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ABSTRACT

Accurate prediction of doping distributions in mod-
ern VLSI devices (e.g. shallow junctions) with TCAD
tools represents a major challenge which requires the
process simulation models to be accurately tuned on the
basis of two-dimensional dopant pro�le measurements.
Scanning capacitance microscopy is a scanning probe
based technique which provides images with spatial res-
olution in the 10 nm range. The extraction of quantita-
tive doping information from the raw experimental data
requires a calibration procedure. Presently, most of the
results are obtained either with a large reverse simula-
tion e�ort or with a �rst-order data inversion procedure
(direct inversion). The current assumption of the latter
approach is the quasi-uniformity of the doping pro�le.
The scope of the present paper is to investigate the limits
of this simpli�ed approach by two-dimensional simula-
tions of SCM measurements.
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1 Introduction

Scanning Capacitance Microscopy (SCM) has been
widely recognized as a powerful characterization tool for
measuring two-dimensional (2D) semiconductor dopant
pro�les. The technique has an excellent resolution and is
relatively simple to apply, since measurements are taken
in air and the sample preparation is minimal when com-
pared to other techniques. The major challenge of SCM
is the raw data interpretation, due to the strong non-
linearity of the relationship between the local dopant
concentration and the detected signal, the high frequency
di�erential capacitance dC.

The most often used method to map the detected
signal to the local dopant concentration is the direct
inversion [1], which consists in the calculation of the
theoretical dC signal on a set of uniformly doped mod-
els having a common geometry but increasing doping
levels N. One can then build a curve associating dC to
N, which is usually called the "calibration" curve. A
database can be built with a wide set of models having
di�erent geometry, the tip shape, the tip size and the
oxide thickness being the main geometrical parameters.

Apart from technical problems related to the experi-
mental determination of the geometrical parameters in-
volved in the calculations, the calibration results are ob-
tained on uniformly doped specimens, thus the pro�les
to be measured should be quasi-uniform (less than 10%
variation within a tip size [1]), which is not the case
for pn junctions and ultrashallow pro�les. The current
approach in such cases is either to extend the database
to varying pro�les [2] or to apply deconvolution tech-
niques to the inverted pro�les [3], methods which are
particularly time-expensive.

The scope of the present paper is to provide a theo-
retical application of the direct inversion method in two
critical cases, a steep gradient pro�le and a pn junction
having slightly di�erent geometries (5 and 10 nm oxide
thickness). The calibration curves for the two models
are calculated, the SCM measurement is simulated and
the direct inversion method is applied. Since in this case
the geometrical parameters of the "measurement"model
are exactly known, the di�erence between the directly-
inverted pro�le and the original pro�le must arise from
the non-uniformity of the pro�le.

2 Simulation

The simulation circuit is drawn in Fig. 1: VDC com-
pensates for the metal/intrinsic silicon workfunction dif-
ference. The SCM is operated in constant dV mode
(0 < dV � 7 V ). Finite elements numerical simula-
tions of SCM measurements have been carried out with
a commercial device simulator (DESSIS-ISE) on uni-
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Figure 1: Polarization circuit and 3D simulation model
schematics.



formly and arbitrary doped 2D models and on uniformly
doped three-dimensional (3D) models. The uniformly
doped ("calibration") models are used to build the cali-
bration curves which are later used for the direct inver-
sion on the "measurement" models.

The 3D calibrationmodel has a truncated cone tip [3]
of depth 200 nm, the cone apex half-angle is 10o [1] and
the tip radius is 15/25 nm. The dieletric around the tip
is air. Between the tip and the silicon there is a thin
oxide layer (1.3/20 nm). The cylindrical symmetry is
used to reduce the computational e�ort.

The 2D measurement model is a 10�10 �m2 rectan-
gular silicon block with the thin oxide layer on its top [4],
with a planar back contact and a planar 50 nm moving
tip contact on top of the oxide layer (see Fig. 2). In anal-
ogy with the 3D model, we call r=25 nm the radius of
the tip. The whole structure is signi�cantly larger than
other 2D SCM models [5], [6] and allows the simulation
of very low doping levels (� 3e15). The 2D calibration
model is similar, except that the contact is blocked in
a centered position, thus allowing to simulate only one
half of the device for symmetry reasons.

Poisson's equation is solved for the whole model, and
successively the device equivalent small-signal dynami-
cal capacitance is calculated within the fully coupled
drift-di�usion equations (with Fermi statistics for the
carriers [1]). After this calculation the tip voltage is
slightly changed and the new solution is rapidly found
by perturbating the previous calculation results. A full
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Figure 2: 2D simulation model schematics. Top: Uni-
formly doped calibration model. Bottom: Arbitrary
doped measurement model.

Figure 3: Detail (� 6� 3 �m2) of the mesh used in the
2D simulations. The oxide thickness and the tip contact
radius are too small to be visible (1.3 nm and 25 nm,
respectively).

high frequency C-V curve is then acquired for each prob-
lem and the SCM signals at the requested electrical pa-
rameters are extracted o�-line via an interactive UNIX
X-Windows Graphical User Interface.

Very high performances have been achieved: the CPU
time on a DEC-Compaq AlphaServer ES40 500 MHz
processor (4096M RAM) is approximately 300 s per C-V
curve (-3 to 3V). These performances are obtained with
particularly favourable boundary-conformingmeshes (de-
tail in Fig. 3) obtained with a newly developed advancing-
front mesh generator [7] and with the afore mentioned
perturbation technique.

3 Direct Inversion Calibration Curves

A preliminary 3D calibration simulation has been
carried out to proof the validity of the results. A com-
parison with experimental constant dV SCM data [8]
yielded a good agreement (Fig. 4) in the calibration
curve shape, thus validating the simulation model. Fig-
ure 4 also illustrates how di�erent parameter combina-
tions can relatively well �t the data.

The following Fig. 5 shows the results obtained on
the 2D calibration model at two di�erent oxides, 5 nm
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Figure 4: Comparison with experimental data (Erickson
et al., 1996).



10
15

10
16

10
17

10
18

10
19

10
20

N (i/cm3)

0

2

4

6

8

10

12

dC
 (

aF
)

tip r=25 nm − dV=4 Vpp

5 nm oxide
10 nm oxide

Figure 5: Calibration curves used in the 2D direct in-
version examples.

and 10 nm. The results are normalized to an equivalent
circular contact area �r2 � 1960 nm2. With the chosen
electrical parameters, no di�erences (except the sign)
arose in the signal obtained on samples having the same
doping level but di�erent type (p- or n-doped Si).

4 Results and discussion

Figure 6 shows the results of the direct inversion
method on a steep (transition within 10 nm) gradient
pro�le: The inverted pro�le is much smoother than the
original chemical pro�le. This is in part due to the
sensitivity of the technique to the carrier concentration
(which is also shown in the same Fig., dashed line). The
following Fig. 7 makes clear that the critical factor is
the size of the interaction region in the low-doped side,
which extends the range of sensitivity of the tip to in-
clude nearby lying features and distorts the di�erential
capacitance signal. Moreover, in the transition zone the
depletion region becomes severely distorted (results not
shown here) with respect to the uniformly doped case.

The spatial resolution of a pro�ling technique is de-
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Figure 6: Direct inversion applied to a steep gradient
pro�le. Dashed line: Majority carrier (electrons, e) equi-
librium distribution (no tip). n-type substrate.
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Figure 7: Same doping pro�le: Tip e�ect on the major-
ity carrier distribution. The tip extends from 175 to 225
nm and the carriers are sampled at a tip voltage equal
to � dV.

�ned as the rise distance between the 16 % to 84 %
concentration levels [9]. The resolution achieved is in
this case � 75 nm, but an error greater than 100 % is
found over � 130 nm in the low-doping side of the step.
These �gures may be improved by using a smaller dV,
which would reduce the tip-induced depletion region ex-
tent. Finally, the �nite probe tip size exerts a weighting
e�ect at the high-doping edge of the step: This is an
e�ect which cannot be eliminated.

Figure 8 shows the method applied to a doping pro-
�le inspired by [9]. The spatial resolution achieved is
20 nm on the �rst steep transition and 30 nm on the
last, slow transition. The resolution is worst in the 1e19
region (54 nm) and the method fails in all other low-
doping regions within 200 nm of a steep doping transi-
tions.

The direct inversion has been �nally applied on a
pn junction, Fig. 9. Here, the results in the vicinity of
the junction region show the same distortion as reported
by previous experimental [10] and simulation [6] works.
The doping level seems to diverge, as an e�ect of the dC
signal which is falling to zero. The inset in Fig. 9 shows
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Figure 8: Direct inversion applied to a 0:1�m-staircase
doping pro�le.
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Figure 9: Direct inversion applied to a pn junction. In-
set: the dC signal.

the dC signal, the zero-crossing being not signi�cantly
away from the metallurgical junction (less than 5 nm).
This con�rm the importance of the phase of the SCM
signal, as indicated e.g. by [11].

5 Conclusion

A theoretical investigation of the direct inversionme-
thod for extracting dopant concentration from SCM raw
data has been presented in this work. The simulation
has been validated with a preliminary comparison be-
tween a simulated 3D model and experimental constant
dV SCM data. The SCM signal has been calculated on
a set of uniformly doped 2D models, in order to build all
of the required calibration curves. Afterwards, the SCM
measurement has been simulated on a 2D model in two
critical cases, a pro�le with a steep gradient pro�le and
a pn junction. The direct inversion has given substan-
tially correct results, although some problem has arisen
within some tip sizes for a steep doping gradient, since
the depletion region size was not kept under control. In
the high-doped regions, the resolution has been found
to be tip-size limited, with the results of the direct in-
version being a weighted average of the chemical pro�le.
When the method is applied to pn junctions, the signal
drops down at the metallurgical junction, and the inver-
sion yields wrong values, without seriously a�ecting the
junction delineation capabilities of the technique.
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