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This study proposes a unified process modeling for dopant diffusion in silicon based on
point defect kinetics, and demonstrates a newly developed simulator which can predict
point defect behavior from the ion-implantation process to the dopant diffusion process.
This simulation has revealed the point defect induced enhancement effect on dopant
diffusion during short time annealing after ion-implantation, and has accurately predicted
the electric field effect in double diffusion of boron and arsenic by solving the Poisson's
equation. Furthermore, triple element diffusion of boron, arsenic, and phosphorus, neces-

sary for shallow base design in bipolar device fabrication, was successfully predicted.

1. INTRODUCTION

Accurate modeling of dopant diffusion in a sili-

con substrate, especially applicable to a low tempera-

ture process, is indispensable for future device fabri-

cation. This modeling requires knowledge about the

enhanced diffusion phenomenon during short time

annealing after the ion-implantation process, the clus-

tering phenomenon, double diffusion, phosphorus

diffusion in high concentration, and oxidation

enhanced/retarded diffusion. As decrease in the pro-

cess temperature continues, modeling of the initial
diffusion induced by ion-implantation damage will
predominate the diffusion phenomena, since the role

of the conventional diffusion mechanism will be rela-

tively reduced.

In this wor.k, a. unified process modeling of
dopant diffusion in silicon based on point defect

kinetics is proposed, which can treat these phenome-

na simultaneously. Furthermore, a newly developed

simulator, which can predict point defect behavior

from the ion-implantation process to the dopant

diffusion process, is also presented. Here, ion-

implantation has been treated by a particle model,

and point defect profiles have been obtained involv-

ing cascade generation by secondary scattered atoms.

The diffusion modeling features diffusion equations
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for point defects involving the recombination reaction

in silicon bulk under a non-equilibrium condition,

and the Poisson's equation to solve the electric field

effect accurately. Based on these modelings, the

newly developed program was applied to the three

cases of dopant diffusion during short time annealing

at low temperature, double diffusion of boron and ar-

senic, and triple element diffusion of boron, arsenic,

and phosphorus.

2. MODELING

The simulation program tool utilized in this

work was composed mainly of an "ion-implantation

simulator based on the particle model" and a "dopant

diffusion simulator based on point defect kinetics".

As shown in Fig.l, these two simulators can be

operated either independently or combined through

data files including dopant concentration profiles and

point defect concentration profiles.

The calculation procedure in the ion-

implantation simulator follows the tracing of charged

particle penetration into solids.l) When the incident

particle energy is neither too low nor too high, the

nuclear collision process benveen incident ions and

target atoms is approximated by successive binary

collision processes. The effect of inelastic scattering
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Fig.l Schematic illustration of newly developed
simulator

is modeled as energy-dependent stopping power by

the Lindhard-Scharff approximation for the low ener-

gy region,2) and by the Bethe-Bloch approximation

for the high-energy region. The point defect concen-

tration can be calculated taking into account the cas-

cade generation by secondary scattered target atoms

in the substrate. The larget atoms recoil at energy E

sufficiently larger than the threshold energy E6r, and

the atom moves with kinetic energy E - E6, where

E6 is the binding energy of the atom. Here, E6, is as-

sumed to take the widely used value of 15.8 eV, and

E6 is assumed to be 5 eV, nearly equal to ttre forma-

tion energy of the Si self-interstitial.

In the dopant diffusion simulator, both the

dopant concentration profiles and the point defect

concentration profi.les, obtained through the ion-

implantation simulator, are used as the initial values.

The diffusion equations for dopants and point defects

are solved through the interaction of these point de-

fects. These equations for interstitials and vacancies

are given by
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where C1 and Cy are the interstitial and vacancy con-

centrations, respectively. D1 and Dy are the diffusion

coefficients, kp is the bulk recombination rate con-

stant, and C*q is the concentration at thermal equili-

brium.

The diffusion equation for the dopant is given

by

where C and N are the chemical concentration and

active concentration, respectively. y denotes the po-

tential, D the diffusion coefficient, and Z the constant

value of L or -1. Potential V is solved by the

Poisson's equation given by

Clustering phenomena are taken into account for
boron and arsenic. The dissociation model for phos-

phorus diffusion in high concentration is also in-
volved.

The effects of point defect populations in their

different charge states on the dopant diffusion
coefficient have been taken into account, on the as-

sumption that the total concentration of charged point

defects is not affected by dopant concentration. The

energy required to change a charge state (less than 1

eV) is much smaller than the formation energies of
point defects (=5 eV). Furthermore, athermal migfa-

tion requires the defect charge state to change alter-

natively during site to site migration.3{) Therefore,

the population will be, determined mostly by the

difference between the Fermi level and the defect

levels. The relative populations of an interstitial C1"

and a vacancy Cv, in a charge state Y are given by
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where f(E) is the Fermi distribution function, Ero"

and Eyor, and E1"o irnd Ev"oare the energy threshold

levels between the charge state X and Y, and

between Y and Z, respectively. The differences in
point defect levels and Fermi levels are determined
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by the 1r value obtained from the Poisson's equation.

The dopant diffusion coefficient can be ex-

pressed as a function of the linear combination of
point defect concentrations, i.e.,

where

D = D"ei A-1 (I fi, Cr, + E fvy Cv, ) ,

A = E fI" CI""e + E fvy Cu""n,

f1 and fy are the "affinity" constant for the dopant.

3. RESULTS

3-1. Initial Diffusion After Ion-Implantation

The initial diffusion phenomenon after ion-

implantation is inevitable for the lower temperature

process. Here, analyses were ca:ried out on the as-

sumption that the very initial diffusion stage are ap-

proximately expressed by a constant diffusion

coefficient until the implanted damaged layer recov-

ers to a normal crystal. Figure 2 shows the as-

implanted boron and point defect profiles, with an in-

cident energy of 40 keV and a dose of 1015 cD-2,

obtained by the ion-implantation simulator. Figure

3(a) shows the simulated and experimental boron

redistribution profiles after N2 annealing at 900 oC

for L minute, 30 minutes, and 2 hours. The redistri-

buted profiles obtained by the conventional diffusion

models) are also added for comparison in Fig.3(a).

Figure 3(b) shows the point defect profiles

corresponding to Fig.3(a). As shown in Fig.3(a), by

the boron redistribution profile after N2 annealing for

L minute, a large enhancement effect at the initial an-

nealing stage, observed in experimental data is suc-

cessfully reproduced by the new model, revealing

that this enhancement effect can be attributed to a

large increase in point defect concentrations, as

shown in Fig.3(b). However, as the diffusion time

goes on, the enhancement rapidly decreases, because

the point defect concentrations decrease to equilibri-

um values by the recombination and diffusion

processes. As a result, the simulated boron profiles

after annealing for 30 minutes and 2 hours agreed

well with the measured profiles.
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Fig.2 As-implanted boron and point defect profiles.
Solid line is boron profile, and dotted lines are vacan-
cy and Si interstitial profiles, respectively.
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Fig.3(a) Redistribution profiles for boron after Nz an-
nealing for L minute, 30 minutes, and 2 hours at 900
oC. Solid lines are results simulated with the new
model. Dotted lines are results simulated with the
previous model. Symbols are measured results of
as-implanted profile, and of profiles after annealing
for 30 minutes and 2 hours.

l03

'vo 5 lo 15 n
Depth (pm)

Fig.3(b) Point defect profiles after N2 annealing for 1

minute, 30 minutes, and 2 hours at 900 oC. Solid
lines are Si interstitial profiles, and dotted lines are
vacancy profiles, respectively.
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3-2. Double Element Diffusion of Boron and Arsenic

Double element diffusion of boron and arsenic is

a key process for bipolar device fabrication. In the

simulation of double element diffusion, one of the

most important items is an accurate treatment of the

electric field effect, because of the strong electric

field effect at the junction reglon. Figure 4 shows

simulated and experimental profiles for as-implanted

and redistributed boron and arsenic. Arsenic was im-
planted with an incident energy of 40 keV and a dose

of 5x1015 cm-2. Boron was implanted with an in-
cident energy of 40 keV and a dose of lx10l5 cm-2,

successively. Annealing was caried out in N2 am-

bient at 900 oC for 30 minutes. The simulation result

obtained by the conventional model is also shown in
Fig.4. By comparing these profiles, it can be

confirmed that the redistribution profiles diffusing
baskward at the junction region by a strong electric

field are well produced by the proposed simulation.
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Fig.4 Redistribution profiles for boron and arsenic
after N2 annealing for 30 minutes ar 900 oC. Solid
lines are results simulated with the new model, and
dotted lines are results simulated with the conven-
tional model.

3-3. Application to Shallow Base Design

Triple element diffusion of boron, alsenic, and

phosphorus is efficient for shallow base design, since

the base width can be controlled using fast phos-

phorus diffusion. However, phosphorus diffusion in
high concentration largely affects boron diffusion.
Dopant diffusion was simulated taking into account

the increase in vacancy concentration by dissociation

reaction. Figure 5 shows an example of application

to shallow base design, including as-implanted

profiles and redistribution profiles for three dopants.

Annealing was accomplished in a N2 ambient at 900
oC for 75 minutes. The simulated profiles agreed well
with the measured profiles.

4. CONCLUSION

A unified process modeling for dopant diffusion
in silicon based on point defect kinetics has been

proposed. A newly developed simulation tool com-

bining an ion-implanration simulator with a dopant

diffusion simulator, has been presented. The simula-

tion accurately predicted the enhancement effect of
dopant diffusion during short time annealing at low
temperature, by following point defects generated by
ion-implantation, and the electric field effect of dou-

ble element diffusion by solving the Poisson's equa-

tion. Furthermore, by using the phosphorus dissocia-

tion model in high concentration, the simulation al-
lowed designing shallow base fabrication processes.

'- o.o o.2 0.4 0.6 0.8
Depth (pm)

Fig. 5 Redistribution profiles for boron, arsenic, and
phosphorus after N2 annealing for 75 minutes at 900
oc.
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