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In this work, the influence of the tip geometry in scanning capacitance microscopy is investigated
experimentally and theoretically on metal-oxide-semiconductor- !MOS" and Schottky-type
junctions on gallium-arsenide !GaAs". Using a two-dimensional model we find that on
Schottky-type junctions the electric field around the tip is screened by the surface states and that the
essential parameters entering the capacitance versus voltage C!V" characteristics are the doping
level and the contact area only. In contrast to that, the electric field from the tip penetrates into the
semiconductor on a MOS-type junction, and the tip geometry effects are much larger. C!V" spectra
are fitted to the experimental data and allowed a quantitative determination of doping levels, oxide
thickness, and contact area without further calibration measurements. © 2009 American Institute of
Physics. #DOI: 10.1063/1.3140613$

I. INTRODUCTION

Nowadays, scanning probe microscopy is routinely used
in a wide area of applications ranging from basic research to
industrial quality control. Among the vast number of differ-
ent scanning probe methods, atomic force microscopy with
conducting tips !cAFM" is especially helpful to investigate
nanostructures,1,2 local properties of dielectric films,3–6 and
recently also organic films.7 The cAFM technique we want to
discuss in this paper is scanning capacitance microscopy
!SCM". In SCM, a conductive AFM tip is used to measure
the local capacitance between the tip and the sample. In
scanning capacitance spectroscopy !SCS", the capacitance is
recorded during a dc voltage sweep to obtain a capacitance
versus voltage C!V" curve for further analysis. The main
application of this method is two-dimensional carrier profil-
ing for failure analysis or process control especially on cross
sectional samples.

Although SCM and SCS already had been used for many
years, quantitative SCM/SCS measurements are still a major
challenge for technical and physical reasons. First, the mea-
sured capacitance values are in the sub-fF regime only, and
to obtain a reasonable signal size at reasonable data collec-
tion speed for imaging, lock-in techniques are normally used.
Thus, commercial SCM systems usually yield qualitative
dC /dV data only. A survey about this technique can be found
in the review articles,8,9 for example.

To obtain quantitative results using commercial SCM
systems, the qualitative dC /dV data have to be calibrated.
This, however, is technically complicated due to large diffi-
culties with the reproducibility of the reference sample
preparation process.10–12 In addition, the properties of the
SCM tip–sample contact !e.g., the tip diameter" has a large
impact on the experimental C!V" or dC /dV data. Therefore,
the results strongly vary between experiments with different
SCM tips.

In this paper, we want to show the influence of the AFM
tip geometry both for Schottky-type and metal-oxide-
semiconductor !MOS"-type junctions on gallium-arsenide
!GaAs" using a two-dimensional self-consistent Poisson
solver. The results are compared with experimental data and
allow a quantitative extraction of various physical param-
eters without using calibration samples.

II. EXPERIMENTAL

The samples we use for our studies were Schottky-type
and MOS-type junctions on n-doped GaAs !ND=1
!1016 cm−3 confirmed by Hall measurements". The
Schottky contacts are established between the conducting tip
of the AFM and the bare GaAs surface; for the MOS junc-
tions, a high-k dielectric layer of Al2O3 was used as insula-
tor. To obtain a good oxide quality, the Al2O3 has been
grown by atomic layer deposition !ALD" at temperatures of
200 °C from trimethylaluminum and water precursors. On
our samples, the oxide thickness was 1 nm !determined by
ellipsometry". Prior to the deposition, all substrates have
been exposed to ammonium hydroxide !NH4OH" for 3 min
to remove the native oxide and leave a hydroxylated GaAs
surface.13 After oxide deposition, rapid thermal annealing in
inert N2 atmosphere has been applied for a duration of 30 s at
600 °C. Typically, these films have a dielectric constant14 of
k=9 and a bandgap of 8.7 eV and are amorphous15 up to
processing temperatures of 850 °C.

All SCM measurements where carried out using a Digi-
tal Instruments DI3100 atomic force microscope. For quan-
titative SCS an ultrahigh precision, low frequency !1 kHz"
capacitance bridge !AH 2550 by Andeen Hagerling" was at-
tached to the AFM. For all measurements, a modulation volt-
age of 125 mV was used. More details about the setup used
for quantitative SCS can be found in our previous
publications.16,17

As AFM cantilevers we used AFM tips from Nano-
World, which were coated with highly doped !p-type, NA
=1!1020 cm−3" conductive diamond. Typically, the tips
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have a pyramidal shape with side angle of approximately 45°
according to the datasheet. The “tip radius” is specified to be
below 100 nm. As we will show later, however, we find a
typical contact area of 30!30 nm2.

III. RESULTS AND DISCUSSION

In Fig. 1!a" we show the two-dimensional sample geom-
etry, which was used for our simulations. The lower !gray"
area represents the GaAs substrate. On top we have a layer of
Al2O3 grown by ALD !MOS-type contact" or the bare sur-
face !Schottky contact". The white area indicates air and the
tip-apex is represented by the black triangle. To determine
the potential distribution, a self-consistent Poisson solver
employing a finite element method18 !FEM" was used. The
size of the simulation area is 1!1 "m2 and the size of the
discretization mesh was 400!400 points. In Fig. 1!b" the
potential distribution is illustrated for a Schottky-type con-
tact and in Fig. 1!c" a MOS-type contact. In the above fig-
ures, a color scheme was used which ranges from −Umax
!black" through reverse rainbow colors to +Umax !white".

We first discuss the results for the potential distribution
for the Schottky-type contact. To model the Schottky contact,
we assumed a Schottky barrier height of 0.45 V #determined
by I!V" measurements19$ between the diamond tip and the
GaAs. For the bare surface without tip-sample contact, a sur-
face state induced midgap-pinning was assumed everywhere,
leading to a constant value for the surface barrier height of
Vb=0.7 V. Figure 1!b" shows the corresponding potential
distribution in the n-type GaAs substrate !ND=1
!1016 cm−3" for a tip-bias of 0.3 V and 0 V on the back
contact. One can see nicely that due to the chosen boundary
conditions, only the areas below the tip-apex effects the local

potential distribution in the semiconductor and that the field
arising from sidewalls of the tip are shielded by the surface
states.

Figure 1!c" shows a MOS-type tip-sample contact with a
voltage of 0.5 V applied to the tip and zero substrate bias.
For the simulation of the MOS contact in Fig. 1!c", no sur-
face states, oxide-traps, and oxide-semiconductor interface-
traps were included. For the calculation of potential distribu-
tion the substrate doping was the same as in Fig. 1!b", and
we further assumed a tip contact area of 50!50 nm2, an
opening angle of the apex of 45°, and an oxide layer thick-
ness of 1 nm, identical to the measured oxide thickness on
our samples. The relative dielectric constant of ALD grown
Al2O3 films is #r=9. As one can see, the potential distribu-
tion in the substrate for the MOS system is clearly different
compared to Fig. 1!b". Now, the potential distribution in the
semiconductor is affected by the tip as a whole either directly
in the contact area or indirectly via the #=1 environment.
More details on this calculation will be discussed later in this
paper.

To understand the spectroscopic behavior of out capaci-
tance data, low frequency C!V" curves of Schottky-type tip-
sample contacts and MOS-type tip-sample contacts were also
calculated using the two-dimensional self-consistent Poisson
solver using the principles outlined in Refs. 20 and 21. Any
high frequency effects were ignored in our simulations. The
results of the C!V" calculations in the Schottky case are dis-
cussed first.

In Fig. 2 we have plotted the C!V" curves of Schottky-
type tip-sample contacts on GaAs substrates with doping
concentrations of !a" ND=1!1016 cm−3 and !b" ND=1
!1017 cm−3, respectively. The triangles represent the ex-
perimental data; the rectangles represent the simulated data
using a Schottky barrier height of 0.45 V !see Ref. 19". The
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FIG. 1. !Color online" !a": Sample geometry as used for our simulation. The
lower !gray" area represents the GaAs substrate; on top we have a layer of
aluminum oxide !MOS-type contact" or the bare GaAs surface in case of a
Schottky contact. The white area indicates air !#=1" and the tip-apex is
represented by the black triangle. !b" Typical potential distribution of a
Schottky-type contact and !c" a MOS-type contact. The area of this plot is
1!1 "m2.
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FIG. 2. !Color online" Measured and calculated C!V" curves of Schottky-
type tip-sample contacts on GaAs substrates with doping concentrations of
!a" ND=1!1016 cm−3 and !b" ND=1!1017 cm−3, respectively. The para-
sitic background capacitance, which always exists between the large tip-
holder and the sample, was added as a fitting parameter.
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experimental curve is an average over 25 single curves ac-
quired at the same position. Note that C!V" curves are super-
imposed on a huge parasitic background capacitance, which
always exists between the large tip-holder and the sample. In
our simulations this huge parasitic background capacitance
was added as a fitting parameter.

As one can see, the calculated and experimental curves
match very well for both doping levels. It must be pointed
out, however, that the good agreement in Fig. 2!b" between
the experiment and the simulated C!V" curves was only
achieved after a very thin !d=0.2 nm" insulating layer of
oxide between tip and sample was introduced. Without this
layer, the slope of the calculated C!V" curves was always
much too steep for all parameters within the physically rea-
sonable range. In our opinion, this finding is consistently
explained by assuming a slightly contaminated sample. For
AFM measurements in ambient atmosphere it is well known
that depending on surface preparation and the age of the
sample, native oxides, water films, and other contaminations
are frequently present. Thus, the assumption of an insulating
layer on top of the sample surface is absolutely realistic.

Figure 3 shows the results of our simulation for
Schottky-type tip-sample contacts using different tip-apex
contact areas as a parameter: for curve !1" a tip area of 15
!15 nm2 was used; for curve !2", 25!25 nm2; and for
curve !3", 35!35 nm2. For the substrate doping, a value of
1!1016 cm−3 was used. As above, the parasitic background
capacitance was added as a fitting parameter. The line
marked with triangles represents the experimental data, and
one can see that the agreement between simulation and ex-
periment is best for a tip-apex area of approximately 30
!30 nm2. Looking at the systematic behavior of the curves
as a function of contact size, mainly two things are obvious;
first, the onset of the curves is shifted to the left for smaller
contact area, and also the slope of the curves below the onset
becomes smaller, which can be interpreted in a way that for
smaller contact areas, the space charge region in the semi-
conductor disappears later but more abruptly.

We now discuss the results for the MOS-type tip-sample
contacts. Figure 4 shows the experimentally measured C!V"
curve !indicated by triangles" of a MOS-type tip-sample con-
tact with a substrate doping of 1!1016 cm−3 and a 1 nm
Al2O3 oxide layer. The experimental curve is an average of
22 single curves. As first essential feature it has to be pointed
out that in the MOS case, low frequency C!V" spectra are
always observed on GaAs, although the capacitance mea-

surements are carried out at a frequency of 1 kHz. This ob-
servation is quite unusual compared to the literature results
found on silicon. On macroscopic silicon MOS devices, the
transition from low-frequency to high frequency behavior is
already observed at low frequencies between 10 and 100 Hz,
and in our previous SCS experiments on silicon samples,22,23

we always observed the typical high frequency behavior too.
For reference purposes, macroscopic Al /Al2O3 /n-GaAs ca-
pacitors were therefore fabricated on the same substrates as
they were used for the AFM measurements, but to our sur-
prise, those capacitors also exhibited a clear high frequency
behavior. Although we cannot offer an explanation for this
discrepancy at the moment, it is no restriction for the geom-
etry effects we want to discuss in this paper. Frequency de-
pendent studies to clarify this behavior will be the subject of
future investigations.

As one can see in Fig. 4, a quite nice agreement between
the simulation and the experimental data can be achieved,
provided an appropriate set of parameters is used. For a best
fit between the simulated C!V" curve !indicated by squares"
and the experimental data, the contact area was assumed to
be 50!50 nm2. As earlier, the parasitic stray capacitance
was added as a fitting parameter. Note that the position of the
C!V" spectrum on the voltage axis is mainly determined both
by the work functions of the p-type diamond !5.8 eV" and
the n-GaAs !4.53 eV at a doping level of 1!1016 cm−3" and
in addition, the number of oxide charges in the Al2O3. As a
result of our calculation we obtain an oxide charge density of
6.3!1013 cm−2, which is roughly a factor of ten higher
compared to the ZrO2 films in our previous publication.17

Figure 5!a" shows various C!V" curves of a MOS-type
tip-sample contact for various tip-apex-contact areas ranging
from !1" 30!30 nm2, !2" 40!40 nm2, !3" 60!60 nm2, to
!4" 70!70 nm2. The simulated 50!50 nm2 curve !as
shown in Fig. 3" was omitted in this plot for better clarity. As
one can see in Fig. 5!a", the C!V" curve saturates due to
accumulation conditions at high negative sample bias; at
high positive sample bias, inversion is achieved. In addition
to that, the influence of contact area is quite dominant. For
decreasing contact area, the minimum in the C!V" curve be-
comes less pronounced and the corresponding region of the
C!V" curve becomes broader. Moreover, inversion conditions
underneath the tip are moved to more positive sample bias
with decreasing contact area. As seen in Fig. 4, best agree-
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FIG. 3. !Color online" Typical C!V" curve of a Schottky-type tip-sample
contact on a GaAs substrate !ND=1!1016 cm−3". The simulated curves
show the influence of the apex contact size.
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FIG. 4. !Color online" C!V" curves of a MOS-type tip-sample contact with
Al2O3 oxide layer !d=1 nm". Substrate doping is ND=1!1016 cm−3.
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ment between experiment and simulation is achieved for a
tip area of 50!50 nm2 and oxide thickness of 1 nm.

Figure 5!b" illustrates the influence of oxide thickness.
For the simulated curves an oxide layer thickness of !1" 0.2,
!2" 0.6, !3" 1.4, and !4" 1.8 nm and a tip contact area of 50
!50 nm2 were used. The simulated 1 nm curve !see Fig. 4"
was omitted for better clarity. As one can see, the oxide
thickness has a significant influence too, which is not surpris-
ing, since the oxide layer thickness is roughly in the same
order of magnitude as the tip width. As expected, the depth
of the minimum of the C!V" curve, which is due to the in-
fluence of the space charge region underneath the tip, de-
creases with increasing oxide thickness. In addition, inver-
sion conditions are shifted to higher bias values.

Figure 6 shows simulated C!V" curves of a MOS-type
tip-sample contact for doping concentrations between ND
=1!1017 and 1!1015 cm−3 together with the experimental
data !ND=1!1016 cm−3", which are indicated by triangles.
With decreasing doping concentration, the space charge re-

gion increases rapidly and leads to a more pronounced mini-
mum in the C!V" curve. In addition, accumulation appears at
more negative sample bias.

Figure 7 illustrates the influence of different tip opening
angles for a MOS-type tip-sample contact: !1" 22° and !2"
75°. Again the doping concentration was 1!1016 cm−3. The
triangles indicate the experimental curve with a tip-apex
angle of 45°. As one can see, the capacitance under accumu-
lation and inversion conditions decreases for smaller angles
because a sharper apex tip has a smaller “effective” area. The
behavior of the depth of the capacitance minimum and the
broadening of the curve is obviously a combination of the
effects shown in Fig. 5!a" !various tip-apex areas" and Fig.
5!b" !various oxide layer thickness".

IV. SUMMARY

In summary we have illustrated the influence of the tip
geometry in SCM both for MOS-type and Schottky-type tip-
sample contacts. Using a two-dimensional self-consistent
Poisson solver we find that on Schottky-type junctions, the
electric field around the tip is screened by the surface states
and that the essential parameters entering the C!V" charac-
teristics are the doping level and the tip contact area only. In
contrast to that, the electric field from tip penetrates into the
semiconductor on a MOS-type junction, and the tip geometry
effects are much larger. Low frequency C!V" spectra that are
fitted to the experimental data show an excellent agreement
and allow a determination of substrate doping levels oxide
thickness and oxide charge density without further calibra-
tion measurements.
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