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The SCM Method for Three-Dimensional Dopant Profiles
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Abstract Through SCM modeling, we found that the depletion layer in silicon was of a form of a spherical
capacitor with the SCM tip biased. Two-dimensional (2D) finite differential method code with a successive over
relaxation (SOR) solver has been developed to model the measurements by SCM of a semiconductor wafer that
contains an ion-implanted impurity region. Then, we theoretically analyzed the spherical capacitor and determined
the total depleted-volume charge Q, capacitance C, and the rate of capacitance change with bias dC/dV. It is
very important to observe the depleted carriers' movement in the silicon layer by applying the bias to the tip.
So, we calculated the depleted-volume charge, considering different factors such as tip size, oxide thickness, and
applied bias (dctac), which have an influence on potential and depletion charges.
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1. INTRODUCTION

As the scaling of feature-size in the gigantic-scale
integrated circuits device technology continues, device
characterization and life cycle are greatly affected due to an
unexpected dopant profile caused by three-dimensional (3D)
effects in mask corners and edges. In addition, the need for
quantitative 3D impurity dopant profiling is increasing to
verify 3D process simulators and to calibrate physical process
models used in process simulators. Therefore, an
experimentally determined 3D impurity dopant profile needs
to estimate these 3D effects precisely. Although several
different methods for determining dopant profile, such as
tomographic secondary ion mass spectroscopy (SIMS) and
nanospreading resistance probe, have been proposed
recently, these methods do not yet fully extract quantitative
[1,2]. Also,

two-dimensional (2D) dopant profiling are using a scanning

dopant profiles several researchers for

capacitance microscopy (SCM) capacitance-voltage (C-V)
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measurement method, but these results cannot fully
characterize the 2D dopant profiles [3-5]. In addition,
because these measurements are performed on the cross-cut
sample surface to get 2D dopant profile image, they require a
specific sample preparation; that is, these methods are
destructive by nature. In this work, we wmtroduce a new
dopant profiling method for potentially extracting the 3D
dopant profiles. This is a nondestructive method, which is

different from the common SCM measurement [6,7].

2, PHYSICAL MODEL FOR 3D

Generally, if one determines the dopant concentration at
any position in a depth direction normal to the sample
surface, one will know the rate of change of the capacitance
with bias changes (dC/dV) at that position by SCM.
Therefore, if it is possible to calculate dC/dV through SCM
modeling, we can extract 1D dopant profiles, which vary with
the depth, by comparing the calculated dC/dV to the
measured dC/dV obtained from the SCM output. To do this, it
is very important to observe the depleted carriers' movement

in the silicon layer by applying a bias to the tip. Therefore, we
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calculated the total depleted-volume charges considering
different factors, such as tip size, oxide thickness, and applied
bias (dctac), which have an influence on potential and
depletion charge. Now, we present an algorithm to calculate
the total depleted-volume charges and dC/dV. First, we
assume a 1D Gaussian dopant profile as the initial profile.
The Gaussian distribution function is composed of several
parameters, such as ion dose (ions/cmz), peak concentration
at the projected ion range, projected ion range (um), and
projected standard deviation (um). We determine the
depletion-layer width in both the vertical and lateral
directions, and calculate the depleted-volume charge Q [8].
The depletion-layer width is defined as the position where the
electric field or the band bending potential equals zero.
Unlike the case of the parallel plate capacitor, when applying
a bias to the very small hemi-spherical SCM tip, the depletion
layer in silicon is of the form of a spherical capacitor.
Therefore, to calculate the total depleted-volume charges
from this capacitor, it is important to define the boundary of
the depletion layer in both the vertical and lateral directions.
Because the potential distribution in silicon shows 3D
symmetry, we developed an algorithm to determine the
depleted-volume charge with the biasing voltage using the
concentration information given at each position. The
procedures are as follows. Applying the bias voltage to the
SCM tip, our code solves the 2D nonlinear Poisson's equation
and generates the spherical capacitor. We determine the
depletion-layer width and its position from the 1D depth
profile determined under the tip center and we determine the
lateral direction's depletion-layer width based on . the
previously selected potential position. To interpolate each
potential data point, we apply the cubic spline method. After
completing the work, we determine the lateral depletion-layer
length x from the tip centerline and trace the given potential

position in Fig. 1.
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FIG, 1 Depleted cafrier volumes were determined from ]:hé
spherical model, where x is the lateral depletion
width from the centerline and L is the disk length.

The length x is a depletion radius at each lateral directioﬁ.
Once this radius is calculated, we can calculate the total
depleted volume that consists of several thin disks, each of
which has a small volume element. The iy, disk volume Vi and
its charge Qi are calculated by multiplying the disk circle area
Si by the disk length Li, and by multiplying the disk volume
Vi by qn(y), respectively, as follows:

Vi: S,‘XLZ-,
S,’z 7rx2",
Q.= qgn(y)xV, M

where q is the elementary charge and n(y) is the dopant
concentration at position y from the surface. Therefore, the

total depleted-volume charge is

Q= ;IlQ,« )

where n is the number of thin disks. Second, we calculate the
rate of change of charge with bias voltages. After determining
the total depleted-volume charges, we calculate the
differential charge changes by applying a differential bias
voltage dV to the tip. This is the differential capacitance in a
spherical capacitor and is defined as C = dQ/dV. Then, we
calculate the rate of change of capacitance with the bias

voltage as follows [9]:

V—Q,
Vi=V+6V—Q,=Q+ 54,
C=8Q/6V,;,
V,=V+48V,~Q,= Q@+ d64,, 3)
C=38Q,/8V;,
dc| _ _€C.=C,
dvl;  8V;=48V, &)

where Qi and Qj are the total depleted-volume charges at Vi
and Vj , respectively, and Ci and Cj are the capacitance in the
spherical capacitor. The size of the voltage step dV depends
on the applied ac voltage to the SCM tip. Third, we extract a
1D dopant profile comparing the calculatéd dC/dV to the
measured dC/dV according to our inversion model. The
procedure of the profile extraction consists of finding the
profile that minimizes the least-squares fit criterion like Eq.
(5) between the calculated and the measured dC/dV. In other
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words, we manipulate the initial Gaussian distribution's
parameters until the calculated error is small enough. Finally,
we obtain the depth-dependent 1D dopant profile, provided
each parameter corresponding to the measured data is

determined:

2.
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If the error is too large for a rapid convergence, we use a
previously manipulated Gaussian distribution function or
some Pearson distribution function having several
parameters. To obtain the lateral (2D) dopant profiles within
the measurement zone, we move the SCM tip from row A
column 1 (Ra, C1) to row A column 2 (Ra, C2), column 3,
etc., as shown in Fig. 2. Then, we extract the 1D dopant
profile at these points, based on the method previously used
for the 1D dopant profile. After determining the 1D and 2D
dopant profiles quantitatively, we extract the 3D dopant

profiles by combining these data.
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FIG. 2 Block diagram for the 3D dopant profile
measurement. Our approach is based on the
point-by-point method.

3. RESULTS AND DISCUSSION

Figure 3 shows the contour plot of the electric potential
distribution for the various probe-tip sizes. The upper figure
shows the potential distribution when the tip size is large (1.4
um). This is based on the parallel-plate capacitor model. The
lower figure shows the potential distribution when the tip size
is reduced to 100 nm. It indicates that the shape of the
potential distribution is changed from the parallel-plate type

to the spherical one as the tip size is reduced to a point source.
Because the shape of the SCM tip has a 3D geometry, it needs
to model the electric potential by using a 3D model. In other
words, it requires full 3D modeling, considering not only the
depth variation in dopant density, but also the lateral variation
to model the tip structure. However, when we assume that all
regions' dopant density, except for the mask edges, are nearly
uniform in the lateral directions, the shape of the potential
distribution generated in a silicon layer has a rotational
symmetry around the tip. In this case, the solution can be
scaled down to two dimensions. Although this approach is
not always applicable, it is useful for reducing the calculation
time in solving the nonlinear Poisson's equation. We have
calculated the depletion width based on this approach and
have observed that when the uniformly doped concentration
was 1017 cm23, the generated depletion width was 103 nm
(10 nm: 10" em™, 2.4 nm: 10% cm’) at constant 5 V bias.
Generally, the higher the dopant density, the shallower the
depletion width.
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FIG. 3 Comparison of the potential contour plot. The upper
part shows a parallel-plate capacitor with a tip size
of 1.4 um. The lower part shows a spherical
capacitor with a tip size of 100 nm.
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Figure 4 shows the depleted volume and the total
depleted-volume charges with several uniform impurity
concentrations, as calculated by our volume charge
determination algorithm. The size of the tip is 10 nm, the
thickness of the oxide layer is 11 nm, and the observed bias
voltage is 1.5 V.
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FIG. 4 Total depleted volume and its charges for several
impurity concentrations. The filled circles and
rectangles show the depleted volumes and the total
depleted-volume  charges, respectively. These
simulation results were obtained at a bias voltage
of 1.5 V. The thickness of the oxide layer was 11
nm, and the tip size was 10 nm.

We observed that the lower the dopant density, the larger
the depletion layer created by the bias voltage in the spherical
capacitor. For higher concentrations ( > 10'® cm™), the tota}
depleted-volume charges are concentration independent
because the depleted volume is very small, and there are little
variations in the total volume charges. It is well known that
the spatial resolution of SCM depends on the tip size, and the
depleted volume charges would reduce the spatial resolution
of SCM at larger bias voltage [3]. Therefore, the SCM
measurements for obtaining a surface image are made near
the flatband voltages to maintain the spatial resolution.
However, our new method for obtaining the quantitative
dopant profile is different from that case. Because the smaller
the tip size, the less the depleted-volume charges, one must
trade off the tip size and the bias voltage properly to
implement the new method we proposed. It is important to
consider the oxide thickness for the SCM measurement.
Figures 5(a) and 5(b) show the total volume charges and
capacitance for several oxide thicknesses at uniform dopant
density (N=10l7 cm'3). In the case of a thick oxide layer (> S0

10

nm), the total volume charges are bias independent and show
small variation in capacitance. When the tip size is 10 nm, it is
necessary to deposit an oxide layer of less than 25 nm over the

silicon surface for SCM.
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FIG. 5 (a) Calculated total depleted-volume charges for the
three different oxide layers of 11, 25, and 50 nm.
(b) The calculated capacitance-voltage curves for
the three different oxide layers of 11, 25, and 50
nm.

4. CONCLUSION

We have proposed a new technique for extracting 3D
dopant profiles based on the common SCM C-V
measurement. We have physically analyzed the spherical
capacitor and calculated the total depleted-volume charges,
capacitance, and rate of change of capacitance with bias
voltage in the spherical capacitor model. In addition, we have
identified p-type and n-type C-V curves from this model. We
found that the C-V curve of the spherical capacitor model is
different from that of the parallel-plate capacitor model. The

cohversion result obtained by using our 1D inversion
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algorithm is in good agreement with the SIMS profile, except
for the tail region. We completed the basic work for the SCM
modeling. Further research on improving of the inversion
modeling and verifying the 3D dopant profiles will be done.
To do this, we need to analyze the trapped charge in the oxide
layer and require a more powerful distribution function, such
as the Pearson function, to express the real dopant profile. In
addition, we will need to design a full 3D model that
considers lateral variation in dopant gradients to compare
with the measured SCM data.
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