
Chapter 1
Diffusion and Point Defects in Silicon Materials

Hartmut Bracht

Abstract This chapter aims to provide a basic understanding on the complex
diffusion behavior of self-, dopant-, and selected metal atoms in silicon (Si). The
complexity of diffusion in Si becomes evident in the shape of self- and foreign-atom
diffusion profiles that evolves under specific experimental conditions. Diffusion
studies attempt to determine from the diffusion behavior not only the mechanisms
of atomic transport but also the type of the point defects involved. This information
is of pivotal interest to control the diffusion and activation of dopants during the
fabrication of Si-based devices and, from a more fundamental scientific point of
view, for comparison to the predictions of theoretical calculations on the properties
of point defects in Si. In general, diffusion research relies both on experimental
methods to accurately determine diffusion profiles established under well-defined
conditions. The analysis of diffusion profiles that can be based on either analytical
or numerical solutions of the considered diffusion-reaction equations provides first
information about possible diffusion mechanisms. To identify the mechanisms of
diffusion, studies under different experimental conditions have to be performed.
This chapter on diffusion in Si starts with an introduction on the significance of
diffusion research in semiconductors to determine the properties of atomic defects.
Diffusion in solids is treated from a phenomenological and atomistic point of
view. Experiments designed to investigate the diffusion of self- and foreign atoms
are presented and typical self- and foreign-atom profiles obtained after diffusion
annealing under specific conditions are illustrated. The mathematical treatment of
diffusion-reaction mechanisms is introduced to understand the shape of diffusion
profiles and the meaning of the diffusion coefficient deduced from experiments.
Modeling of self-, dopant-, and metal-atom diffusion is described that aims at
a consistent interpretation of atomic transport processes in Si based on unified
properties of the native point defects involved. Finally, till unsolved questions on
the properties of point defects in bulk Si and on the diffusion behavior in three-
dimensional confined Si structures are addressed.
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1.1 Introduction

Over the last six decades our daily life has been revolutionized by the invention
of Si-based electronic devices. The key for this development was the preparation
and growth of high purity single crystals as well as the ability to control the
impurity level, i.e., the defects incorporated in Si on the atomic scale. Till these
days the defect density determines the integrity of Si devices for e.g. electronic and
photovoltaic applications [1]. Further improvement of Si-based electronic devices
requires an in-depth understanding on the properties of atomic defects and their
interactions. The properties of atomic defects concern their type, structure, and
charge states as well as their thermodynamic properties, i.e., their free enthalpy
of formation and migration. Although atomistic calculations based on density
functional theory (DFT) [2–15], tight binding molecular dynamics (TBMD) [16–19]
and molecular dynamics (MD) simulations [20–23] were and are still increasingly
used to predict the stability, mobility, and electronic properties of defects, the
relevance of the theoretical results must finally be verified experimentally, since it
remains unclear, how far theoretical data, mostly deduced for zero Kelvin, are also
applicable for higher temperatures.

Theoretical calculations of the structure and formation energy of point defects
in solids are most valuable for comparison with spectroscopic results gained e.g.
from electron paramagnetic resonance (EPR) studies [24–26], optical methods such
as infrared (IR) and photoluminescence spectroscopy [27], deep level transient
spectroscopy (DLTS) [28], and perturbed angular correlation (PAC) experiments
[29]. These methods provide results for temperatures which range from cryogenic
to room temperature. More general applicable spectroscopic methods for studying
point defects at temperatures relevant for device processing are hardly available.
An exception is the positron annihilation spectroscopy (PAS) [30–32] and the
Mössbauer spectroscopy (MS) [33]. Whereas the former method is highly capable
for the investigation of vacancy-like defects in condensed matter, the latter method
is mainly applicable to investigate the preferred incorporation of iron (Fe). Unfortu-
nately PAS fails in the case of Si because the concentration of vacancies in thermal
equilibrium is below the detection limit of the method [34]. On the other hand
MS can provide valuable information about the occupancy of Fe on interstitial and
substitutional lattice sites [35] but this method is less suited for studying diffusion
phenomena in general as MS is practically restricted to the radioactive isotope 57Fe.

Another capable method for studying point defect properties at elevated tem-
peratures is diffusion in solids. This is highlighted by the present contribution that
explains the origin of characteristic diffusion profiles in Si and describes what kind
of information can be deduced from the diffusion of self- and foreign-atoms.
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First a phenomenological and microscopic description of diffusion in solids is
given in Sects. 1.3 and 1.4. Then the diffusion mechanisms mostly relevant for ele-
mental semiconductors are presented. Direct and indirect diffusion mechanisms are
introduced that highlight the significance of native point defects in atomic transport
processes. The mathematical description of diffusion in solids with emphasis on Si
is presented considering diffusion both under electronically intrinsic and extrinsic
doping conditions. Examples on self-, dopant and metal diffusion experiments
are given. The analyses of the experimental diffusion profiles provide valuable
information about the properties of the point defects involved in the diffusion
process. These examples also demonstrate the methods that are widely used to
analyze diffusion in semiconductors. Special emphasis is paid to the interrelation
between self- and foreign-atom diffusion that becomes directly evident in the fast
diffusion of some mainly substitutionally dissolved metals and the simultaneous
diffusion of self- and dopant atoms in isotopically modulated Si structures. Overall,
diffusion studies pursue the goal to identify the mechanisms of diffusion and to
determine the properties of the point defects involved. This understanding on the
diffusion and interaction of point defects in semiconductors is of fundamental
significance to control the diffusion and the electrical activation of dopants in the
fabrication of electronic devices. Accordingly, point defects in semiconductors can
be considered as the “salt of the soup”. They not only determine the atomic transport
but also the electronic, optical, and mechanical properties of semiconductors.

1.2 Defects in Semiconductors

Defects in elemental semiconductors such as Si and germanium (Ge) significantly
affect their electrical properties. The same holds for binary group III–V (GaAs,
GaSb, GaN, etc.), group II-VI (ZnO, ZnSe, CdTe, etc.) and ternary and quaternary
compound semiconductors. Point defects such as impurities, which are mainly
dissolved on lattice sites and introduce shallow acceptor or donor centers, make
the material highly conductive and therewith suitable for electronic applications. In
addition, defects which give rise to deep level centers affect the electrical properties
of semiconductors. Such defects, like Au in Si, act as recombination centers for
electrons and holes and are commonly used to reduce the lifetime of minority
electrons and holes in high frequency devices. On the other hand high concentrations
of deep level centers are undesirable because the effective doping concentration of
the material would be strongly reduced by these compensating centers.

During the fabrication of electronic devices appropriate processing steps have
to be performed to minimize the concentration of unintentionally introduced
defects. In Si device technology, the concentration of detrimental transition metal
contaminants (Fe, Cu, etc.) are reduced by gettering treatments. Transition metal
precipitates and also D-defects in silicon wafers, the latter are considered to be
vacancy clusters [36, 37], are responsible for the degradation of the gate oxide
integrity of MOS structures [38–40]. This illustrates that not only the incorporation
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of point defects but also the formation of extended defects such as dislocations,
stacking faults and agglomerates of foreign atoms or native point defects must
be controlled during wafer processing and, in particular, already during Si crystal
growth.

Charged native point defects in Si are generally not considered to alter the
electrical properties of the material significantly. Their concentration is believed to
be sufficiently low as this is supported by direct measurements of the native defect
concentration with positron annihilation experiments [34] and results deduced from
diffusion studies (see e.g. [41]). However, compared to elemental semiconductors
the concentration of native point defects in compound semiconductors can be several
orders of magnitude higher because the formation of these defects depends on the
partial pressure of the components over the compound [42–44].

The controlled incorporation of point defects in semiconductors is one of
the main tasks in the production of electronic devices. Homogeneous doping is
generally achieved by adding a controlled amount of the dopant element to the melt
or to the gas phase of epitaxial layer deposition systems. However, the fabrication
of electronic devices like diodes, transistors, or complex integrated circuits requires
spatially inhomogeneous dopant distributions. Such distributions are formed by
the deposition of dopants on or implantation beneath the surface followed by a
high temperature diffusion step. In order to tune the semiconductor devices to the
desired functionality the diffusion induced dopant distribution must be predictable
and as accurate as possible. This requires a detailed knowledge of the atomic
mechanisms of dopant diffusion that comprises information on the type of native
point defects involved in dopant diffusion, their charge states and formation and
migration enthalpies and entropies.

The diffusion mechanisms considered in this chapter are mainly representative
for self- and foreign-atom diffusion in Si. It is noteworthy that the mechanisms
are also applicable to diffusion in other elemental semiconductors and even to
diffusion in compound semiconductors since the atomic transport in semiconductor
compounds is often restricted to the sublattice of one of the constituents.

Before the atomic transport of self- and foreign-atoms in Si is treated in Sect. 1.5,
first a phenomenological and atomistic view on diffusion is given in the following.

1.3 Phenomenological Treatment of Diffusion

Diffusion describes a process where an initial inhomogeneous distribution of matter
in a media becomes homogenously distributed. Accordingly diffusion is reflected
by the transport of matter. This transport acts in the direction to remove existing
concentration gradients [45]. In many diffusion processes the concentration CA of a
foreign-atom A is low compared to the number density Co of the matrix atoms, i.e.,
CA � 10�2at%. In this nearly ideal dilution Fick’s first law

jA.r; t/ D �DA rCA.r; t/ (1.1)
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describes the transport of a particle A in an existing concentration gradient (see
e.g. [46]). jA denotes the diffusion flux in units of Œm�2s�1�, DA the diffusion
coefficient in units of Œm2s�1�, and CA the number density, i.e. concentration, in units
of Œm�3�. r D . @

@x ;
@
@y ;

@
@z / is the nabla operator in the unit Œm�1�. The minus sign

in Eq. (1.1) considers that the particle transport is opposite to the direction of the
concentration gradient. In general, DA is a second order tensor because the particle
flux jA and concentration gradient rCA can be directed differently. In crystals with
cubic symmetry, such as in Si and Ge, the diffusion is isotrop and accordingly the
diffusion coefficient is a scalar quantity.

In the case the number of particles is conserved during diffusion of A, i.e., no
loss of particles occurs due to e.g. aggregation, segregation or other interactions
with defects in the lattice, the combination of the continuity equation

@CA.r; t/
@t

D �r � jA.r; t/ (1.2)

with Fick’s first law (1.1) yields Fick’s second law

@CA.r; t/
@t

D r � .DA rCA.r; t//: (1.3)

For a concentration- and location-independent diffusion coefficient DA can be
placed before the nabla operator and we obtain

@CA.r; t/
@t

D DA�CA.r; t/ (1.4)

where � D @2

@x2
C @2

@y2
C @2

@z2
represents the Laplace operator in units of Œm�2�.

Considering only diffusion in x-direction that is often realized by the diffusion of an
element A into a solid from an infinite source on top of the surface or in experiments
that consider the diffusion induced intermixing of layered structures, Fick’s second
law reads

@CA.x; t/

@t
D DA

@2CA.x; t/

@x2
: (1.5)

The solution of this second order linear partial differential equation is given by

CA.x; t/ D Cı
A erfc

x

2
p

DAt
(1.6)

in the case of diffusion into a semi-infinite solid with constant surface concentration
CA.x D 0; t/ D Cı

A. erfc in Eq. (1.6) represents the complementary error function
(erfc D 1 � erf). Solution (1.6) is typical for concentration-independent diffusion
processes. Other solutions of Eq. (1.5) for different initial and boundary conditions
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are given in textbooks [46, 47] or can be calculated with the method of separation
of variables as well as by means of Laplace and Fourier transforms.

Concentration profiles described by Eq. (1.6) are expected for the diffusion of
particles A into a solid under constant surface concentrations when the type of
the particle does not change during diffusion. This, strictly speaking, only holds
for mainly interstitial dissolved foreign-atoms such as hydrogen (H) and copper
(Cu) in Si. These interstitial foreign atoms diffuse via interstitial lattice sites and
remain interstitial atoms during their diffusive jump from one interstice to another.
The interstitial mechanism of diffusion is considered in Sect. 1.5.1. In the case
the type of the particle changes in the diffusion process, due to interaction of A
with other defects, Fick’s law of diffusion are no longer valid because the number
of particles is not conserved. Accordingly, the corresponding diffusion equations
have to consider defect reactions. This increases significantly the mathematical
complexity to calculate the solution of the differential equations, that is, in most
cases the system of underlying diffusion equations can only be solved numerically.
Typical examples of elements A that exhibit a complex diffusion behavior are
n- and p-type dopant atoms in Si such as P and B, respectively, as well as
amphoteric foreign-atoms such as Au and Zn in Si that occupy both interstitial
and substitutional lattice sites. Diffusion processes that involve defect reactions are
treated in Sect. 1.5.2. Analytical solutions of the differential equation system are
derived for conditions that can be realized experimentally.

In the following Sect. 1.4 diffusion in solids is treated from an atomistic point of
view. Subsequently, the mechanisms of diffusion are divided in direct and indirect
mechanisms and treated in Sect. 1.5 with special emphasis on the most relevant
mechanisms for Si.

1.4 Atomistic Description of Diffusion

The fundamental process of diffusion of atomic components is a jump between
two adjacent lattice sites. Since the site exchange is associated with a deformation
of the environment, the particle has to overcome a saddle point between the
potential minimum of the initial and final position. The magnitude of the barrier
is given by the difference in the free enthalpy between minimum and saddle point.
Accordingly, the particle has to overcome an activation enthalpy to perform a
successful diffusion jump. From this treatment of diffusive jumps an exponential
temperature dependence of the diffusion coefficient DA is deduced that is described
by an Arrhenius equation

DA D Dı
A exp

�
� QA

kB T

�
(1.7)

where kB and T are the Boltzmann constant and absolute temperature, respectively.
Dı

A is the pre-exponential factor, that is a product of the jump distant squared, the
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jump frequency, the correlation factor, an entropy term and a geometry factor. The
specific expressions of Dı

A and the activation enthalpy Q depend on the underlying
diffusion mechanisms that are described in the next Sect. 1.5. In logarithmic
representation Eq. (1.7) describes a linear relation between log DA and 1

T . Deviations
from the Arrhenius equation can be due to a simultaneous occurrence of different
contributions to diffusion or due to a temperature dependent activation enthalpy
Q.T/.

1.5 Diffusion Mechanisms

Diffusion in solids can, in general, be described by means of direct and indirect
diffusion mechanisms. Characteristic of the direct diffusion of atoms is that no
native point defects are involved to assist the migration of the atom. On the other
hand, native point defects are required for the indirect diffusion of atoms. In the
following the diffusion of an atom A via direct and indirect diffusion mechanisms
and the corresponding diffusion coefficients are considered.

1.5.1 Direct Diffusion Mechanisms

The interstitial diffusion is schematically illustrated in Fig. 1.1. This mechanism
represents the direct diffusion of an interstitial foreign-atom Ai and describes the
jump of interstitially dissolved foreign-atoms to the neighboring interstitial position
as indicated by the arrows in Fig. 1.1.

In diluted systems the concentration of interstitial foreign-atoms is small com-
pared to available interstitial sites. Then the interstitial diffusion is a purely
statistical process. For cubic crystals the following diffusion coefficient DAi of the

Fig. 1.1 Interstitial
mechanism of the diffusion of
interstitially dissolved
foreign-atoms Ai
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Fig. 1.2 Direct diffusion of substitutional atoms (self- or foreign-atoms) via a direct exchange

interstitial foreign-atom is derived [46, 48]

DAi D Dı
Ai

exp

�
� HM

Ai

kB T

�
(1.8)

with the pre-exponential factor

Dı
Ai

D gAi a2o �o exp

�
SM

Ai

kB

�
: (1.9)

The geometry factor gAi includes the crystal structure and details about the atomistic
diffusion process. In the case of direct diffusion via the interstice of a crystal with
diamond structure the geometry factor equals 1=8. ao and �o are the lattice constant
(Si: 5:431 � 10�10 m) and attempt frequency. The latter quantity is of the order
of the Debye frequency (�1013 s�1). The activation enthalpy of direct interstitial
diffusion in Eq. (1.8) equals the migration enthalpy HM

Ai
of the interstitial foreign-

atom. This quantity is of the order of 1 eV or even less. SM
Ai

in Eq. (1.9) represents
the corresponding migration entropy. Typical examples for interstitial diffusors in
Si are hydrogen (H) and copper (Cu) (see [49, 50] and references therein).

The exchange of two atoms on substitutional sites or the exchange of atoms along
a ring describe the direct diffusion of substitutional atoms. This is illustrated in
Fig. 1.2. So far no experimental evidence has been found for this direct mechanism
of diffusion in Si indicating that the diffusion of As via indirect mechanisms is
energetically more favorable.

1.5.2 Indirect Diffusion Mechanisms

Native point defects such as vacancies (V) and self-interstitials (I) are always
present even in single crystalline, high purity dislocation-free Si wafers. This is
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a consequence of the Gibbs free energy of the crystal under thermal equilibrium
which is minimized when native defects are formed (see e.g. [46]). Diffusion
mechanisms that involve native point defects as diffusion vehicle are called indirect
mechanisms. Both the diffusion of self-atoms, i.e. self-diffusion, and the diffusion of
substitutional foreign-atoms are mediated by native point defects. In the following
the indirect mechanisms of self- and foreign-atom diffusion are introduced that are
most relevant for Si.

1.5.2.1 Self-Diffusion

Vacancy Mechanism

The diffusion of self-atoms requires native point defects as diffusion vehicle.
The mechanism involving vacancies is the so called vacancy mechanism that is
schematically shown in Fig. 1.3.

In order that self-diffusion via vacancies can proceed, a vacancy must exist next
to a tagged matrix atom. The probability to find a vacancy at a next nearest neighbor
site is given by the concentration Ceq

V of V in thermal equilibrium normalized
by the number density Co of the matrix atoms (Si: Co D 5 � 1022 cm�3). For
thermal equilibrium conditions the vacancy concentration at a specific temperature
is given by

Ceq
V D Co exp

�
� GF

V

kB T

�
(1.10)

with the Gibbs free energy of vacancy formation GF
V . This energy is interrelated

via GF
V D HF

V � T SF
V with the formation enthalpy HF

V and entropy SF
V of V .

Considering the jump of the vacancy in the case of tracer self-diffusion experiments
the site exchange of the vacancy proceeds with equal probability to any next nearest

Fig. 1.3 Diffusion of self- and foreign-atoms via the vacancy mechanism. Radioactive or enriched
stable isotopes can be used as suitable marker atoms (�)
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neighbor site. In contrast, the jump of the tracer atom occurs with higher probability
into the vacancy. The so called correlation factor fV accounts for the preferred
backward jump of the tracer atom. For solids with diamond structure the correlation
factor for self-diffusion via V is exactly fV D 0:5 [51].

The activation enthalpy HSD
V D HF

V C HM
V of self-diffusion via vacancies

comprises both the enthalpy of formation HF
V and migration HM

V of the vacancy.
In crystals with cubic symmetry the temperature dependence of the tracer self-
diffusion coefficient is given by the following Arrhenius expression (see e.g.
[46, 48])

DSD
V D 1

Co
fV Ceq

V DV D DSD
Vo exp

�
� HSD

V

kB T

�
(1.11)

with the pre-exponential factor

DSD
Vo D fV gV a2o �o exp

�
SSD

V

kB

�
: (1.12)

The pre-exponential factor depends on the activation entropy SSD
V D SF

V C SM
V of

self-diffusion via V that reflects the sum of the entropy of vacancy formation SF
V

and migration SM
V . The other parameters in Eq. (1.11) have the same meaning as in

Eq. (1.9). The geometry factor equals 1/8 for the case of self-diffusion via V in a
diamond structure. The vacancy mechanism controls self-diffusion in Ge [52] and
in many crystalline metals [53, 54].

Interstitialcy Mechanism

An other indirect mechanism of self-diffusion is the so called interstitialcy mech-
anism. This mechanism is schematically illustrated in Fig. 1.4 and relevant in
particular for self-diffusion in Si [49].

Fig. 1.4 The interstitialcy mechanism of self- and foreign-atom diffusion
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In case of the interstitialcy mechanism a self-interstitial (I) mediates the diffusion
of the matrix atoms, i.e., a self-interstitial pushes a neighboring host atom into the
next interstitial position. Thereby the former self-interstitial becomes substitutional
and forms a new self-interstitial. Subsequently the diffusion process is repeated
with the newly formed I. In analogy to self-diffusion via V , self-diffusion via I
is described by an Arrhenius expression

DSD
I D 1

Co
fI Ceq

I DI D DSD
Io exp

�
� HSD

I

kB T

�
(1.13)

with the pre-exponential factor

DSD
Io D fI gI a2o �o exp

�
SSD

I

kB

�
(1.14)

and

HSD
I D HF

I C HM
I ; SSD

I D SF
I C SM

I (1.15)

as well as with the concentration of I in thermal equilibrium

Ceq
I D Co exp

�
� GF

I

kB T

�
(1.16)

where Co represents the number of interstitial lattice sites. The parameters fI , gI,
�o and the thermodynamic quantities HF

I , HM
I , SF

I , SM
I , and GF

I have a corresponding
meaning as the quantities in Eqs. (1.10), (1.11), and (1.12).

The diffusion of the tracer atom via the interstitialcy mechanism is also corre-
lated. Starting with a tracer atom in interstitial position the first diffusional jump of
the tracer atom occurs with equal probability in all possible directions. After the site
exchange the tracer atom occupies a substitutional lattice site with a self-interstitial
in close vicinity. Accordingly, a backward jump of the tracer atom is highly probable
[48].

The correlation factor for self-diffusion via the interstitialcy mechanism for a
crystalline solid with diamond structure was calculated by Compaan and Haven [55]
to fI D 0:7273. This factor corresponds to self-interstitials occupying tetrahedral
interstitial lattice sites of the diamond structure. The geometry factor follows to
gI D 1=4 in this model considering next nearest neighbor jumps. More recent
theoretical calculations of fI consider that self-interstitials in the diamond lattice can
exist in various configurations. In addition to tetrahedral interstitials also self-atoms
on hexagonal interstices as well as split-interstitials, where two self-atoms share
one lattice site, are predicted by theory. Accordingly, self-diffusion can proceed
via different self-interstitial defects with their corresponding correlation factor.
Following recent theoretical calculations the split interstitial is the most stable
defect among the various possible self-interstitial configurations [5, 11, 20, 23]. For
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this configuration a correlation factor of fI D 0:59 [56] was deduced. In the case
the dominant configuration of I changes with temperature, fI becomes temperature
dependent [57]. The correlation factor fI for interstitial-mediated self-diffusion in
Si was calculated to change from 0.64 to 0.80 for temperatures between 1000
and 1100 ıC [57]. This represents a change of fI within 20 % in the considered
temperature range that is hardly resolved due to the limited accuracy of self-
diffusion experiments.

Whereas self-diffusion in closely packed metals and germanium is fully
described by the vacancy mechanism, both the vacancy and interstitialcy mechanism
contribute to self-diffusion in Si [58–67]. Till today the individual contributions of
V and I to Si self-diffusion are a matter of debate [65–67].

1.5.2.2 Foreign-Atom Diffusion

The vacancy and interstitialcy mechanisms illustrated in Figs. 1.3 and 1.4 also
describe the indirect diffusion of mainly substitutionally dissolved foreign-atoms.
Isolated V and I approach substitutional impurities and form next-nearest AV and
AI defect pairs due to Coulomb attraction and/or minimizing local strain. Theses
processes are described by the following reactions

As C V � AV (1.17)

As C I � AI: (1.18)

It is emphasized that for a long-range migration of As via the vacancy mechanism,
the AV pair must partially dissociate, and the vacancy has to diffuse to at least a
third-nearest neighbor site in the diamond lattice and return to the substitutional
impurity along a different path to complete the diffusion step. In the case that
the interaction potential between the vacancy and the dopant extends beyond the
third-nearest neighbor site, complete dissociation of the AV complex becomes
less probable, and A and V diffuse as a pair [68]. This vacancy-assisted diffusion
mechanism is also called E-center mechanism [69]. Dopant diffusion via the
interstitialcy mechanism only occurs if the AI pair does not dissociate.

The activation enthalpy QA of foreign-atom diffusion via reactions (1.17)
and (1.18) reflects the sum of the migration HM

AX and formation enthalpy HF
AX

of the dopant-defect AX pair (X 2 fV; Ig) that mediates dopant diffusion, i.e.,
QA D HF

AX C HM
AX. Depending on the binding energy HB

AX between the dopant
and the native defect X, the formation enthalpy HF

AX can be higher or lower than
the formation enthalpy HF

X of the isolated defect. For HF
AX > HF

X (HF
AX < HF

X ) a
repulsive (attractive) interaction between A and X exists. The binding energy HB

AX

is the difference in energy to form an isolated defect X and a dopant-defect pair
AX, i.e., HB

AX D HF
X � HF

AX. This shows that QA comprises HM
AX, HF

X and HB
AX and,
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accordingly, the temperature dependence of DA reads

DA D Dı
A exp

�
�HM

AX C HF
X � HB

AX

kBT

�
(1.19)

with the pre-exponential factor

Dı
A D f g a2o �o exp

�
SM

AX C SF
X � SB

AX

kB

�
: (1.20)

The correlation factor f is now a complicated quantity which considers temperature-
dependent site exchange frequencies under the impact of nearby foreign-atoms [70].

According to Eq. (1.19) the activation enthalpy QA of dopant diffusion via the
vacancy (interstitialcy) mechanism is QA D HM

AV CHF
V �HB

AV (QA D HM
AI CHF

I �HB
AI).

Following Hu’s analysis of dopant diffusion via vacancies, the activation enthalpy
can be further decomposed as [71]

QA D HF
V ��H1„ ƒ‚ …C HM

V C�H1 ��H3„ ƒ‚ … ; (1.21)

HF
AV HM

AV

where HF
V and HM

V are the formation and migration enthalpy of vacancies far away
from the dopant. The potential energy landscape of the vacancy as assumed by
Hu [71] and Dunham and Wu [72] is illustrated in Fig. 1.5. �H1, �H2, and �H3

denote the difference in potential energy of a vacancy far away and on first, second,
and third nearest neighbor site from the dopant, respectively, with �H1 D HB

AV .

Fig. 1.5 Potential energy landscape of a vacancy close and far away from a dopant A [75].
HM

AV and HM
V are the migration enthalpy of the dopant-vacancy pair and the isolated vacancy,

respectively. �H1, �H2, and �H3 denote the difference in potential energy of a vacancy far
away and on first, second, and third nearest neighbor site from the dopant, respectively. Hex is
the enthalpy barrier for site exchange between dopant and vacancy
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The more recent analysis of vacancy-mediated diffusion in a diamond structure
performed by Dunham and Wu [72] lead to the following modification of Hu’s
approach

QA D HF
V C HM

V � �H2 C�H3

2

D HF
V C HM

V ��H23: (1.22)

Equation (1.22) accounts for a reduction in the migration barrier of the vacancy
associated with changes in the binding energy between the sites. According to
Dunham and Wu the difference between the activation enthalpy of self-diffusion
HSD

V D HF
V C HM

V and dopant diffusion QA is the average of the vacancy binding
energy �H23 at the second and third nearest neighbor site from the dopant with
respect to a vacancy far away (see Eq. (1.22)).

The binding energy between the dopant and the vacancy significantly affects the
diffusion behavior of dopants, i.e., the higher the binding energy the lower is the
activation enthalpy of dopant diffusion compared to self-diffusion. This becomes
e.g. clearly evident in the diffusion behavior of n-type dopants such as phosphorus
(P), arsenic (As) and antimony (Sb) in Ge [73]. The diffusion activation enthalpy
of P, As, and Sb decreases from P to Sb although the size of the dopants increases
from P to Sb. This peculiar diffusion behavior reflects in accordance with theoretical
calculations [74] a binding energy between the n-type dopant and the vacancy in
Ge that increases with increasing atomic size. A prerequisite for diffusion via the
vacancy mechanism is that the AV pair must at least partially dissociate. In the
diamond lattice the vacancy has to move to at least a third nearest neighbor site
before it returns to the dopant to complete one diffusion step. Otherwise, as the V
moves away from the donor atom the AV pair dissociates. In that case the donor
atom is effectively immobilized and an interaction with another vacancy is required
to migrate further [74].

The description of dopant diffusion demonstrates that the interaction of the
dopant with the native defect strongly affects the diffusion activation enthalpy.
An attractive (repulsive) interaction will result in an activation enthalpy that is
lower (higher) compared to the activation enthalpy of self-diffusion. This also
demonstrates that a comparison of dopant diffusion to self-diffusion is mandatory
to understand the dopant diffusion in more detail.

In addition to the vacancy and interstitialcy mechanisms (1.17) and (1.18) the
reactions

AI C V � As (1.23)

AV C I � As (1.24)

are considered for modeling dopant diffusion in Si [64, 76]. These reactions describe
a dopant-defect pair assisted recombination of V and I that provide additional
ways of recombination beside direct recombination of V and I via the Frenkel-pair
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reaction

V C I � �: (1.25)

In Si some foreign-atoms such as gold (Au), platinum (Pt), and zinc (Zn)
are incorporated both on interstitial and substitutional sites (see [49, 50] and
references therein). The diffusion of these hybrid elements is a combination of direct
and indirect diffusion. The diffusion of the atom in the interstitial configuration
significantly exceeds the diffusion of the atom in the substitutional configuration,
that is, the indirect diffusion of As can be neglected and the binding energy between
foreign-atom and native defect is circumstantial. In the following diffusion models
are introduced that describe the diffusion of hybrid elements.

Interstitial-Substitutional Diffusion Mechanisms

The treatment of interstitial-substitutional exchange mechanisms is reasonable for
elements that are dissolved both on interstitial and substitutional sites. The transfor-
mation from the interstitial configuration Ai to the substitutional configuration As

can only take place by means of a native point defect. The defect involved can be
the vacancy as well as the self-interstitial. This is expressed on the one hand by the
dissociative mechanism, that describes the Ai-As transformation via V , and on the
other hand via the kick-out mechanism, that involves a self-interstitial for the Ai-As

transformation

Ai C V � As (1.26)

Ai � As C I: (1.27)

These transformation reactions are schematically illustrated in Figs. 1.6 and 1.7. The
figures reflect the diffusion behavior of hybrid elements which are mainly dissolved
on substitutional sites but are highly mobile as interstitial defects Ai.

The dissociative mechanism was first proposed by Frank and Turnbull [77] to
explain the diffusion behavior of copper (Cu) in Ge. Today this mechanism forms
the basis for modeling the diffusion of various transition metals such as iron (Fe),
cobalt (Co), and nickel (Ni) in Ge as well as to explain the diffusion behavior of
Cu, silver (Ag) and gold (Au) in Ge. In particular, Cu diffusion experiments are
well suited to extract information not only about the uncorrelated Ge self-diffusion
coefficient [78–80] but also about the concentration and diffusivity of vacancies in
Ge [81].

Gösele et al. [82] introduced the kick-out diffusion model (see Fig. 1.7) to explain
the diffusion behavior of Au in Si. Based on reaction (1.27) Au diffusion profiles are
consistently described and confirm the impact of self-interstitials I on Au diffusion
in Si [83–86].
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Fig. 1.6 Dissociative mechanism of the diffusion of foreign atoms that occupy both interstitial
(red filled circle) and substitutional (blue filled circle) lattice sites. The interstitial-substitutional
exchange is mediated by means of a vacancy V

Fig. 1.7 Kick-out mechanism of the diffusion of foreign atoms that occupy both interstitial
(red filled circle) and substitutional (blue filled circle) lattice sites. The interstitial-substitutional
exchange is mediated by means of a self-interstitial I

In the following section the mathematical treatment of diffusion is introduced.
Special emphasis is given to the diffusion of hybrid and dopant elements. The
maximum solubility of typical hybrid elements such as Au, Pt, and Zn is of the
order of 1017 cm�3 at about 1573 K and decreases to about 1015 cm�3 at 1173 K (see
[50] and references therein). The incorporation of these hybrid elements introduces
electronic defect states within the band gap of Si [50]. Due to their low solubility
the free carrier concentration established at the particular diffusion temperature is
not significantly affected. Accordingly, the diffusion of the hybrid elements can
be considered to occur under spatial homogenous doping conditions, i.e, constant
position of the Fermi level Ef . In the case when hybrid diffusion in undoped Si is
considered, the diffusion occurs under electronically intrinsic conditions and the
Fermi level is at its intrinsic position, i.e., at midgap position. In contrast, the
maximum solubility of n- and p-type dopants in Si such as P, As, and B reaches
a few atomic percent. The electron and hole concentration introduced by these
dopants exceeds the intrinsic carrier concentration even at 1573 K. Accordingly,
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the position of the Fermi level changes along the dopant diffusion profile that is
established when dopant diffusion proceeds from an infinite source into undoped
Si. The dopant profile gives rise to an internal electric field that affects the diffusion
of charged mobile defects. In the following the mathematical treatment of diffusion
under both intrinsic and extrinsic diffusion conditions is considered.

1.6 Mathematical Description of Diffusion

The first paragraph of this section, i.e. Sect. 1.6.1, treats the mathematical descrip-
tion of the diffusion of hybrid elements in Si. The diffusion of these elements
is fully described on the basis of interstitial-substitutional exchange mechanisms,
i.e., the dissociative and kick-out mechanisms illustrated in Figs. 1.6 and 1.7 and
formulated by the reactions (1.26) and (1.27). Possible charge states of the point
defects involved are not considered because the position of the Fermi level is not
affected during the diffusion of hybrid elements in Si.

The second paragraph, i.e. Sect. 1.6.2, treats the diffusion of n- and p-type dopant
atoms in Si whose incorporation on mainly substitutional lattice site cause extrinsic
doping conditions even at high temperatures. To demonstrate the impact of extrinsic
doping on diffusion and the formation of point defects the simultaneous diffusion of
self- and dopant atoms in Si is treated that can be realized experimentally by dopant
diffusion in isotopically controlled Si multilayer structures. The diffusion mecha-
nisms relevant for dopant diffusion are the vacancy and interstitialcy mechanisms
illustrated in Figs. 1.3 and 1.4 and formulated by the reactions (1.17) and (1.18),
respectively. In addition dopant-defect pair assisted recombination reactions (1.23)
and (1.24) and possible charge states of the point defects involved in these reactions
are taken into account to accurately describe and predict dopant diffusion in Si.

1.6.1 Diffusion of Hybrid Atoms

The full reactions representing the dissociative and kick-out mechanisms must
consider beside the point defects indicated in reactions (1.26) and (1.27) also
unoccupied interstitial sites Z and substitutional sites O occupied by the host atom.
In case of the dissociative model a vacancy V is annihilated via the transformation
of an interstitial foreign-atom to a substitutional foreign-atom and concurrently an
unoccupied interstitial position is formed. On the other hand, in case of the kick-out
reaction a substitutional lattice atom O is transformed to a self-interstitial I. Thus
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reactions (1.26) and (1.27) are fully described by

Ai C V
kC1

�
k�1

As C Z (1.28)

Ai C O
kC2

�
k�2

As C I: (1.29)

kC1, k�1 and kC2, k�2 represent the forward and backward reaction rates of the
particular reaction in units of Œm3s�1�. The law of mass action for the reactions (1.28)
and (1.29) combines the reaction rates with the equilibrium concentrations Ceq

X of
the reaction partners. This yields

K1 D kC1

k�1

D Ceq
As Co

Ceq
Ai

Ceq
V

(1.30)

K2 D kC2

k�2

D Ceq
As Ceq

I

Ceq
Ai

Co
(1.31)

with the equilibrium constants K1 and K2 for the dissociative and kick-out reac-
tions (1.28) and (1.29), respectively. Co D 5 � 1022 cm�3 is the concentration or
atom density of Si atoms on substitutional lattice site that also equals the concen-
tration of interstitial sites in Si. The concentration of interstitial and substitutional
foreign-atoms is generally much lower than Co. Accordingly, the concentration of
matrix atoms and interstices remains nearly constant. In dynamical equilibrium the
temporal change of the educts equals that of the products, i.e.,

kC1CAi CV D k�1CAs Co (1.32)

kC2CAi Co D k�2CAs CI : (1.33)

The formation of substitutional dissolved foreign-atoms per time unit via reac-
tions (1.28) and (1.29) thus reads

@CAs

@t
D kC1CAi CV � k�1CoCAs C kC2CAi Co � k�2CAs CI : (1.34)

The concentrations CX.r; t/ of the reactants X 2 fAs;Ai;V; Ig change not only
by the exchange reactions but also by diffusion (see Eq. (1.3)). The following
equations represent the full differential equation system that describes the diffusion
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of foreign-atoms in Si via the interstitial-substitutional exchange mechanisms (1.28)
and (1.29)

@CAs

@t
D r � .DAsrCAs.r; t//C kC1CAi CV � k�1CoCAs C kC2CAi Co

� k�2CAs CI (1.35)

@CAi

@t
D r � .DAirCAi.r; t// � kC1CAi CV C k�1CoCAs � kC2CAi Co

C k�2CAs CI (1.36)

@CV

@t
D r � .DVrCV.r; t// � kC1CAi CV C k�1CoCAs C kV.C

eq
V � CV/ (1.37)

@CI

@t
D r � .DIrCI.r; t//C kC2CAi Co � k�2CAs CI C kI.C

eq
I � CI/:

(1.38)

These differential equations and Eqs. (1.30) and (1.31) represent the full equation
system to describe the diffusion of hybrid elements in Si. One rate constant of
each reaction can be replaced by means of the corresponding mass action equation
(see Eqs. (1.30) and (1.31)). The terms kV.C

eq
V � CV/ and kI.C

eq
I � CI/ consider the

formation and annihilation of V and I at internal sources and sinks of the crystal
[82]. Stacking faults [87, 88], dislocations [86, 88], swirls [89] and defect clusters
can act as sources and sinks of native defects. The quantities kV and kI denote the
effectiveness of sources and sinks and strongly depend on the defect structure of
the crystal. Considering a diffusion controlled supply or annihilation of native point
defects the quantities kV and kI are described by [82]

kV D �V �V DV (1.39)

kI D �I �I DI (1.40)

where �V ;I represents the density of the source and sink of the native defects in units
of [m�2]. The constants �V ;I characterize the effectiveness of e.g. dislocations and
are of the order of 1 [90].

The coupled, nonlinear partial differential equations (1.35), (1.36), (1.37),
and (1.38) describe the full mathematical treatment of foreign-atom diffusion
via interstitial-substitutional exchange mechanisms (1.28) and (1.29) in three
dimensions. Analytical solutions of this system of equations can be derived for
specific conditions, i.e., for sufficient long diffusion times and appropriate boundary
and initial conditions. Solutions for more general conditions can be calculated
numerically. In the following analytical solutions of the differential equation system
are derived for diffusion in one dimension.
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1.6.1.1 Reduced Differential Equation System

In order to discuss analytical solutions of the differential equations (1.35), (1.36),
(1.37), and (1.38) that describe the diffusion of hybrid elements such as Au [83–
86, 91] and Zn [41, 91–94] in Si under special experimental conditions the equation
system is reduced to one dimension, i.e., (r ! @

@x and C.r; t/ ! C.x; t/). This
reduction is justified when the diffusion of foreign-atoms into Si crystal proceeds
from a large surface covered with the foreign-atom of interest or from the gas phase.
Moreover, the diffusion coefficients DAs , DAi , DV , and DI are moved in front of
the differentiation. This approach requires concentration- and depth-independent
diffusion coefficients. This is justified in the case of hybrid elements whose
solubility is small in Si compared to the intrinsic carrier concentration at typical
diffusion temperatures. Accordingly, the free carrier concentration introduced by the
diffusion and incorporation of the hybrid elements in Si does not significantly affect
the position of the Fermi level, that is, the Fermi level stays at its position under
electronically intrinsic conditions. The other case when the free carrier concen-
tration introduced by the foreign-atoms exceeds the intrinsic carrier concentration
is treated in Sect. 1.6.2. Under the considered intrinsic conditions the equilibrium
concentrations of the point defects involved in reactions (1.28) and (1.29) represent
their concentrations for electronic intrinsic conditions. The equilibrium constants K1
and K2 are concentration independent and their temperature dependence is described
by an Arrhenius equation [68].

The direct diffusion DAs of the substitutional foreign-atom As via direct exchange
with a lattice atom or the ring mechanism (see Fig. 1.2) can be neglected compared
to the indirect diffusion of A via the interstitial-substitutional exchange, i.e., DAs �
0 effectively holds. Introducing normalized concentrations eCX D CX=Ceq

X with X 2
fAs;Ai;V; Ig, reduced diffusivities D�

X D Ceq
X DX=Ceq

Am
s

, and considering Eqs. (1.30)
and (1.31), the following differential equation system is obtained

@eCAs

@t
D
�
@eCAs

@t

�
V

C
�
@eCAs

@t

�
I

(1.41)

Ceq
Ai

Ceq
As

@eCi

@t
D D�

Ai

@2eCAi

@x2
�
�
@eCAs

@t

�
V

�
�
@eCAs

@t

�
I

(1.42)

Ceq
V

Ceq
As

@eCV

@t
D D�

V

@2eCV

@x2
�
�
@eCAs

@t

�
V

C kV.1 � eCV/ (1.43)

Ceq
I

Ceq
As

@eCI

@t
D D�

I

@2eCI

@x2
C
�
@eCAs

@t

�
I

C kI.1 � eCI/ (1.44)
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with

�
@eCAs

@t

�
V

D k�1Co.eCAi
eCV � eCAs/ (1.45)

�
@eCAs

@t

�
I

D k�2C
eq
I .eCAi � eCAs

eCI/: (1.46)

Equations (1.41), (1.42), (1.43), (1.44), (1.45), and (1.46) form the basis for the
simulation of the diffusion of Au, Pt, and Zn in Si. In the following section, solutions
of the above differential equations are discussed that represent special cases of
practical significance. These examples also demonstrate the benefit of the reduced
equation system with the model parameters D�

Ai
, D�

V , and D�
I . These parameters

mainly affect the diffusion behavior of hybrid atoms after sufficient long diffusion
times. Finally, in Sect. 1.6.1.5 numerical solutions are presented to demonstrate the
significance of the model parameters for the time evolution of the concentration
profiles.

1.6.1.2 Dominance of the Dissociative Mechanism

The reaction rate constants kC1, k�1, kC2, and k�2 of the interstitial-substitutional
exchange reactions (1.28) and (1.29) determine the process that mediates the
formation of As (see Eqs. (1.41), (1.45), and (1.46)). Considering the relation

k�1Co � k�2Ceq
I (1.47)

and that V and I are in thermal equilibrium at the onset of diffusion, i.e.,eCV.x; 0/ D eCI.x; 0/ D 1, the formation of As is mainly controlled by the dissociative
mechanism (1.28). In this case the differential equation system (1.41), (1.42), (1.43),
(1.44), (1.45), and (1.46) simplifies to equations for eCAs , eCAi , and eCV with in total
six model parameters. A further reduction is achieved when diffusion in dislocation-
free, i.e. kV D 0, and highly dislocated Si is considered. These cases are treated in
the following two paragraphs.

Diffusion in Dislocation-Free Crystals

The third term on the right hand side of Eq. (1.43), which expresses the contribution
of internal sources and sinks to the formation of V , can be neglected for diffusion in
a defect-free crystal (kV D 0). In addition we assume that the transport capacity of
interstitial foreign-atoms exceeds the transport capacity of V , i.e., Ceq

Ai
DAi � Ceq

V DV.
These conditions lead to concentrations of Ai that approach thermal equilibrium
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(eCAi � 1) for sufficient long diffusion times and Eqs. (1.41), (1.42), (1.43),
and (1.45) can be reduced to the differential equation

Ceq
V

Ceq
As

@eCV

@t
D D�

V

@2eCV

@x2
�
�
@eCAs

@t

�
V

: (1.48)

At sufficient long diffusion times, i.e. for t � .k�1Co/
�1, reaction (1.28) is in local

equilibrium. According to the law of mass action, local equilibrium is expressed by

CAs

CAi CV

D Ceq
As

Ceq
Ai

Ceq
V

(1.49)

or

eCAseCAi
eCV

D 1 (1.50)

Assuming Eq. (1.50) and eCAi � 1, eCV in Eq. (1.48) can be replaced by eCAs . We
obtain the single differential equation

@eCAs

@t
D Deff

V

@2eCAs

@x2
(1.51)

with the effective diffusion coefficient

Deff
V D Ceq

V DV

Ceq
As C Ceq

V

� D�
V (1.52)

for Ceq
As � Ceq

V . This relation holds for hybrid elements such as Au, Pt, and Zn
in Si [41, 85, 86, 93–99] and Cu in Ge [78, 79, 81]. Moreover, these elements
preferentially occupy the substitutional lattice site in the respective semiconductor,
i.e., Ceq

As � Ceq
Ai

[50]. This ensures to measure mainly the distribution of As by means
of both chemical and electrical profiling methods.

Deff
V � D�

V D Ceq
V DV=Ceq

As implies that the established diffusion profile of As

is controlled by the diffusion of V or, strictly speaking, by the transport capacity
Ceq

V DV . This diffusion mode is called native-defect controlled diffusion of As. In the
case a constant surface concentration is established during annealing, the solution
of Eq. (1.51) is given by a complementary error function (1.6) with CA.x; t/ D
CAs.x; t/, Cı

A D Ceq
As , and DA D Deff

V � D�
V . Note, although Eq. (1.51) describes

the diffusion of As, the apparent diffusion coefficient Deff
V is interrelated with the

properties of V and almost equals D�
V that is one of the model parameters of the

full differential equation system (1.41), (1.42), (1.43), (1.44), (1.45), and (1.46).
Multiplying and dividing the parameter D�

V with the boundary concentration Ceq
As and

the atom density Co, respectively, yields the uncorrelated self-diffusion coefficient
Ceq

V DV=Co (see Eq. (1.11)). Studies on Cu diffusion in dislocation-free Ge fully
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reveal this correlation between Cu diffusion and the V-mediated Ge self-diffusion
coefficient and thus confirm the dissociative mechanism for the diffusion of Cu in
Ge [78, 79, 81].

In the following the dissociative diffusion of hybrid elements in highly dislocated
crystals is described. Based on the full system of differential equations again one
differential equation for As with an effective diffusivity can be deduced.

Diffusion in Highly Dislocated Crystals

We consider a crystal with a high density of dislocations or other extended defects
that can serve as efficient sources of V . Vacancies consumed by the transformation
of Ai to As via reaction (1.28) can now be supplied by these internal sources
much faster than via diffusion from the surface. As a consequence, the thermal
equilibrium concentration of V is maintained, i.e. CV.x; t/ D Ceq

V or eCV � 1.
Local equilibrium of reaction (1.28) is established after sufficient long times (t �
1=k�1Co), i.e. eCAs � eCAi according to Eq. (1.50). Following these approximations,
Eqs. (1.41), (1.42), (1.43), and (1.45) can be replaced by a single differential
equation

@eCAs

@t
D Deff

Ai

@2eCAs

@x2
(1.53)

with the effective diffusion coefficient

Deff
Ai

D Ceq
Ai

DAi

Ceq
As C Ceq

Ai

: (1.54)

With the relation Ceq
As � Ceq

Ai
, that holds for mainly substitutional dissolved hybrid

elements such as Cu in Ge and Au, Zn, and Pt in Si [50], the effective diffusion
coefficient Deff

Ai
equals to a good approximation D�

Ai
D Ceq

Ai
DAi=Ceq

As . This quantity
represents again one model parameter of the full differential equation system (1.41),
(1.42), (1.43), (1.44), (1.45), and (1.46). For constant surface concentrations Ceq

As , the
solution of Eq. (1.53) is given by the complementary error function [47]

eCAs.x; t/ D erfc
x

2
p

D�
Ai

t
: (1.55)

Multiplying the parameter D�
Ai

with the boundary concentration Ceq
As yields the

transport capacity Ceq
Ai

DAi . This diffusion mode is named the foreign-atom controlled
diffusion of As since the formation of As via reaction (1.28) is controlled by the
supply of Ai.

The investigation of Cu diffusion in highly dislocated Ge yields data for Ceq
Ai

DAi

that exceed Ceq
V DV and thus the Ge self-diffusion coefficient (see [79, 81] and

references therein). This result is consistent with the diffusion of Cu in dislocation-
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free Ge that only provides information about the Ge self-diffusion when the relation
Ceq

Ai
DAi � Ceq

V DV is fulfilled (see Sect. 1.6.1.2) [78, 81].
In the following we consider that the kick-out mechanism (1.29) dominates the

Ai-As exchange.

1.6.1.3 Dominance of the Kick-Out Mechanism

Again we consider that the concentrations of V and I are in thermal equilibrium at
the onset of diffusion. The kick-out mechanism controls the formation of As in the
case when the relation

k�2Ceq
I � k�1Co (1.56)

instead of Eq. (1.47) holds. Within this approximation the differential equation
system (1.41), (1.42), (1.43), (1.44), (1.45), and (1.46) can be reduced to equations
for eCAs , eCAi , and eCI with in total six model parameters. A further reduction is
achieved for diffusion in dislocation-free, i.e. kI D 0, and highly dislocated Si.

Diffusion in Dislocation-Free Crystals

Assuming a dislocation-free crystal, i.e. a crystal without internal sources of native
point defects, self-interstitials can neither be formed nor annihilated at internal
sources and sinks, respectively. Accordingly, the contribution on the right hand
side of Eq. (1.44) that considers possible formation/annihilation of I at internal
sources/sinks can be neglected (kI D 0). A high transport capacity Ceq

Ai
DAi described

by Ceq
Ai

DAi � Ceq
I DI leads to eCAi � 1 for sufficient long times. With the condition

for local equilibrium of reaction (1.29)

eCAs
eCIeCAi

D 1 (1.57)

the differential equation

@eCAs

@t
D eCAs

2

eC 2
As

C Ceq
I =Ceq

As

@

@x

1

eC 2
As

D�
I

@eCAs

@x
(1.58)

with the reduced diffusion coefficient

D�
I D Ceq

I DI

Ceq
As

(1.59)

is obtained. Gösele et al. [82] demonstrate that the relation
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eC 2
As

� Ceq
I =Ceq

As
(1.60)

is fulfilled for the diffusion of Au in thin Si samples after sufficient long diffusion
times. Accordingly, Eq. (1.58) can be replaced by

@eCAs

@t
D @

@x
Deff

I

@eCAs

@x
(1.61)

with

Deff
I D 1

eC 2
As

D�
I : (1.62)

Equations (1.61) and (1.62) describe the native-defect controlled diffusion of
As via the kick-out mechanism. The concentration dependence of Deff

I leads to
characteristic diffusion profiles that strongly differ from the native-defect controlled
profiles of the dissociative model (see Eqs. (1.51) and (1.52)).

Based on Eq. (1.61) Gösele [82] deduced the relation

eCAs.
d

2
; t/ D

�
4�D�

I

t

d2

� 1
2

(1.63)

for the concentration of As in the center of the crystal with thickness d and the
reduced diffusion coefficient D�

I . Equation (1.63) shows that the uncorrelated, I-
mediated Si self-diffusion coefficient Ceq

I DI=Co can be determined from the time
evolution of the concentration of As in the center of the crystals after sufficient
long diffusion times (eCAi � 1). Data of Ceq

I DI=Co obtained from Au, Pt, and Zn
diffusion studies (see e.g. [41, 83, 93, 100]) are in accord with the Si self-diffusion
coefficients determined from direct tracer diffusion studies. This confirms the kick-
out mechanism for the diffusion of these elements in Si and the contribution of I to
Si self-diffusion [58].

Diffusion in Highly Dislocated Crystals

In crystals with a high density of dislocations or other efficient sources/sinks for
self-interstitials, the thermal equilibrium concentration of I can be maintained
during foreign-atom diffusion even when self-interstitials are consumed or formed
via the kick-out reaction. Thus eCI.x; t/ � 1 holds and the differential equation
system (1.41), (1.42), (1.43), (1.44), (1.45), and (1.46) can be reduced to

Ceq
Ai

Ceq
As

@eCi

@t
D D�

Ai

@2eCAi

@x2
� @eCAs

@t
: (1.64)
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For sufficient long times ((t � 1=k�2C
eq
I )) the kick-out reaction (1.29) is in local

equilibrium, i.e. eCAs D eCAi (see Eq. (1.57)). Then the differential equation

@eCAs

@t
D Deff

Ai

@2eCAs

@x2
(1.65)

with the effective diffusion coefficient

Deff
Ai

D Ceq
Ai

DAi

Ceq
As C Ceq

Ai

(1.66)

is obtained. The diffusion coefficient Deff
Ai

equals D�
Ai

for Ceq
As � Ceq

Ai
. This, in

particular, holds for both Au [86] and Zn [41] in Si. Concentration profiles of
these elements measured after diffusion in highly dislocated Si fully confirm the
impact of the defect density on the diffusion of these hybrid elements [41, 86]. The
ratio D�

Ai
=D�

I D Ceq
Ai

DAi=Ceq
I DI clearly exceeds unity and thus confirms the native-

defect controlled diffusion of these elements in dislocation-free Si that requires the
validity of D�

Ai
� D�

I . Note, diffusion in highly dislocated crystals via the kick-out
and dissociative mechanisms provide the same effective diffusion coefficient Deff

Ai

(see Eqs. (1.54) and (1.66)). This demonstrates that the type of native point defect
involved in the interstitial-substitutional exchange can not be identified by means
of diffusion studies with defect-rich materials because the concentration of V and I
close to thermal equilibrium (eCV ;I � 1).

1.6.1.4 Occurrence of Both Ai-As Exchange Mechanisms

Both V and I exist in Si under thermal equilibrium conditions. Accordingly, beside
the dissociative also the kick-out mechanisms can contribute to the native-defect
controlled diffusion of hybrid foreign-atoms. The simultaneous occurrence of both
Ai-As exchange mechanisms is considered in the following for local equilibrium
and non-equilibrium conditions.

Diffusion Under Local Equilibrium Conditions

Assuming local equilibrium of reactions (1.28) and (1.29) described by Eqs. (1.50)
and (1.57), respectively, and additionally eCAi � 1, the following differential
equation can be derived from the full differential equation system (1.41), (1.42),
(1.43), (1.44), (1.45), and (1.46) for a defect-free crystal (without one-, two-, or
three-dimensional defects),

 
1C Ceq

V

Ceq
As

C Ceq
I

Ceq
As

�eCAs

�2
!
@eCAs

@t
D @

@x

 
1�eCAs

�2D�
I C D�

V

!
@eCAs

@x
: (1.67)
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With the relations Ceq
As � Ceq

V and
�eCAs

�2 � Ceq
I =Ceq

As , which hold for hybrid
elements in Si under indiffusion conditions [82, 84], Eq. (1.67) reads

@eCAs

@t
D @

@x

 
1�eCAs
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I C D�

V

!
@eCAs

@x
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@x
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I;V

@eCAs

@x
(1.68)

with the effective diffusion coefficient

Deff
I;V D 1�eCAs

�2D�
I C D�

V : (1.69)

The concentration dependence of Deff
I;V reveals that under in-diffusion conditions witheCAs.x; t/ < 1 the concentration profile of substitutional foreign-atoms is mainly

characterized by diffusion via the kick-out mechanism even for D�
V � D�

I . In
typical diffusion experiments where the hybrid-atom penetrates from the surface
into the Si bulk the resulting diffusion profile is mainly controlled by the kick-out
reaction (see e.g. [41]). Thus D�

I can be determined from native-defect controlled
in-diffusion profile whereas D�

V is hardly extracted. On the other hand, the diffusion
parameter D�

V controls Deff
I;V in the case when eCAs > 1 holds (see Eq. (1.69)). This

condition is realized in out-diffusion experiments where the concentration of the
substitutional foreign-atom in the bulk exceeds its concentration at the surface (see
e.g. [101, 102]).

The diffusion of hybrid atoms under local equilibrium conditions is characterized
by the validity of Eqs. (1.50) and (1.57). This implies that

eCI
eCV D 1: (1.70)

is fulfilled. Equation (1.70) represents local equilibrium of the Frenkel-pair reac-
tion (1.25). This interrelation between interstitial-substitutional exchange mecha-
nisms and the Frenkel-pair reaction shows that local equilibrium between V and I
can be established via the exchange reactions (1.28) and (1.29) even when direct
recombination of V and I is a more moderate process due to an energy or entropy
barrier [103]. Moreover, it is noted that foreign-atom profiles representing local
equilibrium conditions can be described equally by any combination of two of the
three reactions (1.25), (1.28), and (1.29). This actually holds for numerous Au and
Pt diffusion profiles in Si. Thus these profiles do not provide definite information
about the preferred way of interstitial-substitutional exchange.

The full differential equation system given by Eqs. (1.41), (1.42), (1.43), (1.44),
(1.45), and (1.46) has been treated in the limit of either the dissociative or the
kick-out mechanism for diffusion times that ensures local equilibrium conditions.
Under these conditions the differential equations can be reduced to a single
differential equation of the form of Eq. (1.5) with an effective diffusion coefficient
that approximately equals the reduced diffusion coefficient D�

X D Ceq
X DX=Ceq

Am
s

with X 2 fAi;V; Ig. This demonstrates that diffusion profiles of hybrid atoms



28 H. Bracht

are mainly sensitive to D�
X. The other model parameters involved in the full

mathematical formulation of diffusion via interstitial-substitutional exchange play
only a minor role. However, these parameters become significant in concentration
profiles established after short and intermediate diffusion times (see Sect. 1.6.1.5).

Diffusion Under Non-equilibrium Conditions

Diffusion studies under experimental conditions deviating from local equilibrium of
the point defects involved in defect reactions can, in principle, differentiate between
the microscopic mechanisms of atomic transport (see e.g. [104–110]). Such studies
provide valuable information about the model parameters entering the differential
equations that describe the diffusion of dopant elements in Si via indirect diffusion
mechanisms. In general, the solution of differential equations is only defined under
specific initial and boundary conditions. These conditions must be in accord with
the conditions realized experimentally. This is mandatory for direct comparison
of experimental and calculated diffusion profiles that aims to determine the model
parameters of the underlying diffusion equations. In the following section the impact
of the model parameters on the temporal evolution of defect concentration profiles
are described. It is shown that diffusion studies covering different time regimes
are very advantageous to determine the mechanisms of diffusion and thus the
underlying model parameters.

1.6.1.5 Numerical Simulation of Foreign-Atom Diffusion
via Interstitial-Substitutional Exchange

The differential equations (1.41), (1.42), (1.43), (1.44), (1.45), and (1.46) represent-
ing diffusion in Si via interstitial-substitutional exchange are solved numerically
to demonstrate the impact of the model parameters on the time evolution of the
diffusion of hybrid atoms. The solutions reveal various diffusion regions that are
differently sensitive to the settings of the model parameters.

Simulation of Kick-Out Diffusion

The simulation of foreign-atom diffusion via interstitial-substitutional is restricted
for the sake of clarity to the kick-out mechanism. This limitation is justified because
the in-diffusion of hybrid elements such as Au [82, 84, 86], Pt [95, 100], and Zn
[41, 93] in Si is mainly controlled by this reaction (see Eqs. (1.68) and (1.69)). The
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mathematical formulation of the kick-out mechanism is given by (see Eqs. (1.41),
(1.42), (1.43), (1.44), (1.45), and (1.46) for comparison)

@eCAs

@t
D k�2C

eq
I

�eCAi � eCAs
eCI

�
(1.71)

Ceq
Ai

Ceq
As

@eCAi

@t
D D�

Ai

@2eCAi

@x2
� @eCAs

@t
(1.72)

Ceq
I

Ceq
As

@eCI

@t
D D�

I

@2eCI

@x2
C @eCAs

@t
(1.73)

and Eq. (1.31). The five model parameters D�
Ai

, D�
I , Ceq

Ai
=Ceq

As , Ceq
I =Ceq

As and k�2C
eq
I

fully determine the solution of the differential equations under given initial- and
boundary conditions. The boundary conditions

eCAi.0; t/ D eCAi.d; t/ D 1 (1.74)

eCI.0; t/ D eCI.d; t/ D 1 (1.75)

are considered for the numerical calculation of eCX with X 2 fAs;Ai; Ig in
a finite crystal of thickness d. Equation (1.74) describes an infinite source of
interstitial foreign-atoms at the surface. Moreover, Eq. (1.75) reflects an equilibrium
concentration of I maintained at the surface. These equations represent conditions
for in-diffusion of foreign-atoms that are deposited on top of or rapidly supplied via
the gas phase to the sample surface. The boundary condition for As is given by the
solution of Eq. (1.71) for x D 0 and x D d taking into account Eqs. (1.74) and (1.75)
to

eCAs.0; t/ D eCAs.d; t/ D 1 � exp.�k�2C
eq
I t/: (1.76)

This solution indicates that the parameter k�2C
eq
I controls the temporal increase of

the As concentration at the surface.
The initial concentration of the diffusing element is generally very low prior

to diffusion, i.e., below the detection limit of the method subsequently applied to
measure the diffusion profile. Accordingly, the initial concentrations of interstitial
and substitutional foreign-atoms within the semiconductor are lower than their
equilibrium values Ceq

Ai
and Ceq

As established at the surface in the course of diffusion.
The following initial conditions are considered for the normalized concentrations of
Ai and As

eCAs.x; 0/ D eCAi.x; 0/ D 10�10: (1.77)
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The concentration of self-interstitials at the onset of diffusion, i.e., at time t D 0, is
set to the equilibrium concentration Ceq

I

eCI.x; 0/ D 1: (1.78)

These conditions described by Eqs. (1.77) and (1.78) fulfill local equilibrium of the
kick-out reaction (see Eq. (1.57)) for x > 0 and t D 0.

The boundary and initial conditions formulated by Eqs. (1.74) (1.75), (1.76),
(1.77), and (1.78) can be realized experimentally by Zn diffusion in Si [41, 111].
Equilibration of Si samples prior to Zn in-diffusion is achieved by separating the
Zn-source from the Si samples and releasing Zn vapor after the equilibration process
[111]. Corresponding diffusion profiles of substitutional Zns measured by means of
the spreading resistance technique are presented in Sect. 1.7.1.

To demonstrate the impact of the model parameters on the diffusion of hybrid
atoms via the kick-out mechanism, numerical solutions of Eqs. (1.71), (1.72), and
(1.73) are presented in the following. We start from a set of model parameters
that accurately describe the diffusion behavior of Zn in Si at 1481 K (D�

Ai
D

4 � 10�07 cm2s�1, D�
I D 8 � 10�08 cm2s�1, Ceq

Ai
=Ceq

As D 0:03, Ceq
I =Ceq

As D 0:001,
k�2C

eq
I D 0:1 s�1) [41]. Figures 1.8, 1.9, and 1.10 illustrate additional simulations

with model parameters deviating from these reference values.
The significance and impact of the model parameter k�2C

eq
I on the diffusion of

hybrid elements via the kick-out mechanism is illustrated in Fig. 1.8. Increasing
k�2C

eq
I by one order of magnitude, i.e., from 0.1 s�1 to 1.0 s�1, mainly affects the

normalized concentration eCAs D CAs.x; t/=Ceq
As for diffusion times t � 240 s. For

longer times no impact of k�2C
eq
I on the diffusion profiles is evident. The parameter

Fig. 1.8 Temporal evolution
of the diffusion profiles of
substitutional As (a) and
interstitial Ai (b)
foreign-atoms normalized by
their respective thermal
equilibrium concentration Ceq

As

and C
eq
Ai . The profiles

illustrate the impact of the
model parameter k�2C

eq
I

(—— : k�2C
eq
I D 0:1 s�1)

(- - - - : k�2C
eq
I D 1:0 s�1)
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Fig. 1.9 Temporal evolution
of the diffusion profiles of
substitutional As (a) and
interstitial Ai (b)
foreign-atoms normalized by
their respective thermal
equilibrium concentration C

eq
As

and C
eq
Ai . The profiles

illustrate the impact of the
model parameter C

eq
Ai =C

eq
As .

(—— : Ceq
Ai =Ceq

As D 0:03)
(- - - - : Ceq

Ai =Ceq
As D 0:3)

Fig. 1.10 Temporal
evolution of the diffusion
profiles of the substitutional
As foreign-atom (a) and the
self-interstitial I (b)
normalized by their
respective thermal
equilibrium concentration Ceq

As

and Ceq
I . The profiles

illustrate the impact of the
model parameter Ceq

I =Ceq
As

(—— : Ceq
I =Ceq

As D 0:001)
(- - - - : Ceq

I =Ceq
As D 0:01)

k�2C
eq
I reminds in Eq. (1.76) of the decay constant in the decay law of radioactive

isotopes. In this analogy, 1/k�2C
eq
I represents the time constant that describes the

mean life-time for the transformation of interstitially to substitutionally dissolved
foreign-atoms. In case the time constant is lowered, that is, k�2C

eq
I is increased, the

mean time foreign-atoms stay on interstitial position decreases and accordingly, the
penetration depth of both Ai and As is smaller due to the coupling between Ai and
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As via the kick-out reaction. This is the main impact of k�2C
eq
I on the diffusion

profiles of eCAs and eCAi illustrated in Fig. 1.8.
Equation (1.76) describes that higher values of k�2C

eq
I lead to increased As con-

centrations at the surface until the equilibrium concentration Ceq
As is established. The

interstitial-substitutional exchange via the kick-out reaction creates self-interstitials.
Considering native-defect controlled diffusion of hybrid elements in dislocation-
free crystals that prevails when D�

Ai
> D�

I holds, a supersaturation of I is obtained,
i.e. eCI > 1. This supersaturation hampers the formation of additional As via the
exchange mechanism. Further formation of As is governed by the transport of I
to the sample surface that is limited by the parameter D�

I . Close to the surface,
the concentration of I is already reduced due to out-diffusion. However, in the
bulk the I concentration till increases due to interstitial-substitutional exchange.
This describes that the native defect-controlled mode of diffusion is reached earlier
at the surface than in the bulk. Therefore diffusion profiles for longer times still
reveal a dependence of k�2C

eq
I at the diffusion front and/or at the center of the

sample whereas the surface region is already insensitive to the parameter k�2C
eq
I

(see Fig. 1.8: t D 64 s and 240 s). Finally, when the supersaturation of I has reached
its maximum, the formation of As is fully controlled by out-diffusion of I to the
surface. At this stage of diffusion the entire As profile is insensitive to k�2C

eq
I as

supported by the eCAs profile in Fig. 1.8 for 720 s.
The impact of the model parameter Ceq

Ai
=Ceq

As on the time evolution of As and Ai

profiles is shown by Fig. 1.9. At constant D�
Ai

, an increase of Ceq
Ai
=Ceq

As is associated
with a decrease of DAi . With increasing value of Ceq

Ai
=Ceq

As the penetration depth of
Ai decreases and, due to the coupling between Ai and As via the kick-out reaction,
also the penetration depth of As. The distribution of As is within a close surface
region almost independent of this parameter. Here the removal of supersaturated
self-interstitials by diffusion to the surface determines the profile shape. On the other
hand, the supply of Ai and removal of I controls the formation of As at the transition
region to the diffusion front. The diffusion front itself is affected both by diffusion
and reaction processes. Finally, the diffusion of I fully controls further formation of
As after sufficient long diffusion times that lead to eCAi.x; t/ � 1. At this stage the
As profiles are insensitive to the model parameter Ceq

Ai
=Ceq

As and fully described by
the solution of Eq. (1.61). Since this case was already discussed in Sect. 1.6.1.3, it
is not illustrated in Fig. 1.9.

The impact of Ceq
I =Ceq

As on the diffusion of As for different times is illustrated
by Fig. 1.10. The corresponding distributions of I for 64 s and 720 s are shown for
comparison (see Fig. 1.10b). At the beginning of diffusion (after 2.5 s) the parameter
does not affect the distribution of As. At this stage, the velocity of the formation of
the reaction products is high and As and I are formed very shortly. With progressing
formation of I via the kick-out reaction the impact of the backward reaction
increases and the formation of the reaction products decreases, i.e., the formation
of I per time unit decreases. At this stage of diffusion, which is characterized by
times of 15 s to 240 s, the interstitial-substitutional exchange reaction controls the
diffusion profiles and causes an increase in the I supersaturation. Since Ceq

I =Ceq
As
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is a measure of the supersaturation established via Ai-As exchange, the diffusion
profiles are sensitive to this parameter. With increasing supersaturation the transport
of I to the surface increases. The drop of the I concentration to thermal equilibrium
(eCI D 1) at x D 0, which is illustrated in the insert of Fig. 1.10, reflects the property
of the surface as sink for I. Finally, after 720 s, the I supersaturation decreases.
Now the formation of As is mainly controlled by the transport of I to the surface
that is mainly mediated by D�

I . Overall, the parameter Ceq
I =Ceq

As affects the temporal
evolution of As profiles for times varying between very short and effectively long
times.

The Dirichlet boundary condition (1.74) for interstitial dissolved foreign atoms
can be established experimentally by a constant vapor pressure pA of the foreign
atom (see e.g. sulfur: [112, 113]; zinc: [41, 93]). The vapor pressure determines
the thermodynamic activity of the foreign atom A at the surface. Accordingly, the
concentrations Ceq

Ai
and Ceq

As correspond to equilibrium states that depend on pA. In
contrast, Ceq

I and the diffusion coefficients DI and DAi describe properties of I and
Ai that are independent of pA. The parameters D�

I and Ceq
I =Ceq

As depend via Ceq
As on

pA whereas D�
Ai

, Ceq
Ai
=Ceq

As and k�2C
eq
I are independent of pA. This becomes evident

by Eq. (1.31). The mass action constant K2 is, like any other reaction constant,
independent of pA.

The impact of pA on hybrid diffusion can be demonstrated by numerical
simulations with varying values of D�

I and Ceq
I =Ceq

As . Calculated eCAs profiles for
different parameters are illustrated in Fig. 1.11. The corresponding profiles of Ai and
I are displayed in Figs. 1.12 and 1.13, respectively. Simulations for ˛ � D�

Ai
=D�

I D
25 reflect Zn diffusion profiles in dislocation-free and highly dislocated Si at 1388 K
for 240 s [41]. The profiles belonging to ˛ 2 f5; 1; 0:2; 0:04g simulate the impact of
a decreasing vapor pressure on diffusion in a sample with a thickness of 4 millimeter.
The significance of D�

Ai
=D�

I on the shape of the As profiles is demonstrated by
Fig. 1.11. A convex shape within the surface area is obtained for ˛ > 1. This reflects
the native-defect controlled diffusion mode that holds for Ceq

Ai
DAi � Ceq

I DI. Within

Fig. 1.11 Impact of the ratio
˛ � D�

Ai
=D�

I on the
normalized concentration
profile of As
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Fig. 1.12 Normalized
concentration profiles of
interstitial foreign-atoms Ai

for different values of
˛ � D�

Ai
=D�

I

Fig. 1.13 Normalized
concentration profile of
self-interstitials I for different
values of ˛ � D�

Ai
=D�

I

the approximation eCAi � 1, the relation

eCAs D 1

eCI

(1.79)

follows from Eq. (1.57). This is confirmed by the near-surface characteristic of theeCAs and eCI profiles shown in Figs. 1.11 and 1.13 for ˛ > 1. Convex profiles reflect
the significance of I for diffusion of the hybrid elements. In contrast, eCAs profiles
are concave for D�

Ai
< D�

I and are characterized by a negligible supersaturation of I,
i.e. eCI � 1. In this approximation Eq. (1.57) predicts eCAs D eCAi . The profiles shown
in Figs. 1.11 and 1.12 for ˛ < 1 confirm this correlation.

Overall, Figs. 1.8, 1.9, 1.10, and 1.11 reveal a clear sensitivity of hybrid diffusion
to all kick-out model parameters. This is summarized in Table 1.1 with 1=.k�2C

eq
I /

as characteristic time for different diffusion stages. At the beginning of diffusion
(t < 1=.k�2C

eq
I /) the As profiles not only depend on D�

Ai
and D�

I but are also sensitive
to the parameters k�2C

eq
I and Ceq

Ai
=Ceq

As . At intermediate times (t 	 1=.k�2C
eq
I /)

both Ceq
Ai
=Ceq

As and Ceq
I =Ceq

As characterize the eCAs profile. The near-surface curvature
of eCAs is a measure of the ratio D�

Ai
=D�

I that in particular affects the profiles for
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Table 1.1 Dependence of
QCAs profiles in
dislocation-free (?) and
dislocated (�) crystals on the
model parameters of the
kick-out mechanism

Diffusion stage D�
Ai

D�
I

C
eq
Ai

C
eq
As

C
eq
I

C
eq
As

k�2C
eq
I

t < 1

k�2C
eq
I

? (
) ? ? – ? (
)
t � 1

k�2C
eq
I

? (
) ? ? ? ? (
)
t � 1

k�2C
eq
I

? (
) ? ? – –

eCAi � 1 – ? – – –

t � 1=.k�2C
eq
I /. Finally, according to Eq. (1.63), D�

I can be obtained from the
time evolution of the As concentration established in the center of the crystal after
sufficient long diffusion times (eCAi � 1). The simulations of hybrid diffusion
in dislocation-free crystals demonstrate that full information about the model
parameters of the underlying diffusion-reaction mechanism are accessible from the
time evolution of hybrid diffusion provided that effective short up to long diffusion
times are realized experimentally.

Compared to hybrid diffusion in dislocation-free crystals, simultaneously per-
formed experiments with highly dislocated material provide independent informa-
tion about the parameters D�

Ai
and k�2C

eq
I . eCAs profiles established in dislocated

crystals for long times (t � 1=.k�2C
eq
I /) are fully described by means of a

complementary error function with D�
Ai

(see Eq. (1.55)). The concave eCAs curves
are not controlled by I. These profiles are also very advantageous to determine
the parameter k�2C

eq
I from the increase of the As concentration at the surface (see

Eq. (1.76)), because the As boundary concentration is more accurately deduced from
concave profiles in dislocated crystals than from convex profiles in dislocation-
free material. Accordingly, eCAs profiles in dislocated crystals can provide additional
information about k�2C

eq
I and D�

Ai
. In the case hybrid diffusion in both dislocation-

free and highly dislocated materials is considered, experimental eCAs profiles in
dislocation-free crystal mainly serve to determine D�

I , Ceq
Ai
=Ceq

As , and Ceq
I =Ceq

As . This
is indicated in Table 1.1 where k�2C

eq
I and D�

Ai
are also accessible by diffusion

experiments in dislocated material. Experimental studies on this kind of hybrid
diffusion in dislocation-free and highly dislocated Si are presented in Sect. 1.7.1
(see also [41]).

The numerical simulations presented in this section show that comprehensive dif-
fusion experiments under equilibrium and non-equilibrium conditions are required
to determine all model parameters of a diffusion-reaction system.

In the following the atomic mechanisms that mediate the diffusion of dopant
elements are treated. Since the doping level of common p- and n-type dopants such
as B, P, and As exceeds the intrinsic carrier concentration of Si and Ge, the impact
of electronically extrinsic conditions on dopant diffusion must be considered. Again
the classification into native-defect and foreign-atom controlled diffusion of As is
used to describe the effective dopant diffusion coefficient.
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1.6.2 Diffusion of Dopant Atoms

We consider that the solubility of substitutionally dissolved dopants As at diffusion
temperature exceeds the intrinsic carrier concentration nin. As a consequence, the
Fermi level Ef deviates from its intrinsic position Ein

f and the material is denoted
electronically extrinsic. Moving the Fermi level from its intrinsic position to a
position under extrinsic conditions, the formation of charged point defects X is
affected and therewith their equilibrium concentrations Ceq

X and transport capacities
Ceq

X DX [114]. Moreover, the dopant profile creates an electric field that affects
the diffusion of charged mobile defects. Accordingly, the charge states of defects
must be added to the reaction mechanisms. Since dopant diffusion is mediated by
indirect diffusion mechanisms such as the vacancy-, interstitialcy-, kick-out-, and
dissociative mechanisms, only these mechanisms are considered exemplary in the
following and analytical solutions of the underlying diffusion equations are derived
for specific experimental conditions.

1.6.2.1 Reaction Mechanisms with Charge States

Indirect diffusion mechanisms that are relevant for dopant diffusion in Si are the
vacancy-, interstitialcy-, dissociative-, and kick-out mechanisms that, respectively,
are described by the following reactions

AV j C . j � m � k/e� � Am
s C Vk (1.80)

AIv C .v � m � u/e� � Am
s C Iu (1.81)

Aq
i C Vk C .q C k � m/e� � Am

s (1.82)

Aq
i C .q � m � u/e� � Am

s C Iu (1.83)

with the charge states j; k;m; q; u; v 2 f0;˙1;˙2; : : :g and the electrons e�.
In addition other reactions between point defects and defect pairs can be

considered. Beside the Frenkel-pair reaction,

Vk C Iu C .k C u/e� � �; (1.84)

which describes the annihilation (formation) of charged Vk and Iu into (from) self-
atoms on regular lattice sites, the reactions

AIv C Vk C .v C k � m/e� � Am
s (1.85)

AV j C Iu C . j C u � m/e� � Am
s (1.86)

describe the dopant-defect pair assisted recombination of Vk and Iu.
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Generally, reactions (1.80), (1.81), (1.82), (1.83), (1.84), (1.85), and (1.86) are
fast processes compared to the time scale of diffusion. For these conditions local
equilibrium is established. Local equilibrium in the case of the vacancy (1.80),
dissociative (1.82), and kick-out mechanisms (1.83) is characterized by

CAm
s CVk

CAV j n. j�m�k/
D Ceq

Am
s

Ceq
Vk

Ceq
AV j .neq/. j�m�k/

(1.87)

CAm
s

CA
q
i

CVk n.qCk�m/
D Ceq

Am
s

Ceq
A

q
i

Ceq
Vk .neq/.qCk�m/

(1.88)

CAm
s CIu

CA
q
i

n.q�m�u/
D Ceq

Am
s

Ceq
Iu

Ceq
A

q
i
.neq/.q�m�u/

: (1.89)

Here CX (Ceq
X ) represents the (thermal equilibrium) concentration of the defect

X with X 2 fAV j;Aq
i ;Am

s ; I
u;Vkg. n (neq) denotes the (maximum) free electron

concentration. Local equilibrium does not imply that the concentrations of self-
interstitials and vacancies equal their thermal equilibrium values Ceq

Iu and Ceq
Vk ,

locally the concentration of the native defects can deviate from thermal equilibrium
but the reactions are in dynamic equilibrium. Introducing defect and electron
concentrations normalized to their thermal equilibrium values, eCX D CX=Ceq

X and
Qn D n=neq, Eqs. (1.88) and (1.89) yield

eCAm
seCA

q
i
eCVk Qn.qCk�m/

D eCAm
s
eCIueCA

q
i

Qn.q�m�u/
(1.90)

which simplifies to

1

eCVkeCIu Qn.kCu/
D 1 (1.91)

and expresses local equilibrium of the Frenkel-pair reaction (1.84). Obviously, this
equilibrium state is simultaneously established when the kick-out and dissociative
reactions are in local equilibrium.

Reactions (1.80), (1.81), and (1.83) are mathematically equivalent among each
other. The mobile dopant-defects AV j, AIv, and Aq

i transform to substitutional
dopants Am

s thereby creating a native point defect (either Vk or Iu). On the other
hand, reactions (1.82), (1.85), and (1.86) are also mathematically equivalent, since a
mobile dopant defect and isolated native defect on the left hand side of the reactions
transform to Am

s . This similarity between the reaction mechanisms indicates that
dopant diffusion alone can hardly distinguish between AV j, AIv, and Aq

i . However,
dopant diffusion in isotope heterostructures can, in principle, differentiate between
interstitial foreign-atoms and dopant-defect pairs, because the latter defects also
contribute to self-diffusion.
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1.6.2.2 Mathematical Formulation of Dopant Diffusion

The formation of substitutional shallow dopants to concentrations exceeding the
intrinsic carrier concentration give rise to an electric field that affects the diffusion
of charged mobile defects. Accordingly, a drift of charged defects in the electric
field must be added to Eq. (1.1), which, in one dimension, reads

JX D �DX

@CX

@x
C 	XCX
.x/: (1.92)

	 and 
 denote the mobility and the electric field, respectively. Taking into account
that the electric field is the derivative of the potential  


.x/ D �@ .x/
@x

(1.93)

and that the free electron concentration is given by

n.x/ D NC exp

�
Ef � EC C e .x/

kT

�
(1.94)

with e being the elementary charge, the electric field can be written as


.x/ D �kT

e

1

n.x/

@n.x/

@x
: (1.95)

Substituting Eq. (1.95) in Eq. (1.92) and using the Einstein relation

	 D z e
DX

kT
(1.96)

with the charge state z of the diffusing species, we obtain

JX D �DX

@CX

@x
� z CXDX

1

n.x/

@n.x/

@x
: (1.97)

In the case that the electric field is caused by acceptors, the flux equation reads

JX D �DX

@CX

@x
C z CXDX

1

p.x/

@p.x/

@x
(1.98)

where p denotes the free hole concentration. Additional terms enter Eq. (1.92) when
besides chemical and electrical forces also mechanical strain and/or hydrostatic
pressure affect the flux of a point defect.

In the following dopant diffusion via the vacancy and dissociative mecha-
nisms (1.80) and (1.82) are treated representative for reactions (1.80) and (1.86)
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in more detail. Starting from the full differential equation system, useful approxi-
mations are presented that describe the relation between the shape of the diffusion
profile and the charge states of the point defects involved in the diffusion process.
Understanding this relation is very helpful to identify the underlying mechanisms
of dopant diffusion.

Dopant Diffusion via the Vacancy Mechanism

The vacancy mechanism is given by reaction (1.80) in a generalized form. Adding
the forward and backward rate constants which are denoted kC and k�, respectively,
reaction (1.80) reads

AV j C . j � m � k/e�
kC
�
k�

Am
s C Vk: (1.99)

Taking into account Eq. (1.97), the following three coupled partial differential
equations describe the diffusion and reaction of the point defects involved in
reaction (1.99)

@CAm
s

@t
D @

@x

�
DAsm

@CAsm

@x
C m

CAsm DAsm

n.x/

@n.x/

@x

�
C

kCCAVj Co n. j�m�k/ � k�CAm
s CVk n. j�m�k/

in (1.100)

@CAVj

@t
D @

@x

�
DAVj

@CAVj

@x
C j

CAVj DAVj

n.x/

@n.x/

@x

�
�

kCCAVj Co n. j�m�k/ C k�CAm
s CVk n. j�m�k/

in (1.101)

@CVk

@t
D @

@x

�
DVk

@CVk

@x
C k

CVkDVk

n.x/

@n.x/

@x

�
C

kCCAVj Co n. j�m�k/ � k�CAm
s CVk n. j�m�k/

in (1.102)

where CX (DX) with X 2 fAm
s ;AV j;Vkg is the concentration (diffusion coefficient)

of the respective point defect. DAsm equals the diffusivity of the substitutionally
dissolved foreign atom via direct exchange. Co.D 5�1022 cm�3 for Si) is the
number density of substitutional lattice sites. The first term on the right hand side
of reactions (1.100), (1.101), and (1.102) describes the change of the concentration
of the point defect via diffusion and drift. The second term represents the forma-
tion/annihilation of the point defect via reaction (1.99).
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Introducing normalized concentrations eCX D CX=Ceq
X and Qn D n=neq, reduced

diffusivities D�
X D Ceq

X DX=Ceq
Am

s
, and the relationship between the rate constants kC

and k�

kC
k�

D Ceq
Am

s
Ceq

Vk n. j�m�k/
in

Ceq
AVj Co .neq/. j�m�k/

; (1.103)

due to the law of mass action, the differential equations (1.100), (1.101), and (1.102)
read

@eCAm
s

@t
D @

@x

�
DAsm

@eCAsm

@x
C m

eCAsm DAsm

Qn.x/
@Qn.x/
@x

�
C

k�Ceq
Vk n. j�m�k/

in

�eCAVj Qn . j�m�k/ � eCAm
s
eCVk

�
(1.104)

Ceq
AVj

Ceq
Am

s

@eCAVj

@t
D @

@x

 
D�

AVj

@eCAVj

@x
C j

eCAVj D�
AVj

Qn.x/
@Qn.x/
@x

!
�

k�Ceq
Vk n. j�m�k/

in

�eCAVj Qn . j�m�k/ � eCAm
s
eCVk

�
(1.105)

Ceq
Vk

Ceq
Am

s

@eCVk

@t
D @

@x

 
D�

Vk

@eCVk

@x
C k

eCVkD�
Vk

Qn.x/
@Qn.x/
@x

!
C

k�Ceq
Vk n. j�m�k/

in

�eCAVj Qn . j�m�k/ � eCAm
s
eCVk

�
: (1.106)

This system of differential equations describes the diffusion of A via the vacancy
mechanism when Am

s acts as donor. For Am
s being an acceptor, Qn and 1

Qn
@Qn
@x are

replaced by means of np D n2in with 1=Qp and � 1
Qp
@Qp
@x , respectively.

The electron and hole concentrations are related via the charge neutrality
equation

n D p C mCAm
s

C kCVk C jCAV j (1.107)

with the concentrations of the point defects. For a substitutional donor Am
s with

m 2 fC1;C2; : : :g, we obtain

Qn.x/D

�
meCAm

s C j
C

eq

AVj

C
eq
Am

s

eCAVj C k
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eq
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eq
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eCVk
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s�

meCAm
s C j

C
eq

AVj

C
eq
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eCAVj C k
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Vk
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eq
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C 4Qn2in
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m C j

C
eq

AVj

C
eq
Am

s

C k
C

eq

Vk

C
eq
Am

s

�
C
s�

m C j
C

eq

AVj

C
eq
Am

s

C k
C

eq

Vk

C
eq
Am

s

�2
C 4Qn2in

(1.108)
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and

1

Qn.x/
@Qn.x/
@x

D 1s�
meCAm

s C j
C

eq

AVj

C
eq
Am

s

eCAVj C k
C

eq

Vk

C
eq
Am

s

eCVk

�2
C 4Qn2in

�

@

�
meCAm

s C j
C

eq

AVj

C
eq
Am

s

eCAVj C k
C

eq

Vk

C
eq
Am

s

eCVk

�

@x
(1.109)

with Qnin D nin=Ceq
Am

s
. Considering a substitutional acceptor Am

s with m 2
f�1;�2; : : :g we get

Qp.x/D
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C
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C
eq
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s
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eq
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s
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C 4Qn2in

(1.110)

and

1

Qp.x/
@Qp.x/
@x

D 1s�
�meCAm

s � j
C

eq

AVj

C
eq
Am

s

eCAVj � k
C

eq

Vk

C
eq
Am

s

eCVk
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C 4Qn2in
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C

eq

AVj
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eq
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s

eCAVj � k
C

eq

Vk

C
eq
Am

s

eCVk

�

@x
: (1.111)

Equations (1.104), (1.105), and (1.106) together with Eq. (1.109) (Eq. (1.111))
represent the full set of equations to calculate diffusion profiles of donors (acceptors)
Am

s and other point defects involved in reaction (1.99) for specific initial and
boundary conditions.

In the following approximations of the differential equation system (1.104),
(1.105), and (1.106) are considered that lead to a single differential equation of
the form

@CX

@t
� @

@x

�
DX

@CX

@x

�
D GX: (1.112)

with GX D 0. Two different modes of dopant diffusion are distinguished, i.e., the
native-defect and foreign-atom controlled modes. Each mode predicts characteristic
profiles for Am

s . The characteristic shape of the profiles reflects the charge states of
the point defects controlling the diffusion process.
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Native-Defect Controlled Dopant Diffusion via the Vacancy Mechanism

The vacancy-controlled mode of dopant diffusion is established when the relation-
ship D�

AVj � D�
Vk holds. The higher transport capacity Ceq

AVj DAVj of the dopant-defect
pair compared to Ceq

Vk DVk leads to an almost homogeneous distribution of the dopant-
vacancy pairs after sufficiently long diffusion times, i.e., eCAVj � 1. Accordingly,
Eq. (1.105) can be neglected. The contribution of the direct diffusion of Am

s to the
diffusion of the dopant A is generally small compared to the indirect diffusion via
AV pairs. Taking the difference between Eqs. (1.104) and (1.106) and assuming
Ceq

Vk � Ceq
Am

s
we obtain

@eCAm
s

@t
� � @

@x

 
D�

Vk

@eCVk

@x
C k

eCVkD�
Vk

Qn.x/
@Qn.x/
@x

!
: (1.113)

For local equilibrium of reaction (1.99),

eCAm
s
eCVk

eCAVj Qn . j�m�k/
D 1; (1.114)

and of reaction AV j C je� � AV0,

eCAV0

eCAVj Qn j
D 1; (1.115)

Eqs. (1.114) and (1.115) yield

eCVk D
eCAV0 Qn .�m�k/

eCAm
s

� Qn .�m�k/

eCAm
s

(1.116)

because eCAV0 � 1. For high donor concentrations, i.e., Ceq
Am

s
exceeds nin, Qn � eCAm

s

holds and Eq. (1.113) transforms with Eq. (1.116) to a differential equation of the
form

@eCAm
s

@t
� @

@x
Deff

Am
s

@eCAm
s

@x
D 0 (1.117)

with an effective diffusivity of Am
s (m 2 fC1;C2; : : :g) given by

Deff
Am

s
D .m C 1/D�

Vk.eCAm
s /

�m�k�2: (1.118)

For high concentrations of acceptors Am
s (m 2 f�1;�2; : : :g) with Qp � eCAm

s
,

Eq. (1.117) with

Deff
Am

s
D .�m C 1/D�

Vk.eCAm
s /

mCk�2 (1.119)
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is obtained. Equations (1.118) and (1.119) reveal that in case of dopant diffusion via
the vacancy mechanism the effective dopant diffusion coefficient Deff

Am
s

is interrelated
to the reduced diffusion coefficient D�

Vk D Ceq
Vk DVk=Ceq

Am
s

and thus to the transport
capacity of Vk. This interrelation reflects the V-controlled mode of dopant diffusion.

Foreign-Atom Controlled Dopant Diffusion via the Vacancy Mechanism

The foreign-atom controlled mode of dopant diffusion is established when the
relationship D�

AVj � D�
Vk holds. The higher transport capacity of Vk compared to that

of AV j pairs leads to an almost homogeneous distribution of Vk after sufficiently
long times, i.e., eCVk � 1. Accordingly, Eq. (1.106) can be neglected. Taking
into account that the direct diffusion of Am

s is negligible compared to the indirect
diffusion of Am

s via AV pairs and that Ceq
AVj � Ceq

Am
s

holds, the sum of Eqs. (1.104)
and (1.105) yields

@eCAm
s

@t
� @

@x

 
D�

AV j

@eCAV j

@x
C j

eCAV jD�
AV j

Qn.x/
@Qn.x/
@x

!
: (1.120)

Assuming local equilibrium of reaction (1.99) and of the reaction Vk C ke� � V0,
which is expressed by Eq. (1.114) and

eCV0

eCVk Qn k
D 1; (1.121)

respectively, one gets

eCAV j � eCAm
s Qn .m�j/ D .eCAm

s /
.m�jC1/: (1.122)

For donors Am
s .m D C1;C2; : : :) with Qn � eCAm

s , Eq. (1.120) transforms to
Eq. (1.117) with

Deff
Am

s
D .m C 1/D�

AV j.eCAm
s /

m�j: (1.123)

For acceptors Am
s (m 2 f�1;�2; : : :g) with Qp � eCAm

s , the diffusion coefficient in
Eq. (1.117) is given by

Deff
Am

s
D .�m C 1/D�

AV j.eCAm
s /

�mCj: (1.124)

Equations (1.123) and (1.124) reveal that in case of the foreign-atom controlled
mode of dopant diffusion via the vacancy mechanism the effective dopant dif-
fusion coefficient Deff

Am
s

is interrelated to the reduced diffusion coefficient D�
AV j D

Ceq
AV j DAVj=Ceq

Am
s

and thus to the transport capacity of AVj. This interrelation reflects
the AV-controlled mode of dopant diffusion.



44 H. Bracht

1.6.2.3 Dopant Diffusion via the Dissociative Mechanism

The dissociative mechanism is representative for the mechanisms (1.82), (1.85)
and (1.86), which all possess a similar reaction scheme. The partial differential
equation system for modeling dopant diffusion via the dissociative mechanism is
easily translated to the equation system for modeling diffusion via the dopant-defect
pair assisted recombination mechanism (1.85) (mechanism (1.86)) by replacing the
defect(s) Aq

i (Aq
i , Vk) with AIv (AV j, Iu).

Introducing forward and backward rate constants kf and kb, respectively, the
dissociative mechanism reads

Aq
i C Vk C .q C k � m/e�

kf

�
kb

Am
s : (1.125)

kf and kb are related via the law of mass action according to

kf

kb
D Ceq

Am
s

C 0
o n.qCk�m/

in

Ceq
A

q
i
Ceq

Vk.neq/.qCk�m/
; (1.126)

where C 0
o is the number density of interstitial sites. Taking into account normal-

ized concentrations and reduced diffusivities, the differential equation system for
modeling dopant diffusion via the dissociative mechanism (1.125) is
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(1.127)
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o n.qCk�m/
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�eCA
q
i
eCVk Qn .qCk�m/ � eCAm

s

�
: (1.129)

The diffusion of a donor Am
s (m2 fC1;C2; : : :g) is described by Eqs. (1.127),

(1.128), and (1.129) and by equations for Qn and 1
Qn.x/

@Qn.x/
@x that are similar to
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Eqs. (1.108) and (1.109). For an acceptor Am
s (m2 f�1;�2; : : :g), Qn and 1

Qn
@Qn
@x are

replaced with 1=Qp and � 1
Qp
@Qp
@x , respectively, and substituted by expressions similar to

Eqs. (1.110) and (1.111).

Native-Defect Controlled Dopant Diffusion via the Dissociative Mechanism

The native-defect controlled mode of dopant diffusion holds for D�
A

q
i

� D�
Vk . The

higher transport capacity Ceq
A

q
i
DA

q
i

compared to Ceq
Vk DVk leads to eCA

q
i

� 1 after

sufficiently long times. Under this condition we can neglect Eq. (1.128). Taking
the sum of Eqs. (1.127) and (1.129) and assuming that the diffusion of Am

s via
direct exchange is small compared to the indirect diffusion of Am

s via Aq
i and that

Ceq
Vk � Ceq

Am
s

is fulfilled, we obtain
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@x
C k

eCVkD�
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Qn.x/
@Qn.x/
@x

!
: (1.130)

Considering local equilibrium of reaction (1.125) and Aq
i C qe� � A0

i ,

eCAm
seCA

q
i
eCVk Qn .qCk�m/

D 1 (1.131)

eCA0
ieCA

q
i

Qn q
D 1; (1.132)

we obtain

eCVk � eCAm
s Qn.m�k/: (1.133)

For donors Am
s (m2 fC1;C2; : : :g) with Qn.x/ � eCAm

s , Eq. (1.130) transforms to
Eq. (1.117) with

Deff
Am

s
D .m C 1/D�

Vk.eCAm
s /

�k: (1.134)

For acceptors Am
s (m 2 f�1;�2; : : :g) with Qp � eCAm

s , Eq. (1.117) with

Deff
Am

s
D .�m C 1/D�

Vk.eCAm
s /

�mCk (1.135)

is obtained.
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Foreign-Atom Controlled Dopant Diffusion via the Dissociative Mechanism

The foreign-atom controlled mode of dopant diffusion via the dissociative mecha-
nism is established in the case when D�

A
q
i

� D�
Vk holds. Considering sufficiently long

times, thermal equilibrium of Vk is established, i.e., eCVk � 1. Thus we can neglect
Eq. (1.129). Taking the sum of Eqs. (1.127) and (1.128) and assuming Ceq

A
q
i

� Ceq
Am

s

and DAm
s .D Dex

Am
s
/ � 0, we obtain
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1
A : (1.136)

With

eCA
q
i

� eCAm
s Qn .m�q/ (1.137)

which results from Eqs. (1.121) and (1.131), Eq. (1.136) reduces to Eq. (1.117) with

Deff
Am

s
D .m C 1/D�

A
q
i
.eCAm

s /
m�q : (1.138)

This effective diffusivity holds for donors Am
s (m 2 fC1;C2; : : :g) with Qn.x/ �eCAm

s
.

For acceptors Am
s (m 2 f�1;�2; : : :g) with Qp � eCAm

s , Deff
Am

s
in Eq. (1.117) is

given by

Deff
vAm

s
D .�m C 1/D�

A
q
i
.eCAm

s /
�mCq: (1.139)

Characteristics of Dopant Diffusion in Semiconductors

The effective diffusion coefficients Deff
Am

s
for the vacancy (dissociative) mechanism

in the native-defect controlled mode given by Eqs. (1.118) and (1.119) (Eqs. (1.134)
and (1.135)) reveal that dopant diffusion is affected by the charge states m and k of
Am

s and Vk. On the other hand, within the foreign-atom controlled mode of dopant
diffusion via the vacancy mechanism (dissociative mechanism) Deff

Am
s

is determined
by the charge states m and j (q) of Am

s and AV j (Aq
i ) (see Eqs. (1.123) and (1.124)

(Eqs. (1.138) and (1.139))). Generally, the foreign-atom controlled mode of dopant
diffusion via reactions (1.80), (1.81), (1.82) and reactions (1.85) and (1.86) is not
sensitive to the charge states of the native point defects. The equations derived
for Deff

Am
s

in the native-defect and foreign-atom controlled diffusion mode confirm
expressions for the effective dopant diffusion coefficient given by Gösele [115].
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Table 1.2 Effective diffusion coefficients Deff
Am

s
of the substitutional foreign-atoms Am

s obtained
on the basis of the vacancy mechanism (1.80) for (a) the native-defect controlled mode (see
Eqs. (1.118) and (1.119)) and (b) the foreign-atom controlled mode (see Eqs. (1.123) and (1.124))
of dopant diffusion. The concentration dependence of Deff

Am
s

determines the shape of the dopant
profile. Typical diffusion profiles of an element A are shown in Fig. 1.14

Vacancy mechanism: AV j C . j � m � k/e� � Am
s C Vk

With m D1C(donor)

Reaction .a/ Deff
Am

s
.b/ Deff

Am
s

AV0 C e� � AC
s C V2� 2D�

V2� .eCAC
s
/�1 2D�

AV0 .eCAC
s
/1

AV0 � AC
s C V1� 2D�

V� .eCAC
s
/�2 2D�

AV0 .eCAC
s
/1

AV0 � e� � AC
s C V0 2D�

V0 .eCAC
s
/�3 2D�

AV0 .eCAC
s
/1

AV� � AC
s C V2� 2D�

V2� .eCAC
s
/�1 2D�

AV� .eCAC
s
/2

AV� � e� � AC
s C V� 2D�

V� .eCAC
s
/�2 2D�

AV� .eCAC
s
/2

AV� � 2e� � AC
s C V0 2D�

V0 .eCAC
s
/�3 2D�

AV� .eCAC
s
/2

With m D1�(acceptor)

Reaction .a/ Deff
Am

s
.b/ Deff

Am
s

AV0 C e� � A�
s C V0 2D�

V0 .eCA�
s
/�3 2D�

AV0 .eCA�
s
/1

AV0 � A�
s C VC 2D�

VC .eCA�
s
/�2 2D�

AV0 .eCA�
s
/1

AV0 � e� � A�
s C V2C 2D�

V2C .eCA�
s
/�1 2D�

AV0 .eCA�
s
/1

AVC C 2e� � A�
s C V0 2D�

V0 .eCA�
s
/�3 2D�

AVC .eCA�
s
/2

AVC C e� � A�
s C VC 2D�

VC .eCA�
s
/�2 2D�

AVC .eCA�
s
/2

AVC � A�
s C V2C 2D�

V2C .eCA�
s
/�1 2D�

AVC .eCA�
s
/2

Tables 1.2 and 1.3 summarize the concentration dependence of Deff
Am

s
for the

vacancy mechanism and dissociative mechanism, respectively, taking into account
charge states of point defects, that are relevant for dopant diffusion in semiconduc-
tors. The charge state m of Am

s was chosen 1C (1�) because singly ionized donors
(acceptors) are commonly used for high n-type (p-type) doping of both elemental
and compound semiconductors. It is emphasized that the concentration dependence
of Deff

Am
s

deduced for the vacancy mechanism also holds for the interstitialcy (kick-
out) mechanism given by reaction (1.81) (reaction (1.83)). Deff

Am
s

for the interstitialcy
(kick-out) mechanism is given by Table 1.2 when AV is changed to AI (Ai) and V
is changed to I whereas the charge states of the defects are kept unchanged. On the
other hand Deff

Am
s

deduced for the dissociative mechanism and given in Table 1.3 also
reflects Deff

Am
s

of the dopant-defect pair assisted recombination mechanisms (1.85)
and (1.86). This shows that Tables 1.2 and 1.3 are generally applicable to predict the
concentration dependence of Deff

Am
s

for dopant diffusion via one of the mechanisms
given by reactions (1.80), (1.81), (1.82), and (1.83) and reactions (1.85) and (1.86).

Table 1.2 reveals that Deff
Am

s
is proportional to .CAm

s /
r with r 2 f�1;�2;�3g for the

native-defect controlled mode of dopant diffusion via the vacancy mechanism. This
power dependence is a consequence of the charge states of Vk under high n-type
or p-type doping. Diffusion profiles of an element A with concentration dependent
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Table 1.3 Effective diffusion coefficients Deff
Am

s
of the substitutional foreign-atoms Am

s obtained
on the basis of the dissociative mechanism (1.82) for (a) the native-defect controlled mode (see
Eqs. 1.134 and 1.135) and (b) the foreign-atom controlled mode (see Eqs. 1.138 and 1.139) of
dopant diffusion. The concentration dependence of Deff

Am
s

determines the shape of the dopant
diffusion profile. Typical diffusion profiles of an element A are shown in Fig. 1.14

Dissociative mechanism: Aq
i C Vk C .q C k � m/e� � Am

s

With m D1C(donor)

Reaction .a/ Deff
Am

s
.b/ Deff

Am
s

A0
i C V2� � 3e� � AC

s 2D�
V2� .eCAC

s
/3 2D�

A0
i
.eCAC

s
/1

A0
i C V� � 2e� � AC

s 2D�
V� .eCAC

s
/2 2D�

A0
i
.eCAC

s
/1

A0
i C V0 � e� � AC

s 2D�
V0 .eCAC

s
/1 2D�

A0
i
.eCAC

s
/1

A�
i C V2� � 4e� � AC

s 2D�
V2� .eCAC

s
/3 2D�

A�
i
.eCAC

s
/2

A�
i C V� � 3e� � AC

s 2D�
V� .eCAC

s
/2 2D�

A�
i
.eCAC

s
/2

A�
i C V0 � 2e� � AC

s 2D�
V0 .eCAC

s
/1 2D�

A�
i
.eCAC

s
/2

With m D1�(acceptor)

Reaction .a/ Deff
Am

s
.b/ Deff

Am
s

A0
i C V0 C e� � A�

s 2D�
V0 .eCA�

s
/1 2D�

A0
i
.eCA�

s
/1

A0
i C VC C 2e� � A�

s 2D�

VC .eCA�
s
/2 2D�

A0
i
.eCA�

s
/1

A0
i C V2C C 3e� � A�

s 2D�

V2C .eCA�
s
/3 2D�

A0
i
.eCA�

s
/1

AC
i C V0 C 2e� � A�

s 2D�
V0 .eCA�

s
/1 2D�

AC
i
.eCA�

s
/2

AC
i C VC C 3e� � A�

s 2D�

VC .eCA�
s
/2 2D�

AC
i
.eCA�

s
/2

AC
i C V2C C 4e� � A�

s 2D�

V2C .eCA�
s
/3 2D�

AC
i
.eCA�

s
/2

diffusion coefficients DA proportional to .CA/
r with r 2 f�2; 0; 1; 2g are illustrated

in Fig. 1.14. For r < 0 the shape of the dopant profile is concave. On the other hand,
convex dopant profiles result in case of foreign-atom controlled mode of dopant
diffusion via the vacancy mechanism, i.e., Deff

Am
s

is proportional to .CAm
s /

r with r 2
f1; 2g. This power dependence is a consequence of the charge states of Am

s and AV j.
In contrast to the vacancy mechanism, the dissociative mechanism predicts

box-shaped diffusion profiles for singly ionized donors (acceptors) both for the
native defect and foreign-atom controlled diffusion mode in the case that neutral
and negatively (positively) charged vacancies are favored under n-type (p-type)
conditions (see Table 1.3). More specifically, Deff

Am
s

is proportional to .CAm
s /

r with
r 2 f1; 2; 3g in the case when Vk with k 2 f0; 1�; 2�g (k 2 f0; 1C; 2Cg)
mediates donor (acceptor) diffusion. In the foreign-atom controlled mode Deff

Am
s

is
also proportional to .CAm

s /
r with r 2 f1C; 2Cg when Aq

i is neutral and singly
ionized, respectively. The power dependence results from the difference in the
charge states between Am

s and Aq
i , in the same way as for the vacancy mechanism.
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Fig. 1.14 Concentration
profiles of an element A
normalized by its equilibrium
concentration C

eq
A versus the

normalized penetration depth
x=

p
4DAt. The profiles

represent solutions of
Eq. (1.112) with GX D 0 and
X D A for different
concentration dependent
diffusion coefficients DA as
indicated

This demonstrates that the shape of dopant profile alone can not tell which diffusion
mode is operative.

Nonetheless, the scheme of the concentration dependence of Deff
Am

s
given by

Tables 1.2 and 1.3 is very helpful for the understanding of dopant profiles in Si, Ge
and its alloys. Moreover, the scheme also holds for dopant diffusion in compound
semiconductors such as SiC, GaAs, GaSb, : : : assuming the diffusion process is
restricted to one sublattice (see e.g. [116–125] and references therein). Also charge
states of point defects other than those considered in Tables 1.2 and 1.3 may become
important. Then the corresponding concentration dependence of Deff

Am
s

is given by
Eqs. (1.118), (1.119), (1.134) and (1.135) for the native-defect controlled mode
and by Eqs. (1.123), (1.124), (1.138), and (1.139) for the foreign-atom controlled
diffusion mode.

In order to identify the mechanisms of diffusion, a direct comparison of exper-
imental profiles with numerical solutions of the full partial differential equation
system that represent the assumed diffusion model and a comparison of the
reduced diffusion coefficients D�

X with self-diffusion data is required. Generally,
several mechanisms can contribute to the diffusion coefficient DA of a mainly
substitutionally dissolved element A. We expect

DA D D.1/

A C D.2/

A C D.3/

A C : : : (1.140)

where the number in the exponent represents contributions due to various indirect
diffusion mechanisms. Each diffusion coefficient can be a complicated function of
the concentration and diffusion coefficient of the defects involved in the particular
reaction (see above). Equation (1.140) shows that it can be difficult to identify the
diffusion mechanisms when several mechanisms contribute simultaneously.

As example we consider the diffusion of an element A under isoconcentration
condition. Under this condition the diffusion is not affected by internal electric
fields and/or chemical concentration gradients and thus always proceeds in thermal
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equilibrium, that is, the concentrations of V and I are in thermal equilibrium.
Accordingly, diffusion under isoconcentration conditions represents the foreign-
atom controlled mode. Assuming Aq

i , AV j, and AIv of reactions (1.80), (1.81),
(1.82), and (1.83) as the possible mobile defects, DA for isoconcentration condi-
tions is

DA D
Ceq

A
q
i
DA

q
i

Ceq
Am

s
C Ceq

A
q
i

C Ceq
AV jDAV j

Ceq
Am

s
C Ceq

AV j

C Ceq
AIv DAIv

Ceq
Am

s
C Ceq

AIv

: (1.141)

This follows from the differential equation system of the underlying reactions for
the foreign-atom controlled diffusion mode (see e.g. Sects. 1.6.1.2 or 1.6.1.3). In the
case when A is mainly dissolved on interstitial sites, i.e., Ceq

A
q
i

� Ceq
Am

s
;Ceq

AV j ;C
eq
AIv ,

and DA
q
i

� DAV j ;DAIv , we get DA � DA
q
i

as expected for the diffusion via
the direct interstitial mechanism. For a mainly substitutionally dissolved element
(Ceq

Am
s

� Ceq
A

q
i
;Ceq

AV j ;C
eq
AIv ) the diffusivity DA is given by the sum of the reduced

diffusion coefficients D�
X D Ceq

X DX/Ceq
Am

s
with X 2 fAq

i ;AV j;AIvg.
Equation (1.141) also describes the diffusion of hybrid elements in dislocation-

free crystals under isoconcentration conditions [119]. In this case the first term on
the right hand side of Eq. (1.141) dominates. In order to identify the mechanisms of
diffusion of an element A, complementary diffusion experiments under different
experimental condition have to be performed [126]. In this respect also studies
on the impact of self-interstitial and vacancy perturbations on self- and dopant
diffusion are advantageous. Such experiments were extensively performed with
Si (see references in [49]). Oxidation (nitridation) of a bare Si surface is known
to inject self-interstitials (vacancies). The results considerably contributed to our
present understanding of dopant diffusion in Si (see e.g. [127–136]).

The availability of highly enriched stable isotopes of Si and Ge combined with
modern epitaxial deposition techniques such as chemical vapor deposition and
molecular beam epitaxy enabled the preparation of isotopically controlled semicon-
ductor layer structures. By means of such isotopically controlled heterostructures
not only self-diffusion experiments in Si and Ge could be performed over a wide
range of temperatures but also the impact of dopant diffusion on self-diffusion
could be investigated directly [137–141]. Modeling of the simultaneous self- and
dopant diffusion is a bit more complex than modeling of the separate processes but
is a worthwhile effort because more information about the underlying mechanisms
and properties of the point defects is obtained than from self- and dopant diffusion
experiments studied separately [64, 75].

In the following section typical experimental diffusion profiles of hybrid and
dopant atoms in Si are presented that provide strong evidence for different indirect
diffusion mechanisms in Si.
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1.7 Experimental Diffusion Profiles

Experimental diffusion profiles of Zn in Si [41] are presented in the following as
an example on the diffusion behavior of hybrid atoms in Si. Similar profiles are
observed for Au [83–86] and Pt [95, 96, 98–100]. In addition to Zn profiles in
dislocation-free and highly dislocated Si, also experimental profiles are illustrated
that reveal the impact of a reduced Zn vapor pressure on Zn diffusion and the
time evolution of Zn diffusion. The Zn diffusion behavior under the different
experimental conditions is consistently described on the basis of the kick-out
mechanism constituting crucial evidence that Zn in Si mainly diffuses via the kick-
out mechanism [41, 94].

As an example on the diffusion behavior of dopants in Si experimental profiles
obtained after dopant diffusion in isotopically controlled Si heterostructures are
shown [64, 137–139]. These concurrent self- and dopant diffusion experiments
reveal the impact of both point-defect reactions and doping on self- and dopant
diffusion. Such diffusion studies are very valuable to determine the charge states of
the point defects involved in the diffusion process [76].

1.7.1 Diffusion Profiles of Hybrid Atoms

Diffusion of hybrid elements in defect-free and highly dislocated crystals provide
the effective diffusion coefficients Deff

V ;I and Deff
Ai

, respectively, that strongly differ
from each other. An impact of the defect structure on the diffusion of hybrid
elements via the dissociative and kick-out mechanism is only expected when the
relation Ceq

Ai
DAi � Ceq

V;IDV;I is fulfilled. This condition implies that the transformation
of Ai to As via reaction (1.26) and (1.27) is controlled by the diffusion of either
V; I or Ai. In the case when Ceq

Ai
DAi � Ceq

V;IDV;I holds, the Ai-As transformation is
controlled by the diffusion of Ai. Accordingly, the property of dislocations acting
as source and sink of native defects will not affect the diffusion of hybrid elements.
However, the presence of dislocations can procure additional defect reactions such
as trapping of hybrid atoms at dislocations that alters their diffusion behavior
[94, 142, 143]. Experiments on the diffusion of Ag and Au in Ge reveal that
their diffusion is independent of the defect density, i.e., equal diffusion data are
obtained from profiles in dislocation-free and highly dislocated Ge [81]. Even for
Zn diffusion in Si experimental conditions can be realized that provide similar
diffusion profiles in dislocation-free and highly dislocated Si. Figure 1.15 illus-
trates Zns concentration profiles CZns.x/ resulting from spreading-resistance (SR)
measurements on dislocation-free (profile (C)) and highly dislocated Si samples
(profile (�)) that were simultaneously diffused with Zn at 1115 ıC for 2880 s [41].
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Fig. 1.15 Concentration profiles of substitutional Zn resulting from spreading resistance measure-
ments performed on dislocation-free (C) and highly dislocated (	) Si samples after zinc diffusion
at 1115 ıC for 2880 s using elemental Zn as diffusion source. Profile (
) indicates a Zns profile
in dislocation-free Si measured after Zn diffusion at 1115 ıC for 1620 s using ZnCl2 as diffusion
source. Solid lines: theoretical kick-out profiles simultaneously fitted to the data by optimizing the
two essential model parameters D�

Zni
D C

eq
Zni DZni=C

eq
Zns and D�

I D C
eq
I DI=C

eq
Zns [41]

The boundary concentration of about CZns.x D 0/ D 2:5�1016 cm�3 established at
this temperature with a pure Zn source equals the Zn solubility [41, 93]. Also shown
in Fig. 1.15 is a Zns concentration profile in dislocation-free Si obtained after 1620 s
of Zn diffusion at 1115 ıC using ZnCl2 as diffusion source (profile: (�)) [41]. This
source yields CZns.x D 0/ D 4:5 � 1014 cm�3 which is a factor 55 smaller than the
solubility limit at 1115 ıC attained in equilibrium with the elemental vapor source.
The shape of the profiles in Fig. 1.15 reveals that the profile (C) in dislocation-free
Si is convex whereas the profile (�) in the simultaneously diffused highly dislocated
Si is concave. Also the lower profile (�) has a concave curvature. Obviously, in
dislocation-free Si the profile shape changes from convex to concave when the
thermodynamic activity of the Zn source is lowered. This shows that the diffusion
of Zn in Si is not only sensitive to the defect structure but also to the prevailing Zn
vapor pressure (see Sect. 1.6.1.5 and Fig. 1.11). These results together with the time
evolution of Zn diffusion in dislocation-free Si which is illustrated by the profiles
in Fig. 1.16 provide strong evidence that Zn in Si mainly diffuses via the kick-out
mechanism. Only this mechanism yields a consistent description of all profiles in
Figs. 1.15 and 1.16 as illustrated by the solid lines [41]. The profiles of Zni and
I corresponding to the calculated Zns profiles of Fig. 1.16 are shown in Figs. 1.17
and 1.18, respectively.
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Fig. 1.16 Concentration profiles of substitutional Zns measured by means of the spreading
resistance technique after Zn diffusion at 1208 ıC for times listed in the figure. The penetration
depth x is normalized to the thickness d of the particular sample given in the figure. Solid lines
show calculated profiles based on the kick-out model with one set of parameters [41]

Fig. 1.17 Calculated normalized concentration profiles of interstitial Zni corresponding to the
calculated Zns profiles shown in Fig. 1.16
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Fig. 1.18 Calculated
normalized concentration
profiles of self-interstitials I
corresponding to the
calculated Zns profiles shown
in Fig. 1.16

1.7.2 Diffusion Profiles of Dopant Atoms

Numerous experiments on dopant diffusion in Si were performed over the past
decades to determine the atomic mechanisms of diffusion [49]. The studies were
motivated by the demand to control the diffusion and activation of dopants in the
fabrication of Si-based electronic devices. Dopant diffusion in semiconductors can
be rather complex since doping affects the position of the Fermi level and thus the
formation of charged defects [114]. Moreover, dopant diffusion can induce native
defect concentrations deviating from thermal equilibrium. The impact of the doping
level on the shape of dopant profiles in Si is e.g. impressively demonstrated by
the P diffusion experiments reported by Yoshida et al. [144, 145]. Most recently
performed experiments on dopant diffusion in Si isotope structures not only confirm
the concentration dependence of dopant diffusion but also reveal additional insight
on the mechanisms of dopant diffusion and on the charge states of the native point
defects involved [64, 76].

Concentration profiles of 11B, 75As, and 31P and the corresponding 30Si profiles
measured with SIMS after diffusion annealing are illustrated in Fig. 1.19. Fig-
ure 1.19a shows the As-implanted Si isotope structure that reflects exemplary also
B- and P-implanted isotope structures. The reduced concentration of 30Si within
the enriched 28Si layers compared to the adjacent natSi layers gives rise to a strong
gradient at the natSi/28Si interface. Accordingly, the isotopically modulated structure
is ideally suited for studying self-diffusion and the impact of dopant diffusion on
self-diffusion. The dopant diffuses from the top implanted amorphous Si layer into
the isotope structure. All Si profiles obtained after concurrent self- and dopant
diffusion reveal a depth-dependent broadening. The concentration profiles of P and
Si within the topmost ion-implanted amorphous Si layer are missing in Fig. 1.19d
because this layer was removed prior to SIMS profiling (see Ref. [64]). The depth-
dependent broadening of the Si isotope structure observed after dopant diffusion is
due to charged point defects whose thermal equilibrium concentration depends on
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Fig. 1.19 Concentration profiles of 30Si of a natSi/28Si isotope multilayer structures with a top
amorphous Si layer (about 250 nm thick) implanted with either boron (11B), arsenic (75As), and
phosphorous (31P) and subsequently annealed at the temperatures and times indicated. The profiles
were measured by means of secondary ion mass spectrometry. (a): 30Si and 75As profiles of the As-
implanted Si isotope multilayer structure. (b), (c), and (d) illustrate, respectively, the 11B, 75As, and
31P diffusion profiles and corresponding self-diffusion profiles. The solid lines in (b)–(d) are best
fits to the experimental dopant and self-atom profiles obtained on the basis of indirect diffusion
mechanisms [64]. The lower dashed lines show the corresponding concentrations CV;I of V
(short-dashed line) and I (long-dashed line) normalized to their thermal equilibrium concentration
C

eq
V;I (see right ordinate). The diffusion of B and P leads to a super- and undersaturation of I

and V, respectively, whereas As does not induce any significant deviation from the equilibrium
concentration of I and V. The upper thin dashed lines in (b), (c), and (d) show 30Si profiles that
are expected for self-diffusion under electronic intrinsic and thermal equilibrium conditions. The
top amorphous layer of the P-diffused Si isotope structure was removed by chemical-mechanical
polishing before SIMS profiling

the position of the Fermi level [76]. As a consequence self-diffusion is altered by
doping. Moreover dopant diffusion can lead to concentrations of native point defects
that deviate from thermal equilibrium. This, in particular, holds for the native-
defect controlled mode of dopant diffusion. These two effects of doping and dopant
diffusion on self-diffusion are unraveled by the simultaneous self- and dopant-atom
diffusion experiments. These experiments also provide information about possible
contributions of AV and AI pairs to self-diffusion. Whether such pairs contribute
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significantly to self-diffusion depends on the magnitude of the transport coefficients
Ceq

AV DAV and Ceq
AI DAI compared to those of the native defects and on the correlation

factors for self-diffusion via AV and AI. A comprehensive mathematical treatment
of the simultaneous diffusion of self- and dopant atoms and of the impact of the
Fermi level on the concentration of charged point defects is given in Refs. [64, 76].

Figure 1.19b shows that the Si profile associated with the in-diffusion of B reveals
a faster Si diffusion for high B concentrations close to the amorphous/crystalline
interface than at the B diffusion front. Comparison of the Si profile obtained
by in-diffusion of B with that expected for electronically intrinsic and thermal
equilibrium conditions reveals a higher Si diffusivity under B in-diffusion even at the
deepest 28Si/natSi interface. This points to a supersaturation of native point defects
established by B diffusion. Additional results on B diffusion in Si isotope structures
obtained at different temperatures, on enhanced (retarded) B diffusion under I (V)
injection [129, 132] and of isoconcentration diffusion experiments [133] reveal the
charge states of the mobile B-related defect and of the native point defects involved
in B diffusion. Altogether, B diffusion in Si under various experimental conditions
is consistently described by the following reactions [64]

B0i � B�
s C Iu C .1 � u/h (1.142)

B0i C Vk � B�
s C .1C k/h (1.143)

with neutral (I0), singly and doubly positively (IC, I2C) charged self-interstitials
and neutral (V0), singly positive (VC), and singly and doubly negative (V�, V2�)
vacancies. h denotes a hole to satisfy charge neutrality of the reactions. The
dissociative mechanism assures local equilibrium between I and V after sufficient
long diffusion times. For a more detailed discussion on B diffusion in Si the
interested reader is referred to Refs. [64, 105, 146, 147].

Si profiles obtained by As diffusion (see Fig. 1.19c) show an enhanced Si
diffusion within the topmost isotope layers. Here the As doping concentration
exceeds the intrinsic carrier concentration. The Si profile at the deepest interface
is accurately described with the diffusion coefficient for intrinsic and thermal
equilibrium conditions [64]. This and the shape of the As diffusion profiles points to
a foreign-atom controlled mode of dopant diffusion. Indeed available experimental
results on As diffusion in Si, which comprise As diffusion experiments under native
defect injection [68, 132], under isoconcentration conditions [148], and on the
simultaneous self- and dopant-atom diffusion [64], are accurately described by the
defect reactions

AsV j � AsC
s C Vk C .1 C k � j/e� (1.144)

AsI0 � AsC
s C Iu C .1 C u/e� (1.145)

AsV j C Iu � AsC
s C .1 � j � u/e� (1.146)

AsI0 C Vk � AsC
s C .1 � k/e�: (1.147)
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Various charge states for V (2 fVC;V0;V�;V2�g and I (2 fI2C; IC; I0; I�g) were
assumed as well as neutral and singly negatively charged dopant-vacancy pairs AsV0

and AsV�. The parameters deduced from modeling As diffusion reveal a foreign-
atom controlled mode of diffusion, i.e., the equilibrium concentration of V and I is
not disturbed by the diffusion of As. This is also demonstrated by the normalized
concentration of V and I shown in Fig. 1.19c. A comprehensive discussion on As
diffusion in Si is given in Ref. [64].

Self-diffusion profiles associated with the diffusion of P also indicate an
enhanced self-atom diffusion at the topmost natural and isotopically enriched
layers (see Fig. 1.19d)). On the other hand the diffusion of Si at the deepest
28Si/natSi interface is described with a diffusion coefficient that is close to the value
determined for intrinsic and thermal equilibrium conditions. This was a surprising
result because the pronounced tail of P profiles which are clearly at variance with
the box-shaped As profiles were generally assumed to be due to a supersaturation of
Si self-interstitials [146, 149]. The broadening of the Si profiles demonstrates that
the I supersaturation due to P diffusion is significantly lower than expected on the
basis of the previous considered P diffusion models. Taking into account additional
results on P diffusion in Si obtained under different experimental conditions that
comprise diffusion studies under intrinsic and extrinsic doping [150, 151], under
defect injection [129, 132, 152], and under isoconcentration conditions [150], the
following reactions were determined to accurately describe P diffusion in Si [64]

PV� � PC
s C Vk C .2 C k/e� (1.148)

PV� C Iu � PC
s C .2 � u/e� (1.149)

Pq
i � PC

s C Iu C .1 C u � q/e� (1.150)

Pq
i C Vk � PC

s C .1 � k � q/e�: (1.151)

Pq
i exists as neutral and singly positively charged defect. The charge states of Vk and

Iu are the same as those considered in reactions (1.142), (1.143), (1.144), (1.145),
(1.146), and (1.147) for modeling B and As diffusion.

Successful modeling of the simultaneous P and Si diffusion requires a contri-
bution of singly positively charged mobile P defects to P diffusion. Generally, the
extended tail of the P profiles compared to the much steeper As profile at the dif-
fusion front was explained with an I-supersaturation established during P diffusion.
Experiments on P diffusion in isotope multilayer structures clearly showed that this
interpretation can not be correct. The supersaturation required to explain extended
P profiles would predict an enhanced self-diffusion in the tail region that is not
observed experimentally. In order to unravel this discrepancy, a mobile P species
was proposed whose effective diffusivity is concentration independent. According
to Eqs. (1.123) and (1.138), the charge difference between substitutional PC

s and the
mobile P must be zero. Therefore a singly positively charged interstitial phosphorus
defect PC

i is considered in reactions (1.150) and (1.151).
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1.8 Concluding Remarks

Direct and indirect mechanisms of diffusion in semiconductors are discussed
with particular emphasizes on the charge state of the point defects involved.
Continuum theoretical calculations of atomic diffusion in semiconductors based on
differential equations are presented that offer a robust and fast approach to describe
experimental diffusion profiles. With this approach not only the diffusion of hybrid
foreign-atoms that occupy both interstitial and substitutional lattice sites but also
the impact of doping on self- and foreign-atom diffusion can be treated. Computer
simulations reveal the significance of the various model parameters on the shape
of foreign-atom profiles. In many cases the diffusion process is mainly determined
by the transport coefficients Ceq

X DX of the point defects X involved in the diffusion
process. Basically two different diffusion modes, the foreign-atom and native-defect
controlled modes, can be distinguished. These modes are characterized by specific
relations between the experimentally apparent effective diffusion coefficient of
the foreign atom and the native point defect that controls the formation of the
substitutional dopant Am

s . This relation is crucial for the understanding of dopant
diffusion in semiconductors.

With the availability of isotopically controlled semiconductor multilayer struc-
tures, advanced diffusion studies became possible that provide more detailed
insight on the diffusion mechanisms and properties of defects involved than earlier
studies [64, 76, 140]. The advantage of isotopically controlled semiconductors for
diffusion studies is demonstrated by experiments and simulations of the simulta-
neous diffusion of self- and foreign-atoms in isotope multilayer structures. These
experiments enable to determine the charge states of native point defects and help
to distinguish between doping effects, i.e., Fermi level effect, and effects due to
defect reactions on self- and dopant diffusion. Together with diffusion studies under
various experimental conditions a consistent set of defect reactions are derived that
accurately describe the diffusion of the most common dopants boron, phosphorous,
and arsenic in Si.

With the availability of high-purity, isotopically enriched Si [153] sophisticated
diffusion studies can be performed with well designed layered structures. Moreover,
the computing capacity of today’s personal computers is sufficient to solve the
complex diffusion equations within acceptable times. Although, numerous diffusion
studies have been performed with silicon, basic questions concerning the properties
of self-interstitials and vacancies are still unsolved [65–67].

Today the continuous down-scaling of CMOS (complementary metal-oxide-
semiconductors) devices reached 2D/3D device structures in nanometer size. Asso-
ciated with this high level of integration is the need to control the dopant distribution
and its activation [154]. Further miniaturization is intimately connected with
an improved understanding of the properties and interaction of atomic defects.
This interaction concerns the interaction of defects in the volume but also the
interaction of defects with surfaces and interfaces since the surface/interface-to-
volume ratio increases with decreasing size of electronic devices. The properties
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of point defects in bulk Si, i.e., their type, mobility, interaction and electronic
behavior are well understood to some extent, thanks to the progress achieved in
spectroscopic and diffusion studies over the past decades and recently by means of
isotopically controlled Si structures (see e.g. [49, 50, 64, 147, 155, 156]). However,
the properties of dopants and self-atoms determined for bulk materials are not
necessarily applicable to nanoscale Si structures because in small dimensions the
thermodynamics and kinetics of point defects can be different from that in the bulk
[157, 158]. Surface and interface states can affect the behavior of point defects in
the whole nanostructure due to the high surface/interface-to-volume ratio.

Finite size, surface, and interface effects on atomic transport in nanosized
semiconductors are technologically of fundamental significance to control and
engineer the electronic properties of nanoelectronic devices and to successfully
implement novel transistor concepts (see e.g. Ref. [159]). Atomistic calculations are
increasingly used to predict defect types, defect interactions, their stability, mobility,
and electronic properties. Finally, however, the relevance of these calculations needs
to be verified experimentally.

The characterization of atomic defects and their interaction with other point
defects, surfaces and interfaces in nanosized materials is very challenging. Not only
experiments under well-defined conditions with two (2D) and/or three dimensional
(3D) nanostructures must be performed but also appropriate analyses techniques are
necessary to resolve nanosized 2D/3D structures and their properties.
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