,=100) or thick dielectric
films (up to #=100 nm), only slight deviations are obtained
(below 1-2 aF).

These numerical simulations fully validate the analytical
model derived in Sec. I A and demonstrate that the model is
extremely accurate in a broad range of parameter values,
including apex-film distance z from contact to 100 nm, film
thickness # from 1 nm up to 100 nm, relative dielectric con-
stant g, from 1 to 100, apex radius R from 30 to 200 nm, and
cone angles 6, from 10° to 45°.

lll. EXTRACTION OF NANOSCALE DIELECTRIC FILM
PROPERTIES

Once demonstrated the broad validity of the simple ana-
Iytical model of Eq. (4), we can now discuss on a theoretical
basis the capabilities and limitations of NCM for quantitative
characterization of thin dielectric films under realistic experi-
mental conditions. Equation (4) can be used to extract the
dielectric ratio /e, and, from this, the film thickness & or
relative dielectric constant g, at the nanoscale, depending on
the measurement approach. Among the various strategies
that can be used, we will discuss in what follows two repre-
sentative experimental methods: (a) capacitance-distance
curve measurements C(Z) and (b) capacitance profile mea-
surements C(X), where Z and X are the vertical and the fast
scan direction, respectively.

A. Capacitance versus distance measurements

In Ref. 6 we have demonstrated that by performing cali-
brated C(Z) curves on a homogeneous and uniformly thick
dielectric film (see Fig. 6 below), the ratio /e, can be ex-
tracted in a very quantitative way at the nanoscale. From Eq.
(4), we can model the apex capacitance variation measured
while approaching the tip to the film as
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FIG. 6. (Color online) (a) Schematic representation of a nanoscale

capacitance-distance experiment on a thin dielectric film. (b) Experimental
apex capacitance (black circles) and fitting to Eq. (7) (thick line) as function
of tip-sample distance on a SiO, thin film of thickness #=30 nm. The
calibration curve (white circles) performed on a metal region not covered by
the film is also reported and fitted to Eq. (8) (thin line). The horizontal axis
for this curve has been shifted an amount equal to the dielectric film thick-
ness to compare the curves at equal interelectrode distance. Extracted pa-
rameters: R=176 nm and &,=4.6 (with 6,=30°) Inset: measured (circles)
and fitting (line) difference between the C(Z) curve on the film and the one
on the metal at equal interelectrode distances (all measurements have been
performed with an applied ac voltage of 1 V amplitude and 60 kHz
frequency).

R[1-sin(6)]
P S L2

ielectric Z + h/sr
ACgpelX "¢ = 2qreR In m , (7)
"7
Z0+ hle,

where z; is the initial apex-film distance. While z, can be
precisely assessed through a simultaneous acquired force-
distance curve, the geometrical parameters of the tip, R and
0y, can be accurately calibrated by taking a similar C(Z)
curve on a metal surface and fitting it to the capacitance
variation expression for a metallic substrate obtained from
Eq. (6), namely,

R[1-sin(6)]

1+
A Cmetdllc =2 R1 < 8
apex TEort 0 R[1-5sin(6)] ®
14—
20

(see Ref. 6 for details). Therefore, the only unknown param-
eter in Eq. (7) is the dielectric ratio &/e,, which can be ex-
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tracted by fitting the experimental data. From the dielectric
ratio, either % or g, can be obtained, provided one of the two
parameters has a known value.

An example of such a procedure is illustrated in Fig.
6(b) where an experimental capacitance distance curve taken
on a SiO, thin film of 4=30 nm is shown. For comparison
and tip calibration purposes, an approach curve measured on
a metal region not covered by the film is also shown. The
horizontal axis for this last curve has been shifted an amount
equal to the film thickness & to compare the two C(Z) curves
at equal interelectrode distance. As can be seen the two ex-
perimental curves are in excellent agreement with the ana-
lytical models in Egs. (7) and (8), respectively, giving a tip
radius R~176=* 14 and a relative dielectric constant e,
~4.6* 1.2 (the cone angle is kept to 30°). The precision of
the extracted parameters is set essentially by the capacitance
noise of the instrument SC (here, SC~ 0.7 aF) and the size
of the apex radius.

The C(Z) approach for the extraction of the intrinsic
properties of the thin films as outlined above can be applied
as long as (i) the difference between the curve measured on
the dielectric film and the one on the bare metal at equal
interelectrode distances is larger than the capacitance noise
SC [inset of Fig. 6(b)] and (ii) the range of distances in
which the instrument detects the dielectric film is sufficiently
large for a meaningful fitting. This distance interval of sen-
sitivity can be defined as Az=z5-—z;., where the lower limit
Zjc is the jump-to-contact distance and the higher, z5c, is the
maximum distance at which the instrument is able to distin-
guish the dielectric film from the metallic substrate. The
maximum distance of sensitivity zs- can be determined by
equalizing the capacitance noise to the difference between
the curve on the dielectric film and the one on the metal at
equal interelectrode distance as

5C=A CdiﬁltCtriC(Zﬁc) _ ACmetal(Z 5C) ) (9)

apex apex
According to this definition, the maximum sensitivity dis-
tance in the experiments reported in Fig. 6 is roughly 75 nm
(see the inset). On a theoretical basis, Eq. (9) reads
R[1 —sin(6)]
l+—
ZsC + h/Sr
R[1 - sin(6,)]
P b 2
ZsC +h
R[1 —sin(6,)]
e S 2
20 + h/e,
R[1 —sin(6,)]
g
20 + h

6C =21eyR In
1

—2meyR In (10)

1

where the second term of Eq. (10) is negligible, provided
that zo>h.

By imposing a given value to z5-, Eq. (10) can be used
conversely to define the region of the R versus % plane, in
which the setup is expected to be sensitive to the dielectric
layer of relative dielectric constant g, below the tip at a dis-
tance z5-. From this type of plot one can evaluate whether
the experiment is meaningful under given experimental con-
ditions.
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FIG. 7. Theoretical sensitivity plot in the thickness 4 vs radius R plane,
showing the conditions required to detect a thin dielectric film in a
capacitance-distance experiment. For each curve, the sensitive region is to
the right. Calculations are obtained from Eq. (10) for different relative di-
electric constants (g,=3,6) and capacitance noise (6C=0.1,1,2 aF), and
fixed parameters 6,=30°, z5,=10 nm, and z,=100 nm. The dashed line and
the free dot correspond to the experimental situation shown in Fig. 6(b).

Figure 7 shows a representative plot for the case of 6,
=30°, z5c=10 nm, capacitance noise 6C=0.1, 1, and 2 aF,
relative dielectric constant &,=3 and 6, and for an initial
distance equal to z,=100 nm. We can see that in each case,
for a given capacitance noise of the instrument, there exits a
minimum radius R,;, below which the experiment is not
sensitive to the dielectric film irrespectively of the thickness
and relative dielectric constant. The value of R,;, strongly
depends on the capacitance noise level and relative dielectric
constant to be detected. For instance, for an instrument with
capacitance noise of 6C=2 aF and a dielectric film of &,
=3, one would need a tip radius of R>R, ;=65 nm to be
sensitive at 10 nm tip-film distance. Instead, for 1 aF noise
level, one would need R,;,=33 nm, and for 0.1 aF, only
R.in=3 nm. In addition, for a given radius, there exists a
range of film thicknesses that are detectable, which also de-
pends on capacitance noise and relative dielectric constant.
As an example, for R=70 nm, 6C=2 aF, and &,=3, the
measurable range of thickness is between /,,;,,=30 nm and
hpax=111 nm.

In view of these results, the experimental noise level of
NCM is fundamental. Existing instruments can attain capaci-
tance resolution down to 1 aF in a reasonable timescale.
Therefore, they are able to detect ultrathin dielectric films by
capacitance-distance curves in most cases, but with a trade-
off between spatial resolution (apex radius), relative dielec-
tric constant, and film thickness. Molecular film thicknesses
(h<2 nm) currently lie at the frontier of the state of the art,
requiring very large tip radius. To access molecular films
with acceptable lateral resolution (40-50 nm), improvement
of instrumental capacitance resolution below 0.1 aF is nec-
essary. The tip-capacitance formula can also be used to test
how precise is the measured relative dielectric constant using
the capacitance-distance approach. To determine whether the
measurement is able to distinguish to close values of the
dielectric constant, say &, from &,, one can modify Eq. (10)
as

max
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FIG. 8. Theoretical sensitivity plot in the thickness /4 vs radius R plane
showing the conditions required to set the value of the dielectric film in a
given interval (e; and &,) by a capacitance-distance experiment. For each
curve, the sensitive region is to the right. Calculations are obtained from Eq.
(11) with different capacitance noises (6C=0.1,1,2 aF) and fixed param-
eters 6,=30°, z5,=10 nm, and z,=100 nm. The dashed line and the free dot
correspond to the experimental situation shown in Fig. 6(b).

R[1 —sin(6)]
|4
Z5C+h/82
R[1 -sin(6)]
|4
Z§C+h/81
KL= sin(a)]
Zo+h/82
R[1—sin(6,)]
4 D
ZQ+ h/Sl

0C =2meyR In

—2megR In (11)

Figure 8 gives the sensitivity plot in the R-h plane for
three couples of relative dielectric constants (1 and 2, 2 and
3, and 3 and 4) for various capacitance noises. As can be
seen in Fig. 8, the sensitivity regions considerably reduce
when trying to determine the relative dielectric constant in a
given interval of values. They move toward thicker films and
larger radius for increasing values of the relative dielectric
constant. Therefore, existing instrumentation can set the rela-
tive dielectric constant value with a reasonable precision for
low relative dielectric constants (say &,<<5), but as before
with a trade-off between precision, tip radius, and sample
thickness. Nanoscale capacitance-distance experiment re-
ported in Fig. 7(b) satisfies the requirements to be sensitive
to the presence and able to set the value of the dielectric
constant in a prefixed range of values, as illustrated in Figs.
8 and 9 by the location of the big dot.

B. Capacitance profile measurement

In Ref. 10 we demonstrated that simultaneous capaci-
tance and topographic profiling measurements on a micro/
nanopatterned dielectric film allow one estimating in a very
quantitatively way the thickness of the film at the nanoscale
with high vertical resolution.

In a capacitance profile experiment, the topography and
local capacitance variations are measured simultaneously
with the tip in contact with the film, as sketched in Fig. 9(a).
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FIG. 9. (Color online) (a) Schematic representation of a nanoscale capaci-
tance profiling measurement on a homogeneous dielectric film with topo-
graphic variations (step of height A#). (b) Experimental topography and (c)
local capacitance profile measured on a nanostructured SiO, thin film of
unknown base thickness A, (symbols). The thick solid line corresponds to
the prediction of Eq. (12) with a base thickness hy~15 nm (and &,=4)
calculated with the experimentally calibrated radius R~ 173 nm. The thin
solid line corresponds to the approximate expression for the capacitance
variation in Eq. (13), which is independent of the relative dielectric constant
value (measurements done with applied an ac voltage of 1 V amplitude and
93 kHz frequency).

In the simple case of a homogeneous film of relative dielec-
tric constant &, with some thickness variations (a step or
simply the sample roughness), the measured variation in the
apex capacitance with respect to a reference location on the
film, x,, can be modeled as

1+ R(1 —sin 6,)
ielectri h(xo) + Ah(x)])/
ACS;,I;CH]C — 27780R In [ (XO) : (x)] &y , (12)
R(1 —sin 6,)
h(xp)/e,

where h(x)=h(xy)+Ah(x) and h(x,) are the film thickness at
locations x and x,, respectively. Equation (12) is deduced
from Eq. (7) by setting the tip-film distance at zero, z
=0 nm. Note that topography alone can give information on
thickness variations, i.e., Ah(x), but, in general, it does not
give information on the total sample thickness, that is, it does
not inform on the base thickness of the sample A(x,). A com-
bination of topography and nanoscale profiling allows one
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-AC,pex(aF)

Ah (nm)

FIG. 10. Theoretical estimation of the change in apex capacitance when
taking a profile on a dielectric step as a function of the step height Ak for
various bare thicknesses h, and relative dielectric constants &, (fixed param-
eters 6,=30° and R=100 nm).

obtaining this value (provided the relative dielectric constant
is known, see below about this point). To this end one mea-
sures the film topography simultaneously to the capacitance
variation, and then makes use of Eq. (12) with a calibrated
tip radius (and known relative dielectric constant).

An example of this procedure is illustrated in Fig. 9,
where simultaneous capacitance [Fig. 9(c)] and topography
[Fig. 9(b)] profiles were simultaneously measured on a nano-
structured SiO, thin film, displaying a steplike variation in its
thickness. The measured capacitance variation shown in Fig.
9(c) is the local contribution, accurately extracted after cali-
bration of the vertical and lateral stray contributions, as de-
tailed in Refs. 1, 2, and 6. The tip radius R was precisely
calibrated (R~ 173 nm) by fitting to Eq. (8) C(Z) curves
taken on a metal region not covered by the film, as described
before. The capacitance profile was fitted to Eq. (12) with a
single unknown parameter (the base thickness &) giving A
~ 15 nm in complete agreement with an independent topo-
graphic measurement performed at the edge of the structure
taking as reference the metal substrate. The relative dielectric
constant was taken to be ,=4 although, as we will see be-
low, in this case the result was almost independent of this
precise value. These results show how by means of simulta-
neous topographic and capacitance profiles we can extract
the film thickness at the nanoscale in a very quantitative way.

It is worth analyzing the sensitivity of the extraction pro-
cedure sketched above. To this end, we plot in Fig. 10 the
theoretical apex capacitance variation predicted by Eq. (12)
as a function of the step height Ak for various base thick-
nesses h and relative dielectric constants €, of the film. The
apex radius and the cone angle are kept fixed to R
=100 nm and 6,=30°, respectively.

We see that the sensitivity of the apex capacitance to the
thickness h, and step height Ak is remarkable, while it is
comparatively lower to the value of the relative dielectric
constant. Indeed, for a given hy and A#h, the increase of ca-
pacitance with g, is rather small 1-2 aF at most in the present
case. This means that the capacitance profile measurement
on thin homogeneous films is a very good method for thick-
ness measurement in a wide range of values (roughly 7,
Ah<30 nm for R=100 nm), but not for relative dielectric

J. Appl. Phys. 104, 024315 (2008)

5C=0.1 aF -

0 5 10 15 20 25 30
Ah (nm)

FIG. 11. Theoretical sensitivity plot in the step height A/ vs relative dielec-
tric constant &, plane, showing the regions under which capacitance profiles
are sensitive to the value of the relative dielectric constant (to the right of
the lines in each case). The cone angle is kept to 30° and different capaci-
tance noise levels are considered (8C=0.1,1,2 aF). Results are indepen-
dent of the radius R and film thickness /. The free dot corresponds to the
experimental conditions in Fig. 9 with 6C=1 aF.

constant extraction. We can precise this statement math-
ematically by noting that for &,R[ 1 —sin(6,)]> h+Ah, hy, Eq.
(12) can be approximated to

apex

y >+0(1), (13)

A Cfiielectric ~9 R ln(
e M o + Ak

which is dependent only on the thicknesses and the apex
radius, but not on the relative dielectric constant, whose con-
tribution will only appear as a first-order correction term.
The thin line in Fig. 9(c) and the lines for &, 1 in Fig. 10
correspond to the approximate expression in Eq. (13), thus
illustrating the goodness of the approximation. To be sensi-
tive to the relative dielectric constant value in a capacitance
profiling experiment, one would need a capacitance noise
level 6C lower than the first order correction term to Eq.
(13), that is,

Ah

— > 0oC. 14
g,(1 —sin 6) (14)

21eg

Using this expression, we can draw a simple sensitive
plot in the relative dielectric constant—step height plane (&,
—Ah), as shown in Fig. 11 (note that this plot is independent
of apex radius and base film thickness). According to this
plot, for a given capacitance noise, there exists a minimum
step height Ah,;, below which the dielectric constants can-
not be experimentally detected (for instance, Ah,,;,=8 nm
for 6C=1 aF). Similarly, for a given relative dielectric con-
stant, there also exists a minimum step height required to
make its effects appreciable. For instance, for €,=3 we have
Ah;,=27 nm for 6C=1 aF and Ah,;,=3 nm for 6C
=0.1 aF. For the experiments reported in Fig. 9 with ¢,=4
and 6C=1 aF, one has Ah,;,>30 nm that is larger than the
thickness variation at the step of the SiO, structure, Ah
~9 nm, thus explaining why the capacitance profile is not
sensitive to the value of ¢, in this measurement. Note that
these conclusions are independent of the value of the apex
radius and of the film thickness. Therefore, as a general rule,
capacitance profile experiments on nanostructured and ho-
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mogeneous thin films can be used to quantify film thickness
and thickness variations at the nanoscale. However, in order
to apply this approach for relative dielectric constant mea-
surements, either higher resolution instrumentation down to
subattfarad values or large roughness (AZ>30 nm) is re-
quired.

The low sensitivity of the capacitance profiles to the
relative dielectric constant can seem an inconvenient, but it
turns out to be a clear advantage when the main interest is
the extraction of the film thickness. This parameter can be
extracted with reasonable precision without knowing the film
relative dielectric constant (see an experimental example on
a supported biolayer in Ref. 10).

IV. CONCLUSIONS

In the present paper we have presented a theoretical
analysis of NCM on thin dielectric films. Finite-element nu-
merical simulations have demonstrated excellent agreement
with a simple logarithmic analytical model in the whole
range of parameters analyzed, including tip-film separation
from contact to 100 nm, film thickness from 1 nm up to 100
nm, relative dielectric constant from 1 to 100, apex radius
from 30 to 200 nm, and cone angles from 10° to 45°. Based
on this analytical model, we have discussed the capabilities
of NCM for quantitative extraction of the local relative di-
electric constant and thickness. Capacitance-distance experi-
ments on homogeneous dielectric films can quantitatively ac-
cess the local relative dielectric constant with a reasonable
trade-off between tip radius and sample thickness. Capaci-
tance profile measurements on nanostructured homogeneous
thin films are suitable for quantifying the local thickness,
while are less sensitive to the relative dielectric constant
value. The possibility to apply this innovative and quantita-
tive dielectric metrology in a large variety of fields, from
microelectronics, material science, to biology, demands for
the improvement of capacitance resolution of state-of-the-art
microscopes, which is currently the main limitation.
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