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Atomic-scale diffusion mechanisms via intermediate species

Ant Ural,* P. B. Griffin, and J. D. Plummer
Department of Electrical Engineering, Stanford University, Stanford, California 94305

~Received 30 January 2001; published 19 March 2002!

We theoretically investigate the relationship between impurity diffusion profiles and the underlying atomic-
scale diffusion mechanisms that occur via intermediate species in elemental semiconductors. We focus par-
ticularly on diffusion regimes characterized by short versus long diffusion times and low versus high transport
capacities. Based on analytic derivations and numerical simulations, we show that, in the absence of any
external point defect perturbation, there is usually no unique correspondence between a microscopic diffusion
mechanism and a macroscopic impurity diffusion profile. Complementary experiments have to be performed to
gain more conclusive information about the microscopic diffusion mechanisms. Examples of these experiments
are perturbing the point defect concentrations from equilibrium by thermal oxidation and nitridation, particu-
larly in the short-time diffusion regime, and studying the growth or shrinkage of stacking faults and dislocation
loops. Finally, a wide range of impurity diffusion phenomena result from the presence of intermediate species,
and can be analytically derived or numerically computed starting from the same set of diffusion equations.

DOI: 10.1103/PhysRevB.65.134303 PACS number~s!: 66.30.Dn, 66.30.Jt, 61.72.Ji
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I. INTRODUCTION

Substitutional impurity atoms in elemental semicondu
tors like silicon diffuse by interacting with the native poi
defects, namely, vacancies~V! and self-interstitials (I ),
present in the lattice.1–3 In most cases, intermediate speci
formed as a result of these interactions are responsible fo
overall macroscopic migration of the impurity. Howeve
signs of diffusion via an intermediate species are invisi
unless either the diffusion time is short or the concentrat
and diffusivity of the impurity are high.

Recently, the interest in intermediate diffusion has be
revived for two reasons. First, self-diffusion experiments
ing newly available isotopically enriched Si structur
yielded the values of the transport capacities ofI and V.4

Historically, these values have been extracted from diffus
experiments of metals such as Au, Zn, and Pt.2,5,6 Therefore,
a thorough understanding of intermediate diffusion effect
necessary in order to compare point defect properties
tained from self- and metal diffusion experiments.7 Secondly,
recent advances in ultra-low-energy ion-implantation te
nology have made it possible to fabricate high concentra
shallow doping profiles in Si, which are governed by int
mediate diffusion effects during annealing even at relativ
low temperatures. Therefore, a fundamental understandin
intermediate diffusion has become crucial for advances
semiconductor device fabrication technology.

Some cases of intermediate diffusion effects have b
studied previously. The ‘‘kink and tail’’ observed in hig
concentration phosphorus diffusion in silicon1–3 is a well-
known technologically important example. Other we
studied examples are the fast metal diffusers such as Au
and Pt in Si.2,5,6 Furthermore, experimental evidence for t
intermediate diffusion mechanism of boron in silicon h
been obtained at short diffusion times.8,9

In this paper, we theoretically study intermediate diffusi
in an elemental semiconductor such as Si. The framew
presented here is fairly general, and is applicable to any
terial where an intermediate species determines the ov
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migration of an impurity. First, we present a general form
lation of intermediate diffusion. Then, we define short vers
long-time diffusion regimes, and derive analytic solutions
long diffusion times. We also define low versus high imp
rity transport capacity, and present numerical simulations
in- and out-diffusion in the long-time, high transport capac
limit. Finally, we conclude with a discussion of short-tim
diffusion. We address the following questions about interm
diate diffusion.

~1! What are the different diffusion regimes and the re
tionship between them?

~2! In which diffusion regimes are the signs of intermed
ate diffusion visible in macroscopic impurity profiles?

~3! When the signs of intermediate diffusion are visible,
it possible to determine the atomic-scale diffusion mec
nism~s! from the experimentally measured diffusion profile

We show that, in most cases, it is impossible to der
microscopic diffusion mechanisms from macroscopic dif
sion profiles unless complementary experimental informat
is available. For example, the growth or shrinkage of sta
ing faults and dislocation loops has been frequently use
the literature to determine whether a particular diffusion p
cess increases or decreases point defect concentrations2,3,10

Furthermore, the similarity between the growth kinetics
oxidation inducedI-type stacking faults~OSF! and the kinet-
ics of oxidation enhanced diffusion~OED! has lead to the
conclusion that thermal oxidation perturbs the point def
concentrations by injecting self-interstitials into the su
strate, as first suggested by Hu.11 As a result, thermal oxida-
tion and nitridation experiments have also been used
quently to obtain information about microscopic diffusio
mechanisms.1–4,12,13

II. GENERAL FORMULATION OF INTERMEDIATE
DIFFUSION

In the following discussion, we assume that impurity d
fusion occurs only by intermediate species; in other wor
we ignore any direct substitutional exchange contribution
©2002 The American Physical Society03-1
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the overall diffusivity. We also assume that the semicond
tor material is under intrinsic carrier conditions; in oth
words, the Fermi level is at its intrinsic value even in t
presence of the impurity. Shifts in the Fermi level cause c
centration dependent diffusivity, and introduce electric fie
induced diffusion of charged defects, which we ignore in t
paper. Our conclusions about intrinsic intermediate diffus
can easily be extended to cases where extrinsic effects
important.

To start with, the interaction between a substitutional i
purity A and native point defects~I and V! is completely
specified by the following set of reaction equations:

I 1AS⇔AI, ~1!

AS⇔AI1V, ~2!

V1AS⇔AV, ~3!

AS⇔AV1I , ~4!

I 1V⇔B, ~5!

whereAS denotes impurityA in its substitutional form, and
AI andAV are the intermediate species whose migration
termines theI andV components ofA diffusion, respectively.
For example,AI could be an impurity-interstitial pair, an
interstitial impurity, or a self-interstitial.B in reaction Eq.
~5! denotes a substitutional host atom. The first two reacti
above represent theI component ofA diffusion; Eq. ~1! is
widely known as the kick-out~KO! reaction and Eq.~2! as
the dissociative or Frank-Turnbull~FT! reaction. In general
both KO and FT reactions could be responsible for the g
eration and recombination ofAI. The third and fourth reac
tions, which we refer to asR3 andR4, respectively, repre
sent theV component ofA diffusion. Equation~5!, which we
denote by IV, modifies the concentrations ofI and V avail-
able for reactions~1!–~4!.

If we take into account all of the five reaction equatio
~1!–~5!, the diffusion of impurityA as a function of timet
and positionx in one dimension is completely described
the following five coupled partial differential equation
~PDE’s! with the appropriate boundary conditions specific
the particular problem:

]CAS

]t
5~k1rCAI2k1 fCAS

CI !1~k2rCAICV2k2 fCAS
!

1~k3rCAV2k3 fCAS
CV!1~k4rCAVCI2k4 fCAS

!

[S ]CAS

]t
D

1

1S ]CAS

]t
D

2

1S ]CAS

]t
D

3

1S ]CAS

]t
D

4

, ~6!

]CAI

]t
5DAI

]2CAI

]x2 2S ]CAS

]t
D

1

2S ]CAS

]t
D

2

, ~7!

]CAV

]t
5DAV

]2CAV

]x2 2 S ]CAS

]t
D

3

2S ]CAS

]t
D

4

, ~8!
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]CI

]t
5DI

]2CI

]x2 1S ]CAS

]t
D

1

2S ]CAS

]t
D

4

2k5~CICV2CI
eqCV

eq!, ~9!

]CV

]t
5DV

]2CV

]x2 2S ]CAS

]t
D

2

1S ]CAS

]t
D

3

2k5~CICV2CI
eqCV

eq!. ~10!

In Eqs. ~6!–~10!, the constantskn f and knr are the forward
and reverse reaction rates, respectively, of Eqs.~1!–~4!
wheren denotes the number of the reaction equation. In E
~9! and~10!, k5 is the IV recombination rate constant of E
~5!. C’s andD’s are the concentrations and diffusivities, r
spectively, of the species in their subscripts.

III. THE DEFINITION OF SHORT-TIME
vs LONG-TIME DIFFUSION

In the short-time and long-time diffusion regimes, Eq
~6!–~10! can be simplified to give analytic solutions. Firs
we define the generation rate, the recombination rate, and
migration length of the intermediate speciesAI andAV. As-
suming that KO and FT reactions occur in parallel as sta
tically independent events~in other words, the defect con
centrations are so dilute that there is no interaction betw
them!, the generation and recombination rates for the in
mediate speciesAI are given, respectively, by

gAI5k1 fCI1k2 f and r AI5k1r1k2rCV . ~11!

Similarly, the generation and recombination rates forAV re-
sulting from reactionsR3 andR4 are, respectively,

gAV5k3 fCV1k4 f and r AV5k3r1k4rCI . ~12!

The mean migration length of the intermediate speciesAX
(X5I or V! before it recombines to become substitutional8

lAX5ADAX /r AX, ~13!

whereDAX is the diffusivity ofAX. The forward and reverse
reaction rates in Eqs.~11! and ~12! are constants at a give
temperature. Similarly, under equilibrium point-defect con
tions,CI andCV are also constants. On the other hand, un
nonequilibrium conditions, whereCI and CV are perturbed
from their equilibrium values, Eqs.~11!–~13! become posi-
tion and time dependent sinceCI andCV are position depen-
dent. The generation rate, the recombination rate, and
migration length that occur under nonequilibrium conditio
can be expressed in terms of the equilibrium values of
same quantities as

gAI5gAI
eqS gKO

CI

CI
eq1gFTD , ~14!

r AI5r AI
eqS gKO1gFT

CV

CV
eqD , ~15a!
3-2
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lAI5lAI
eqS gKO1gFT

CV

CV
eqD 21/2

, ~15b!

gAV5gAV
eq S gR3

CV

CV
eq1gR4D , ~16!

r AV5r AV
eq S gR31gR4

CI

CI
eqD , ~17a!

lAV5lAV
eq S gR31gR4

CI

CI
eqD 21/2

, ~17b!

where gKO and gFT are the fractional contributions of KO
and FT reactions, respectively, to the formation ofAI under
equilibrium point defect conditions. From Eq.~11!, we get
gKO5(k1 fCI

eq)/(k1 fCI
eq1k2 f)5k1r /(k1r1k2rCV

eq). Simi-
larly, gR3 andgR4 are the fractional contributions of theR3
andR4 reactions, respectively, to the formation ofAV under
equilibrium point defect conditions. By definition,gKO
1gFT51 and gR31gR451. The superscript ‘‘eq’’ denotes
equilibrium conditions. The generation rate ratiogAX /gAX

eq

and the migration length ratiolAX /lAX
eq that occurs under

nonequilibrium point defect conditions for each of the rea
tions~1!–~4! in the absence of the other three are listed in
first and second columns of Table I, respectively. Tabl
shows that the generation rate and migration length ratio
each possible reaction change in a uniquely different w
under nonequilibrium conditions.

The short-time diffusion regime occurs whengAXt!1,
but r AXt@1; in other words, when the diffusion time is sho
compared to the lifetime of the substitutional impurity, b
long compared to the lifetime of the mobile intermedia
species.~For the impurities we are considering, the conce
tration of the substitutional form is much greater than tha
the intermediate form, which means thatr AX@gAX , and the
short-time diffusion conditions can be satisfied.! Physically,
this means that, in the short-time regime, the mean num
of migration events of the intermediate species is much
than 1. In the long-time regime, on the other han
gAXt,r AXt@1, which is satisfied when Eqs.~1!–~5! have fast
forward and reverse reaction rates and are at chem
quasiequilibrium. On the average, the intermediate spe
experiences many migration events.

As a simple example, let us consider the transient evo
tion of AS andAI by the KO mechanism only. For the prese
discussion, assume that all species are position indepen
and thatCI5CI

eq at all times. Using Eq.~11! under these
assumptions, Eqs.~6! and ~7! become

]CAS

]t
5r AICAI2gAICAS

,

]CAI

]t
52r AICAI1gAICAS

. ~18!

The solution of Eqs.~18! is given by
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~ t !5a1b exp@2~r AI1gAI!t#,

CAI~ t !5a
gAI

r AI
2b exp@2~r AI1gAI!t#, ~19!

where a and b are constants to be determined from t
boundary conditions. Equations~19! show that if (r AI
1gAI)t@1, AS and AI are at steady-state~chemical quasi-
equilibrium!. This would be satisfied for fast reaction rat
and/or long diffusion times. As illustrated by this simple e
ample, quasiequilibrium is characterized in general bygAXt,
r AXt@1.

IV. ANALYTIC SOLUTIONS FOR LONG-TIME
DIFFUSION

In the long-time diffusion regime, let us reduce Eqs.~6!–
~10! to a single PDE for the substitutional impurityAS . Add-
ing Eqs.~6!–~8!, we get

]

]t
~CAS

1CAI1CAV!5DAI

]2CAI

]x2 1DAV

]2CAV

]x2 . ~20!

Next, we need to write]2CAX /]x2, where X5I or V, in
terms of CAS

. Under equilibrium point-defect condition

~i.e., CI5CI
eq andCV5CV

eq!, whenAS andAX reach steady
state, they satisfy the chemical quasiequilibrium conditio
for each of the reaction Eqs.~1!–~4!:

CAI

CAS

5S CAI

CAS
D eq

5
k1 fCI

eq

k1r
, ~21a!

CAI

CAS

5S CAI

CAS
D eq

5
k2 f

k2rCV
eq, ~21b!

CAV

CAS

5S CAV

CAS
D eq

5
k3 fCV

eq

k3r
~21c!

CAV

CAS

5S CAV

CAS
D eq

5
k4 f

k4rCI
eq. ~21d!

From Eqs.~21a! and~21b!, we get a relationship between th
reactions rates of KO and FT; from Eqs.~21c! and~21d!, we
get a similar relationship for theR3 andR4 reactions:

k1 fCI
eq

k1r
5

k2 f

k2rCV
eq and

k3 fCV
eq

k3r
5

k4 f

k4rCI
eq, ~22!

from which it also follows that

CI
eqCV

eq5S k2 f

k2r
D S k1r

k1 f
D5S k4 f

k4r
D S k3r

k3 f
D . ~23!

Substituting Eqs.~21!, and assuming that the concentratio
of the migrating species is much less than that of the sub
tutional impurity ~i.e., CAX!CAS

!, Eq. ~20! becomes
3-3
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]CAS

]t
5DA

]2CAS

]x2 , ~24!

with a constant effective impurity diffusivityDA given by

DA[DA
eq5DAIS CAI

CAS
D eq

1DAVS CAV

CAS
D eq

, ~25!

where (CAX /CAS
)eq with X5I or V is a constant. Using Eq

~25!, the X fraction of A diffusion under equilibrium condi-
tions can be defined as

f AX5
DAX~CAX /CAS

!eq

DA
eq . ~26!

If only the KO or FT reaction is dominant,f AI51 and f AV
50; on the other hand, if only theR3 or R4 reaction is
dominant, f AI50 and f AV51. This is summarized in the
fourth column of Table I.

If the IV recombination reaction@Eq. ~5!# is also at chemi-
cal quasiequilibrium, we get

CICV5CI
eqCV

eq. ~27!

Equation~27! is obviously satisfied under equilibrium poin
defect conditionsCI5CI

eq andCV5CV
eq. When point defects

are perturbed from equilibrium, Eq.~27! means that the
product of theI and V concentrations remains constant, a
though their individual concentrations may be different fro
their equilibrium values. Under these conditions, Eq.~24!
becomes

]CAS

]t
5 (

X5I ,V
DAXS CAX

CAS
D eq

3S CX
† ]2CAX

]x2 12
]CX

†

]x

]CAS

]x
1CAS

]2CX
†

]x2 D ,

~28!

TABLE I. The intermediate species generation rate ra
gAX /gAX

eq , the intermediate species migration length ra
lAX /lAX

eq , and the effective impurity diffusivity ratioDA /DA
eq that

occur under nonequilibrium point defect conditions, andf AI for
each of the possible atomic-scale diffusion reactions~1!–~4!. For
each case, we assume that the other three reactions are negl
The superscript ‘‘eq’’ denotes parameter values under equilibr
point defect conditions. Note thatgAX /gAX

eq andlAX /lAX
eq change in

a uniquely different way under nonequilibrium conditions for ea
reaction.

Generation rate
ratio

gAX /gAX
eq

Migration
length ratio
lAX /lAX

eq

Diffusivity
ratio

DA /DA
eq

f AI

~1! I 1As⇔AI CI /CI
eq 1 CI /CI

eq 1
~2! As⇔AI1V 1 ACV

eq/CV CV
eq/CV 1

~3! V1As⇔AV CV /CV
eq 1 CV /CV

eq 0
~4! As⇔AV1I 1 ACI

eq/CI CI
eq/CI 0
13430
whereCX
†5CX /CX

eq. Under equilibriumI andV conditions,
Eq. ~28! reduces to Eq.~24! with a constant equilibrium
impurity diffusivity given by Eq.~25!. Furthermore, ifI and
V are perturbed from equilibrium in a position-independe
manner, Eq.~24! with a constant effective impurity diffusiv-
ity DA such that

DA

DA
eq5 f AI

CI

CI
eq1 f AV

CV

CV
eq ~29!

describes diffusion. This is the diffusivity ratio that is fre
quently cited and generally used for the analysis of therm
oxidation and nitridation experiments in silicon.1,12,13 Equa-
tion ~29! shows that it is possible to differentiate between t
I andV components of impurity diffusion by perturbing th
point defects at long times, but not between the individ
mechanisms that make up these components.

There may be situations where the point defects do
satisfy Eq.~27!, butAS andAX are at steady state. This cou
happen, for example, if IV recombination is much slow
than reactions~1!–~4!, and only one reaction mechanism
dominant for each intermediate species. Under these circ
stances,I andV cannot interact and Eq.~27! does not hold
true. However, the steady-state condition still holds true.
other words,

CAX5gAXCAS
/r AX . ~30!

Using Eq.~30!, the equivalent of Eq.~28! is

]CAS

]t
5

]

]x S DA

]

]x
CASD , ~31!

where

DA~x,t ![DAI

gAI~x,t !

r AI~x,t !
1DAV

gAV~x,t !

r AV~x,t !
, ~32!

andgAX(x,t) and r AX(x,t) are given by Eqs.~11! and ~12!.
In general, Eq.~32! cannot be simplified further ifCI andCV
are perturbed from equilibrium in a position-dependent m
ner. However, if the perturbation is such thatCI andCV are
position independent, Eq.~32! simplifies to, using Eq.~26!,

DA

DA
eq5 f AIS k1 fCI1k2 f

k1r1k2rCV
D S k1r1k2rCV

eq

k1 fCI
eq1k2 f

D
1 f AVS k3 fCV1k4 f

k3r1k4rCI
D S k3r1k4rCI

eq

k3 fCV
eq1k4 f

D . ~33!

The diffusivity ratio in Eq.~33! is a constant. As listed in the
third column of Table I, Eq.~33! reduces to a simple expres
sion if only one of the reaction Eqs.~1!–~4! is dominant.
This is obtained by setting the forward and reverse reac
rates for the other three reactions to zero. Under equilibri
I and V conditions, Eqs.~31! and ~32! reduce to Eqs.~24!
and ~25!.

ble.
3-4
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V. THE DEFINITION OF LOW vs
HIGH TRANSPORT CAPACITY

Even whenI andV are not perturbed by external force
they may still be at nonequilibrium as a consequence of E
~1!–~5!, provided that the total transport capacity of the im
purity is on the order of or greater than those of the nat
point defects. The transport capacity of theX mechanism
mediated diffusion of impurityA is defined as the produc
DAXCAX

eq where CAX
eq 5(CAX /CAS

)eqCAS
. It follows that the

maximum value that this transport capacity can have
DAXCAX

eq,sol, whereCAX
eq,sol5(CAX /CAS

)eqCAS

sol , andCAS

sol is the

solubility of impurity A in the host lattice. The total transpo
capacity ofA defined as the sum(X5I ,VDAXCAX

eq . Although
the total transport capacity ofA is a function ofCAS

, the

transport capacities ofI and V, DICI
eq and DVCV

eq, respec-
tively, are constants at a given temperature. Thus, trans
effects can begin to dominate the shape of impurity profi
at high concentrations.

When (X5I ,VDAXCAX
eq !DICI

eq, DVCV
eq, Eqs. ~24! and

~25! describe the diffusion of the impurity for long-time
and intermediate diffusion effects are invisible. In this lo
transport capacity limit, it is impossible to distinguish b
tween the KO, FT,R3, andR4 reactions, since all of them
reduce to Eqs.~24! and ~25!.

When the total impurity transport capacity is on the ord
of or greater thanDICI

eq andDVCV
eq, on the other hand,CI

andCV are perturbed from equilibrium even in the absen
of any external perturbing forces. In this high transport
pacity limit, Eqs.~28! and ~31! describe the diffusion of the
impurity at long times, and the presence of intermediate
fusion is evident from the shape of the diffusion profile.
contrast, a direct exchange mechanism would still be
scribed by Eqs.~24! and~25! even if the impurity has a high
transport capacity, since there is no interaction with the
tive point defects. If KO is the only dominant diffusio
mechanism, and we are in the very high transport capa
limit such that (X5I ,VDAXCAX

eq @DICI
eq, DVCV

eq and
CAI(x,t)>CAI

eq,sol, Eq. ~9! becomes

]CI

]t
5DI

]2CI

]x2 1
]CAS

]t
. ~34!

Assuming chemical quasiequilibrium@Eq. ~21a!#, we getCI

5CI
eqCAS

sol/CAS
. Substituting this expression forCI into Eq.

~34!, and usingCAS

2 @CI
eqCAS

sol , we arrive at an expressio

having the form of Eq.~31! with

DA
KO~x,t !5

DICI
eqCAS

sol

CAS

2 ~x,t !
. ~35!

This is the frequently cited inverse-concentration-squa
dependent diffusivity.2,5,6 We can see from Eq.~35! that the
diffusion coefficient of the impurity is determined by th
transport capacity of self-interstitials. Using a similar arg
ment, if FT is the only dominant mechanism, we get
13430
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DA
FT5

DVCV
eq

CAS

sol , ~36!

which is a constant. If both KO and FT mechanisms ex
but R3 andR4 are insignificant~in other words,AI is the
only intermediate species!, the effective diffusivity is the
sum of Eqs.~35! and ~36!. It is worth emphasizing that this
expression is valid only if the other two reactions do n
contribute to diffusion, the transport capacity of the impur
is high, and KO and FT reactions are at quasiequilibriu
With these assumptionsCAS

'CAS

sol , so Eqs.~35! and ~36!

describe the profiles after very long diffusion times wh
there is not much net impurity motion taking place. On t
other hand, if only theR3 andR4 reactions determine im
purity diffusion ~in other words,AV is the only intermediate
species!,

DA5
DVCV

eqCAS

sol

CAS

2 1
DICI

eq

CAS

sol , ~37!

and the vacancy term is concentration dependent. If bothAI
and AV intermediate species are responsible for diffusio
simple expressions similar to Eqs.~35!–~37! cannot be ob-
tained.

As seen in Eqs.~35!–~37!, the transport capacities ofI
andV, which can be determined by studying the interstit
and vacancy components of self-diffusion,4 play an impor-
tant role in the diffusion of impurities with high transpo
capacities. The study of self-diffusion in a host lattice
closely tied to the study of impurity diffusion.

VI. NUMERICAL SIMULATION OF LONG-TIME,
HIGH TRANSPORT CAPACITY DIFFUSION

In this section, we study the relationship between mic
scopic diffusion mechanisms and macroscopic impurity d
fusion profiles in the long-time, high transport capacity r
gime by performing in- and out-diffusion simulations usin
ALAMODE,14 a numerical partial differential equation solve
optimized for diffusion problems. In these simulations, w
meet the long-time diffusion criteria by assigning Eqs.~1!–
~5! fast forward and reverse reaction rates.

We have solved subsets of reaction Eqs.~6!–~10! numeri-
cally subject to in- and out-diffusion initial and bounda
conditions. In particular, the in-diffusion boundary cond
tions we have used are

CI~x50,t !5CI~x51,t !5CI
eq, ~38a!

CV~x50,t !5CV~x51,t !5CV
eq, ~38b!

CAX~x50,t !5CAX~x51,t !5CAX
eq,sol, ~38c!

CAS
~x50,t !5CAS

~x51,t !

5CAS

sol$12exp@2~gAI1gAV!t#%, ~38d!
3-5
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wherex is the normalized depth,t is time, and other variable
have been defined previously. Equation~38d! is obtained by
solving Eq.~6! at x50 and 1. Furthermore, we have used t
following initial conditions for in-diffusion:

CAS
~x,t50!5CAS

sol310210

CAX~x,t50!5CAX
eq,sol310210, ~39a!

CI~x,t50!5CI
eq

CV~x,t50!5CV
eq. ~39b!

The out-diffusion initial and boundary conditions forCI and
CV are the same as those for in-diffusion. For the impur
concentrations during out-diffusion, we have used

CAS
~x50,t !5CAS

~x51,t !5CAS

sol31024, ~40a!

CAX~x50,t !5CAX~x51,t !5CAX
eq,sol31024, ~40b!

CAS
~x,t50!5CAS

sol and CAX~x,t50!5CAX
eq,sol.

~40c!

Using these initial and boundary conditions, first, let
consider the diffusion mechanisms viaAI, which correspond
to the I component of impurity diffusion~i.e., f AI51!. Fig-
ures 1~a! and 1~b! show the time evolution of in- and out
diffusion profiles, respectively, of impurityA when KO@Eq.
~1!# is the only dominant diffusion mechanism. All othe
reactions, including IV recombination, are assumed to
negligible. During in-diffusion, the center of the sample in
tially has no impurity, and Eq.~1! is driven in the reverse
direction, creating excessI above equilibrium. On the othe
hand, during out-diffusion, the center of the sample is sa
rated with the impurity to begin with, and Eq.~1! is driven in
the forward direction, depletingI from the center. SinceI and
V do not interact,V remains at equilibrium at all times re
gardless of what happens toI. As a consequence, the impu
rity diffusion profile is sensitive toDICI

eq, but not toDVCV
eq,

during both in- and out-diffusion.
Figures 2~a! and 2~b! show the time evolution of in-and

out-diffusion profiles, respectively, when FT@Eq. ~2!# is the
only dominant diffusion mechanism. As in Figs. 1~a! and
1~b!, no interaction betweenI andV exists. During in diffu-
sion, Eq.~2! is driven in the reverse direction, depletingV.
On the other hand, during out diffusion Eq.~2! is driven in
the forward direction, creating excessV. SinceI and V do
not interact,I remains at equilibrium at all times, and, as
consequence, the impurity diffusion profile is sensitive
DVCV

eq, but not toDICI
eq.

Let us now consider the diffusion mechanisms viaAV,
which correspond to theV component of impurity diffusion
~i.e., f AI50!. If R3 is the only dominant mechanism, there
V supersaturation during in-diffusion andV undersaturation
during out-diffusion, and the impurity profile is sensitiv
13430
y

e

-

FIG. 1. The concentration of impurityA in substitutional sites
CAS

normalized to its solubility~bottom! and the self-interstitial
concentrationCI normalized to its equilibrium value~top! in the
host lattice as a function of normalized depth in a hypotheti
sample.~a! In-diffusion and~b! out-diffusion profiles resulting from
the KO mechanism alone. The curves are labeled by numbers in
order of increasing diffusion time. The normalizedV concentration,
which is not shown, is equal to unity.
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FIG. 2. CAS
normalized to its solubility~bottom! and the va-

cancy concentrationCV normalized to its equilibrium value~top! in
the host lattice as a function of normalized depth in a hypothet
sample.~a! In-diffusion and~b! out-diffusion profiles resulting from
the FT mechanism alone. The curves are labeled by numbers i
order of increasing diffusion time. The normalizedI concentration,
which is not shown, is equal to unity.
13430
only to DVCV
eq. If R4 is the only dominant reaction, on th

other hand,I undersaturation during in-diffusion andI super-
saturation during out-diffusion results, and the impurity pr
file is sensitive only to DICI

eq. In the special case
DAV(CAV /CAs

)eq5DAI(CAI /CAs
)eq, (CAV /CAs

)eq

5(CAI /CAs
)eq, DICI

eq5DVCV
eq, andCI

eq5CV
eq, R3 and KO

and FT andR4 reactions produce identical impurity profile
In others words, replacingAI by AV, I by V, and V by I,
diffusion profiles viaAI andAV are completely symmetric in
this special case. The fact that KO andR3 are equivalent
under these circumstances has already been pointed ou
Shaw.15

In- and out-diffusion simulations in Figs. 3~a! and 3~b!,
respectively, show that KO-IV, FT-IV, KO-FT, and
KO-FT-IV reaction combinations give identical diffusio
profiles for given values ofCAs

sol, DAI(CAI /CAs
)eq, DICI

eq,

DVCV
eq, (CAI /CAs

)eq, CI
eq, andCV

eq. In Figs. 3~a! and 3~b!,

we have assumed that all the reactions present in each
have fast forward and reverse reaction rates~long-time re-
gime! so that they are at chemical quasiequilibrium@Eqs.
~21a!, ~21b!, and ~27!#. Under these conditions, Eq.~27! is
satisfied at all positions, and theV profile is always the mir-
ror image of theI profile on a log scale. As a result, th
impurity diffusion profile is sensitive to bothDICI

eq and
DVCV

eq. Based on Figs. 3~a! and 3~b!, we conclude that it is
impossible to distinguish between the KO and FT mec
nisms in the presence of IV recombination at long diffusio
times. This has already been pointed out by Franket al.2 We
can see this conclusion from Table I as follows. If i
diffusion occurs by the KO reaction, the generation rate ofAI
increases, but its migration length stays the same; on
other hand, if it occurs by the FT reaction, the generation r
of AI stays the same, but its migration length increases
long diffusion times, the overall diffusivity, which is propor
tional to gAIlAI

2 , is the same for both reactions if Eq.~27!
holds. Although what takes place microscopically is qu
different in the case of KO or FT, the net macroscopic eff
on diffusion is identical.

Another point to note is that the in-diffusion profiles ge
erated by KO-IV, FT-IV, KO-FT, or KO-FT-IV reaction
combinations@Fig. 3~a!# resemble closely those generated
the KO reaction alone@Fig. 1~a!#, but are quite different from
those generated by the FT reaction alone@Fig. 2~a!#. This is
a consequence of the fact that theI supersaturation require
for AS and AI to reach steady-state is much less than
required V undersaturation@compare Figs. 1~a! and 2~a!#.
Once AS and AI reach equilibrium at anI supersaturation
similar in magnitude to that of the KO reaction alone, the
is no driving force to depleteV further. The out-diffusion
profiles generated by KO-IV, FT-IV, KO-FT, or KO-FT-IV
reaction combinations, on the other hand, resemble clo
those generated by the FT reaction alone@Fig. 2~b!#, but are
quite different from those generated by the KO react
alone@Fig. 1~b!#. This is a consequence of the fact that theV
supersaturation required forAS andAI to reach steady state i
much less than the requiredI undersaturation.
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FIG. 3. CAS
normalized to its solubility~bottom!, andCI or CV

normalized to its equilibrium value~top! as a function of normal-
ized depth in a hypothetical sample.~a! In-diffusion and~b! out-
diffusion profiles resulting from KO-IV, FT-IV, KO-FT, or
KO-FT-IV reaction combinations. These profiles are indistingui
able and appear as a single solid line for each time snapshot.
curves are labeled by numbers in the order of increasing diffus
time. The normalizedV concentration is always the mirror image
the normalizedI concentration, and vice versa. For comparison,
KO-only profiles for in-diffusion@Fig. 1~a!#, and FT-only profiles
for out-diffusion @Fig. 2~b!# are shown as symbols.
13430
In- and out-diffusion simulations under conditions simil
to those in Figs. 3~a! and 3~b! show thatR3-IV, R4-IV,
R3-R4, andR3-R4-IV reaction combinations, which occu
via the intermediate speciesAV, give identical profiles for
given values ofCAS

sol , DAV(CAV /CAs
)eq, DICI

eq, DVCV
eq,

(CAV /CAs
)eq, CI

eq, andCV
eq. Based on this, we conclude tha

it is impossible to distinguish between reactionsR3 andR4
in the presence of IV recombination at long diffusion time
Figures 4~a! and 4~b! show time series of in- and out
diffusion profiles, respectively, occurring byR3-IV, R4-IV,
R3-R4, or R3-R4-IV reactions. As mentioned above, all o
these reaction combinations result in the same impurity p
file. The effect of theI fraction of self-diffusionf SiI on the
profiles is shown explicitly.

Finally, let us consider the situation when bothI and V
components of impurity diffusion exist~i.e., 0, f AI,1!. In
particular, let us consider the following 14 subsets of re
tion Eqs. ~1!–~5!: KO-FT-R3-R4-IV, KO-FT-R3-IV,
KO-FT-R4-IV, KO-R3-R4-IV, FT-R3-R4-IV,
KO-FT-R3-R4, KO-R3-IV, KO-R4-IV, FT-R3-IV,

-
he
n

e

FIG. 4. The effect of theI fraction of self-diffusionf SiI on the
diffusion of impurity A when theI fraction of A diffusion f AI is
zero. ~a! In-diffusion and~b! out-diffusion profiles resulting from
R3-IV, R4-IV, R3-R4, or R3-R4-IV reaction combinations.
These profiles are indistinguishable and appear as a single solid
for each time snapshot. The curves are labeled by numbers in
order of increasing diffusion time.
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FT-R4-IV, KO-FT-R3, KO-FT-R4, KO-R3-R4, and
FT-R3-R4. If all of the reactions present in each case
individually at quasi-equilibrium, it is not possible to distin
guish between these 14 reaction combinations for given
ues of the simulation parameters andf AI . Furthermore, if
f AI.0.5, there is always anI supersaturation andV under-
saturation for in-diffusion, and vice versa for out-diffusio
The opposite is true iff AI,0.5. If f AI50.5, bothI andV are
at equilibrium, because perturbations in opposite directi
exactly cancel out. In this special case, we go back to e
librium diffusion described by Eqs.~24! and~25!. The effects
of intermediate diffusion viaAI andAV exactly cancel each
other out. Figures 5~a! and 5~b! illustrate the effect off AI on
in- and out-diffusion, respectively. As we have mention
previously, theV profile in each case is the mirror image
the I profile, and vice versa. In Figs. 5~a! and 5~b!, we have
taken (CAV /CAs

)eq5(CAI /CAs
)eq, DICI

eq5DVCV
eq, andCI

eq

5CV
eq for symmetry. In this special case, the impurity pr

files for f AI50.25 and 0.75, andf AI50 and 1 are equivalent
From Figs. 4 and 5, we see that bothf AI and f SiI affect the
diffusion profiles, once again illustrating that self-diffusion
closely tied to impurity diffusion in a lattice.

We have seen that although a single microscopic diffus
mechanism directly interacts with only one point defect,
interaction between self-interstitials and vacancies cause
ambiguity on the macroscopic scale. Indeed, using rea
able diffusion parameters, macroscopic experimental di
sion data can be fit more than a unique combination of
croscopic diffusion mechanisms.16 As we have pointed out in
the introduction, the only way of determining microscop
diffusion mechanisms is by obtaining additional experime
tal information such as the growth or shrinkage of stack
faults and dislocation loops of a certain type. As an exam
Marioton et al. have previously shown that enhanced a
retarded diffusion phenomena in silicon can be explain
based only on the FT andR3 reactions.17 They have also
shown, however, that these two reactions alone cannot q
titatively explain the growth of oxidation inducedI-type
stacking faults. As a result, they have concluded that re
tions involving I must also be present.

VII. SHORT-TIME DIFFUSION

The generation rategAX and migration lengthlAX of the
intermediate speciesAX can be extracted independently fro
experimental diffusion profiles in the short-time diffusion r
gime if there is only one intermediate species present. Le
first consider the short-time diffusion regime in the low im
purity transport capacity limit. As we have seen before, t
is characterized mathematically bygAXt!1, r AXt@1, CI

5CI
eq, andCV5CV

eq. Under these conditions, the solution
Eqs.~6!–~8! subject to the in-diffusion initial and boundar
conditions@Eqs.~38! and ~39!# is given by

CAs
~x,t !5CAs

sol@gAIt exp~2x/lAI!1gAVt exp~2x/lAV!#.

~41!

Equation ~41! can be obtained by writing Eqs.~6!–~8! in
terms of the generation ratesgAI and gAV and migration
13430
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FIG. 5. CAS
normalized to its solubility~bottom!, andCI or CV

normalized to its equilibrium value~top! as a function of normal-
ized depth in a hypothetical sample.~a! In-diffusion and~b! out-
diffusion profiles when there is both anI and V component of
impurity diffusion~i.e., 0, f AI,1!. Each line is labeled by its value
of f AI . The profiles obtained for the possible reaction combinatio
listed in the text that give a particular value off AI are indistinguish-
able and appear as a single line. The normalizedV concentration is
the mirror image of the normalizedI concentration, and vice versa
Note that whenf AI50.5, CI andCV are exactly at equilibrium.
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lengthslAI and lAV defined previously in Eqs.~11!–~13!.
Extending the derivation of Lever and Morehead18 to the
case of two intermediate species, we arrive at Eq.~41!. If
only one intermediate species is present~either AI or AV!,
then Eq.~41! simplifies to a pure exponential with its slop
yielding the migration length, and itsy intercept the genera
tion rate of the intermediate species. When there is no ex
nal perturbation of the point defects, and the impurity ha
low transport capacitygAI5gAI

eq , lAI5lAI
eq , gAV5gAV

eq , and
lAV5lAV

eq . Under these conditions, it is impossible to d
tinguish between the KO, FT,R3, R4, KO-FT, andR3-R4
reaction combinations in the short-time regime, since al
them result in an exponential profile. However, the prese
of two intermediate species~AI and AV! can be identified
even under equilibrium conditions as long asAI andAV have
different generation rates and migration lengths. In this ca
the impurity profile is no longer a single exponential, but t
sum of two exponentials with different slopes andy inter-
cepts. Nevertheless, it is impossible to distinguish betw
the different reaction combinations which lead to two int
mediate species.

Figure 6 shows an in-diffusion simulation of impurityA
via the intermediate speciesAI in the low transport capacity
limit, and under equilibrium point-defect conditions. For th
particular simulation, we have chosengAI5131024 s21,
r AI50.1 s21, and lAI510m. Figure 6 shows that at very
short diffusion times such thatgAIt, r AIt!1, the diffusion
profiles are complementary error function~erfc!-like, as ex-
plained in Ref. 18. At short times such thatgAIt!1, but
r AIt@1, the diffusion profiles are exponential as given by t
AI term in Eq.~41!. Note also that the boundary conditio
implied by Eq. ~41!, i.e., CAs

(x50,t)5CAs

sol(gAI1gAV)t is

exactly the same as that given in Eq.~38d! in the short-time
limit gAXt!1. For longer times such thatgAIt, r AIt@1, the
diffusion profiles are described by the solution of Eqs.~24!
and ~25! as illustrated by thegAIt510 curve in Fig. 6. Fur-
thermore, from the slope of thegAIt50.05 profile in Fig. 6,

FIG. 6. In-diffusion profiles ofA normalized to the solubility as
a function of normalized depth in a hypothetical sample show
the different diffusion regimes. Only one intermediate speciesAI
mediates diffusion, and the curves are labeled by their value
gAIt. The simulation parameters are given in the text. The expon
tial diffusion regime occurs forgAIt50.01, 0.05, and 0.1.
13430
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we getlAI510m, and from they intercept, we getgAI51
31024 s21. These are precisely the values we used in
simulations.

Figure 7 shows an in-diffusion simulation of impurityA
via both AI and AV in the low transport capacity limit, and
under equilibrium point-defect conditions fort5500 s. Also
shown are the individual componentsAI andAV for the same
diffusion time. We have usedgAI5131024 s21, gAV50.2
31024 s21, r AI50.1 s21, r AV50.02 s21, lAI510m, and
lAV520m. This corresponds tof AI50.56. The presence o
two migrating species is easily identifiable from the shape
the diffusion profile, but the KO-FT andR3-R4 reaction
pairs cannot be distinguished unless the generation rates
migration lengths forAI andAV are known.

If CI andCV are perturbed from their equilibrium value
in a position-independent manner, such as near the sur
during oxidation and nitridation of Si, the first two column
of Table I show that the generation rate and migration len
for each of the possible reactions~1!–~4! change in a
uniquely different way, but still remain independent of tim
and position. This means that Eq.~41! still applies withgAI ,
gAV , lAI , and lAV given by Eqs.~14!, ~16!, ~15b!, and
~17b!, respectively. In other words, the generation rate,
migration length, and as a result, the diffusion profile depe
on the values ofgKO , gFT , gR3 , and gR4 . Therefore, by
comparing equilibrium and perturbed diffusion profiles,
may be possible to identify the underlying atomic-scale d
fusion mechanisms. Figure 8 shows an in-diffusion simu
tion of impurity A when CI54CI

eq and CV5CV
eq with the

same equilibrium generation rates and migration lengths
in Fig. 7. We present profiles att5500 s for KO, FT,R3, R4,
KO-FT with gKO50.3, andR3-R4 with gR350.6. For the
KO-FT reaction combinations, they-intercept changes
whereas for theR3-R4 reaction combinations, the slop
changes.

Cowernet al. have experimentally measured boron diff
sion in silicon in the short-time regime and extracted valu
for gAI and lAI using delta-doped layers grown by MBE8

g

of
n-

FIG. 7. In-diffusion simulations of impurityA via bothAI and
AV for t5500 s, which corresponds togAIt50.05 and gAVt
50.01. The simulation parameters are given in the text. The in
vidual exponential components ofAI andAV as well as their sum is
shown. In this particular case, the sum is no longer an exponen
3-10
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Extending their derivation19 for a single intermediate specie
to the case of two intermediate species, we find that
diffusion of an initiald-function impurity profile can be de
scribed by, to first order ingAXt,

CAS
~x,t !5@12~gAI1gAV!t#d~x!1

gAIt

2lAI

3exp~2uxu/lAI!1
gAVt

2lAV
exp~2uxu/lAV!.

~42!

In other words, during the diffusion of an initiald-function
profile, exponential tails with characteristic lengthlAX ap-
pear on both sides, and the magnitude of these tails incre
with time proportional togAX /lAX . Equation~42! assumes,
as in Eq. ~41!, that gAX and lAX are constants. In othe
words, Eq.~42! is valid either whenI andV are at equilib-
rium, or when they are perturbed in a position-independ
manner. ExtractinggAX andlAX under equilibrium and ther
mal oxidation conditions, Cowernet al. have determined ex
perimentally that boron in Si diffuses predominantly by
kick-out mechanism.9 A similar procedure could identify the
diffusion mechanisms of other impurities given that their m
gration lengths are long enough to be experimentally
served. As Fig. 8 shows, this identification could be mu
harder if there are multiple intermediate species and me
nisms present.

So far, we have only dealt with the low transport capac
limit. In the high transport capacity limit, the generation ra

FIG. 8. In-diffusion simulations of impurityA when the point
defect concentrations are externally perturbed from equilibri
such thatCI54CI

eq andCV5CV
eq. Diffusion profiles are shown a

t5500 s, and the equilibrium simulation parameters of Fig. 7
used. Diffusion via FT~curve 1!, KO ~curve 3!, and KO-FT with
gKO50.3 ~curve 2! are shown as solid lines. Changing the value
gKO moves they-intercept of curve 2 between curves 1 and 3, b
does not change its slope. Diffusion viaR3 ~curve 6!, R4 ~curve 4!,
andR3-R4 with gR350.6 ~curve 5!, on the other hand, are show
as symbols. Changing the value ofgR3 , moves the slope of curve 5
between those of curves 4 and 6, but does not change they inter-
cept. If bothAI andAV intermediate species are present, the dif
sion profile is obtained by adding the solid line with the appropri
gKO and the symbols with the appropriategR3 .
13430
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and migration lengths are no longer constants, and Eqs.~41!
and~42! are no longer valid. Figure 9 shows an in-diffusio
simulation of impurityA via only the KO reaction with the
same parameters as in Fig. 6, except with a six orders
magnitude smallerDICI

eq. Figure 9 shows that theI concen-
tration is perturbed in a position-dependent manner clos
the surface due to the high transport capacity of the impu
As a result, the diffusion profiles deviate from the expone
tial form given by Eq.~41!. This simple example illustrate
that the determination of microscopic diffusion mechanis
becomes more complicated in the high transport capa
limit.

For long diffusion timesgAIt, r AIt@1, only the average
impurity diffusivity can be extracted, and separate identific
tion of gAX and lAX becomes impossible. The relationsh
between the effective impurity diffusivityDA , the mean mi-
gration lengthlAX , and the generation rategAX is obtained if
we use Eq.~13! in Eq. ~32! to get

DA5gAIlAI
2 1gAVlAV

2 . ~43!

In Eq. ~43!, gAX andlAX become constants ifCI andCV are
position-independent, in which case Eq.~33! can be rewrit-
ten as

DA

DA
eq5 f AI

gAIlAI
2

gAI
eq~lAI

eq!2 1 f AV

gAVlAV
2

gAV
eq ~lAV

eq !2 . ~44!

Equation~44! shows that if the diffusivity ratioDA /DA
eq is

measured in an experiment where the diffusion time is lo
the microscopic information contained separately ingAX and
lAX is lost; it is only the productgAXlAX

2 which can be
determined.

e

f
t

-
e

FIG. 9. In-diffusion simulation of impurityA via only the KO
reaction using the same parameters as in Fig. 6, except for a
orders of magnitude smallerDICI

eq. This puts the impurity in the
high transport capacity regime, and as a result,CI is perturbed in a
position-dependent manner close to the surface. This perturba
causes the diffusion profiles to deviate from the exponential fo
observed in Fig. 6. The curves are labeled by their values ofgAIt.
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VIII. CONCLUSIONS

In conclusion, we have made explicit the connections
tween short versus long-time diffusion, low versus high i
purity transport capacity, equilibrium versus perturbed po
defect concentrations, and impurity versus self-diffusion.
have emphasized that all these phenomena are special
of diffusion via intermediate species, and can all be deriv
starting from the same set of partial differential equations

Furthermore, using analytic and numerical analysis,
have shown clearly that in the absence of external po
defect perturbation, there is usually no unique corresp
dence between a microscopic diffusion mechanism an
macroscopic impurity profile. As a result, complementary e
perimental information, such as the growth or shrinkage
stacking faults and dislocation loops of a given type need
be used to arrive at reliable conclusions. In addition, po
defect concentrations can be perturbed from equilibrium i
s

D
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controlled way by thermal oxidation and nitridation of Si.
the long-time diffusion regime, this makes it possible to d
ferentiate between theI andV components of impurity dif-
fusion, but not between the individual mechanisms that m
up these components. In the short-time regime, this per
bation makes it possible to extract the changes in the gen
tion rate and migration length of the intermediate spec
independently, and determine the dominant atomic-scale
fusion mechanisms. However, this method may not una
biguously reveal the underlying mechanisms if the expon
tial diffusion profiles are obscured by the high transp
capacity of the impurity or the existence of multiple interm
diate species.
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