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57 ABSTRACT 

In an interstitial concentration simulating method, a mesh is 
set in a simulation region of a semiconductor device. Under 
a condition that an area outside of the simulation region is 
infinite, a provisional interstitial concentration and a provi 
sional interstitial diffusion flux at the boundary of the 
simulation region are calculated. Then, an interstitial diffu 
sion rate at the boundary of the simulation region is calcu 
lated by a ratio of the provisional interstitial diffusion flux to 
the provisional interstitial concentration. Finally, an inter 
stitial diffusion equation is solved for each element of the 
mesh using the interstitial diffusion rate at the boundary, 

10 Claims, 11 Drawing Sheets 
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HGH SPEED PONT DEFECT OFFUSON 
SIMULATING METHOD 

BACKGROUND OF THE INVENTION 

... Field of the Invention 

The present invention relates to a simulating method for 
manufacturing a semiconductor device, and more 
particularly, to a method for simulating a concentration of 
point defects, i.e., an interstitial concentration in a semicon 
ductor device. 

2. Description of the Related Art 
In a method for manufacturing a semiconductor device, 

when impurity ions such as boron ions are implanted into a 
semiconductor substrate, point defects (interstitials) such as 
interstitial silicon and vacancies are generated by energetic 
ion bombardment. The interstitials interact with the 
implanted impurity ions, thus enhancing the diffusion of the 
implanted impurity ions (see: M. Haneel at... "A Model for 
Boron Short Time Annealing After Ion Implantation", IEEE 
Transactions on Electron Devices, Vol.40, No.7. 
pp.1215-1222, July 1993). Therefore, when simulating an 
impurity diffusion process, it is necessary to simulate an 
interstitial diffusion process as well. 

Generally, when simulating a diffusion process, a mesh is 
provided within a rectangular simulation region, and a 
discrete diffusion equation is solved for each element of the 
mesh. This will be explained later in detail. 
On the other hand, there is a large discrepancy in diffusion 

length between the impurity diffusion species and the inter 
stitial diffusion species. That is, the diffusion length of 
impurities such as borons is about 1 um, while the interstitial 
diffusion length is about 100 um. 

In a first prior art simulating method, a large mesh for 
simulating the interstitial concentration are provided within 
a first simulation region having a depth of about 100 p.m. and 
a small mesh for simulating the impurity concentration are 
provided within a second simulation region having a depth 
of about 1 Im within and above the first simulation region. 
Then, an interstitial diffusion equation is solved for each 
element of the mesh in the first simulation region, and an 
impurity diffusion equation is solved for each element of the 
mesh in the second simulation region. In this case, a fixed 
boundary condition is adopted, i.e., the interstitial concen 
tration at a boundary of the first simulation region is always 
set a definite value such as zero (see: D. Collard et al., 
"IMPACT-A Point-Defect-Based-Two-Dimensional Process 
Simulator: Modeling the Lateral Oxidation-Enhanced Dif 
fusion of Dopants in Silicon", IEEE Transactions on Elec 
tron Devices, Vol. ED-33, No. 10, pp. 1454-1462, October 
1986). This will also be explained later in detail. 

In the above-described first prior art simulating method, 
however, since the total number of elements of the mesh is 
large, the simulation time is increased, i.e., the simulation 
speed is low. 

In a second prior art simulating method, a mesh is 
provided commonly for the impurity concentration and the 
interstitial concentration. That is, the mesh is provided with 
a simulation region having a depth of about 1 m. In this 
case, a reflection type boundary condition is adopted, i.e., a 
gradient of the interstitial concentration at the boundary of 
the simulation region is zero, so that no interstitials flow 
through the boundary of the simulation region. Then, an 
impurity diffusion equation and an interstitial diffusion 
equation are solved for each element of the mesh in the 
simulation region. This will also be explained later in detail. 
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2 
In the above-described second prior art simulating 

method, since the total number of elements of mesh is small, 
the simulation time is decreased, i.e., the simulation speed is 
high. However, since the reflection type boundary condition 
does not satisfy an actual physical phenomenon, the simu 
lated interstitial concentration is far from a practical value. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a high 
speed point defect (interstitial) diffusion simulating method 
capable of obtaining an interstitial concentration close to a 
practical value. 

According to the present invention, in an interstitial 
concentration simulating method, a mesh is set in a simu 
lation region of a semiconductor device. Under a condition 
that an area outside of the simulation region is infinite, a 
provisional interstitial concentration and a provisional inter 
stitial diffusion flux at the boundary of the simulation region 
are calculated. Then, an interstitial diffusion rate at the 
boundary of the simulation region is calculated by a ratio of 
the provisional interstitial diffusion flux to the provisional 
interstitial concentration. Finally, an interstitial diffusion 
equation is solved for each element of the mesh using the 
interstitial diffusion rate at the boundary. Although the 
provisional interstitial concentration and the provisional 
internal diffusion flux are not good approximations of the 
actual values, but the interstitial diffusion rate is a good 
approximation of actual value. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be more clearly understood 
from the description as set forth below, in comparison with 
the prior art, with reference to the accompanying drawings, 
wherein: 

FIG. 1 is a diagram illustrating a mesh configuration 
provided within a semiconductor device; 

FIG. 2 is a block circuit diagram illustrating a prior art 
simulation system; 

FIG. 3 is a flowchart showing a prior art simulating 
method; 

FIG. 4A is a two-dimensional diagram of the impurity 
concentration and the interstitial concentration obtained by 
the flowchart of FIG. 3; 

FIG. 4B is a one-dimensional diagram of the initial 
impurity concentration and the initial interstitial concentra 
tion obtained by the flowchart of FIG. 3; 

FIG. 4C is a one-dimensional diagram of the impurity 
concentration and the interstitial concentration obtained by 
the flowchart of FIG. 3; 

FIG. 5 is a graph showing a simulation result of the 
interstitial concentration obtained by the flowchart of FIG. 
3; 

FIG. 6 is a flowchart showing another prior art simulating 
method; 

FIG. 7A is a two-dimensional diagram of the impurity 
concentration and the interstitial concentration obtained by 
the flowchart of FIG. 6; 

FIG. 7B is a one-dimensional diagram of the initial 
impurity concentration and the initial interstitial concentra 
tion obtained by the flowchart of FIG. 6; 

FIG. 7C is a one-dimensional diagram of the impurity 
concentration and the interstitial concentration obtained by 
the flowchart of FIG. 6; 

FIG. 8 is a graph showing a simulation result of the 
interstitial concentration obtained by the flowchart of 
FIG. 6; 
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FIG. 9 is a flowchart showing an embodiment of the 
simulating method according to the present invention; 

FIG. 10A is a two-dimensional diagram of the impurity 
concentration and the interstitial concentration obtained by 
the flowchart of FIG. 9; 

FIG. 10B is a one-dimensional diagram of the initial 
impurity concentration and the initial interstitial concentra 
tion obtained by the flowchart of FIG. 9; 

FIG. 10C is a one-dimensional diagram of the impurity 
concentration and the interstitial concentration obtained by 
the flowchart of FIG. 9; 

FIG. 11 is a graph showing a simulation result of the 
interstitial concentration obtained by the flowchart of FIG. 
9; and 

FIG. 12 is a cross-sectional view for explaining a modi 
fication of the embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Before the description of the preferred embodiment, prior 
art simulating methods will be explained with reference to 
FIGS. 1 

In FIG. 1, which illustrates an example of a mesh con 
figuration provided within a semiconductor device, a mesh 
is provided within a simulation region. Each element of the 
mesh is defined by a mesh point P and a control volume V. 

In FIG. 2, which illustrates a prior art simulation system. 
the simulation system is comprised of a simulation perform 
ing apparatus such as a computer 1, an input unit 2 for 
inputting simulation initial values such as a kind of ion 
species, ionimplantation energy, a number of implanted ions 
per unit area and so on, and an output unit 3 for outputting 
a simulation result and so on. The simulation performing 
apparatus 1 is comprised of a central processing unit (CPU), 
a read-only memory (ROM), a random access memory 
(RAM), and the like. 

FIG. 3 is a flowchart showing a prior art diffusion 
simulating method carried out by the simulation performing 
apparatus 1 of FIG. 2 (see the D. Collard document). 

First, at step 301, an initialization is carried out. That is, 
a simulation region R having a depth of 100 m as shown in 
FIG. 4A is set, and a mesh having about 150 elements is 
provided within the simulation region R. Also, initial con 
ditions such as a kind of implanted ions, ion implantation 
energy, a number of implanted ions per unit area and the like 
are inputted from the input unit 2. Then, an initial interstitial 
concentration Co as well as an initial impurity concentra 
tion Co as shown in FIGS. 4A and 4B are calculated using 
the Monte Carlo ion implantation simulation program in 
accordance with the initial conditions. 

Next, at step 302, a fixed boundary condition is set. That 
is, the interstitial concentration C at the depth of 100 m is 
set by 

C(100 m)=0 (1) 

Next, at step 303, a predetermined time period is incre 
mented. 

Next, at step 304, an interstitial concentration C is 
solved for each element of the mesh by the interstitial 
diffusion equation: 

dCof-div D grad Cp (2) 

where D is an effective diffusivity of the interstitials. As 
a result, at time t, the interstitial concentration C is obtained 
as shown in FIGS. 4A and 4.C. 
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4 
Next, at step 305, an impurity concentration C is solved 

for each element of the mesh by the impurity diffusion 
equation: 

OC/Gr-div D, grad C, (3) 

where D is an effective diffusivity of the impurities 
which is dependent upon the impurity concentration C as 
well as the interstitial concentration C. As a result, at time 
t, the impurity concentration C is obtained as shown in 
FIGS. 4A and 4.C. 

Next, at step 306, it is determined whether or not a total 
time period has passed. If the total time period has passed, 
the control proceeds to step 307. Otherwise, the control 
returns to step 303, thus repeating the above-mentioned 
operations at steps 303 to 305. 

At step 307, a simulation result is outputed to the output 
unit 3. For example, a simulation result of the interstitial 
concentration C as shown in FIG. 5 which is close to a 
practical value can be obtained. 

Then, the routine of FIG. 3 is completed by step 308. 
In the prior art simulating method as illustrated in FIGS. 

3, 4A, 4B and 4C, however, since the total number of 
elements of the mesh is large, the simulation time is 
increased, i.e. the simulation speed is low. Also, the capacity 
of the RAM of the apparatus of FIG. 2 for storing data for 
the elements of the mesh is increased. 

FIG. 6 is a flowchart showing another prior art diffusion 
simulating method carried out by the simulation performing 
apparatus 1 of FIG. 2. In FIG. 6. steps 601 and 602 are 
provided instead of steps 301 and 302 of FIG. 3. 

First, at step 601, an initialization is carried out. That is, 
a simulation region R having a depth of 1 m as shown in 
FIG. 7A is set, and a mesh having about 10 elements is 
provided within the simulation region R. Also, initial con 
ditions such as a kind of implanted ions, ion implantation 
energy, a number of implanted ions per unit area and the like 
are inputted from the input unit 2. Then, an initial interstitial 
concentration Co as well as the initial impurity concentra 
tion Co as shown in FIGS. 7A and 7B are calculated using 
the Monte Carlo ion implantation simulation program in 
accordance with the initial conditions. 

Next, at step 602, a reflection type boundary condition is 
set. That is, a slope of the interstitial concentration C at the 
depth of 1 um is set by 

oCox(1 m)=0 (4) 

Then, the control proceeds to step 303, thus carrying out 
operations at steps 303 to 307 the same as those of FIG. 3. 
That is, at time t, the interstitial concentration C is obtained 
as shown in FIGS. 7A and 7C. and also, the impurity 
concentration C, is obtained as shown in FIGS. 7A and 7C. 
According to the routine of FIG. 6, for example. a 

simulation result of the interstitial concentration C as 
shown in FIG. 8 can be obtained. 

In the prior art simulating method as illustrated in FIGS. 
6, 7A, 7B and 7C, since the total number of elements of the 
mesh is small, the simulation time is decreased, i.e., the 
simulation speed is high. Also, the capacity of the RAM of 
the apparatus of FIG. 2 required for storing data for the 
elements of the mesh is decreased. 

In the prior art simulating method as illustrated in FIGS. 
6, 7A,7B and 7G, however, since the interstitials are defined 
within the simulation region R after the concentration of 
interstitials is homogeneous at time 0.05s as shown in FIG. 
8, the interstitial concentration C is definite, which does not 
satisfy an actual physical phenomenon. Thus, the simulated 
interstitial concentration C is far from a practical value. 
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FIG. 9 is a flowchart showing an embodiment of the 
diffusion simulating method according to the present inven 
tion. 

First, at step 901, in the same way as at step 601, an 
initialization is carried out. That is, a simulation region R 
having a depth of 1 pm as shown in FIG. 10A is set, and a 
mesh having about 10 elements is provided within the 
simulation region R. Also, initial conditions such as a kind 
of implanted ions, ion implantation energy, a number of 
implanted ions per unit area and the like are inputted from 
the input unit 2. Then, an initial interstitial concentration 
Co as well as an initial impurity concentration Co as shown 
in FIGS. 10A and 10B are calculated using the Monte Carlo 
ion implantation simulation program in accordance with the 
initial conditions. 

Next, at step 902, a predetermined time period is incre 
mented. 

Next, at step 903, assume that there is no obstacle outside 
of the simulation region R', i.e., the semiconductor substrate 
outside of the simulation region R is infinite. Under thus 

-8 

assumption, an interstitial concentration C at location X at 
time t is calculated by 

Co-Co (f) G, (f. , t) di (5) 
where V is the simulation region (control volume) R', and 
G is a Green's function of the interstitial diffusion 

equation which is represented by 

Gi(t) = 1/(2N td, ). exp(-it-el4Dp) (6) 

From the equation (5), the interstitial concentration C at 
the boundary of the simulation region R' can be calculated. 
However, this interstitial concentration is not a good 
approximation of an actual value. 

Next, at step 904, also assume that there is no obstacle 
outside of the simulation region R, i.e., the semiconductor 
substrate outside of the simulation region R is infinite. 
Under this assumption, an interstitial diffusion flux J at 
location at time t is calculated by 

Je-(4)-f(-)-r-Co(r)-G(r, x, pdf (7) 

where n is a normal vector at the boundary of the 
simulation region R. 
From the equation (7), the interstitial diffusion flux Jat 

the boundary of the simulation region R' can be calculated. 
Also, in this case, this interstitial diffusion flux is not a good 
approximation of an actual value. 

Next, at step 905, an interstitial flow rate V at the 
boundary of the simulation region R is calculated by. 

V(t)sp(tyCo(t) (8) 

Note that the inventor found that the interstitial flow rate 
V(t) at the boundary by using the equations (5), (7) and (8) 
is a good approximation of an actual value. 

Also, since each of the elements of the mesh is very small, 

where X Si is a surface area of the simulation region R. 
Next, at step 906, an interstitial concentration C is 

solved for each element of the mesh by the interstitial 
diffusion equation (2). In this case, 
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6 
As a result, at time t, the interstitial concentration C is 

obtained as shown in FIGS. 10A and 10C. 
Next, at step 907, an impurity concentration C is solved 

for each of the elements of the mesh by the impurity 
diffusion equation (3). 
As a result, at time t, the impurity concentration C is 

obtained as shown in FIGS. 10A and 10C. 
Next, at step 908, it is determined whether or not a total 

time period has passed. If the total time period has passed, 
the control proceeds to step 909. Otherwise, the control 
returns to step 902, thus repeating the above-mentioned 
operations at steps 902 to 907. 
At step 909, a simulation result is outputted to the output 

unit 3. For example, a simulation result of the interstitial 
concentration C as shown in FIG. 11 which is close to a 
practical value can be obtained. 
Then the routine of FIG. 9 is completed by step 910. 
Thus, in the embodiment, since the total number of 

elements of the mesh is small, the simulation time is 
decreased, i.e., the simulation speed is high. Also, the 
capacity of the RAM of the apparatus of FIG. 2 required for 
storing data for the elements of the mesh is decreased. 

In the above-described embodiment, interstitials are gen 
erated due to energetic ion bombardment. However, as 
illustrated in FIG. 12, when a silicon substrate 121 is 
thermally oxidized using a silicon nitride layer 122 as a 
mask to form a silicon oxide layer 123, interstitials are 
generated at a Si-SiO interface between the silicon sub 
strate 121 and the silicon oxide layer 123. In this case, the 
equation (5) is replaced by 

f (9) 

CD - g(t) G.(v,i)dtd. 
Ltd a 

where L is a surface of the simulation region R'; 
--> 

g(r. 1) is a generation rate of interstitials at the Si-SiO, 
interface; and 
G is a Green's function of the interstitial diffusion 

equation which is represented by 

GaGlitt) = 1/(2Nir Door-t) ) exp(-ir-irt/4D(r-t) () 
Also, the equation (7) is replaced by 

-- - - (-) - (-). G.(t,f)dtd. 

Further, since each of the meshes is very small, 

f 

f(t)dtd - 22ft)Ajhi 
Le o 

where XH-the length of the Si-SiO interface; 
SEAtja K=t(current time) 

If interstitials are generated due to energitic ion bombard 
ment and the growth of SiO, the interstitial concentration is 
calculated by a sum of the equations (5) and (9), and the 
interstitial diffusion flux is calculated by a sum of the 
equations (7) and (11). 

Further, in FIG. 12, the Si-SiO interface absorb the 
generated interstitials; however, in this case, the generation 
rate g( F. t) of the interstitials of the equation (9) is replaced 
by 
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where O is an extinction rate of interstitials. In addition, 
if a silicon nitride layer is deposited directly on a silicon 
substrate, the Si-SiN interface also generates vacancies; in 
this case, the vacancies can be processed in the same way as 
those of the Si-SiO interface. 

In the above-described embodiment, although the semi 
conductor substrate is made of silicon, the present invention 
can be applied to other semiconductor substrate made of Ge. 
compound semiconductor such as GaAs, InP, ZnS, Zn or Se, 
polycrystalline semiconductor, or amorphous semiconduc 
tor. 
As explained hereinbefore. according to the present 

invention, since the total number of elements of a mesh can 
be small, the simulation time can be decreased, i.e., the 
simulation speed can be enhanced. Also, the capacity of 
memory required can be reduced. 

I claim: 
1. A method for simulating an interstitial concentration of 

a continuous semiconductor device, comprising the steps of: 
setting a mesh having a plurality of elements in a simu 

lation region within said continuous device; 
calculating a first interstitial concentration at a boundary 

of said simulation region under a condition that an area 
outside of said simulation region is infinite; 

calculating a first interstitial diffusion flux at the boundary 
of said simulation region under the condition that the 
area outside of said simulation region is infinite; 

calculating an interstitial diffusion rate at the boundary of 
said simulation region by a ratio of said first interstitial 
diffusion flux to said first interstitial concentration; and 

solving an interstitial diffusion equation for each of said 
elements using said interstitial diffusion rate at the 
boundary of said simulation region to obtain said 
interstitial concentration. 

2. The method as set forth in claim 1, wherein said first 
interstitial concentration calculating step comprises the steps 
of: 

evaluating a second interstitial concentration using a 
product of said interstitial concentration and Green's 
function for each of said elements at each time; 

accumulating said second interstitial concentration for all 
said elements to obtain said first interstitial concentra 
tion 

3. The method as set forth in claim 1, wherein said first 
interstitial diffusion flux calculating step comprises the steps 
of: 

evaluating a second interstitial diffusion flux using a 
product of said interstitial concentration and Green's 
function for each of said elements at each time; and 

accumulating said second interstitial diffusion flux for all 
said elements to obtain said first interstitial diffusion 
flux. 

4. The method as set forth in claim 1, wherein said first 
interstitial concentration calculating step comprises the steps 
of: 

evaluating a second interstitial concentration using a 
product of a generation rate of interstitials and Green's 
function for each of said elements at each time; and 

accumulating said second interstitial concentration for all 
said elements to obtain said first interstitial concentra 
tion. 

5. The method as set forth in claim 1, wherein said first 
interstitial diffusion flux calculating step comprises the steps 
of: 
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8 
evaluating a second interstitial diffusion flux using a 

product of a generation rate of interstitials and Green's 
function for each of said elements at each time; 

accumulating said second interstitial diffusion flux for all 
said elements to obtain said first interstitial diffusion 
flux. 

6. A method for simulating an interstitial concentration 
and an impurity concentration of a continuous device, con 
prising the steps of: 

setting a simulation region for an effective diffusion 
region of impurities within said continuous device; 

setting a mesh having a plurality of elements in said 
simulation region; 

calculating a first interstitial concentration at a boundary 
of said simulation region under a condition that an area 
outside of said simulation region is infinite; 

calculating a first interstitial diffusion flux at the boundary 
of said simulation region under the condition that the 
outside of said simulation region is infinite; 

calculating an interstitial diffusion rate at the boundary of 
said simulation region by a ratio of said first interstitial 
diffusion flux to said first interstitial concentration; 

solving an interstitial diffusion equation for said elements 
using said interstitial diffusion rate at the boundary of 
said simulation region to obtain said interstitial con 
centration; and 

solving an impurity diffusion equation for said elements 
to obtain said impurity concentration. 

7. The method as set forth in claim 6, wherein said first 
interstitial concentration calculating step comprises the steps 
of: 

evaluating a second interstitial concentration using a 
product of said interstitial concentration and Green's 
function for each of said elements at each time; and 

accumulating said second interstitial concentration for all 
said elements to obtain said first interstitial concentra 
tion. 

8. The method as set forth in claim 6, wherein said first 
interstitial diffusion flux calculating step comprises the steps 
of: 

evaluating a second interstitial diffusion flux using a 
product of said interstitial concentration and Green's 
function for each of said elements at each time; and 

accumulating said second interstitial diffusion flux for all 
said elements to obtain said first interstitial diffusion 
flux. 

9. The method as set forth in claim 6, wherein said first 
interstitial concentration calculating step comprises the steps 
of: 

evaluating a second interstitial concentration using a 
product of a generation rate of interstitials and Green's 
function for each of said elements at each time; and 

accumulating said second interstitial concentration for all 
said elements to obtain said first interstitial concentra 
tion. 

10. The method as set forth in claim 6, wherein said first 
interstitial diffusion flux calculating step comprises the steps 
of: 

evaluating a second interstitial diffusion flux using a 
product of a generation rate of interstitials and Green's 
function for each of said elements at each time; and 

accumulating said second interstitial diffusion flux for all 
said elements to obtain said first interstitial diffusion 
flux. 
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