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created and annihilated on incoherent interfaces or free surfaces; i.e., these are

assumed to be perfect sources and sinks. Impurities may also be gained or lost at an

interface. It seems that no analytic solutions are available for diffusion with

annihilating boundary conditions. In this thesis, the author presents massive data
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FUNDAMENTAL STUDIES OF ATOMIC DIFFUSION BY COMPUTER

SIMULATION ON THE GIGA EVENT SCALE WITH MULTIPLE PC'S IN

PARALLEL

1. INTRODUCTION

Diffusion provides an important means of introducing controlled amounts of

chemical impurities into semiconductors." People have been showing great interest

in the study of point defects and diffusion in semiconductors both theoretically and

experimentally.3-16 Even thought the basic laws governing the diffusion processes'

were established many years ago, there are still many controversies re even the most

fundamental questions concerning atomic diffusion, such as the relative importance of

vacancies or interstitials to the thermal processes in the materials of interest. With

the development and progress of electronic industry, the ability precisely to control

and to predict atomic diffusion and defect interactions is both critical to the industry

and inherently complex in which most progress has been made by the Edisonian (cut

and try) method and thus the "science" is characterized by many controversies.

Extensive research has been done on solving those puzzles and more and more models

with an increasing number of parameters have been introduced, which added

confusion rather than clarification to this subject. Even the simplest models suffer

from a major deficiency: the relationship between the atomic level assumptions and its

macroscopic consequence are extremely complex and not easy to establish.

It has also been noticed that computational physics has become an important
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and exciting branch of modern science. The ability to model physical systems on

computers is sometimes the only feasible approach when trying to solve complex

systems such as many body systems or transport phenomena. One of the most widely

used techniques in computer simulation is the so-called "Monte Carlo method". It is

based on the idea of creating statistical fluctuations with the help of "random

numbers" and tracking the effects of this generated probability distribution on a

complex system in both space and time. Thus, one not only obtains detailed

microscopic information of the system to a degree which is inaccessible by other

methods, but also insight into the problem. This microscopic data can then be easily

processed and compared to both existing theoretical models as well as to experimental

results. Hence, it might help to clarify controversial research issues and perhaps

serve as an impetus for new theoretical and experimental studies.

Realizing the difficulties of analytic approaches mentioned above, we have

resolved to attack problems re the subject of atomic diffusion by non-analytic method.

With the Vacancy and Interstitial Simulator (VIDSIM'8) that we developed and use,

we simply and straightforwardly simulate the macroscopic diffusion and reaction

processes in question by simulating massive number of atomic processes according to

atom-level assumptions. We have conducted very fundamental studies on the

diffusion in single crystals by simulation of several mechanism, such as vacancy first

and second nearest neighbor hopping, the Frank-Turnbull and the kick-out hypothesis

with experimental data available. We have shown' by simulation of Au into Si

according to the "kick-out" mechanism of Seeger that this mechanism is in fact



3

incapable of explaining the two-sided, "U-shaped" profile8'19 substitutional Au which

results from a one sided in-diffusion of Au and also demonstrated' that the Frank-

Turnbull (FT) mechanism' cannot produce the reported nearly symmetric profile

from a strictly one-sided source starting with a perfect sample.

In Chapter Two of this thesis, a brief review of the theory re diffusion is

presented. In Chapter Three, we demonstrate our recent studies on the consequence

of an annihilating boundary condition on in-diffusion of impurities. The redistribution

of impurities in atomic-layer-doped (ALD) materials such as Si is also investigated in

Chapter Three. Finally, in Chapter Four, comments on the future research and

prospects are presented.



2. BRIEF REVIEW OF ATOMIC DIFFUSION THEORY

2.1 DIFFUSION

Diffusion is the process by which matter is transported from one part of a

system to another as a result of random particle motions. The basic diffusion process

follows Fick's first law of diffusion, given by

j=-DVC, (2.1.1)

where, in the case of one-dimensional diffusion, j(x) is the flux density, C(x,t) the

particle concentration and D is called the diffusion coefficient. Eq. (2.1.1) together

with the continuity equation

yields Fick's second law:

if the diffusion coefficient is constant.

Eq. (2.1.2) states that the rate of increase of concentration with time is equal

acv.
at

(2.1.2)

ac
=Dd2c.

at
(2.1.3)

4



to the negative of the divergence of the particle flux. This macroscopic diffusivity

can be related to the lattice properties using a model22, in which the transition rate of

an atom jumping to an adjacent position is determined by the frequency v with which

the atom tries to overcome the energy barrier Ent, and the probability p that a

fluctuation exists which provides the defects an energy greater than Eaet. Thus, the

atomic jump frequency is given by

r=vp=vexp(
E

kBT
(2.1.4)

The attempt frequency v is approximately the zone boundary frequency of

lattice vibrations and can be approximated by the Debye frequency, which is about

1.35 x 10" for Si. Together with the density gradient of defects at a separation

distance d, and the energy of formation Ef of the point defects, a simple calculation

yields the Arrhenius equation for the diffusion coefficient:

D=Doexp( Q
TI,kB

with the total active energy

Q=Ea+Ef

and the pre-exponential factor

(2.1.5)

(2.1.6)

5
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S1
Do=gRd2 V eXp(-1--c;) (2.1.7)

where g is a geometrical factor which is determined by the structure of the crystal.

For the diamond lattice, for example, g is found to be 0.5. R is so-called correlation

factor and differs from the unity if one hop sets up a geometric configuration such

that the next hop is not independent of the first one. And Sxf is the increase of

entropy in formation. Eq. (2.1.6) indicates the strong dependence of the D upon

temperature. Measurements of temperature dependence are usually presented by a

plot of logarithmic D versus reciprocal temperature, which often appears as a straight

line. One of the most acute problems in the study of diffusion is, however, that the

slope Q of such a plot does not provide separate information on E, and Ef.

2.2 BROWNIAN MOTION

In 1827 the botanist Brown discovered under his microscope vigorous irregular

motion of small particles originating from pollen floating on water." He also

observed that very fine particles of minerals undergo similar incessant motion as if

they were living objects. The idea of combining such motion Brownian motion

with molecular motion became fairly widespread in the latter half of the nineteenth

century when atomism had not yet been fully recognized as reality. It was, however,
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the celebrated work of Einstein, which appeared in 1905, that gave the first clear

theoretical explanation of such a phenomenon which could be directly verified

quantitatively by experiments and thus established the very basic foundation of the

atomic theory of matter.' Einstein's theory had a great impact at that time, finally

convincing people of the theory of heat as molecular motion, and so paved the way to

modern physics of the twentieth century. It also greatly influenced pure mathematics,

that is, the theory of stochastic processes.

Einstein proved that the diffusion constant D of a Brownian particle is related

to its mobility u by

D=vkBT. (2.2.1)

This relationship, which is called the Einstein relation, provides us with a very good

basis of experimental verification that Brownian motion is in fact related to the

thermal motion of molecules. It turns out that Brownian motion is not only limited to

the motion of small particles, but it is actually very common. In electric circuit, for

example, thermal motion of electrons in conductors give rise to fluctuations of electric

currents as well as potential differences between different components. When suitably

amplified, such fluctuations can be heard by ear as, so-called, thermal noise. More

generally, every physical quantity we observe is accompanied by similar fluctuations

due to thermal motion of microscopic degrees of freedom in matter. In a great many

cases, such fluctuations are small in comparison with the average values of the
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quantity under observation and can generally be ignored. However, such fluctuations

reflect the microscopic motions in the system under study, so analyzing them provides

very important keys for studying the system.

2.2.1 BROWNIAN MOTION AS A STOCHASTIC PROCESS

Suppose that we observe a Brownian particle under a microscope over a time

interval 0 5_.t5_.T and obtain a record of its position x(t) as a function of time. For

simplicity, we consider in the following only the projection onto the x axis and treat

the problem as one-dimensional motion, but the essentials are the same for the three-

dimensional motion. The observations are repeated in time to get N readings of the

particle position

xl(t),x2(t),...,xN(t). (2.2.2)

These readings all differ, namely, the motion of the Brownian particle is not

reproducible.

Then we ask, "what can physics predict about Brownian motion?". Obviously,

unlike in mechanics, we are not able to make deterministic predictions: we must

rather take a probabilistic outlook. The value of the displacement x(t) of the

Brownian particle at time t is probabilistic and each of the observed series xi(t) is a

sample from a statistical ensemble. If we repeat observations a great many times to



make N very large, we should be able to find empirically the distribution law obeyed

by x(t).

The stochastic variable (random variable) is X(t). This is a series of random

variable having t as a parameter. Such a time series of random variable is generally

called a stochastic process. If a continuous observation is made, a function of x(t)

with a continuous parameter t is obtained as sample of the process. If observations

are made a discrete times

then a set of n real numbers

0<tl<t2...<tn<T, (2.2.3)

x(tdrx(t2),...,x(tn)

9

is a sample obtained by the observations. If we regard the set as a vector, then an

n-dimensional real space Rn is the sample space of the process x(t) for the selected

time points shown by Eq. (2.2.3).

In understanding Brownian motion as such a stochastic process, how can X(t)

be described in terms of probability theory? Firstly, what is the probability of finding

an observed value x(t) of X(t) at time t in the interval, x and x+dx? If its probability

density is W1, then the probability is



Wi(x,Oclx = Pr{x<x(t)x +dx}

10

(2.2.4)

On the right-hand side, Pr{...} means the probability if the event in the curly bracket

occurring. Next, what is the probability that two observed values x(t1) and x(t2) at

times t1 and t2 are found in the intervals (x1, xi +dx ) and (x2, x2+dx), respectively?

For this, the probability density W2 is defined by

WAX 1 t I ; X2 t2)d X1 dx2

= Pr {x1 < x(t1) < x1 + dxl, x2 < x(t2) < x2 + dx2}. (2.2.5)

More generally, for a set of observed values x(t1), x(t2), x(tn) at t1, t2, ... and to

W2(x1,t1; x2,t2; ...; xn,tn)dx, dx2 dx

= Prfx; < x(;) + dxj; j = 1, 2, ..., n}. (2.2.6)

This is the joint probability distribution for n random variables, X(t1),X(t2), , and

X(t,,). The stochastic process X(t) is defined when such probabilities are given for any

set of n(n = 1, 2, ... co) time points. In other words, each possible path of the

Brownian motion x(t) has a probability assigned to it so that the probability (2.2.6) is

defined as the sum of these probabilities for all possible paths going through the gates

dxl, dx2, dx set at the selected time points.

Many kinds of probabilities can be derived from definitions Eq. (2.2.4 6).
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Particularly important is the transition probability, which is defined as the probability

that the Brownian particle is found at time ti between xi and xi +dx1 when it was at xo

at time to:

W2(x0,t0;xpti)dx,
P(xo,tolxpxi)dxi-

Wi(xo,t0)
(2.2.7)

Transition probability for two time points are most commonly used, but more general

definition of transition probabilities is

Wn+1(xo,t0;xpti;...;x,t,i)dx1...dx

Wi(xo,t0)
(2.2.8)

for n observations at n times when the initial state xo is sharply defined at time to.

Brownian motions in reality are complex in many aspects, so that idealization

and abstraction are necessary to formulate them in physical and mathematical terms.

Let us now start from the most simplified model of Brownian motion.

Consider a medium which contains a large number of Brownian particles and

define the particle density as n(x,t). Brownian motion of particles makes the

distribution of particles tend toward uniformity. This process is called diffusion.

Corresponding to the gradient of the density distribution, flow is produced

D
an---

a ax
(2.2.9)



which then induces changes of the density according to

an(x,t) aid =Da2n
at ax a2x.

12

(2 .2. 10)

This is the diffusion equation. When a uniform force field such as gravitation exists,

a uniform flow is produced with the terminal velocity u0 determined by the balance of

the direct driving force K and the frictional force from the surrounding fluid acting on

a particle. This flow is denoted by jk and is given by

nK
jk=nuo= ,

my
(2.2.11)

where m is the mass of the particle and 7 is the friction constant. Therefore the total

flow is

j=jeid_nK Dan
my ax

In the presence of the external field K, the diffusion equation becomes

an(x,t) a (nIC )+Da2n
at ax nry ax2

instead of Eq. (2.2.10).

(2.2.12)

(2.2.13)

Starting from any distribution of density, the particles attain a final equilibrium



distribution after a sufficiently long time. A uniform distribution of density arises

when there is no external field of force, but in a gravitational field, sedimentation

equilibrium arises, represented by

n(x)=n(xo)exp(
K(

kT
x-x0)

)

13

(2.2.14)

at temperature T of the fluid. This equilibrium is the balance of two flows jd and jk, a

simple example of detailed balance. Therefore

or

D 1

k ET my

D = p.k ET (2.2.15)

must hold. Here it = 1/my is the mobility, which is the ratio of u0 to the force K.

Eq. (2.2.15) is nothing but the Einstein relation.

As long as the particle density is not too high, the interaction between

Brownian particles can be ignored so that the diffusion described by Eq. (2.2.10) or

Eq. (2.2.13) is the result of independent particle motion. Namely, the density n(x,t)

at time t and the spatial point x is

n(x,t)=fn(xo,to)dx0P(xo,tolx,t), (2.2.16)



where n(xo,to) is the density at to and xo. The transition probability P(x0,to I x,t)

satisfies the diffusion equation (we consider Brownian motion in the absence of an

external field)

p(x0,t
°
lx,t)=-DP(

a,
xo,tolx,t)

at ax'

14

(2.2.17)

because Eq. (2.2.10) must be satisfied by n(x,t) given by Eq. (2.2.16) for an arbitrary

initial condition n(x0,t0). Then Eq. (2.2.17) simply becomes

a'a P(x,t)=D
ax,

P(x,t).
at

(2.2.18)

The transition probability P(x0,to I x,t) is the fundamental solution of Eq. (2.1.18) for

the initial condition

and is given by

P(xo,to Ix,t)=8(x-x0) (2.2.19)

1 (x-x0)2
P(x0,to lx,t)= exp( )

\14 IC D(t-to) 4D(t-to)

If boundaries or sources exist, some appropriate boundary conditions must be

imposed.

(2.2.20)
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The probability of finding a particle at x at time t when it was certainly located

at xo at to is independent of the knowledge of where the particle was before to. Its

history previous to time to is summarized, so to say, in the information that the

particle was located at xo at time to, expressed by

and hence

P(xf ,t1;x0,tolx,t)=P(xo,tolx,t)(t1<to) (2.2.21)

P(xo,to ix1,t1 .x2,t2)=P(x0,tolx1,t1)P(xpt1lx2,,2)(to<t1 <t2). (2.2.22)

Namely, the evolution of the process in the time interval (to, t2) can be constructed by

evolution in the two intervals (to,t,), (t1, t2), where ti is an arbitrary time point

between to and t2. Therefore, integrating over all possible values of x1 at t1 gives

P(xo,tolx2,t2)=fP(x0,tolxi,tddx113(xpt, lx242). (2.2.23)

Generally, a stochastic process X(t) is called Markovian if it satisfies

conditions Eq. (2.2.22, 23). That the brownian motion defined by Eq. (2.2.17 or 18)

is Markovian is a consequence of the fact that these equations are first order with

respect to t. It can be easily proved directly that the transition probability Eq.

(2.2.20) satisfies Eq. (2.2.23).

In the presence of an external force field, Eq. (2.2.18) is replaced by



16

ap a(1.KP) r, a2 n,

at ax ax2

but everything stated above remains true, with only minor modifications.

2.2.2 RANDOM WALK PROBLEM

The random walk problem is often considered as a model of Brownian motion.

The simplest model is random walk in one dimension with n jumps per unit time each

of length L and each with equal probability along +X or -X direction. The problem

can be solved as follows. In time t, after N steps the displacement x = mL has the

binomial distribution25

P -CNN ([(N
+m)

]![
(N

2

m)
]!),

2 2
(2.2.24)

where C is a normaling constant.

Usually one is interested in the limited case of large N and m < < N. In

such a case one can use the stiring's approximation and find out' that the probability

of having m excess jumps of + type is



P(m)dm = 1IN)exp(-2)dm.
2 2N

One can introduce the variables x = mL and t = N/n and write

p(n)dxH nL2nt)exp( x2
)dx.

2 2L2nt

17

(2.2.25)

(2.2.26)

This is the desired probability that the particle is at a distance x at a time t. Notice

that Eq. (2.2.26) has a curve of Gaussian shape and the width of the peak spreads as

a square root of time. It is easily seen that the mean value <x> = 0. The mean

square displacement is

3

<x2> f 2p(x)dx (2L2nt)2- f- 2
YexP(-Y2)d

(2.TrL2nt)j

2L2nt in -L2nt.fi 2
(2.2.27)

The relation of <x2> = L2nt is an important relation in the theory of random walk.
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2.3 MACROSCOPIC INTERPRETATION OF <X2> AND TWO COMMON

DIFFUSION PROCESSES

Diffusion can be essentially regarded as a random walk problem. In the above

discussions, we investigated the random walk problem in microscopic scale.

Calculation of the mean square displacement <x2> by purely macroscopic

reasoning' based on the diffusion equation (2.1.3) yields

> =2 =2Dt. (2.3.1)

Eq. (2.3.1) and Eq. (2.2.27) establish the relation of the bulk properties and

microscopic details of diffusion. From the statistic point of view, Eq. (2.3.1) states

that the variance grows in proportional to time for the normal distribution of the

displacement X = x xo over time (to, t).

2.3.1 CONSTANT-SOURCE DIFFUSION

During a constant-source diffusion, the concentration of diffusing species C is

held constant at the surface of the sample, e.g., Si wafer. Under this boundary

conditions, the solution to Eq. (2.1.3) is given by



C(x,t) = C serfc( )
2/5t

19

(2.3.2)

for a semi-infinite wafer in which Cs is the concentration of diffusing species at the

wafer surface (x=0). Such a diffusion is called a error function complement (ERFC)

or complementary error function diffusion.

2.3.2 LIMITED-SOURCE DIFFUSION

In the case of limited-source diffusion, a finite quantity of the diffusing matter

is first placed on the wafer. Diffusion proceeds from this limited source, and the

concentration of the impurity resulting from this type of diffusion is given by

c- exp( x ),
20Fait 4Dt

(2.3.3)

where Q is the amount of diffusing matter deposited at time t = 0 and in the plane of

x = 0.
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3. DIFFUSION WITH ANNIHILATING BOUNDARY CONDITIONS

3.1 INTRODUCTION

General solutions of the diffusion equation can be obtained for a variety of

initial and boundary conditions provided the diffusion coefficient is constant.

Different boundary conditions could result in different solutions, or distributions of

defects. As shown in Chapter Two, the classic treatment of diffusion by Einstein and

Chandrasekhar,24'' based on a conservative boundary condition, i.e., particles are

neither created nor destroyed on surfaces of samples, led to three well-known results

shown by Eq.'s (2.3.1 3) which are rewritten as follows:

<x2> =d2N=2Dt, (3.1.1)

where, again, x is the displacement in the direction of diffusion, D is the diffusivity

in x direction, d is the step length, and N is the number of the steps before

displacement. For the case of constant-source diffusion,

[A](x,t)=[A](x=0)erfc( ), (3 . 1 . 2)

where [A] is the concentration of diffusing species, and [A](x =0), the equilibrium

concentration with source. And finally for the case of limited-source diffusion,



21

[A] = Q exp( ), (3. 1 . 3)
2 .rit 4Dt

where Q is the amount of diffusing matter deposited at time t = 0 and in the plane of

x = 0;

However, many reported observations and studies on diffusion of

defects3 "5'16'29 show that they are neither Guassian nor complementary error function.

It seems obvious that there should be an annihilating boundary condition at least for

the case of the vacancy and interstitial mediated diffusion. It is widely accepted that,

for the samples that are free of "internal sources or sinks", i.e., dislocations, voids,

etc., vacancies or self-interstitials are created almost exclusively at the sample

surfaces by moving kinks on the atomic steps at those surfaces. This is because a

vacancy or an interstitial can there be created singly without the cost of creating the

conjugate defect. To make a vacancy, one can simply promote an atom from the

tread at a kink site up one atomic spacing so that the riser moves one step forward.

On the average, the surface energy is then the same as before and the net energy cost

of making the vacancy, i.e., its energy of formation, is just the bulk energy associated

with this one atom cavity.6 One could also create a host interstitial by simply moving

the kink on the surface step on step backward by stuffing the corner atom into the

bulk. Again, on the average there is no change in the surface energy, and the energy

of formation is a bulk property. With this physical picture in mind it seems to us,

and to all that we have discussed this matter then and since, that we should assume



22

that if a vacancy or an interstitial atom returns to a surface of the sample, then we

should assume that it takes up a crystalline surface site and is no longer a lattice

defect. Thus, we should annihilate any vacancy or host interstitial that reaches a

surface.

For the case of chemical phase boundaries between the sample of interest and

a source of impurities, such as a molten eutectic phase or a gas stream, it seemed and

still seems obvious that we should assume an annihilating boundary condition for the

impurity atom also. That is, if an impurity atom crosses out of our sample into the

melt or whatever, we assume it returns to its initial condition and is now no more

likely to come back into the sample than it was the first time. This implies that

impurities are injected into the sample by random events occurring on the phase

boundaries and are not stimulated by the return of an impurity from the sample.

In summary, annihilating boundary conditions should be imposed on the

vacancy and/or interstitial mediated diffusion based on the fact that, vacancies and

self-interstitials are created and destroyed at free surfaces and at incoherent interfaces;

and also, impurity atoms entering from a second phase, e.g., molten impurity-host

eutectic, probably re-enter the second phase if they pass out the surface of the sample.

Changes in boundary conditions will result in significant changes in the distribution of

diffusing species of interest, even with identical diffusion equation. However, there is

no closed-form solutions available to the diffusion equation with annihilating boundary

conditions so far. Realizing the difficulties in finding analytical solutions to the

diffusion with annihilating boundary conditions, the author decided to attack the
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problem by straightforward Monte Carlo (VIDSIM) simulation of diffusion of several

different species respectively in Si. In this chapter, the author presents massive data

obtained by giga event Monte Carlo simulation of the macro-consequences of atomic

level assumptions using VIDSIM and contrasts these results with the functions

resulting from the diffusion with conservative boundary conditions. The author also

investigated the redistribution of an atomic-layer-doped (ALD) impurity atom in Si

and observed the asymmetric diffusion of ALD atoms. The profiles of those ALD

atoms observed are not of Gaussian function.

3.2 COMPUTER EXPERIMENT: A MONTE CARLO SIMULATION

It has been noticed that rapid progress in semiconductor technology has

enabled people to control the doping of semiconductor materials atomically. The

atomic layer doping (ALD) or delta doping is the most representative, which

facilitates incorporation of dopants tightly confined in a single atomic plane.

The samples for our computer experiment are 2000 (a) x 200 (a) x 200 (a)

each in size, which has a 6.4x108 lattice sites of which 7839 are marked host or

impurity atoms originally 9.8% of a monolayer. It should be noted that all results

reported here are for one temperature, T = 1368.5 K. And time is calculated in units

of the "attempt period" or "a.p." for the host materials at ambient T. This period is

assumed 30,31,32 approximately to be the zone boundary phonon period of the host

lattice (about 74 ns for Si). In simulation, vacancies are generated at a constant rate
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and diffuse into the initially perfect sample and annihilate at the boundaries. Each

simulation produces about 3.5x107 atomic events by introducing 1.5x104 vacancies of

which 80 remains at the end. Totally, with 240 parallel simulation runs of 1.0x108

a.p. of time length into initially perfect sample viewed at 20 equal periods, the

experiment produced 3.5x106 vacancies with 2.0x104 remaining, 8.3x109 atom

movements of which 1.9x106 involved marked atoms. The results of the diffusion of

the marked atoms are comparable to the ones Fukata, Kubo, Shiraki and Ito29

obtained.

In his thesis,33 Schmid tested the random walk of mobile defects under

VIDSIM by letting each of them hop n times and defining the averaged random walk

distance Rn as

N-n

Rn=
1 E

N-n 1=1

(3.2.1)

where N is the maximum number of steps taken and d, is the displacement after i hops

each of length d. The central limit theorem of Gauss gives

Rn=ind. (3.2.2)

The check was performed for N = 5x105. The plots of Rn versus n1/2 were found to

obey the relation shown by Eq. (3.2.2) with a statistical regression coefficients R =

0.9975 and R = 0.9991. This is a very good and successful test of the random walk
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in VIDSIM.

The author carried out another experiment with VIDSIM by simply placing

single labeled vacancy at the center of the sample (2000 (a) x 200 (a) x 200 (a)) and

four at the points x = 0 (a), y = +50 (a), z = ±50 (a) respectively and letting

simulation run for t = 1.2x105 a.p.. 2000 runs for a total of 104 observations

(4.52x107 hops) were carried out and displacement of the labeled atoms were

measured. It was verified that none of the labeled vacancies had formed divacancies

or interacted with each other. The theoretical mean square of displacement was

903.61 (b2) or 169.02 (a2), where b is the nearest neighbor distance, i.e., the length

each hop was constrained to take. It was found that the mean value of the vector

displacement R2 = ax2 + ay2 + az2 to be

<R2>=166.46(a2)=887.79(b2). (3.2.3)

The discrepancy between the experimental and theoretical values of mean square

displacement could be considered as normal statistical variation.

Using this result, one could establish the atomic level diffusivity, D, of single

vacancy in our simulation by directly using Eq. (3.1.1)

<R2> =3<ax2> =6Dt,

which gives

(3.2.4)
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(3.2.5)

where r = 5x106 a.p. is the "standard simulated run time" we find convenient and a

is still the cubic lattice constant of Si, in this case. The profile of vacancies was

shown in Figure 3.1, which could be well fitted to Gaussian function as expected.

The difference of the product of Dt between the experiment (28.24 (a2)) and the best-

fit (24.82 (a2)) is within the range of statistical fluctuation.

30 20 10 0 10
Distance of Diffusion (a)

20 30

Figure 3.1. Profile of vacancies diffusing from limited source and with conservative
boundary condition (B.C.).
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3.3 VACANCY DISTRIBUTION UNDER ANNIHILATING

BOUNDARY CONDITIONS

It is well established that the diffusion under the conservative boundary

conditions with constant concentration at the surface of source and the initial

concentration being zero throughout the sample turns out to be of the form of error

function complement as shown by Eq. (3.1.2). With annihilating boundary

conditions, we find out that the vacancy distribution from the simulation shows a dip

near the surface. The profile is no longer of the form of error function complement

as a whole. See Figure 3.2, in which [A] curve has a dip near the surface and then

increases into the sample. The dip near the surface is believed to be due to the

annihilation of the defects of interest at the boundaries.

Finding that our boundary conditions are not compatible with the

Einstein/Chandrasekhar treatment of diffusion from a constant source, we assume that

the mean square displacement relates to the diffusivity of material and the time by the

following

<x2> =2a (t)Dt. (3.3.1)

Notice that in Eq. (3.3.1), we use a(t)Dt instead of Dt as in Eq. (3.1.1),

considering the difference between the conservative boundary conditions and the

annihilating boundary conditions and thus taking a(t) as modification factor.
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Figure 3.2. Vacancy distribution near the surface, which results from diffusion with
annihilating B.C.'s in comparison with the profile of ERFC.

Using Eq. (3.3.1) and experimental data, we find out the relation of a(t)

versus time t shown in Figure 3.3. In computation, D, the diffusivity for the

vacancy, is taken to have the value of 1176.7 a2/r at T = 1368.5 K20, where a is the

lattice constant, and r = 5.0106 a.p.. Figure 3.4 shows the relationship between

mean square displacement and Dt, and also presents the linear fit result with the fitted

value of a = 0.652. Also the linear dependence of the mean square displacement

upon Dt implies that the parameter a be a constant. The fluctuation seen in Figure

3.3 is within the range of statistical fluctuation. The weighted mean value of
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Figure 3.3. a(t) versus time
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a's obtained from experiment is found to be 0.651, which agrees with the fitting

result shown by Figure 3.4. With a = 0.651 found, we simply fit the profile of

vacancy distribution obtained with annihilating boundary conditions to Eq. (3.1.2) by

substituting Dt by aDt and find a big discrepancy between the experiment data and

the ones fitted, which suggests that, we believe, without consideration of the

difference of the annihilating and conservative boundary conditions, the vacancy

distribution can not be fitted to the error function complement due to the dip near the

surface. See Figure 3.5.
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To show the discrepancy between the experimental profile obtained and the one

given by (3.1.2), we introduce another factor B(t) (assuming it is time dependent) and

plugging BDt into Eq. (3.1.2) to replace Dt. We obtain

[A](x,t)=[A](x=0)erfc( x ). (3.3.2)
2113.Tt

We find out that the profile of the vacancy distribution, as a whole, is well fitted by Eq.

(3.3.2) as shown in Figure 3.6. The best-fit of parameters yields a series of

0 200 300
Distance of Diffusion (a)

400

Figure 3.6. Vacancy distribution fitted to ERFC with B = 0.895.

500
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values of B(t), which is also about a constant as shown in Figure 3.7. Figure 3.8 shows

the result of best linear fit of B(t) versus time, which gives B = 0.895.

0.98

0.96

0.94

0.92

0.9

0.88

0.86

0.84
2 6 8 10 12 14

Time (r)

Figure 3.7. 13(t) versus time t

16 18 20

It is seen that, forcing the data to be fitted to the error function complement using

the factor 13(t), we have better expression for the profile in the bulk for the diffusion of

vacancies. However, the values of 13(t) obtained from the fitting processes are larger

than the values of a(t) obtained experimentally, and either are they not equal to 1 as Eq.

(3.1.1) and Eq. (3.1.2) indicate. And the dip near the surface of the profile of vacancy

distribution is neglected since the error function complement can not describe the details
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near the surface of the sample.

To find the empirical form of the vacancy distribution resulting from the

experiment, we propose the following equation:

[A](x,t)=[A](x=0)erfc( ic ) [A](x=0)exp(-()'"), (3.3.3)
2 c175 xs,

where x and m are parameters to be fitted and a is given by (3.3.1), which equals to

0.651 in this case.
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The introduction of x which we call the surface factor, in the exponential part

in Eq. (3.3.3) is designated to account for the dip near the surface of the profile.

From Eq. (3.3.3), it is expected that, near the surface of the sample, exponential part

may play a major role, and as the diffusion extends into the bulk, the distribution will

mainly be given by the complementary error function.

With a = 0.651 which is obtained from the experiment mentioned above, we

find out that with m = 1/2, Eq. (3.3.3) does give a very good description of the data

both near the surface and in the bulk as shown in Figure 3.9, the details near the

surface of which is shown in Figure 3.10. Also we fit the data at various time

periods to Eq. (3.3.3) with a = 0.651 and obtain a series of values of parameters x,

and [A](x=0) shown in Table 3.1. Figure 3.11 demonstrates the relation of the

250

200

150

100

50

experiment

50 100 150 200 250 300 350 400 450 500
Distance of Diffusion (a)

Figure 3.9. Vacancy profile fitted to Eq. (3.3.3) with a = 0.651 and m = 1/2.
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Figure 3.10. The detail near the surface of the vacancy profile fitted to Eq. (3.3.3)

with a = 0.651 and m = 1/2. Also profile of erfc fit is shown.

equilibrium concentration versus time. It is seen that [A](x =0) tends to be constant

as time goes.

Now we come to a point to study the profile far from the surface and into the

bulk of the sample, where the annihilating boundary conditions have much less effect

on the diffusing defects and thus the diffusion is expected to be approximately the one

as Einstein and Chandrasekhar treated, i.e., given by Eq. (3.1.1) and Eq. (3.1.2). To

show this, we simply "peel" off layers by layers of the sample from the surface,

profile the distributions and fit them to ERFC with Bdt as parameter as we did above.

The process yields a plot of B versus distance from the surface as shown in Figure

3.12 which indicates that, in the bulk, we do observe ERFC distribution of defects as
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Table 3.1 Values of parameters obtained by fitting data to Eq. (3.3.3) (m = 1/2, a =

0.651)

Time (r) [A](x=0) x, (step *)

2 117.510 1.1249

4 118.290 1.204

5 120.592 1.681

6 120.989 1.473

8 125.977 1.900

10 126.20 1.723

12 126.616 1.582

14 129.429 2.076

15 130.970 2.057

16 131.026 2.087

18 131.160 2.000

20 131.270 1.732

* step = 0.25 a, where a is the lattice constant of the sample of interest.

anticipated. And Figure 3.13 shows the distribution of the vacancies in the bulk in

comparison with the results from fitting data to ERFC.
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Figure 3.11. The equilibrium concentration versus time
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Figure 3.12 B versus distance from surface. As defects move into the bulk, the
distribution tends to be of the form of ERFC.
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The qualitative explanation of the distinction between (3.1.1) and (3.3.1) is

given as follows. In the Einstein/Chandrasekhar problem, all the diffusing species are

diffusing the full time, t. In our case, none of the diffusing species have been

diffusing that long. each of them is created in a random process with a constant

average rate after the clock starts. The large majority of those that are created go

back to the surface and are annihilated. When we look after any reasonable time, we

see only the lucky few that have diffused into the bulk and avoided the surfaces. The

critical distinction is that, for the case of Einstein/Chandrasekhar case, an atom that
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diffuses out of the sample is very likely to wander back in the next few steps of its

random walk. In our case, it must wait a long time for the random surface process to

re-injected it.

In the above discussion we have already showed that replacing Dt by 2/3Dt in

the argument of the ERFC is not adequate. The effect of scaling down t down in the

argument is to make the predicted profile sharper near the surface (and elsewhere).

However, the imposition of an annihilating boundary conditions may be viewed as

adding the requirement that [A] = 0 for x one step outside the sample for all t. This

has the effect of flattening the profile near the surface. In our simulations we see this

occur for complexes formed by reaction of the mobile vacancies and interstitial atoms

as well as for the mobile species themselves. Thus, for example, a substitutional

impurity formed by the reaction of an interstitial impurity with a vacancy, the "Frank-

Turnbull or FT" mechanism, is much more likely to leave the sample if it is formed

near the surface than if it is formed deep in the bulk. These impurity substitutionals

do the reverse FT reaction at a rate governed by thermodynamics and the energies of

formation of the reacting species. If the reverse reaction occurs at a site near the

surface, there is a much greater probability that one or both of the impurity interstitial

vacancy pair that results will annihilate at the surface before they recombine or find

another mate than if the site is deep into the sample.
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3.4 DIFFUSION OF THE MARKED ATOMS AND THEIR REDISTRIBUTION

As mentioned above, the samples we simulated initially contain a monolayer of

9.8% of marked atoms of either host or impurity type of either of two depth. And

three different cases of bond and binding energies are considered with marked atoms

in two different positions each in the samples, thus actually counting up to six cases

in total. In the first two cases, marked atoms, or impurity species are assumed

having the same properties as the host atoms, i.e., Si in our simulation, and

monolayers are put 50(a) and 150(a) away from the surface where the vacancy source

is put, and the corresponding simulations are denoted as 1Si and 2Si. For the weak

bond cases, which we denoted 1 wb and 2wb respectively, the binding between the

impurities and the host atoms is assumed to be zero and the impurity atom has the

same mass as the host (Si) atom so that the kinetic energy for hopping is the same as

for host atom. Finally, in the case of 1Sb and 2Sb, the impurity atom also has zero

binding energy but a heavier mass than the host atom and thus larger kinetic energy.

As shown in Figure 3.14 19, asymmetric diffusion of marked atoms in the

samples is observed for all the above 6 cases. The asymmetry is calculated by the

following formula as proposed:

Asym * =Asym +0.09799N,+ (3.4.1)

where Asym is the net steps of atoms moved in both minus and plus direction away
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from the marked layer, Nvae+ is the number of vacancies deeper than the marked

layer, and 0.09799, the constant which accounts for the fact that there are 7839

marked host or impurity atoms in a monolayer to start simulation with. And the

asymmetry factor, denoted as fa, is given by

Asym *

A

where Nd is the total number of steps that marked atoms moved in simulation.

Results re asymmetry are shown in Table 3.2 and Table 3.3.

The sources of the asymmetry shown above are believed to be as listed as

follows: a) the displacement of vacancies; b) dragging effect of vacancy; during

simulation, vacancies tend to form cluster with the marked atoms, especially with the

ones weakly bonded, and drags them while diffusing into the bulk as time goes; c) the

vacancy gradient existing; since the vacancies are generated at the surface, they

diffuse into the bulk in the presence of the gradient as time elapses.

It is worth noting that the profiles of all the marked atoms does not fit

Gaussian function at all as shown in Figure 3.14 19. Because of the presence of the

gradient of vacancy in the sample (vacancies are generated at the surface denoted as

near side), even though the marked atoms start diffusion from a limited source, i.e.,

at a monolayer of ALD impurity atoms, the redistribution of the marked atoms does

not give gaussian-like profile. The movement of the marked atoms are no longer
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uncorrelated when vacancies pass through the monolayer and thus mediate the

diffusion of the marked atoms in our cases, while the gaussian profile results from

random and uncorrelated movements of diffusing species if diffusion is conducted by

limited source with conservative boundary conditions. No analytical functions are

available for those distributions. However, as diffusion time extends, the asymmetry

will, we believe, be reduced, and the equilibrium will be reached far in the sample

for the vacancies.

Table 3.2 Values of Asym* Computed by (3.4.1) (in unit of 103)

depth (a) 150

time (r) 1Si

50

2Si

150

lwb

50

2wb

150

lsb

50

2sb

1 0.000000 0.021465 0.001000 -0.114695 0.000098 -0.090125
2 0.001882 0.010316 -0.008019 -0.363711 -0.006823 -0.157628
3 0.018997 -0.099224 -0.034765 -0.567742 0.086703 -0.305872
4 0.049015 -0.089448 -0.041690 -0.743969 0.141603 -0.591629
5 0.075462 -0.008908 -0.159223 -0.769688 0.126266 -0.018873
6 0.058773 -0.065683 -0.363520 -0.993264 0.016341 -1.064844
7 0.127710 -0.260512 -0.178248 -1.205294 0.355200 -0.916281
8 0.163255 -0.291774 -0.269879 -1.244204 0.361255 -1.041837
9 0.145780 -0.463817 -0.214962 -1.331546 0.209682 -0.928000
10 0.043908 -0.533706 -0.321043 -1.268105 0.214878 -0.985026
11 0.071144 -0.530493 -0.441380 -1.436992 0.155835 -0.840267
12 0.021493 -0.692858 -0.398737 -1.825253 0.228360 -1.036391
13 0.041903 -0.728489 -0.380074 -1.415869 0.299983 -1.130180
14 0.032762 -0.828338 -0.332898 -1.768309 0.395370 -1.044718
15 0. 073641 1- 0.871067 -0.374039 1.706571 0.495114 0.878997
16 0.002616 -0.859545 -0.216845 -1.370343 0.211857 -1.034492
17 -0.004620 -0.857806 -0.112064 -1.415232 0.264849 -1.281420
18 -0.006250 -0.758397 0.155442 -1.104549 0.117962 -1.178434
19 -0.100060 -0.863206 0.242809 -1.062381 0.101902 -0.951508
20 0.144716 0.832777 0.016610 -0.801660 0.281585 -0.951277



Table 3.3 Values of fa Computed by (3.4.2)

depth (a)
time (r)

150
1Si

50
2Si

150
lwb

50
2wb

150
lsb

50
2sb

1 0.000 0.715 1.001 -1.540 0.049 -1.669
2 0.179 0.170 -0.401 -2.534 -0.459 -1.443
3 0.832 -1.098 -0.952 -2.886 2.559 -2.011
4 1.321 -0.795 -0.635 -3.041 2.717 -3.149
5 1.539 -0.066 -1.770 -2.713 1.691 -0.084
6 0.964 -0.430 -3.210 -3.095 0.164 -4.211
7 1.713 -1.547 -1.297 -3.391 2.900 -3.290
8 1.881 -1.591 -1.723 -3.223 2.549 -3.454
9 1.463 -2.345 -1.205 -3.238 1.295 -2.873
10 0.396 -2.527 -1.621 -2.885 0.234 -2.873
11 0.573 -2.429 -2.013 -3.116 0.809 -2.331
12 0.158 -2.946 -1.670 -3.785 1.094 -2.749
13 0.288 -2.958 -1.474 -2.823 1.315 -2.871
14 0.199 -3.225 -1.227 -3.400 1.627 -2.547
15 0.476 -3.268 -1.284 -3.179 1.924 -2.072
16 0.015 -3.111 -0.716 -2.474 0.812 -2.381
17 -0.024 -2.998 -0.353 -2.482 0.920 -2.862
18 -0.032 -2.569 0.469 -1.902 0.392 -2.562
19 -0.500 -2.839 0.695 -1.768 0.325 -2.016
20 -0.789 -2.701 0.046 -1.304 0.864 -1.967

43
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Figure 3.14. The distribution of marked atoms in comparison with the data fitted
to Gaussian function. (Results of 1Si simulation).
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Figure 3.15. The distribution of marked atoms in comparison with the data fitted to
Gaussian function. (Results of 2Si simulations).
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Figure 3.16. The distribution of marked atoms in comparison with the data fitted to
Gaussian function. (Results of 1 sb simulation).
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Figure 3.17. The distribution of marked atoms (2sb simulation) in comparison with
the data fitted to Gaussian function.
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Figure 3.18. The distribution of marked atoms (results of 1 wb simulation) in
comparison with the data fitted to Gaussian function.
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Figure 3.19. The distribution of marked atoms (results of 2wb simulation) in
comparison with the data fitted to Gaussian function.
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4. DIRECTION OF FUTURE WORK

In the previous discussions, we have shown the fundamental studies on the

atomic diffusion and demonstrated some important results which, we hope, could

challenge the classic treatments of diffusion. By computer simulation, we do obtain

an direct access to the inside of some complex system and thus explore the nature of

the problem. However, VIDSIM neglects, as do virtually all competing treatments,

pair-wise and mean-field electric and elastic interactions.

It is well noticed that the monolithic integrated circuit and other monolithic

devices are popular in modern electronics industry. The discrete device in theses

monolithic (single crystal) components consists of regions of different chemical

composition jointed in a continuous lattice of covalent atomic bonds, usually with the

Si or the GaAs structure. Because of the chemical difference between the adjoining

regions of theses devices that share a common lattice, there are inevitably elastic

strains (misfit strains) and also electrostatic fields (built-in fields) at these junctions,

even when the device is quiescent. In addition to these broad, mean fields, there are

pair-wise electric interactions between ionized atoms, vacancies, electrons and holes

and pair-wise elastic interactions between species that distort the ideal lattice. Use of

the device inevitably produces fluctuations of theses elastic and electrostatic fields.

The miniaturization and enhancement of these components, that is largely responsible

for the progress of the industry, means that theses chemical gradients in these

monolithic structures become ever steeper and more critical to the performance,
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reliability, and yield of these products. Once the monolithic chips have been

produced, they must be passivated, packaged, and connected into the final product;

these processes imply creation of interfaces to materials with different crystal

structures, as well as composition, which imposes further elastic and electric fields.

Note that electric and elastic fields are both complicated and important in this

technology because: a) the things of most interest are charged, i.e., donor and

acceptor dopants and other ionized defects as well as the electron and hole free

carriers; b) the host dielectric constants are small, these are not metals; c) the fields

are often very large; and d) for the GaAs structure crystals, the host is piezoelectric

so that elastic and electric fields are coupled. Also, at each step of processes of

defect creation, diffusion, interaction and reaction, these fields change.

Thus, the ability to precisely control and to predict atomic diffusion and

interaction is both critical to the industry and inherently complex. We do feel that we

should extend the program to include, not only the chemical bonding effects of all

atoms that might move to their first and second neighbor shells of atoms (as is done

in VIDSIM at present), but also to take account of macroscopic field and strain

gradients and also the pair-wise interaction between charged objects and size

mismatched objects within a Debye screening length. (This length is that for which

the interaction energy exceeds kT/2.)

Realizing the above facts and the significance of the pair-wise and mean-field

electric and elastic interactions to the treatment of diffusion, We believe that proper

account of these effect is critical to the realistic simulation of relevant semiconductor
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devices and thus more research on those issues could be prospective.
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