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Comparison of Numerical Methods for Obtaining

2-D Impurity Profile in Semiconductor
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Abstract

An efficient numerical scheme for assessing the two-dimensional diffusion problem for
modelling impurity profile in semiconductor is described. A unique combination of ADI (Al
ternating Direction Implicit) method and Gauss Elimination has resulted in a reduction of CPU
time for most diffusion processes by a factor of 3, compared to other iteration schemes such as
SOR (Successive Over-Relaxation) or Stone’s iterative method without additional storage re-
quirement.

Various numerical schemes were compared for 2-D as well as 1-D diffusion profile in terms
of their CPU time while retaining the magnitude of relative error within 0.001%. good agree-
ment between 1-D and 2-D simulation profile as well as between 1-D simulation profile and
experiment has been obtained.

I. Introduction

For the recent five or six years, process
simulation has become a very important step in
determining the process condition and device
design to achieve the specified circuit behaviour,
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mension shrink to include, in the restricted chip
area, as many devices as possible without the
loss of electrical performance of the device,
one-dimensional process simulation is found
out to be insufficient to predict and correct for
the basically two - or three-dimensional device
behaviour, such as bulk punchthrough, thresh-
old degradation with channel lengths and
widths. A number of 2-dimensional process
simulators were reported (2,3.4]  to compute
the accurate 2-D doping profile in the source
and drain regions of short-channel MOSFET’s
and the channel stop diffusion profile in the
bird’s beak region. The basic process physics
and models being adopted in the 1-D process
simulator can be reused in the 2-D simulator
with no essential variation, and it can be
generally said that the only additional effort
in developing 2-D simulator is in devising ef-
ficient numerical scheme which is fast and does
not occupy too much memory space.

For most of the 1-D simulation probiems,
the direct solution method such as LU decom-
position and Gauss Elimination is the obvious
choice for obtaining the fast solution, since
the number of nodes in the solution domain
is generally small (<X 500) and the number of
nonzero entry in the system matrix, A (in Ax=
b) is, at most, three. Actually, the 1-D simu-
lator, SUPREM, relies on the Gauss Elimination
method for solving the resultant set of linear
equations.

However, in most of the two-dimensional
diffusion problem solver (In this paper, we
are mainly concerned with the diffusion aspects
among all fabrication steps.), the iterative
methods such as Gauss-seidel and SOR
(Successive Over-Relaxation) were almost ex-
clusively incorporated, since it is generally
thought that the requirement for memory
usage in direct solution method is excessive in
the conventional five-point differencing scheme
for modelling the 2-D diffusion problem.

In this paper, we will describe a two-di-
mensional simulator, PRECISE (Program for
Efficient Calculation of Impurity Shapes using
Elimination) which models the 2-D diffusion
equation using ADI (Alternating Direction
Implicit) scheme and solves the resultant set
of linear equations using Gauss Elimination.
In ADI model, the concentration values at
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three (instead of five) consecutive points either
in x-direction or in y-direction have to be
considered simultaneously in solving the
system equations. Since the number of non-
zero elements in each row of matrix A (in
Ax=b) is reduced to, at most, three, the direct
solution methods become feasible. The LU
decomposition method was excluded here
since the system matrix varies with each time
step (at) due to the updating of diffusivity
values each At. Section II shows the result
of our I-dimensional diffusion simulator
(DIFSIM) compared to the experimental
result and SUPREM result. Various com-
binations of discretization and solution
methods, such as FI (Fully Implicit) plus
SOR, CN (Crank-Nicolson) plus SOR, and
FI plus Gauss Elimination, were compared
in terms of the CPU time and accuracy for
1-dimensional diffusion problem. In section
III, the numerical scheme employed in PRE-
CISE is explained, and compared with other
iterative methods. The results of 2-D simula-
tion were shown in section IV for the case
of jon-implantation and thermal diffusion
processes of boron and phosphorus.

II. One-Dimensional Diffusion Problem

A. 1-dimensional diffusion simulator:
DIFSIM
The physical models for diffusion and
oxidation process incorporated in the exist-
ing 1-D programs![!] will not be rediscussed here
for simplicity. Fig. 1 and Fig. 2 show the
experimental measurement of boron and phos-
phorus profile obtained by anodize-and-etch
method, compared to the simulation result
using SUPREM and using DIFSIM (diffusion
simulator), a one-dimensional process simula-
tor. Various physical models including vacancy
diffusion model, stress effect, OED (Oxidation-
Enhanced Diffusion), segregation and moving
boundary flux were incorporated in DIFSIM.
as can be seen from Fig. 1(a), (b), the boron
and phosphorus profiles after the predeposition
step are well predicted either by SUPREM or
DIFSIM. However, we found a large discre-
panny between the experimental data and
SUPREM simulation result for the case of
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Fig. 1. Predeposition profile of (a) boron, and
(b) phosphorus by SUPREM, DIFSIM
simulation and experiment. ‘Total
(DIFSIM)’ denotes the total concentra-
tion of phosphorus as calculated from
DIFSIM, while the other two curves
denote the electrically active atomic
concentrations by DIFSIM and SUP-
REM. Symbols (0,x) denote two differ-
ent set of experimental data.

drive-in in oxidizing ambient as is shown in
Fig. 2(a) and (b), for boron and phosphorus
profile, respectively. The parameter values
used in DIFSIM were adjusted to yield the
simulation results in good agreement with
the experimental data.
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Fig. 2. Inert-ambient drive-in profile of (a)

boron and, (b) phosphorus by SUPREM
DIFSIM simulation and experiment.
Symbols (o,x) denote two different set
of experimental data.

B. Comparison of 1-D Numerical Schemes

The diffusion equation to be solved in semi-
conductor bulk region, in simplified form, is

ac _

o oc
ot ox D ax )

Equ. (1)
which can be discretized using various finite

difference grid schemes such as implicit
method, explicit method, Crank-Nicolson
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method and Dufort-Frankel method. The
discretizing scheme of each method is summa-
rized in Table 1.

Table 1. One-dimensional discretization schemes.

Implicit chHl o= (et L gentl 4 ot
} 1 j+l ] j~1
a = D.atj(ax)?
Explicit C‘f"'l_ =

—2c+c?
]
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_cn-l )
j

Explicit scheme is generally unstable unless
excessive care is taken in selecting At and, for
that reason, has been avoided in most practical
applications. DF (Dufort-Frankel method) is
a three level time discretization method, and
found out to be nonconverging unless the time
step (at) is made to be less than 20-30% of that
in other methods for the same problem either
1-dimensional or 2-dimensional. For the
reason, DF was virtually excluded for compari-
son in this paper. The discretized equation can
be solved either by direct method or iterative
method. We have chosen the maximal time
step (at) which gives the error in concentration
values at every grid point of less than 1% as the
optimal At. The optimal At value was very
similar for all the solution methods tried.
Fig. 3(a) (b) shows the boron profile after pr-
edeposition (950°C,30 min), where the obviou
sly misleading result appears as At jumps from
0.4 min to 0.6 min. Fig. 3(b) shows the case for
phosphorus predeposition, where At, opt was
chosen to be 0.1 min. Three different combi-
nations of discretizing schemes and solution
methods were compared in Fig. 4 in terms of
their CPU time. Case I, II and III denote three
different predeposition cycles. The data points
represented as filled circles denote FI plus SOR,
the open circles denote CN plus SOR, while
the X denote FI plus Gauss Elimination.
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Fig. 3. Simulated predeposition profile of (a)
boron, and (b) phosphorus using various
magnitudes for the time step (at).

Among three cases I, II and III, the phosphorus
predep cycle (III) takes longest CPU time due
to its highly complicated regional diffusivity
behaviour (5] . In any case, however, the FI
plus GE scheme has shown a factor of three
advantage in CPU time compared to the other
two schemes. The time step (At) were refined
until 1% error in concentration value occurs. In
most cases, the average diffusivity times time
step size (Dav'Atopt) product were nearly
constant, Case III shows the smallest Atopt
owing to its relatively high diffusivity value.

1. Two-Dimensional Diffusion Problem

The two-dimensional diffusion equation

9%C 2 C
=D& + &L,
% aX2 ay2
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Fig. 4. Comparison of CPU times among three
numerical methods in three (I, II, and
I11) cases of one-dimensional predeposi-
tion problems. Filled circle denotes
Fully-Implicit (FI) plus SOR, empty
circle denotes Crank-Nicolson (CN)
plus SOR, while x denotes FI plus
Gauss Elimination,

can be discretized by the similar schemes as
that used in 1-D problem i.e., fully-implicit
method, Crank-Nicolson method, etc. In these
discretizing schemes, the resultant set of linear.
equations has been solved by iterative solution
methods such as Gauss-Seidel and SOR (Succes-
sive Over-Relaxation), or LU decomposition
using sparse matrix technique, or Stone’s
iterative method which updates, at each itera-
tion, the direct solution of the matrix modified
to be LU-decomposable.[¢] In any of the
above formulations, the solution procedure is
concerned with solving a set of linear equa-
tions, where each equation has five unknowns.
In this paper, we introduced the ADI (Alter-
nating Direction Implicit) scheme which
formulates a two-dimensional problem into a
succession of two independent one-dimensional
problems as follows.

2 ~nt¥a 2 D

et _on _par [2Cik PGk

ik ik 2 52 5y
Equ. (2)
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The above two equations are combined to give

52Cn+l/2 52Cn
n+1 n i, 1 ik
Ct - C’. =Dat 5 + = =
ik ik 6x 2\ 8y?
52Cn+1
1K Equ. (4)
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A time step (At) is divided into two sub-steps,
odd (between n and n+% in Equ. 2) and even
(between n+Y% and n+1 in Equ. 3) intervals, and
the implicit direction (x-direction in Equ. 2,
and y-direction in Equ. 3) alternates every

The combined form, Equ. 4, is equivalent

to treating x-direction by the mid-point rule
and the y-direction by the trapezoidal rule
like crank-nicolson method. The ADI scheme,
when applied to 2 or 3-dimensional diffusion
problems were proven to be generally stable [ 7]
Since the five-point difference grid scheme has
been modified to two three-point difference
formulations, we can easily apply the Gauss
Elimination method for odd time steps and even
time steps. (The node number reordering has to
be done each At/2 to make Gauss Elimination
process easy.)
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Fig. 5. Comparison of 1-D simulation

(DIFSIM) and 2-D simulation (PRE-
CISE) for the predeposition of boron
and phosphorus.
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Fig. 5 shows the comparison of the result
of 1-D simulation (DIFSIM) with that of 2-D
simulator (PRECISE) for the predeposition
cycles of boron and phosphorus. The number
of meshes in 2-D simulation was 30x30, while
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Fig. 6. Comparison of three numerical schemes
in 2-D problem for the predeposition of
(a) boron, and (b) phosphorus. Method
A is FI + stone’s method, method B,
FI + SOR with w=1, and C is ADI +
Gauss Elimination, Left axis quantity
is CPU time, while right axis quantity
is iteration number averaged over all
time steps.
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it was 400 in 1-D simulation. Three different
combinations of discretizing and solution
methods were compared in terms of the CPU
time in Fig. 6(a) and (b) for boron and
phosphorus predeposition case, respectively.
(A) and (B) denote FI plus stone’s iterative
method, and FI plus SOR, respectively. Both
methods take nearly similar amount of CPU
time, while (A) performs better as At increases.
The average number of iterations at each time
step (represented as dotted line) stays fairly
constant in the case of boron predeposition
(see Fig. 6(a), while in phosphorus predeposi-
tion (Fig. 6(b)), it somewhat increases as At
increases owing to the highly dependent nature
of diffusivity of concentration values. In Fig.
6(a), (b), it is seen that in the method (C),
which combinates ADI with Gauss Elimination,
the CPU time was reduced by approximately a
factor of three compared to (A) and (B). (The
reduction factor is smaller in phosphorus case
due to the CPU time overhead in evaluating the
diffusivity.) Method (C) using ADI plus Gauss
Elimination was employed in PRECISE for
calculating the two-dimensional impurity pro-
file shown in the following section.

IV. Results and Discussion

Fig. 7 through Fig. 9 show the two-dimen-
sional impurity profile due to ion-implantation.
predeposition, and drive-in cycles as obtained

Boron implont
(10'¥%cm? |50 keV)

+ Drive -in (1000°C , 30min}

MASK

Boron Implant “013/1:("2 , 5OkeV}
+Drive - in (1000°C, 30min}

Fig. 7. 2-D profile of boron after the ion im-
plantation (1013/50 KeV) followed by
IOOOOC, 30 min drive-in.
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from PRECISE. The domain size is 1.5
um x and divided into 30 x 30 grids. The
reflecting boundary conditions were assumed
for all boundaries except the mask window for
ion-implantation and predeposition. Boron
implant profile is assumed to be pearson-IV
type distribution in the vertical direction and
erfc in the lateral direction. Fig. 7 shows the
2-dimensional boron profile due to ion-implan-
tation (1013/cm2 at 50 keV) when half (0.75
pum) of the silicon surface was covered with a
mask, which was followed by a drive-in cycle
of (1000°C, 30 min). Implant profile for
phosphorus was assumed to be joint- gaussian
in the vertical direction and erfc in the lateral
dimension. The vertical profile is given as a
table-type data, which is the same as that used
in SUPREM. Physical models used for the
predeposition and drive-in of boron and phos-
phorus is exactly the same as that used in
DIFSIM, and essentially equivalent to that of
SUPREM.
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Fig. 8. (a) ; 2-dimensional profile of boron due
to predeposition (1000°C, 30 min).
(b) ; profile in.(c) as seen in three direc-
tion from the mask edge.
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Fig. 8(a) shows the boron profile following
predeposition cycle (IOOODC, 30 min). In this
case the diffusion window is 0.5 um wide,
while the remaining 1.0 um was covered with
a mask. Fig.8(b) shows the same profile in one-
dimensional fashion beginning from mask edge
in the vertical direction, (a), in the direction
along the Si/SiO, interface, (b), and 45°
direction, (¢). Lateral junction depth in 45°
direction are shown to be suppressed by a
factor of 0.9 ~ 0.93, which can be explained
by the relative shortage of impurity source
in the corner region. The curve (c¢) denoting
the profile in 45° direction shows some artifact
due to inappropriate grid quantizing and inter-
polation. It is thought that the lateral junction
depth will be decreased if the impurity segre-
gation is considered. Fig. 9 shows the boron
profile in Fig. 8(a) after the additional thermal
cycle (drive-in at 1000°C, 15 min). It can be
seen from Fig. 9 that, following 1000°C, 30
min predeposition and 1000°C, 15 min drive-
in cycles, the junction depth (x;) due to boron
at the center of the mask window begins to
shrink from the x. value at the center of the
mask window which is much wider than the X
value.
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(1000°C, 15 min).

in Fig. 8 following drive-in

V. Conclusion

A two-dimensional numerical scheme com-
bining ADI (Alternating Direction Implicit)
with Gauss Eliminatjon was presented. It show-
ed a significant CPU time reduction (about a
factor a two or three in our examples) com-
pared to the conventional iterative schemes.
Memory requirement is also minimal. The 2-D
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program result was calibrated with 1-D program
result, which was, in turn, in better agreement
with experimental results than SUPREM,
Various simulation results, as well as the
optimal time step, for implantation, predepo-
sition and drive-in steps of boron and phos-
phorus were demonstrated.

It is believed that such phenomena as junc-
tion depth shortening in the small window
region and the anisotropy in diffusion profile
due to segregation’ at the Si/SiQ, interface in
the lateral direction in the mask edge region,
can be accurately observed using extensive
two-dimensional simulation.
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