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SUMMARY The high accuracy which is necessary for modern process simulation often requires the use of Monte-Carlo ion
implantation simulation methods with the disadvantage of very
long simulation times especially for three-dimensional applications. In this work a new method for an accurate and CPU
time eﬃcient three-dimensional simulation of ion implantation is
suggested. The approach is based on a combination of the algorithmic capabilities of a fast analytical and the Monte-Carlo
simulation method.
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1.

Introduction

Technical requirements and user expectations for threedimensional simulations put forward a serious challenge
for the improvement of simulation methods. Threedimensional models must be at least as good as their
counterparts in existing two-dimensional tools but at
the same time a large increase of simulation time due
to the three-dimensional computations and better models is not tolerable. This means that new simulation
methods and better algorithms must be developed.
Traditionally there are two diﬀerent approaches for
the three-dimensional simulation of ion implantation.
On one hand side the analytical method was established, which is based on a convolution of point response
distribution functions. The three-dimensional point response distribution describes the implantation with an
ideally focused ion beam. A selection of appropriate
vertical and lateral distribution functions together with
well calibrated parameters for a wide range of implantation conditions yields good results for many applications. Normally Gaussian, Pearson, Double Pearson,
or Pearson functions with an exponential tail are used
to model the point response distribution [1], [2]. Because of robust and eﬃcient algorithms [3], [4] impleManuscript received November 18, 1999.
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mented, the important advantage of the analytical simulation methods is their short computation time, but
since there is no universal set of parameters for all implantations conditions, the distribution functions have
often to be re-calibrated using experimental results for
the process window in question before they can be applied to speciﬁc problems.
On the other hand side there is the Monte-Carlo
approach which provides ﬂexible physically based models, but the calculation time is long. When performing
a Monte-Carlo ion implantation simulation, the trajectory of each ion through the target is traced by
calculating the interaction of the ion with the nuclei
and the electrons of the target material. The accuracy of the simulation is mainly determined by the
quality of the models that describe the physical behavior. These models are applicable for a wider range
of implantation conditions without additional calibration [5], [6]. To achieve the same statistical accuracy of
three-dimensional simulations as in two dimensions, the
number of ions traced must be considerably increased
[7]. Therefore the CPU time grows approximately proportional to the surface area of the simulation domain.
Since these two simulation methods are complementary in their capabilities, both methods have to be
implemented in a professional TCAD system for microelectronic technology simulation. The main idea of this
work is to integrate the analytical and the Monte-Carlo
simulation methods in a manner that the advantages of
both simulation methods are exploited in the most efﬁcient way.
2.

The Combined Approach

Important physical eﬀects which have to be taken into
account in an advanced simulation of ion implantation
are channeling in crystalline silicon, the inﬂuence of the
scattering oxide on the doping proﬁle, and damage accumulation which results in a dose dependence of the
doping proﬁles for heavier ions. Most of these eﬀects
are sensitive to the direction of the ion beam impact,
and all of them inﬂuence each other in a non-trivial
way. This complicated interaction of several eﬀects in
crystalline silicon complicates the formulation of universal analytical models while the Monte-Carlo method
can account for all these eﬀects. In order to combine
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the larger capabilities of the Monte-Carlo method with
the smaller computational requirements of the analytical method, we simulate a small but representative
part of the simulation domain with the Monte-Carlo
method to extract the point response function of the
implanted ions and then use this point response function in a three-dimensional convolution procedure developed earlier [3], [4] for the analytical simulation of
ion implantation.
The point response function is a distribution function which would be obtained if the incoming ions hit
only one speciﬁed point on the surface of the implantation target. If the entrance point of the ions is speciﬁed by the coordinates x0 and y0 on the surface of the
sample, the point response distribution can be written
as P (x, y, z|x0 , y0 ), where the x and y are the cartesian coordinates in the two lateral directions relative to
the ion beam direction, and the coordinate z is aligned
along the ion beam. Being a distribution function, the
point response P (x, y, z|x0 , y0 ) is normalized to unity
independently of the point of incidence (x0 , y0 ):
  
P (x, y, z|x0 , y0 ) dxdydz = 1.
(1)
If the point response function is known, the concentration distribution after an ion implantation step
can be calculated as a convolution integral over the
point response function:
 
C(x, y, z) = D
P (x, y, z|x0 , y0 ) dx0 dy0 , (2)
where D is the implantation dose and the integration
region over the variables x0 and y0 covers the target surface exposed to the ion beam. The concentration distribution C(x, y, z) is presented here in a beam aligned
coordinate system.
The point response function to be used in the suggested combined method of simulation should be computed at a representative place of the simulated sample.
A typical situation in microelectronic is that ions are
implanted into silicon, and masks on top of the silicon
deﬁne which parts of silicon are open for ion penetration and which are screened by the mask. Very sharp
masks with almost vertical mask edges are typical for
leading edge microelectronics. To minimize channeling and to prevent contamination, crystalline silicon is
usually covered by a screening oxide of about 10 nm
thickness. Since high accuracy of the simulation in silicon is required, a part of the device structure consisting
of silicon and the screening oxide should be chosen for
the simulation of the point response: When the point
response is simulated in silicon covered by the screening oxide, the eﬀects of the ion scattering in oxide on
the channeling in silicon are accounted for. Furthermore, if a very small implantation window with a lateral size of about 1 nm is chosen for simulation of the

(a)

(b)

Fig. 1 Three-dimensional visualisation of the point response
function for ion implantation of boron with an energy of 60 keV
and a dose of 5·1014 cm−2 into silicon in crystalline direction
<100> through a 10 nm oxide layer: (a) isoconcentration surface
for a value of 1/100 of the function maximum, (b) isoconcentration surface for a value of 1/2500 of the function maximum.

point response, the spatial distribution of the implantation induced damage may be diﬀerent from the damage
distribution which is typical for the implantation using
technological mask windows the size of which is often
larger than 100 nm. Therefore, in order to correctly
consider damage accumulation which results from a superposition of several damaged regions and has an inﬂuence on the implantation proﬁles, a suﬃciently large
implantation window with a lateral size comparable to
the lateral range of the implanted ions has to be used
for this simulation. To sum up, the following rules for
the point response calculation can be suggested: 1) the
implantation conditions (dose, energy and orientation
of the ion beam relative to crystalline directions of silicon) are as speciﬁed in the implantation recipe; 2) the
implantation window for the point response extraction
has to be large enough to properly account for damage accumulation, e.g. larger than 3∆Rpl , where ∆Rpl
is the lateral straggling of the projected ranges; 3) a
part of device structure consisting of crystalline silicon
covered with screening oxide can be used as the implantation target for the point response calculation; 4)
to extract the point response function, the results of
the Monte-Carlo simulation have to be presented in a
special coordinate system with the origin bound to the
point of incidence of each simulated ion.
The three-dimensional point response distribution
function for implantation of 60 keV boron ions into crystalline silicon covered by a thin oxide layer is shown
in Fig. 1. Normal incidence of the ion beam onto the
sample is assumed. In the visualization the ion beam
comes from the top of the ﬁgure. The point response
has a relative simple cudgel-like shape for a concentration value equal to 1/100 of the maximum (Fig. 1(a)),
however a more complicated shape for lower concentration values (Fig. 1(b)) is observed. The shape of the
point response reﬂects the complicated channeling be-
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Fig. 2 Depth proﬁles of boron after ion implantation in <100>
crystalline direction simulated with diﬀerent methods.

havior of the boron ions in crystalline silicon. For a
high concentration value, a main channeling direction
along the <100> crystalline direction is seen. At lower
concentrations, many channeling directions become effective.
To test the combined simulation approach we compared the depth proﬁles of boron after ion implantation
with an energy of 60 keV and a dose of 5·1014 cm−2 simulated with the three methods: 1) using a conventional
one-dimensional model based on the Pearson distribution of Type IV, 2) with a direct Monte-Carlo simulation and 3) using the suggested combined simulation
method based on the usage of the numerical MonteCarlo generated point response. The result is presented
in Fig. 2. The conventional Pearson IV model uses
model parameters for amorphous material and does
not account for channeling. Therefore, the Pearson
IV depth proﬁle is shallower compared with that calculated with the Monte-Carlo method using the crystalline material model for silicon. Both the full MonteCarlo method and the combined simulation method exhibit a typical channeling tail for larger depths. The
combined simulation method agrees very well with the
result of the full Monte-Carlo simulation. This means
that the implemented convolution routine ensures sufﬁcient accuracy of the convolution integration not only
for regular analytical point response functions, but also
for such complicated kernels as the point response function shown in Fig. 1.
3.

Results of Three-Dimensional Simulations

To test the capabilities of the combined simulation
method for the simulation of three-dimensional device
structures, we used two types of three-dimensional samples for simulation of ion implantation. The ﬁrst threedimensional structure has sharp vertical edges and
is similar to device structures created by anisotropic
plasma etching, e.g. for shallow trench isolation in the

Fig. 3 Three-dimensional distributions of boron after ion implantation with an energy of 60 keV and a dose of 5·1014 cm−2
normal to the silicon surface in <100> crystalline direction simulated with the standard Pearson distribution and with the combined method using the Monte-Carlo generated point response.

CMOS technology. The lateral doping distribution in
the samples with sharp mask edges is mainly determined by the shape of the point response. The second
three-dimensional structure represents a silicon fragment close to a mask edge, and the mask edge is not
vertical but tilted. In the case of tilted mask, as well as
in the case of tilted ion implantation, the lateral shape
of the resulting doping distribution is also inﬂuenced
by the shape of the mask edges.
Figure 3 shows the simulation results for ion implantation of boron (60 keV, 5·1014 cm−2 ) into the sample with sharp edges. The target sample consists of two
blocks of crystalline silicon with sizes of 1 × 1 × 0.5 µm3
and 0.24 × 0.52 × 0.4 µm3 , respectively, and the upper surface of the silicon is covered with a 10 nm thick
silicon oxide. The boron distribution resulting from
the simulation using a conventional simulation model
based on Pearson IV type depth distributions is depicted in the upper part of the ﬁgure, and the result
of the simulation using the suggested combined simulation method is presented in the lower part of the ﬁgure.
The implantation conditions of this implantation step
are the same as in the one-dimensional simulation presented in Fig. 2, therefore the boron depth distributions
at planar regions which are far enough from the mask
edges are identical to those shown in Fig. 2. The simulation with the combined method exploits the point
response function calculated using the physically based
crystalline model and in this manner accounts for channeling. Therefore, a deeper ion penetration is seen in
the prediction of the combined simulation.
For certain applications, e.g. for CMOS transistors
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Fig. 4 Three-dimensional distributions of boron after tilted ion
implantation with an energy of 60 keV and a dose of 5·1014 cm−2
(tilt 30◦ , rotation 22◦ ) simulated with the standard Pearson distribution and with the combined method using the Monte-Carlo
generated point response.

with pocket type doping of the channel region, large angle tilted implantation is used. The large angle tilted
implantation is more diﬃcult for three-dimensional simulation, because of ion beam shadowing and multiple
beam crossing of the sample surface. The inclusion of
these eﬀects in the convolution integral has been done
based on the concept of the eﬀective thickness [3] with
standard models to account for diﬀerent stopping in
diﬀerent layers [8], [9]. Figure 4 shows the doping distribution after a large angle tilted ion implantation of
boron. The energy and dose of this implantation step
are the same as used in the simulation shown in Fig. 3,
but the ion beam was tilted by 30◦ and rotated by
22◦ from the front side plane (Fig. 4). To account for
the diﬀerent channeling for this incidence direction of
the ion beam, a new point response has been calculated for this example using the Monte-Carlo method.
Both, the analytical and the combined approach show
an asymmetrical doping distribution formed due to the
tilted implantation, but the shape of the distributions
are slightly diﬀerent. The diﬀerence between the two
simulation methods is smaller in this case compared to
the normal beam incidence because the channeling is
suppressed for this implantation direction.
A very common implantation condition is the
7◦ tilted ion implantation often used to suppress channeling. We have simulated an implantation of 40 keV
boron ions under 7◦ tilt angle into crystalline (100) silicon covered by 10 nm screening oxide. Figure 5 shows
the point response distribution for this implantation.
The relative boron concentration in a logarithmic scale
from the maximum down to a value of 10−8 of the

Fig. 5 Two cuts through a point response function resulting
from an implantation of boron ions with an energy of 40 keV and
a dose of 5·1013 cm−2 into silicon covered with 10 nm screening
oxide. The ion beam was tilted by 7◦ in the plane which is the
lateral cut plane in the ﬁgure.

maximum is shown by diﬀerent grey color densities on
two cut planes. The ion beam was tilted in the lateral plane shown in Fig. 5. High concentration levels of
the point response calculated have a cudgel-like shape.
The thicker part of the distribution is mainly formed
by the random type scattering of the ions. The narrow strip of the distribution is formed by the channeled
ions which penetrate deeper along the <110> channeling direction. Also many other channeling directions
are seen on this picture at lower concentrations. This
means that the choice of 7◦ tilt does not completely
suppress the channeling of boron and the shape of the
point response has not a regular smooth shape like it is
assumed in analytical models.
To compare the performance of the diﬀerent simulation methods, we simulated ion implantation of boron
with an energy of 40 keV and a dose of 5·1013 cm−2 into
a silicon sample which is partly covered by a thick silicon dioxide mask with a 45◦ tilted edge. The area
of the simulated silicon sample is 1 × 1 µm2 , the silicon substrate is covered with a 10 nm oxide, the mask
thickness is 0.3 µm, and the onset of mask edge is located 0.375 µm from the edge of the silicon sample.
Figure 6 shows the simulation results obtained with
the analytical method (Fig. 6(a)) using a Pearson IV
type point response function, with a full area MonteCarlo simulation (Fig. 6(b)) and with the combined approach (Fig. 6(c)). The boron concentration is shown
by diﬀerent densities of the grey scale. The lightest
grey density corresponds to an implant concentration
of 1.5·1016 cm−3 and the darkest to 1.5·1019 cm−3 . The
analytical method underestimates the channeling eﬀect
while the doping proﬁle calculated by the combined approach agrees very well with the Monte-Carlo simulation in the silicon region. Both, the full Monte-Carlo
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(a)

(b)

(c)
Fig. 6 Simulated boron distribution around an oxide mask
edge resulting from an implantation of boron ions with an energy of 40 keV and a dose of 5·1013 cm−2 . The ion beam was
tilted by 7◦ in the plane parallel to the mask edge. The analytical method (a), the Monte-Carlo method (b) and the combined
method (c) were used for the simulation, respectively.

and the combined simulation method result in similar doping distributions in silicon, in both methods the
deeper penetration of the boron ions due to channeling is properly accounted for. A comparison of simulation results obtained by the analytical method, the
combined method and the Monte-Carlo method demonstrates the increase in accuracy by using the combined
method instead of a conventional analytical method.
The simulation times for the analytical method,
the Monte-Carlo method and the combined simulation
method are 6 min, 22 h 28 min, and 1 h 28 min, respectively. This means that for the example presented in
Fig. 6 the simulation time of the combined method was
by a factor 15 shorter than that for a complete Monte-

Carlo simulation. A reduction of the computation time
by using the suggested combined approach compared
to a full area Monte-Carlo simulation can be achieved
if the area of the structure for which the simulation
should be performed is large compared to the area covered by the lateral extension of the point response function. The CPU time reduction factor can be estimated
as the ratio of the full simulation domain to the area
ﬁlled by the point response distribution and may result in a CPU time reduction by 10 to 1000, depending
on the size of the simulation area and on implantation
conditions.
To estimate the accuracy of the combined approach in comparison to a full Monte-Carlo simulation,
we directly compared the results of these two simulation methods applied to the same implantation conditions and the same structure of the implantation target. Figures 7 and 8 show the iso-concentration lines in
a vertical cut perpendicular to a mask edge. The implantation conditions in this comparison are the same
as in the examples shown in Figs. 3 and 6, respectively.
These two examples demonstrate a typical simulation
accuracy for two limiting cases: a sharp mask edge and
normal implantation direction (Fig. 7) and an oblique
mask edge combined with a tilted ion implantation direction (Fig. 8).
The three-dimensional implantation target used
for the simulation presented in Fig. 7 consisted of a silicon substrate covered by a 10 nm silicon oxide, and the
right hand side of the sample was additionally covered
by a polysilicon mask with a vertical edge. The thickness of the substrate silicon and of the implantation
mask was taken as 0.9 µm to better observe the maximum ion penetration depth in silicon and to prevent
a penetration of the ions through the mask. The full
area of the implantation including masks amounted to
0.8 µm2 . In Fig. 7, the part of the silicon located at
lateral coordinate larger than 0.4 µm is covered by the
mask, the left part of the sample at lateral coordinate
less than 0.4 µm is only covered by 10 nm scattering oxide during implantation. To achieve a good statistical
accuracy, 3·106 ion trajectories were used in the direct
Monte-Carlo simulation and 105 ion trajectories for the
simulation of the point response. In case of a sharp
mask edge and normal implantation direction, the results of the combined approach reproduce the results
of the direct Monte-Carlo simulation very well. The
deviation between the two methods is of about 10 to
maximum 30 nm. The lateral extension of the proﬁle
at the depth of the maximum of the boron distribution is reproduced with an accuracy of about 10 nm
in the concentration range 1017 to 1019 cm−3 using the
combined method. This is a reasonable correspondence
taking into consideration that the accuracy of the experimental methods to measure lateral distributions is
not better than 10 nm and the typical cell size of the
histograms used in the Monte-Carlo method is also of
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Fig. 7 Comparison of the boron distributions in silicon near
a sharp mask edge simulated using direct Monte-Carlo method
(MC) and the combined simulation approach based on the point
response interface (PRI). The implantation conditions are as in
the example presented in Fig. 3. Isoconcentration lines for 1017 ,
3.2·1017 , 1018 , 3.2·1018 , and 1019 cm−3 are shown.

by the mask, and the shape of this oblique mask is
depicted in Fig. 6. A somewhat less good overall acuracy compared to the case of a vertical mask edge is
observed. The deviation between the results obtained
with the two methods amounts 10 to 35 nm. The largest
deviations are observed under the edge of the oblique
mask. There are two main reasons for this deviation.
First, the combined method in this initial implementation seems to overestimate the penetration of the ions
through the oxide mask, but this can be easily improved
by a calibration of the parameters of the multi-layer
models [8], [9] specially for the use in the combined
method. Second, the Monte-Carlo method has a tendency to underestimate the penetration through thick
masks because of the low probability of such events.
When estimating the accuracy of the simulation of ion
implantation, we have to keep in mind that an average distance to the next neighbor for implanted ions
at a concentration of 1017 cm−3 is of about 20 nm and
ﬂuctuations of the distance to the next neighbor up to
40 nm are probable. Therefore, even if the same number of ion trajectories as in real implantation is used
in the Monte-Carlo simulation, ﬂuctuations of the isoline positions due to statistical eﬀects are existent and
they are comparable with the accuracy of the combined
approach in the present simulations.
4.

Fig. 8 Comparison of the boron distributions in silicon near
a tilted mask edge simulated using direct Monte-Carlo method
(MC) and the combined simulation approach based on the point
response interface (PRI).The implantation conditions are as in
the example presented in Fig. 6. Isoconcentration lines for
6.3·1016 , 2·1017 , 6.3·1017 , 2·1018 , and 6.3·1018 cm−3 are shown.

Conclusion

Using a point response function extracted from MonteCarlo simulation and the CPU time eﬃcient algorithm
for three-dimensional convolution developed earlier, a
point response based interface between the MonteCarlo and analytical simulation methods was established. The simulation results of the suggested combined approach are almost as accurate as a full area
Monte-Carlo simulation but require signiﬁcantly less
computation time.
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