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Abstract. Understanding the atomic movements of simultanous diffusion of dopant (B) and point
defects (V, I) in silicon is of great importance for both experimental and theoretical diffusion
studies. This paper presents the atomistic dynamic diffusion modelling of boron (B), self-interstitial
(I) and vacancy (V) process in silicon based on simultaneous diffusion of boron dopant and point
defects based on a previous developed theory. The simulation is based on the random walk theory
with three main diffusion mechanisms: namely vacancy, interstitial and interstitialcy mechanism.
The migration frequencies of dopant and point defects have been programmed based on the
experimental diffusion data of boron, vacancy and Si self-interstitial. This simulation procedure can
be seen very clearly about the atomic movements, the interactions between dopant and point defects
via three diffusion mechanisms. The diffusion depth of B, V, I in very short time can be estimated
from the simulation picture on the screen. The simulation results reflect the simultaneous diffusion
as well as the interaction of boron and point defects via the three diffusion mechanisms. The point
defects (V, I) were generated during the dopant diffusion and they diffused further into the depth as
shown in the results of the simulation as well as in the previous published experimental findings.

Introduction

Any theory on atomic diffusion must begin with the consideration of the diffusion mechanisms and
a fundamental question has to be answered: how does a particular atom move from one position to
another? The diffusion of impurities in silicon materials is a result of many small jumps of atoms
[1-6]. Due to the interaction between impurity and the crystal lattice, the impurity diffusion process
in silicon often gives rise to point defects which are diffused simultaneously with the impurities [7-
16]. This means that a dopant diffusion process in silicon is a complex diffusion process which is
consisting of the simultaneous diffusion of multi-species including impurities, point defects (V, 1),
environmental gas atoms in the diffusion system such as N,, O, different diffusivities, ... . So far,
the dopant diffusion is mainly investigated by Fick’s law with continuous approach. Nowadays, the
atomistic approach is more and more developed and used but mainly for single diffusion processes.
The theoretical and experimental problems of the simultaneous diffusion of multidiffusion species
including the diffusion of multidopants and point defects have not been developed widely; of course
that there are a few results published. In order to theoretically investigate the diffusion of multi-
species, the use of a powerful theory, i.e. the irreversible thermodynamic theory for the investigation
of multidiffusion species system has been proposed by many authors [18,19,20...]. We have
developed some theoretical aspects of simultaneous diffusion of B-Au, B-P, B-As and point defects
in silicon semiconductors using the irreversible thermodynamic theory [21,22] and recently we have
been dealing with atomic movements or simulation of three diffusion species (B, V, I) and four
diffusion species (As, B, [ and V).
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Basic Theory

As known, a dopant in a semiconductor may diffuse by several diffusion mechanisms but the
dopant in silicon usually diffuse mainly by three diffusion mechanisms: namely vacancy, interstitial
and interstitialcy mechanisms. The dopant diffusion mechanism via vacancy mechanism or
interstitial mechanism has been discussed for a very long time. So far the dopant diffusion in Silicon
semiconductors has been accepted via both vacancy and interstitial diffusion mechanisms in terms
of mixture diffusion mechanism, sometimes called as interstitialcy mechanism. The vacancy
diffusion mechanism and interstitial diffusion mechanisms have been considered as relative two
aspects of diffusion process depending on the semiconductor lattice structure, dopants size and
many other factors such as diffusion temperature, pressure [3,4,5,7,8,9,10,11,12,13,14...].

In the case of a multispecies diffusion system, the image of diffusion is more complex. The
diffusion fluxes or the diffusion equations system of multispecies using irreversible thermodynamic
theory in the semiconductor material can be written [14,15,16,17,18]. As known, the irreversible
thermodynamic theory and Fick’s diffusion theory are compatible. Based on this point, the diffusion
equation system for simultaneous diffusion of three diffusion species (B, I and V) using irreversible
thermodynamic theory in combination with Fick’s diffusion theory can be written in the following
form [22, 23]:
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In order to solve these equations numerically, the following initial and boundary conditions are
chosen [23]:

CB(X<09t):C809 CI(O’O):C109 CV(O’O):C Vo (23)
CB(OO,t)ZO, CI(OO,t)Z CIOa CV(Ooat)ZCVO (2b)
Cp(x>0,0)=0; Ci(x >0,0)=Cyo; Cy(x>0,0)=Cyy (2.0)

Here, we show as examples the calculated results for two cases in Fig 1, where the distributions of
B, I 'and V have been shown in Fig 1a) for the case of a short diffusion time (the diffusion depth is
in the range of nano-size) and distributions of B, I and V in Fig 1.b for the case of a longer diffusion
time with very large diffusion depth.

From the results in Fig 1.a,b) we can see that distributions of B, V, I during simultaneous
diffusion containing mutual interaction of dopant and point defect where the point defect are
generated during diffusion and diffused further into the depth due to the diffusivities of V, I are
larger then that of boron dopant. The higher the temperature and the longer the diffusion time is, the
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more point defects are generated and go to greater diffusion depths. Many experimental results have
shown this fact but theoretical developments and simulations about it have not been demonstrated.
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Fig. I: The calculated profiles of B, I and V concentration for 5 sec, 10 sec diffusion times at 800 °C
diffusion temperature a) and for 5, 10 15 minutes diffusion timesat 1000 °C at 1000 °C diffusion
temperature b)

If we limit the simultaneous diffusion of B, I and V to three mechanisms: namely vacancy,
interstitial and interstitialcy diffusion mechanisms and, in addition, if we accepted that the dopant is
fully ionized as well as the interactions between B and point defects via the Watkins reaction and
Kick-out mechanism and Coulomb interaction then the interaction between B, I and V can be
written in the following reactions [3, 4, 7,8,9,10,11,12, 14, 22]:

B «> B- + e+ (3)
B + Si ¢ B+ I )
1 + Ve S (5)
B- + V+ ¢ B-V+ (6)

Here, we would like to note that Eq. 3 shows the ionization of B in the silicon lattice, and the last
equations shows the interaction of B with I, V via Watkins, Kick —out and Coulomb interaction.

Dynamic Simulation of B, I and V in Silicon

So far there have been many authors that have dealt with numerical calculation, modelling
and simulation of impurities in semiconductor materials [1,2,11,12,14,15,16,19, 23, 26, 27, 28] but
here we deal with the atomistic movements of the simultaneous diffusion of B, I and V. The
diffusion of dopants and point defects in silicon crystal are the processes in which the atoms and
point defects (I, V) are jumping from one site to another. In a gradient diffusion process of dopant in
silicon semiconductors, the jJumps mainly occur in one direction. The point defects (I, V) generated
via the Watkins reaction, Kick-out mechanism and Coulomb interaction during dopant diffusion
also diffuse mainly in the same direction of dopant into the depth of silicon lattice.
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Here we also would like to note that a self Si interstitial meeting a vacancy will become a Silicon
site. This means that both V and I disappeared. In addition, diffusivities of boron dopant, vacancy
and self Si interstitial are different. We chose the diffusivities of B, I, and V in the following way

[7]:

Dg = 30exp [-3,4 (eV)/kT] (7a)
D; = 1.03.107exp [-1,73(eV)/KT] (7b)
Dy =0.1exp[-2,97(eV)/kT] (7¢)

The factors of interstitialcy mechanism and vacancy mechanism can be described as [7]:

f, =0,96exp(—0,193eV/kT) (®)
£, =1-f, ©)

But in order to simulate the atomic movements of B, I and V, we must choose a jump distance in a
simple way as in the following manner:

Ly={Dyt, L,={Dit and L =Dyt (10)

The time steps can be chosen as the following:

2
At = L
2nD

(1)

We get a two-dimensional crystal lattice which has a dimension of 20 x 30 atomic layers. The
indefinite diffusion source of B is located on the silicon crystal surface. The diffusion temperature
can be chosen at certain diffusion temperature. From a given diffusion temperature and the above
questions [7,8,9,10,11], we can calculate the equilibrium concentrations of C,,, Cj,, diffusivities,
jump distances for each step. Based on these data, an atomic simulation program has been written in
the Macromedia Flash language. The flow chart can be seen in Fig 2.

Results and discussions

We cannot choose the real diffusion of dopant for our simulations because the lattice dimension and
time step would lead to a too high program complexity. Here, we choose a very small two-
dimensional crystal lattice with a dimension of 20 x 30 atomic layers with a diffusion time for some
seconds. Fig.3.a) shows the positions of B, I and V at the t = 0 diffusion time (with V and I
equilibrium concentration at given temperature). Fig.3.b) shows the positions of B, [ and V after the
first 22 jumps of the simultaneous diffusion process. The results show that the diffusion depths of B
are very small, about 6-7 atomic lattice layers, meanwhile the point defect (V, I) that are generated
exceed the equilibrium concentrations, they diffused further into the material in comparison with
Boron. In a live running simulation program, we can observe very clearly the atomic movements of
B, V, I in the small Si lattice as well as interactions between B and point defects via three
mechanisms.
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Fig. 3.a) The positions of B, [and V at  Fig. 3.b) Dynamic positions of B, l and )
diffusion time t = 0 V at diffusion time t =12 s at 800 oC

Conclusion

A simulation program of dynamic movements of B, I and V has been developed. The obtained
results of the simulation reflect the simultaneous diffusion of B, I and V containing the mutual
interaction of boron dopant and point defects V, I in silicon semiconductors. The movements of
boron and point defects can be seen visually via three diffusion mechanisms. We can also observe
the point defects generated over equilibrium concentrations and diffused further under the boron
diffused layer. Our obtained results via both numerical calculation and dynamic simulation reflect
the good agreement with the observed experimental phenomena of the dopant diffusion and point
defects distribution in the material.
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