
Self- and foreign-atom diffusion in semiconductor isotope heterostructures.
I. Continuum theoretical calculations

H. Bracht*
Institute of Materials Physics, University of Münster, D-48149 Münster, Germany

�Received 11 August 2006; published 17 January 2007�

Dopant diffusion experiments in semiconductors yield the mobility of the element of interest and informa-
tion about the possible mechanisms of atomic diffusion. In many cases the diffusion is described on the basis
of Fick’s law of diffusion, but this treatment is often too simple. In this paper, dopant diffusion in semicon-
ductors is treated systematically on the basis of diffusion-reaction equations. Predictions on the shape of
dopant-diffusion profiles that develop under specific experimental conditions are derived. It is illustrated that
the charge states of the point defects involved in the diffusion process strongly affect the shape of the dopant
profile under electronically extrinsic conditions. The relation between the shape of the dopant profile and the
underlying mechanism of atomic diffusion, and between the apparent dopant diffusion coefficient and the point
defect mediating the diffusion process is explained. With the advance in epitaxial deposition techniques and the
availability of isotopically enriched elements, semiconductor isotope heterostructures can be grown, which are
highly appropriate for studying the impact of dopant diffusion on self-diffusion. The modeling of the simul-
taneous diffusion of self- and dopant atoms in semiconductor isotope heterostructures is described and the
advances resulting from this new diffusion approach compared to conventional diffusion studies that treat self-
and dopant diffusion separately, are highlighted. This paper aims to serve as a useful guide to understand and
accurately model the diffusion of dopants and their impact on self-diffusion in semiconductors.
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I. INTRODUCTION

The understanding of defect reactions and dopant diffu-
sion in semiconductors is crucial for controlling the distribu-
tion of dopants during the fabrication of electronic devices.
In particular, this is important to meet the requirements for
the continuing decrease of the lateral and vertical dimensions
of semiconductor devices. Numerous diffusion experiments
and spectroscopic studies have been conducted over the past
few decades to determine the mechanisms of atomic-mass
transport of self- and foreign atoms in elemental and com-
pound semiconductors and the properties of point defects
such as their structure, charge states, and formation and mi-
gration energies.1–3 The advances in the understanding of
atomic-transport processes and defect reactions in semicon-
ductors has contributed to the remarkable increase of com-
puter speed and capacity over the last two decades. On the
other hand, the higher computer power gives rise to more
reliable and predictive theoretical calculations of the proper-
ties of point defects in semiconductors and hence also expe-
dites their own technological evolution. First-principle calcu-
lations based on density functional theory,4–15 tight-binding
molecular dynamics �TBMD� simulations,16–19 and molecu-
lar dynamic �MD� calculations based on empirical inter-
atomic potentials20–23 provide valuable information about
formation energies and charge states of thermodynamically
stable defects and about diffusion paths and migration ener-
gies. However these calculations are still restricted to limited
supercells and short times and hence provide a more micro-
scopic view on the defect kinetics in a solid. On the other
hand, Monte Carlo �MC� calculations represent a statistical
approach, which can describe diffusion and reaction pro-
cesses of point defects for longer times �see e.g., Ref. 24�. An

even more macroscopic approach of modeling the diffusion
and reaction of point defects are continuum-theoretical �CT�
calculations based on differential equations. Compared to
MC calculations the continuum theory provides a robust and
fast approach and even enables fits to experimental profiles
that are hardly possible with the other methods. Within the
CT approach model parameters can be directly related to the
experimental profiles and a straightforward interpretation of
the diffusion process and the apparent diffusion coefficients
can be given.25–38 Although the approach is more macro-
scopic compared to ab initio and MD simulations, the CT
approach can provide information about the nature of the
point defects, their charge states, and migration and forma-
tion enthalpies. A comparison of these results with ab initio
and MD simulations yields information about the most likely
microscopic structure and migration path of the defect.

It is noteworthy that besides diffusion studies no other
experimental approach is available for studying the proper-
ties of point defects in solids at temperatures relevant for
device process technology. An exception is the positron an-
nihilation spectroscopy �PAS�. However this method is lim-
ited to the investigation of vacancylike defects. The signifi-
cance of diffusion studies for evaluating the properties of
point defects is often underestimated.

In this paper general aspects of dopant diffusion in semi-
conductors are treated to explain the occurrence of charac-
teristic dopant profiles. Although most of the diffusion mod-
els have been already described in some review papers �see
e.g., Refs. 25, 26, and 28� a comprehensive treatment that
also explains the interference between self- and dopant dif-
fusion is lacking. The most relevant mechanisms of diffusion
in semiconductors are discussed in Sec. II, taking into ac-
count that the defects involved can exist in various charge
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states �see Sec. II A�. Since the impact of point-defect
charges on the diffusion of an element has neither been con-
sidered in general nor treated in detail, Secs. II B and II C
summarize a continuum theoretical description of diffusion
in semiconductors, which takes into account the diffusion of
a charged defect X in the presence of an electric field. Rep-
resentative for all indirect diffusion mechanisms, the math-
ematical description of the vacancy and dissociative diffu-
sion mechanisms is treated in Secs. II D and II E,
respectively. It is demonstrated that the shape of the diffusion
profile of a mainly substitutional dissolved element As de-
pends on the diffusion mechanism and the specific charge
states of the point defects involved. The understanding of
this dependency is helpful to directly obtain from the shape
of the experimental dopant profile information about the
mechanism that can mediate dopant diffusion and those
mechanisms that can be excluded. Finally, a general CT de-
scription of the simultaneous diffusion of self- and foreign
atoms is presented in Sec. III. First, the impact of doping on
the formation of point defects is treated in Sec. III A. Then, a
general equation for self-diffusion is formulated in Sec. III B
that considers local concentrations of point defects and pos-
sible contributions of dopant-defect pairs to self-diffusion.

The CT description of the impact of dopant diffusion on
self-diffusion is highly appropriate for modeling the interfer-
ence of self- and foreign atoms in isotopically enriched semi-
conductors. Numerical simulations on the simultaneous dif-
fusion are shown in Sec. III C. The simulations are
representative for modeling the diffusion of boron, arsenic,
or phosphorus in silicon isotope multilayer structures. The
results of these experiments are the subject of Part II follow-
ing this paper.

II. MECHANISMS OF DIFFUSION IN SEMICONDUCTORS

A. Direct and indirect mechanisms

The mechanisms of diffusion in semiconductors are in
general divided in direct and indirect mechanisms. Figure 1
illustrates various diffusion mechanisms of a foreign atom A
in an elemental semiconductor or in the sublattice of a binary
compound. The diffusion of mainly interstitially dissolved
foreign atoms with charge state q, Ai

q, proceeds via intersti-
tial lattice sites. No native point defects need to be involved
in this direct interstitial mechanism �see Fig. 1�a��. A direct
diffusion of atoms on substitutional sites with charge state m,
As

m, can occur via a direct exchange with adjacent matrix
atoms or a ring mechanism. So far no convincing experimen-
tal evidence has been found for this direct mechanism indi-
cating that the diffusion of As

m via indirect mechanisms is in
general energetically more favorable.

Various indirect diffusion mechanisms are illustrated in
Fig. 1�b�, which involve native-point defects like vacancies
Vk and self-interstitials Iu. These mechanisms are described
by the following reactions:

AVj + �j − m − k�e− � As
m + Vk, �1�

AIv + �v − m − u�e− � As
m + Iu, �2�

Ai
q + �q − m − u�e− � As

m + Iu, �3�

Ai
q + Vk + �q + k − m�e− � As

m, �4�

with the charge states j ,k ,m ,q ,u ,v� �0, ±1, ±2, . . . � and
the electrons e−. Reactions �1� and �2� represent the vacancy
and interstitialcy mechanisms, respectively. The third and
fourth reactions are the kick-out and the dissociative �or
Frank-Turnbull� mechanism, respectively. They describe the
diffusion behavior of hybrid elements, which are mainly dis-
solved on substitutional sites but move as interstitial defects
Ai

q as illustrated in Fig. 1�b�.
In addition to reactions �1�–�4� other reactions between

point defects and defect pairs can be considered. Beside the
so-called Frenkel-pair reaction,

Vk + Iu + �k + u�e− � � , �5�

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

AIv + Vk + �v + k − m�e− � As
m, �6�

AVj + Iu + �j + u − m�e− � As
m �7�

describe the dopant-defect pair assisted recombination of Vk

and Iu.
Generally, reactions �1�–�7� are fast processes compared

to the time scale of diffusion, which typically amounts to
several minutes up to several hours. For these conditions
local equilibrium of the reactions is reached. Local equilib-
rium in the case of the kick-out reaction �3� and the disso-
ciative reaction �4� is characterized by

CAs
mCIu

CAi
qn�q−m−u� =

CAs
m

eq CIu
eq

CAi
q

eq�neq��q−m−u�
, �8�

FIG. 1. Schematic two-dimensional representation of �a� direct
and �b� indirect diffusion mechanisms of an element A in a solid. Ai,
As, V, and I denote the interstitially and substitutionally dissolved
foreign atoms, the vacancy, and self-interstitial, respectively. AV
and AI are defect pairs of the corresponding defects. For simplicity
the subscripts indicating the charge states of the defects were
omitted.
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CAs
m

CAi
qCVkn�q+k−m� =

CAs
m

eq

CAi
q

eqCVk
eq�neq��q+k−m�

. �9�

CX �CX
eq� represents the �thermal equilibrium� concentration

of the defect X with X� �Ai
q ,As

m , Iu ,Vk�. n �neq� denotes the
�maximum� free-electron concentration. It is noted that local
equilibrium does not imply that the concentrations of self-
interstitials and vacancies equal their thermal equilibrium
values CIu

eq and CVk
eq; locally the concentration of the native

defects can deviate from thermal equilibrium. Introducing
defect and electron concentrations normalized to their ther-

mal equilibrium values, C̃X=CX /CX
eq and ñ=n /neq, Eqs. �8�

and �9� yield

C̃As
mC̃Iu

C̃Ai
qñ�q−m−u�

=
C̃As

m

C̃Ai
qC̃Vkñ�q+k−m�

, �10�

which simplifies to

1

C̃VkC̃Iuñ�k+u�
= 1. �11�

Equation �11� expresses local equilibrium of the Frenkel-pair
reaction �5� and shows that this equilibrium state is estab-
lished when local equilibrium of the kick-out and dissocia-
tive reactions holds. On the other hand, under local equilib-
rium conditions experimental diffusion profiles, which are
described on the basis of the kick-out and dissociative reac-
tions can also be modeled on the basis of the kick-out and
Frenkel-pair reactions or the dissociative and Frenkel-pair
reactions. In this respect diffusion experiments for times
when local equilibrium is established are not appropriate to
identify the mechanisms of diffusion. This loss of unambigu-
ousness also holds for other combinations of diffusion reac-
tions. The three combinations of each two reactions from
Eqs. �2�, �5�, and �6� all predict identical diffusion profiles
for local equilibrium. Moreover, Eqs. �2� and �4� are math-
ematically equivalent to Eqs. �3� and �6�, respectively. Ac-
cordingly, the three combinations of each two reactions from
Eqs. �3�–�5� also lead to identical diffusion profiles to those
from Eqs. �2�, �5�, and �6�. This shows that dopant diffusion
alone can hardly distinguish between Ai

q and AIv. However,
dopant diffusion in isotope heterostructures can, in principle,
differentiate between interstitial foreign atoms and the
dopant-defect pairs, because the pairs may also contribute to
self-diffusion �see Sec. III B�. Therefore, both Ai

q and AIv are
considered as possible mobile defects mediating dopant dif-
fusion.

B. Phenomenological description of diffusion

The continuum theoretical treatment of mass transport in
solids is based on Fick’s law of diffusion. In one dimension
the diffusion equation takes the generalized form

�CX

�t
+

�

�x
JX = GX, �12�

where CX and JX, respectively, are the concentration and flux
of a point defect X� �Ai

q ,As
m , Iu ,Vk ,AVj ,AIv� as a function of

time t and position x. Possible reactions between X and other
defects are taken into account by GX. In the case where the
flux is mainly determined by the diffusion of X, i.e.,

JX = − DX
�CX

�x
, �13�

the diffusion equation is given by

�CX

�t
−

�

�x
�DX

�CX

�x
� = GX. �14�

For the diffusion of an element A, which is mainly dis-
solved on interstitial sites and diffuses via the direct intersti-
tial mechanism, we get X=Ai

q and DA=DAi
q. In this case no

reaction takes place during diffusion, accordingly GX=0. If a
constant concentration CAi

q
eq is maintained at the surface, the

solution of Eq. �14� is given by

CAi
q = CAi

q
eq	1 − erf� x

2
DAi
qt�� , �15�

with a concentration-independent diffusion coefficient DAi
q.

This solution holds for the diffusion of mainly interstitially
dissolved foreign atoms �X=Ai

q� such as hydrogen, lithium,
and the 3d transition metals in silicon1 provided that their
diffusion is not affected by complex formation between the
foreign atom and other defects. Fitting of the concentration
profiles directly yields the interstitial diffusion coefficient
DAi

q.
The diffusion of mainly substitutionally dissolved foreign

atoms �X=As
m� often results in diffusion profiles, which de-

viate from Eq. �15� �see e.g., Ref. 1�. The apparent diffusion
coefficient DA is a complex quantity, which depends on the
diffusion coefficient of the point defect that controls the dif-
fusion process and the equilibrium concentrations of other
defects involved in the defect reaction �see below�. Typical
diffusion profiles of an indirectly diffusing element A that
imply a concentration-dependent diffusion coefficient of the
form of

DA � �CA�r, �16�

with r� �−2,0 ,1 ,2� are shown in Fig. 2.
Generally, several mechanisms may contribute to the dif-

fusion coefficient DA of a mainly substitutionally dissolved
element A. Taking into account all possible contributions, DA
is given by

DA = DA
�1� + DA

�2� + DA
�3� + DA

�4� + DA
ex. �17�

DA
�1�, DA

�2�, DA
�3�, and DA

�4� represent contributions due to the
various indirect diffusion mechanisms given by reactions
�1�–�4� and illustrated in Fig. 1. Each diffusion coefficient
can be a complicated function of the concentration and dif-
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fusion coefficient of the defects involved in the particular
reaction �see below�. A contribution of a direct exchange is
taken into account by DA

ex. Equation �17� indicates that it can
be difficult to identify the diffusion mechanisms of mainly
substitutionally dissolved elements if several mechanisms
contribute to diffusion simultaneously.

A more straightforward interpretation of DA is obtained
for the diffusion of A under an isoconcentration condition. In
this case the diffusion is not affected by internal electric
fields and/or chemical concentration gradients and always
proceeds in thermal equilibrium, that is, the concentrations
of native point defects are in thermal equilibrium. This dif-
fusion peculiarity represents the foreign-atom controlled
mode of diffusion �see below�. Taking into account that the
mobile defects are Ai

q, AVj, and AIv of reactions �1�–�7�, the
isoconcentration-diffusion coefficient DA is given by

DA =
CAi

q
eqDAi

q

CAs
m

eq + CAi
q

eq +
CAVj

eq DAVj

CAs
m

eq + CAVj
eq +

CAIv
eq DAIv

CAs
m

eq + CAIv
eq . �18�

This follows from the differential-equation system of the un-
derlying reactions for the foreign-atom-controlled diffusion
mode �see below�. In the case that A is mainly dissolved on
interstitial sites, i.e., CAi

q
eq

�CAs
m

eq ,CAVj
eq ,CAIv

eq , and DAi
q

�DAVj ,DAIv, we get DA�DAi
q as expected for the diffusion

via the direct interstitial mechanism. For a mainly substitu-
tionally dissolved element �CAs

m
eq

�CAi
q

eq ,CAVj
eq ,CAIv

eq � the diffu-

sivity DA is given by the sum of the reduced diffusion coef-
ficients DX

* =CX
eqDX /CAs

m
eq with X� �Ai

q ,AVj ,AIv�. Equation

�18� describes, in particular, the isoconcentration diffusion of
hybrid elements, which exist to a non-negligible extent both
in mobile configurations and immobile substitutional sites.
Then, however, usually one term on the right-hand side of
Eq. �18� dominates. For example, the transport coefficient
CAi

q
eqDAi

q dominates for Au, Pt, and Zn diffusion in Si �Ref. 34�
and for Cu, Ag, and Au diffusion in Ge.32 In order to com-
pare the diffusivities of different elements A in a semicon-
ductor their diffusivities for isoconcentration conditions or

for the foreign-atom-controlled diffusion mode are suitable
measures.

C. Mathematical formulation of diffusion

The charge states of point defects become significant in
dopant-diffusion processes when the solubility of the dopant
As

m at diffusion temperature exceeds the intrinsic carrier con-
centration nin. Then the Fermi level Ef deviates from its in-
trinsic position Ef

in 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 equi-
librium concentrations CX

eq and transport capacities CX
eqDX.39

Moreover, the dopant profile creates an electric field, which
additionally affects the diffusion of charged mobile defects.
Accordingly, a drift of charged defects in the electric field
must be added to Eq. �13�, which then reads

JX = − DX
�CX

�x
+ �XCX��x� . �19�

Here � and � denote the mobility and the electric field, re-
spectively. Taking into account that the electric field is the
derivative of the potential �,

��x� = −
���x�

�x
, �20�

and that the free-electron concentration is given by

n�x� = NC exp�Ef − EC + e��x�
kT

� , �21�

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

��x� = −
kT

e

1

n�x�
�n�x�

�x
. �22�

Substituting Eq. �22� in Eq. �19� and using the Einstein rela-
tion,

� = ze
DX

kT
, �23�

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

JX = − DX
�CX

�x
− zCXDX

1

n�x�
�n�x�

�x
. �24�

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

JX = − DX
�CX

�x
+ zCXDX

1

p�x�
�p�x�

�x
, �25�

where p denotes the free-hole concentration. Additional
terms enter Eq. �19� when besides chemical and electrical
forces also mechanical strain and/or hydrostatic pressure af-
fect the flux of a point defect.

In the following the CT description of the diffusion of an
element A is treated. Starting from the full differential-

FIG. 2. Concentration profiles of an element A normalized by its
equilibrium concentration CA

eq versus the normalized penetration
depth x /
4DAt. The profiles represent solutions of Eq. �14� with
GA=0 for different concentration-dependent diffusion coefficients
DA as indicated.
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equation system, useful approximations are applied to ex-
plain the relation between the shape of the diffusion profile
and the charge states of the point defects involved in the
particular diffusion process. An understanding of this relation
is very helpful for getting first evidence on the mechanisms
that can mediate the diffusion of element A.

D. The vacancy mechanism

The mathematical formulation of the vacancy mechanism
�1� is described in this section representative of reactions
�1�–�3�. The treatment of reactions �2� and �3� equals that of
reaction �1� since the interstitialcy and kick-out mechanisms
have a reaction scheme, which is similar to the vacancy
mechanism. Only the meaning of the model parameters
changes. On the other hand, the dissociative mechanism �4�
has a reaction scheme similar to the two dopant defect-pair-
assisted mechanisms �6� and �7�. The dissociative mecha-
nism is treated exemplarily for the reactions �6� and �7� in
Sec. II E.

The vacancy mechanism is given by reaction �1� in a gen-
eralized form. Adding the forward and backward rate con-
stants, which are denoted k+ and k−, respectively, reaction �1�
reads

AVj + �j − m − k�e−�
k−

k+

As
m + Vk. �26�

Taking into account Eqs. �12� and �24�, the following three
coupled partial-differential equations describe the diffusion
and reaction of the point defects involved in reaction �26�:

�CAs
m

�t
=

�

�x
�DAs

m

�CAs
m

�x
+ m

CAs
mDAs

m

n�x�
�n�x�

�x
�

+ k+CAVjCon�j−m−k� − k−CAs
mCVknin

�j−m−k�, �27�

�CAVj

�t
=

�

�x
�DAVj

�CAVj

�x
+ j

CAVjDAVj

n�x�
�n�x�

�x
�

− k+CAVjCon�j−m−k� + k−CAs
mCVknin

�j−m−k�, �28�

�CVk

�t
=

�

�x
�DVk

�CVk

�x
+ k

CVkDVk

n�x�
�n�x�

�x
� + k+CAVjCon�j−m−k�

− k−CAs
mCVknin

�j−m−k�, �29�

where CX �DX� with X� �As
m ,AVj ,Vk� is the concentration

�diffusion coefficient� of the respective point defect.40 Co is
the number density of substitutional lattice sites. The first
term on the right-hand side of reactions �27�–�29� describes
the change of the concentration of the point defect via diffu-
sion and drift. The second term represents the formation �an-
nihilation� of the point defect via reaction �26�.

Introducing normalized concentrations C̃X=CX /CX
eq and

ñ=n /neq, reduced diffusivities DX
* =CX

eqDX /CAs
m

eq , and the rela-

tionship between the rate constants k+ and k−,

k+

k−
=

CAs
m

eq CVk
eqnin

�j−m−k�

CAVj
eq Co�neq��j−m−k� , �30�

due to the law of mass action, the differential equations
�27�–�29� read

�C̃As
m

�t
=

�

�x
�DAs

m

�C̃As
m

�x
+ m

C̃As
mDAs

m

ñ�x�
�ñ�x�

�x
�

+ k−CVk
eqnin

�j−m−k��C̃AVjñ�j−m−k� − C̃As
mC̃Vk� , �31�

CAVj
eq

CAs
m

eq

�C̃AVj

�t
=

�

�x
�DAVj

* �C̃AVj

�x
+ j

C̃AVjDAVj
*

ñ�x�
�ñ�x�

�x
�

− k−CVk
eqnin

�j−m−k��C̃AVjñ�j−m−k� − C̃As
mC̃Vk� ,

�32�

CVk
eq

CAs
m

eq

�C̃Vk

�t
=

�

�x
�DVk

* �C̃Vk

�x
+ k

C̃VkDVk
*

ñ�x�
�ñ�x�

�x
�

+ k−CVk
eqnin

�j−m−k��C̃AVjñ�j−m−k� − C̃As
mC̃Vk� .

�33�

This differential-equation system describes the diffusion of A
via the vacancy mechanism when As

m acts as a donor. For As
m

being an acceptor, ñ and 1
ñ

�ñ
�x are replaced by means of np

=nin
2 with 1

p̃ and − 1
p̃

�p̃
�x , respectively.

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

n = p + mCAs
m + kCVk + jCAVj , �34�

with the concentrations of the point defects. For a substitu-
tional donor As

m with m� �+1, +2, . . . �, we obtain

ñ�x� =
1

2�mC̃As
m + j

CAVj
eq

CAs
m

eq C̃AVj + k
CVk

eq

CAs
m

eq C̃Vk�
+

1

2
�mC̃As
m + j

CAVj
eq

CAs
m

eq C̃AVj + k
CVk

eq

CAs
m

eq C̃Vk�2

+ 4ñin
2 ,

1

ñ�x�
�ñ�x�

�x
=

1


�mC̃As
m + j

CAVj
eq

CAs
m

eq C̃AVj + k
CVk

eq

CAs
m

eq C̃Vk�2

+ 4ñin
2

�

��mC̃As
m + j

CAVj
eq

CAs
m

eq C̃AVj + k
CVk

eq

CAs
m

eq C̃Vk�
�x

, �35�

and for a substitutional acceptor As
m with m� �−1,−2, . . . �,
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p̃�x� =
1

2�− mC̃As
m − j

CAVj
eq

CAs
m

eq C̃AVj − k
CVk

eq

CAs
m

eq C̃Vk�
+

1

2
�− mC̃As
m − j

CAVj
eq

CAs
m

eq C̃AVj − k
CVk

eq

CAs
m

eq C̃Vk�2

+ 4ñin
2 ,

1

p̃�x�
�p̃�x�

�x
=

1


�− mC̃As
m − j

CAVj
eq

CAs
m

eq C̃AVj − k
CVk

eq

CAs
m

eq C̃Vk�2

+ 4ñin
2

�

��− mC̃As
m − j

CAVj
eq

CAs
m

eq C̃AVj − k
CVk

eq

CAs
m

eq C̃Vk�
�x

. �36�

Equations �31�–�33� together with Eq. �35� �Eq. �36�� repre-
sent the full set of equations to calculate the diffusion pro-
files of donors �acceptors� As

m and of the other point defects
in reaction �26� for specific initial and boundary conditions.

In order to highlight general aspects of dopant diffusion
via the vacancy mechanism, approximations are considered
in the following, which lead to a differential equation of the
form of Eq. �14� with GX=0. In particular, two different
modes of dopant diffusion are distinguished. These are the
native-defect controlled and foreign-atom controlled modes
of diffusion. Each mode predicts characteristic diffusion pro-
files for As

m. The characteristic shape of the profiles reflects
the charge states of the point defects controlling the diffusion
process.

1. Native-defect-controlled diffusion mode

The vacancy-controlled mode of dopant diffusion is estab-
lished when the relationship DAVj

*
�DVk

* holds. The higher
transport capacity CAVj

eq DAVj of the dopant-defect pair com-
pared to CVk

eqDVk leads to an almost homogeneous distribution
of the dopant-vacancy pairs after sufficiently long diffusion

times, i.e., C̃AVj �1. Accordingly, Eq. �32� can be neglected.
The contribution of the direct diffusion of As

m to the total-
diffusion coefficient DA is generally small compared to the
indirect diffusion via AV pairs. Taking the difference be-
tween Eqs. �31� and �33� and assuming CVk

eq
�CAs

m
eq we obtain

�C̃As
m

�t
� −

�

�x
�DVk

* �C̃Vk

�x
+ k

C̃VkDVk
*

ñ�x�
�ñ�x�

�x
� . �37�

For local equilibrium of reaction �26�,

C̃As
mC̃Vk

C̃AVjñ�j−m−k�
= 1, �38�

and of reaction AVj + je−�AV0,

C̃AV0

C̃AVjñj
= 1, �39�

Eqs. �38� and �39� yield

C̃Vk =
C̃AV0ñ�−m−k�

C̃As
m

�
ñ�−m−k�

C̃As
m

, �40�

because C̃AV0 �1. For high donor concentrations, i.e., CAs
m

eq

exceeds nin, ñ� C̃As
m holds and Eq. �37� transforms with Eq.

�40� to a differential equation of the form

�C̃As
m

�t
−

�

�x
DAs

m
eff

�C̃As
m

�x
= 0, �41�

with an effective diffusivity of As
m �m� �+1, +2, . . . �� given

by

DAs
m

eff = �m + 1�DVk
* �C̃As

m�−m−k−2. �42�

For high concentrations of an acceptor As
m �m� �−1,

−2, . . . �� with p̃� C̃As
m, Eq. �41� with

DAs
m

eff = �− m + 1�DVk
* �C̃As

m�m+k−2 �43�

is obtained.

2. Foreign-atom-controlled diffusion mode

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

*
�DVk

* holds. The
higher transport capacity of the vacancies compared to that
of the dopant-defect pairs leads to an almost homogeneous

distribution of Vk after sufficiently long times, i.e., C̃Vk �1.
Accordingly, Eq. �33� can be neglected. Taking into account
that the direct diffusion of As

m is negligible compared to the
indirect diffusion of As

m via AV pairs and that CAVj
eq

�CAs
m

eq

holds, the sum of Eqs. �31� and �32� yields

�C̃As
m

�t
�

�

�x
�DAVj

* �C̃AVj

�x
+ j

C̃AVjDAVj
*

ñ�x�
�ñ�x�

�x
� . �44�

Assuming local equilibrium of reaction �26� and of the reac-
tion Vk+ke−�V0, which is expressed by Eq. �38� and

C̃V0

C̃Vkñk
= 1, �45�

respectively, one gets

C̃AVj � C̃As
mñ�m−j� = �C̃As

m��m−j+1�. �46�

For donors As
m�m= +1, +2, . . . �, with ñ� C̃As

m, Eq. �44� trans-
forms to Eq. �41� with
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DAs
m

eff = �m + 1�DAVj
* �C̃As

m�m−j . �47�

For acceptors As
m �m� �−1,−2, . . . �� with p̃� C̃As

m, the diffu-
sion coefficient in Eq. �41� is given by

DAs
m

eff = �− m + 1�DAVj
* �C̃As

m�−m+j . �48�

E. Dissociative mechanism

The dissociative mechanism is representative for the
mechanisms �4�, �6�, and �7�, 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 diffu-
sion via the dopant-defect pair assisted recombination
mechanism �6� �mechanism �7�� by replacing the defect�s� Ai

q

�Ai
q ,Vk� with AIv �AVj , Iu�.
Introducing forward and backward rate constants kf and

kb, respectively, the dissociative mechanism reads

Ai
q + Vk + �q + k − m�e−�

kb

kf

As
m. �49�

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

kf

kb
=

CAs
m

eq Co�nin
�q+k−m�

CAi
q

eqCVk
eq�neq��q+k−m�

, �50�

where Co� is the number density of interstitial sites. Taking
into account normalized concentrations and reduced diffu-
sivities, the differential-equation system for modeling dopant
diffusion via the dissociative mechanism �49� is

�C̃As
m

�t
=

�

�x
�DAs

m

�C̃As
m

�x
+ m

C̃As
mDAs

m

ñ�x�
�ñ�x�

�x
� + kbCo�nin

�q+k−m�

��C̃Ai
qC̃Vkñ�q+k−m� − C̃As

m� , �51�

CAi
q

eq

CAs
m

eq

�C̃Ai
q

�t
=

�

�x
�DAi

q
*

�C̃Ai
q

�x
+ q

C̃Ai
qDAi

q
*

ñ�x�
�ñ�x�

�x
� − kbCo�nin

�q+k−m�

��C̃Ai
qC̃Vkñ�q+k−m� − C̃As

m� , �52�

CVk
eq

CAs
m

eq

�C̃Vk

�t
=

�

�x
�DVk

* �C̃Vk

�x
+ k

C̃VkDVk
*

ñ�x�
�ñ�x�

�x
� − kbCo�nin

�q+k−m�

��C̃Ai
qC̃Vkñ�q+k−m� − C̃As

m� . �53�

The diffusion of a donor As
m �m� �+1, +2, . . . �� is described

by Eqs. �51�–�53� and by equations for ñ and 1
ñ�x�

�ñ�x�

�x that are

similar to Eq. �35�. For an acceptor As
m �m� �−1,−2, . . . ��, ñ

and 1
ñ

�ñ
�x are replaced with 1

p̃ and − 1
p̃

�p̃
�x , respectively, and sub-

stituted by expressions similar to Eq. �36�.

1. Native-defect-controlled diffusion mode

The native-defect-controlled mode of dopant diffusion ex-
ists when DAi

q
*

�DVk
* holds. The higher transport capacity

CAi
q

eqDAi
q compared to CVk

eqDVk leads to C̃Ai
q �1 after suffi-

ciently long times. Under this condition we can neglect Eq.
�52�. Taking the sum of Eqs. �51� and �53� and assuming that
the diffusion of As

m via direct exchange is small compared to
the indirect diffusion of As

m via Ai
q and that CVk

eq
�CAs

m
eq is

fulfilled, we obtain

�C̃As
m

�t
�

�

�x
�DVk

* �C̃Vk

�x
+ k

C̃VkDVk
*

ñ�x�
�ñ�x�

�x
� . �54�

Considering local equilibrium of reaction �49� and Ai
q

+qe−�Ai
0,

C̃As
m

C̃Ai
qC̃Vkñ�q+k−m�

= 1, �55�

C̃Ai
0

C̃Ai
qñq

= 1, �56�

we obtain

C̃Vk � C̃As
mñ�m−k�. �57�

For donors As
m �m� �+1, +2, . . . �� with ñ�x�� C̃As

m, Eq. �54�
transforms to Eq. �41� with

DAs
m

eff = �m + 1�DVk
* �C̃As

m�m−k. �58�

For acceptors As
m �m� �−1,−2, . . . �� with p̃� C̃As

m, Eq. �41�
with

DAs
m

eff = �− m + 1�DVk
* �C̃As

m�−m+k �59�

is obtained.

2. Foreign-atom-controlled diffusion mode

The foreign-atom-controlled mode of dopant diffusion via
the dissociative mechanism is established when DAi

q
*

�DVk
*

holds. Then, after sufficiently long times, thermal equilib-

rium of Vk is established, i.e., C̃Vk �1 and we can neglect Eq.
�53�. Taking the sum of Eqs. �51� and �52� and assuming
CAi

q
eq

�CAs
m

eq and DAs
m�=DAs

m
ex ��0, we obtain

�C̃As
m

�t
�

�

�x
�DAi

q
*

�C̃Ai
q

�x
+ q

C̃Ai
qDAi

q
*

ñ�x�
�ñ�x�

�x
� . �60�

With

C̃Ai
q � C̃As

mñ�m−q�, �61�

which results from Eqs. �45� and �55�, Eq. �60� reduces to
Eq. �41� with
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DAs
m

eff = �m + 1�DAi
q

* �C̃As
m�m−q. �62�

This effective diffusivity holds for donors As
m �m� �+1,

+2, . . . �� with ñ�x�� C̃As
m.

For acceptors As
m �m� �−1,−2, . . . �� with p̃� C̃As

m, DAs
m

eff in

Eq. �41� is given by

DAs
m

eff = �− m + 1�DAi
q

* �C̃As
m�−m+q. �63�

F. General aspects of dopant diffusion in semiconductors

The effective diffusion coefficients DAs
m

eff for the vacancy

�dissociative� mechanism in the native-defect-controlled
mode given by Eqs. �42� and �43� �Eqs. �58� and �59�� reveal
that dopant diffusion is affected by the charge states m and k
of As

m and Vk. On the other hand, the foreign-atom controlled

mode of dopant diffusion via the vacancy mechanism �disso-
ciative mechanism� is determined by the charge states m and
j �q� of As

m and AVj �Ai
q�, respectively �see Eqs. �47� and

�48�� �Eqs. �62� and �63��. Generally, the foreign-atom-
controlled mode of dopant diffusion via reactions �1�–�4� and
reactions �6� and �7� is not sensitive to the charge states of
the native point defects. The equations derived in Secs. II D
and II E for DAs

m
eff in the native-defect and foreign-atom-

controlled diffusion mode confirm expressions for the effec-
tive dopant-diffusion coefficient given by Gösele.26

Tables I and II summarize the concentration dependence
of DAs

m
eff for the vacancy mechanism and dissociative mecha-

nism, respectively, taking into account charge states of point
defects, which are relevant for dopant diffusion in semicon-
ductors. The charge state m of As

m was chosen 1+ �1− � be-
cause singly ionized donors �acceptors� are commonly used
for high n-type �p-type� doping of both elemental and com-
pound semiconductors. It is emphasized that the concentra-

TABLE I. Effective diffusion coefficients DAs
m

eff of the substitutional foreign atoms As
m obtained on the basis

of the vacancy mechanism �1� for �a� the native-defect-controlled mode �see Sec. II D 1� and �b� the foreign-
atom-controlled mode �see Sec. II D 2� of dopant diffusion. The concentration dependence of DAs

m
eff determines

the shape of the dopant profile. Typical diffusion profiles of an element A are shown in Fig. 2.

Vacancy mechanism: AVj + �j−m−k�e−�As
m+Vk

with m= +1�donor� with m=−1�acceptor�
Reaction �a� DAs

m
eff �b� DAs

m
eff Reaction �a� DAs

m
eff �b� DAs

m
eff

AV0+e−�As
++V2−

2DV2−
* �C̃As

+�−1 2DAV0
* �C̃As

+�1 AV0+e−�As
−+V0

2DV0
* �C̃As

−�−3 2DAV0
* �C̃As

−�1

AV0�As
++V1−

2DV−
* �C̃As

+�−2 2DAV0
* �C̃As

+�1 AV0�As
−+V+

2DV+
* �C̃As

−�−2 2DAV0
* �C̃As

−�1

AV0−e−�As
++V0

2DV0
* �C̃As

+�−3 2DAV0
* �C̃As

+�1 AV0−e−�As
−+V2+

2DV2+
* �C̃As

−�−1 2DAV0
* �C̃As

−�1

AV−�As
++V2−

2DV2−
* �C̃As

+�−1 2DAV−
* �C̃As

+�2 AV++2e−�As
−+V0

2DV0
* �C̃As

−�−3 2DAV+
* �C̃As

−�2

AV−−e−�As
++V−

2DV−
* �C̃As

+�−2 2DAV−
* �C̃As

+�2 AV++e−�As
−+V+

2DV+
* �C̃As

−�−2 2DAV+
* �C̃As

−�2

AV−−2e−�As
++V0

2DV0
* �C̃As

+�−3 2DAV−
* �C̃As

+�2 AV+�As
−+V2+

2DV2+
* �C̃As

−�−1 2DAV+
* �C̃As

−�2

TABLE II. Effective diffusion coefficients DAs
m

eff of the substitutional foreign atoms As
m obtained on the

basis of the dissociative mechanism �4� for �a� the native-defect-controlled mode �see Sec. II E 1� and �b� the
foreign-atom-controlled mode �see Sec. II E 2� of dopant diffusion. The concentration dependence of DAs

m
eff

determines the shape of the dopant-diffusion profile. Typical diffusion profiles of an element A are shown in
Fig. 2.

Dissociative mechanism: Ai
q+Vk+ �q+k−m�e−�As

m

with m= + �donor� with m=−1�acceptor�
Reaction �a� DAs

m
eff �b� DAs

m
eff Reaction �a� DAs

m
eff �b� DAs

m
eff

Ai
0+V2−−3e−�As

+
2DV2−

* �C̃As
+�3 2DAi

0
* �C̃As

+�1 Ai
0+V0+e−�As

−
2DV0

* �C̃As
−�1 2DAi

0
* �C̃As

−�1

Ai
0+V−−2e−�As

+
2DV−

* �C̃As
+�2 2DAi

0
* �C̃As

+�1 Ai
0+V++2e−�As

−
2DV+

* �C̃As
−�2 2DAi

0
* �C̃As

−�1

Ai
0+V0−e−�As

+
2DV0

* �C̃As
+�1 2DAi

0
* �C̃As

+�1 Ai
0+V2++3e−�As

−
2DV2+

* �C̃As
−�3 2DAi

0
* �C̃As

−�1

Ai
−+V2−−4e−�As

+
2DV2−

* �C̃As
+�3 2DAi

−
* �C̃As

+�2 Ai
++V0+2e−�As

−
2DV0

* �C̃As
−�1 2DAi

+
* �C̃As

−�2

Ai
−+V−−3e−�As

+
2DV−

* �C̃As
+�2 2DAi

−
* �C̃As

+�2 Ai
++V++3e−�As

−
2DV+

* �C̃As
−�2 2DAi

+
* �C̃As

−�2

Ai
−+V0−2e−�As

+
2DV0

* �C̃As
+�1 2DAi

−
* �C̃As

+�2 Ai
++V2++4e−�As

−
2DV2+

* �C̃As
−�3 2DAi

+
* �C̃As

−�2
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tion dependence of DAs
m

eff deduced for the vacancy mechanism

also holds for the interstitialcy �kick-out� mechanism given
by reaction �2� �reaction �3��. DAs

m
eff for the interstitialcy �kick-

out� mechanism is given by Table I 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, DAs

m
eff deduced

for the dissociative mechanism and given in Table II also
reflects DAs

m
eff of the dopant-defect pair-assisted recombination

mechanisms �6� and �7�. This shows that Tables I and II are
generally applicable to predict the concentration dependence
of DAs

m
eff for dopant diffusion via one of the mechanisms given

by reactions �1�–�4� and reactions �6� and �7�.
Table I reveals that DAs

m
eff is proportional to �CAs

m�r with r

� �−1,−2,−3� for the native-defect-controlled mode of dop-
ant diffusion via the vacancy mechanism. This power depen-
dence is a consequence of the charge states of Vk under high
n-type or p-type doping. A diffusion profile of an element A
with a concentration-dependent diffusion coefficient DA pro-
portional to �CA�−2 is illustrated in Fig. 2. The dopant profile
is characterized by a concave shape. On the other hand, the
foreign-atom-controlled mode of dopant diffusion via the va-
cancy mechanism yields that DAs

m
eff is proportional to �CAs

m�r

with r� �1,2�. This power dependence results from the
charge states of As

m and AVj. The corresponding dopant pro-
files are characterized by a convex shape. This box shape
gets more pronounced with increasing exponent r as demon-
strated by the calculated profiles shown in Fig. 2.

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 neu-
tral and negatively �positively� charged vacancies are fa-
vored under n-type �p-type� conditions �see Table II�. More
specifically, DAs

m
eff is proportional to �CAs

m�r with r� �1,2 ,3�
when Vk with k� �0,1− ,2− � �k� �0,1+ ,2+ �� mediate do-
nor �acceptor� diffusion. In the foreign-atom-controlled
mode DAs

m
eff is also proportional to �CAs

m�r with r� �1+ ,2+ �
when Ai

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

m and Ai
q, in the same way as for the va-

cancy mechanism. This demonstrates that the shape of dop-
ant profile alone cannot tell which diffusion mode is opera-
tive.

The scheme of the concentration dependence of DAs
m

eff

given by Tables I and II is very helpful for the understanding
of dopant profiles in Si and Ge and its alloys. The scheme
also holds for dopant diffusion in compound semiconductors
such as SiC,GaAs,GaSb,… in the case the diffusion process
is restricted to one sublattice. Also charge states of point
defects other than those considered in Tables I and II may
become important. Then the corresponding concentration de-
pendence of DAs

m
eff is given by Eqs. �42�, �43�, �58�, and �59�

for the native-defect-controlled mode and by Eqs. �47�, �48�,
�62�, and �63� for the foreign-atom-controlled mode.

It is evident from Tables I and II that the shape of the
profile alone is not sufficient to identify the mechanisms of

diffusion. A detailed analysis should include a direct com-
parison of the experimental profiles with numerical solutions
of the full partial-differential-equation system and a compari-
son of the reduced diffusion coefficients DX

* with self-
diffusion data. In general, several mechanisms can contribute
to dopant diffusion, which complicates the characterization
of the underlying mechanisms. In order to obtain comprehen-
sive information about the nature of the point defects, addi-
tional diffusion studies under various experimental condi-
tions must be performed. In this respect investigations of the
impact of self-interstitial and vacancy perturbations on dop-
ant diffusion are advantageous. Such experiments were ex-
tensively performed with silicon.1 Oxidation �nitridation� of
a bare Si surface is known to inject self-interstitials �vacan-
cies�. The results considerably contributed to our present un-
derstanding of dopant diffusion in this elemental semicon-
ductor �see e.g., Refs. 41–49�.

Recently, a new approach of studying dopant diffusion in
semiconductors was proposed by the author. These experi-
ments concern diffusion studies with isotopically enriched
semiconductor multilayer structures.50–55 By means of these
structures the impact of dopant diffusion on self-diffusion
can be investigated directly. Modeling of the simultaneous
self- and dopant diffusion is 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.54,55 The
mathematical treatment of the simultaneous diffusion is de-
scribed in the following section. Theoretical profiles are pre-
sented for a dopant that diffuses via the interstitialcy and
vacancy mechanisms. The calculations help to understand
the relation between self- and dopant diffusion and demon-
strate the potency of this new approach of studying dopant
diffusion. Specific experimental results obtained from mod-
eling dopant diffusion in Si isotope multilayer structures are
presented in Part II.

III. SIMULTANEOUS SELF- AND DOPANT DIFFUSION

A. Impact of doping on the formation of point defects

In the case when a foreign atom diffuses into a semicon-
ductor with an isotopically enriched multilayer structure, the
diffusion of host atoms can be affected both by point-defect
reactions and doping. The incorporation of foreign atoms on
substitutional sites takes place via the formation �annihila-
tion� of native-point defects. This can lead to native-defect
concentrations, which deviate from thermal equilibrium. As a
consequence the self-diffusion is enhanced �retarded� com-
pared to self-diffusion under thermal equilibrium. Addition-
ally, a high concentration of electrically active foreign atoms
can give rise to free-charge carriers that exceed the intrinsic
carrier concentration. As a consequence the position of the
Fermi level deviates from its intrinsic position Ef

in and, there-
with, the ratio of charged- to neutral-defect concentrations in
thermal equilibrium changes. For donors Xz+ and acceptors
Xz− with charge states z� �1,2 , . . . � and energy levels EXz+

and EXz− above the valence band Ev, this ratio reads39
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CXz+
eq

CX0
eq = gXz+ exp−

zEf − �
i=1

z

EXi+

kT
�

= gXz+ exp−

zEf
in − �

i=1

z

EXi+

kT
�� nin

neq�z

, �64�

and

CXz−
eq

CX0
eq =

1

gXz−
exp zEf − �

i=1

z

EXi−

kT
�

=
1

gXz−
exp zEf

in − �
i=1

z

EXi−

kT
�� nin

peq�z

, �65�

respectively, where neq �peq� represent the maximum free-
electron �hole� concentration. For high n-type �p-type� dop-
ing levels neq �peq� approximates the donor �acceptor� con-
centration CAs

m
eq �see Eq. �77��. The thermal-equilibrium

concentrations of the neutral defects CX0
eq are independent of

the position of the Fermi level Ef and given by

CX0
eq = exp�−

GX0
F

kT
� , �66�

where GX0
F is the free enthalpy of the formation of X0. The

degeneracy factor gX takes into account both the spin degen-
eracy of the defect and the degeneracy of the conduction and
the valence band. Equations �64� and �65� indicate that the
concentrations of donors and acceptors decrease �increase�
under n- and p-type doping �p- and n-type doping�, respec-
tively. Substituting Eq. �66� in Eqs. �64� and �65� it becomes
evident that the Fermi level alters the formation energy of a
charged defect. This impact of Ef on the formation of
charged-point defects is called the Fermi-level effect.

The total thermal-equilibrium concentration CX
eq of X is

given by the sum of the various contributions due to the
different charge states,

CX
eq = CX0

eq�1 + �
i=1

z CXi+
eq

CX0
eq + �

i=1

z CXi−
eq

CX0
eq � . �67�

Taking into account Eqs. �64� and �65�, CX
eq can be calculated

for a specific doping level when CX0
eq , the energy levels EX,

and degeneracy factors gX are known. The total transport
capacity CX

eqDX is given by a similar relationship,

CX
eqDX = CX0

eqDX0�1 + �
i=1

z CXi+
eq DXi+

CX0
eqDX0

+ �
i=1

z CXi−
eq DXi−

CX0
eqDX0

� .

�68�

Assuming that the diffusion coefficients of X are approxi-
mately equal for the various charge states, i.e., DX0 �DXi±, it
follows

CX
eqDX � CX0

eqDX0�1 + �
i=1

z CXi+
eq

CX0
eq + �

i=1

z CXi−
eq

CX0
eq � . �69�

With Eqs. �64�, �65�, and �69�, CX
eqDX can be calculated for a

specific doping level when CX0
eqDX0 and the energy levels EX

are known. On the other hand, the energy levels can be cal-
culated when the degeneracy factors of X, the total transport
capacity CX

eqDX and its individual contributions are known
provided that DX0 �DXi± holds.

Considering the ratio CXz
eq /CXz

eq,in between the equilibrium
concentration of X for extrinsic and intrinsic doping condi-
tions, Eqs. �64� and �65� yield

CXz
eq

CXz
eq,in = � nin

neq�z

, �70�

with z� �±1, ±2, . . �. The ratio of the equilibrium concentra-
tion of Xz for extrinsic and intrinsic doping does not depend
on the defect-energy levels. The transport capacity CXz

eqDXz

and reduced-diffusion coefficient DXz
* =CXz

eqDXz /CAs
m

eq for ex-

trinsic doping are associated with their intrinsic quantities
CXz

eq,inDXz and DXz
* �nin� via

CXz
eqDXz = CXz

eq,inDXz�neq

nin
�−z

, �71�

DXz
* =

CXz
eqDXz

CAs
m

eq =
CXz

eq,inDXz

CAs
m

eq,in �neq

nin
�m−z

= DXz
* �nin��neq

nin
�m−z

.

�72�

With Eqs. �71� and �72� CXz
eqDXz and DXz

* can be calculated for
any doping level when their intrinsic values are known. For
p-type doping, neq in Eqs. �70�–�72� is expressed by means
of neqpeq= �nin�2 with peq.

B. Impact of doping on self-diffusion

For modeling the simultaneous diffusion of self- and dop-
ant atoms in semiconductor isotope structures, the self-
diffusion equation together with the equations for dopant dif-
fusion must be solved. According to Eq. �14� the diffusion of
self-atoms is described by

�CZ

�t
−

�

�x
DZ

�CZ

�x
= 0, �73�

where Z denotes the self-atom in an elemental semiconductor
such as Si and Ge or the self-atom on the sublattice of a
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compound semiconductor. Since the concentration of dop-
ants is generally small compared to the number of host at-
oms, the self-atom concentration is not significantly affected
by the formation of As

m. Accordingly, the change of the host-
atom concentration via reactions �1�–�4� and reactions �6�
and �7� is neglected in Eq. �73�. However, dopant-defect
pairs such as AVj and AIv may contribute to self-diffusion.
Taking into account the contributions of Vk, Iu, AVj, and AIv,
the self-diffusion coefficient is

DZ = ��
k

fVkCVkDVk + �
u

fIuCIuDIu� 1

Co

+ ��
j

fAVjCAVjDAVj + �
v

fAIvCAIvDAIv� 1

Co
, �74�

where fV, f I, fAV, and fAI are the diffusion-correlation factors
of the particular defect. The sum reflects the contributions of

the different charged defects. With C̃X=CX /CX
eq and DX

*

=CX
eqDX /CAs

m
eq �X� �AVj ,AIv ,Vk , Iu�� the self-diffusion coeffi-

cient reads

DZ = ��
k

fVkDVk
* C̃Vk + �

u

fIuDIu
* C̃Iu�CAs

m
eq

Co

+ ��
j

fAVjDAVj
* C̃AVj + �

v
fAIvDAIv

* C̃AIv�CAs
m

eq

Co
. �75�

This expression of DZ is advantageous for numerically solv-
ing the differential equations of the simultaneous self- and
dopant-atom diffusion because it contains the same model

parameters DX
* and variables C̃X, which also enter the equa-

tion system of the vacancy mechanism �see Eqs. �31�–�33��
and the dissociative mechanism �see Eqs. �51�–�53��.

C. Simulation

For the simulation of self- and dopant diffusion in a semi-
conductor isotope heterostructure the formation of a substi-
tutionally dissolved single acceptor As

−�m=−1� via reactions
�2� and �6� is considered. The dopant-defect pair is assumed
to exist in neutral and singly positively charged states, i.e.,
AIv� �AI0 ,AI+�. Various charge states are taken into account
for the self-interstitials Iu� �I− , I0 , I+ , I2+� and vacancies Vk

� �V− ,V0 ,V+ ,V2+�. This amounts to 11 different point de-
fects involved in the diffusion process. Accordingly, we get a
system of 11 differential equations. Compared to Eqs.
�31�–�33� and Eqs. �51�–�53�, the differential equations con-
tain additional terms, which account for the formation �anni-
hilation� of the point defects via the various reactions. The
numerical solution of the equation system is determined by
the boundary and initial concentrations of the point defects
and the settings of the model parameters. In order to model
the diffusion of an acceptor into an undoped semiconductor
it is assumed that the equilibrium concentrations for extrinsic
doping conditions are instantaneously established at the sur-

face, i.e., C̃X�x=0, t�=1 with X� �As
− ,AIv ,Vk , Iu�. The initial

concentrations of Vk and Iu are set to the thermal equilibrium

under intrinsic conditions, i.e., C̃Vk�x	0, t=0�=CVk
eq,in /CVk

eq

= �nin / peq�k and C̃Iu�x	0, t=0�=CIu
eq,in /CIu

eq= �nin / peq�u.56 The

initial concentration of As
− is set to C̃As

−�x	0, t=0�=10−10

and therewith below the detection limit of common instru-
ments for trace analysis. Prior to the diffusion process, reac-
tions �2� and �6� are in local equilibrium. Accordingly, the
initial concentration of AIv is given by

C̃AIv�x 	 0,t = 0� = �p̃�x 	 0,t = 0���v−u+1�10−10. �76�

p̃�x	0, t=0�=nin / peq denotes the normalized initial free-
hole concentration with the maximum free-hole concentra-
tion

peq =
1

2
�CAs

−
eq − kCVk

eq − uCIu
eq − vCAIv

eq �

+
1

2

�CAs

−
eq − kCVk

eq − uCIu
eq − vCAIv

eq �2 + 4nin
2 . �77�

Assuming that CX
eq�X� �Vk , Iu ,AIv�� is small compared to

CAs
−

eq and that CAs
−

eq significantly exceeds nin, then peq�CAs
−

eq

holds. This is in many cases a good approximation for ex-
trinsic doping conditions.

The differential-equation system is solved numerically us-
ing a software package provided by Jüngling et al.57 Addi-
tionally, Eq. �73� with DZ given by Eq. �75� is solved. For the

FIG. 3. Numerical calculations of the simultaneous diffusion of
foreign atoms A and self-atoms Z in an isotope multilayer structure
for the foreign-atom-controlled diffusion mode. The dashed line
represents the initial distribution of the self-atoms. The diffusion of
A proceeds via mobile AIv pairs with charge states v� �0, +1�.
Single acceptors As

− are formed via reactions �2� and �6�, which only
involve neutral native-point defects. As

− profiles �solid lines� ob-
tained for DAI+

* /DAI0
* =0.1, 1, and 10 confirm the concentration de-

pendence of DAs
−

eff derived in Secs. II D 2 and II E 2. The correspond-

ing self-atom profile �upper solid line� indicates a homogeneous
broadening, which shows that the concentrations of neutral native
defects �lower solid lines� are close to thermal equilibrium.
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initial concentration of the host atoms the distribution illus-
trated by the dashed line in Fig. 3 is used. This describes a
30Si profile in a natSi/ 28Si multilayer structure.54 The struc-
ture was used for the investigation of the simultaneous dif-
fusion of self- and dopant atoms in Si.50–55 Diffusion times of
several minutes were assumed that are sufficient to establish
local equilibrium of reactions �2� and �6�. Under these con-
ditions the reaction rates do not affect the shape of the cal-
culated profiles. The diffusion of As

− via direct exchange with
adjacent lattice atoms was neglected compared to the indirect
diffusion of As

−, i.e., DAs
− �0. The remaining model param-

eters of the differential equations are the reduced diffusion
coefficients DX

* =CX
eqDX /CAs

−
eq and reduced equilibrium con-

centrations CX
eq/CAs

−
eq with X� �AIv ,Vk , Iu�. The parameter

CAIv
eq /CAs

−
eq is set to 10−3. This is certainly a good approxima-

tion for a mainly substitutionally dissolved dopant. Values
several orders of magnitude lower were used for CIu

eq/CAs
−

eq and

CVk
eq /CAs

−
eq . With these settings for CX

eq/CAs
−

eq , the calculated pro-

files C̃As
− are fairly insensitive to the equilibrium concentra-

tions CX
eq �Ref. 58� and the dopant profile is mainly deter-

mined by DX
* =CX

eqDX /CAs
−

eq �X� �AIv ,Vk , Iu��. In the case that

the equilibrium concentrations of native-point defects is sev-
eral orders of magnitude higher, dopant diffusion can be sen-
sitive to the native defect concentration. An example is the
diffusion of Zn in GaSb.59 Details about this study will be
published elsewhere. In the following, simulations of dopant
diffusion via reactions �2� and �6� under the above-
mentioned constraints are shown for the foreign-atom and
native-defect-controlled modes and, in addition, for an inter-
mediate diffusion mode.

1. Foreign-atom-controlled mode

For the simulation of the foreign-atom-controlled dopant
diffusion via reactions �2� and �6� the model parameters DX

*

were set according to the relationship DAIv
*

�DVk,Iu
* , which

must hold for this mode. Figure 3 illustrates calculated con-
centration profiles of As

−. The numerical solution of the
differential-equation system also provides the corresponding
concentration profiles of Vk and Iu. Figure 3 reveals that their

concentrations are close to thermal equilibrium, i.e., C̃Vk,Iu

�1, indicating that the foreign-atom-controlled diffusion
mode is established. Simulations were performed with differ-
ent values of DAI+

* /DAI0
* . The shape of the dopant profile be-

comes more box-shaped when the contribution of AI+ pairs
to dopant diffusion exceeds that of AI0. The dopant profile
calculated for DAI+

* /DAI0
* =0.1 reflects an effective diffusivity

DAs
−

eff that is proportional to CAs
−. For DAI+

* /DAI0
* =10 the appar-

ent diffusion coefficient of As
− is proportional to �CAs

−�2. This
dependence of the dopant profile on the difference in charge
of As

− and AIv confirms the expressions derived for DAs
m

eff in

Secs. II D 2 and II E 2. In addition to the As
− profile, the

diffusion of self-atoms via vacancies and self-interstitials
was calculated. The initial self-atom distribution �see the
dashed line in Fig. 3� is representative for an isotope

multilayer structure. In the case when both vacancies and
self-interstitials are neutral even under extrinsic doping, a
homogeneous broadening of the multilayer structure is ex-
pected that is confirmed by the calculations.

Figure 4 shows simulations for DAI+
* /DAI0

* =1.0 assuming
that only neutral native-point defects �solid lines� or both
neutral and charged self-interstitial �dashed lines� are in-
volved in reactions �2� and �6�. The simulations reveal that
the As

− profiles and the corresponding V and I profiles �not
shown� are fairly insensitive to the charge states of V and I.
However, the diffusion of the self-atoms within the extrinsic
region of the dopant profile is clearly sensitive to the charge
states of Iu. For singly positively charged self-interstitials
that introduce a donor level in the middle of the band gap,
the concentration of I+ increases with increasing p-type dop-
ing. As a consequence the self-diffusion is enhanced �upper
wide dashed line� compared to intrinsic conditions �upper
solid line�. Self-diffusion is even more enhanced within the
dopant-diffused region when doubly positively charged self-
interstitials I2+ dominate �see upper short-dashed line in Fig.
4�. If I− exists, the self-diffusion is retarded within the ex-
trinsic region of the dopant profile �upper long-short dashed
line�.

The simulations illustrated in Figs. 3 and 4 demonstrate
that the diffusion of an element A, which proceeds in a
foreign-atom-controlled mode �DAIv

*
�DVk,Iu

* �, cannot provide
any information about native-point defects. However, the
charge states of the native-point defects become apparent
when the dopant diffuses into an isotope structure. This is
experimentally confirmed by the diffusion of As in Si isotope

FIG. 4. Numerical calculations of the simultaneous diffusion of
foreign atoms A and self-atoms Z in an isotope multilayer structure
for the foreign-atom-controlled mode. The simulations were per-
formed for DAI+

* /DAI0
* =1. Only V0 and I0 �solid lines�, I+ �wide-

dashed lines�, I2+ �short-dashed lines�, or I− �long-short-dashed
lines� were taken into account in reactions �2� and �6�. Whereas the
As

− profile is fairly insensitive to the charge states of the native-point
defects, the self-diffusion within the extrinsic region of the acceptor
profile depends on the charge state of I. The observed slight devia-
tion among the As

− profiles is due to small variations in the corre-
sponding profiles of V and I �not shown�.
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multilayer structures �see Part II�. Nevertheless, it is difficult
to specify the nature and properties of native-point defects
from the foreign-atom-controlled diffusion of dopants into an
isotope structure when both vacancies and self-interstitials
contribute to self-diffusion. Then diffusion conditions yield-
ing a dominance of one type of native defect are advanta-
geous. Provided that the native defect controls dopant diffu-
sion the simultaneous diffusion of self- and dopant atoms
yields unambiguous information about the properties of the
native defect. This native-defect-controlled mode of dopant
diffusion can be realized by an athermal generation of de-
fects via particle irradiation or via specific surface reactions.
In addition, this mode can be established by the diffusion
mechanism itself since all reactions �1�–�7� act as sinks
�sources� for native defects. In the following, simulations for
the native-defect-controlled mode of dopant diffusion and its
impact on self-diffusion are shown. Experiments in this line
help to identify the type and charge states of native-point
defects involved in the diffusion process �see Part II�.

2. Native-defect-controlled mode

For the simulation of the native-defect-controlled mode of
dopant diffusion via reactions �2� and �6� the model param-
eters DX

* were set according to the relationship DAIv
*

�DVk,Iu
* .

First we consider that the charge states of V and I are neutral.
Then extrinsic doping will not affect self-diffusion. How-
ever, the concentration of V and I associated with the forma-
tion of As

− can significantly deviate from thermal equilibrium.

Figure 5 shows corresponding simulations of dopant diffu-
sion in an isotope structure. An enhanced self-diffusion with
increasing penetration depth is observed. This enhancement
is due to the I supersaturation, which is created by the for-
mation of As

− via reaction �2�. The inhomogeneous broaden-
ing of the multilayer structure reflects the deviation of the
native-defect concentration from thermal equilibrium. This
deviation is visualized by the normalized concentrations of V
and I shown in Fig. 5 �see the long-dashed lines�. The super-
saturation �undersaturation� of I �V� raises �suppresses� the
contribution of reaction �2� �reaction �6�� to the formation of
As

−. Accordingly, the As
− profile is mainly determined by re-

action �2�. The concave shape of the As
− profile is in accord

with a concentration dependence of DAs
−

eff
� �C̃As

−�−3. This con-

firms the predictions for DAs
−

eff derived for the interstitialcy

mechanism60 when a neutral self-interstitial is assumed �see
the right-hand side of Table I�. For I+ and I2+ the simulations
yield As

− profiles whose shape changes according to DAs
−

eff

� �C̃As
−�−2 and DAs

−
eff

� �C̃As
−�−1, respectively. This is demon-

strated by the profiles shown in Fig. 6.
Experimentally the pure native-defect-controlled diffusion

mode is hardly established since it requires that C̃AIv�1
holds. In general, dopant profiles in semiconductors exhibit a
limited penetration depth. At the diffusion front the forma-
tion of As

− is not only controlled by native-point defects but
also by the supply of the mobile dopant-defect pair. Hence,
the native-defect-controlled mode of dopant diffusion be-
comes experimentally only visible in the shape of the dopant
profile close to the surface.

FIG. 5. Numerical calculations of the simultaneous diffusion of
foreign atoms A and self-atoms Z in an isotope multilayer structure
for the native-defect-controlled mode. The simulations were per-
formed on the basis of reactions �2� and �6� with AI0, As

−, V0, and I0.
The short-dashed line indicates the initial distribution of the self-
atoms. The enhanced self-diffusion with increasing penetration
depth �upper solid line� is due to the I supersaturation �upper long-
dashed line�. The concave shape of the As

− profile �lower solid line�
is mainly determined by reaction �2�. This reaction leads to a con-

centration dependence of DAs
−

eff
� �C̃As

−�−3 �see the right-hand side of

Table I�.

FIG. 6. Numerical calculations of the diffusion of As
−, V, and I

performed on the basis of reactions �2� and �6� for the native-defect-
controlled diffusion mode. The solid lines show the results for V0

and I0. The long-dashed and short-dashed lines represent calcula-
tions for I+ and I2+, respectively. The shape of the As

− profiles

changes from DAs
−

eff
� �C̃As

−�−3, ��C̃As
−�−2, and ��C̃As

−�−1 with increas-

ing charge state.

SELF- AND FOREIGN-ATOM…. I. CONTINUUM… PHYSICAL REVIEW B 75, 035210 �2007�

035210-13



3. Intermediate mode of diffusion

The intermediate mode of dopant diffusion is obtained
when the transport coefficients of the mobile dopant-defect
pairs CAV,AI

eq DAV,AI or of the interstitial foreign atoms CAi

eqDAi

are of the same order of magnitude as CV,I
eq DV,I. Simulations

for this mode are illustrated in Fig. 7. Again reactions �2� and
�6� with various charge states of the native defects were con-
sidered. The figure demonstrates that the shape of the As

−

profiles becomes more boxlike when the charge state of the
self-interstitial changes from neutral to single and double
positive. In the case that only neutral native defects exist, the
depth-dependent broadening of the multilayer structure re-
flects the I supersaturation. In the case that positively
charged self-interstitials exist, the impact of the Fermi level
on the equilibrium concentration of I+ leads to an increased
self-diffusion in the region of high dopant concentrations.
This increase is even more pronounced when the self-
interstitials are doubly positively charged. With the increas-
ing transport capacity of positively charged self-interstitials
the supersaturation gets lower. This in turn affects the shape
of the As

− profile. Finally, when CV,I approach the equilibrium
value CV,I

eq , the dopant profile is fully box-shaped. Now the
foreign-atom-controlled mode is established and the dopant
profile has lost its sensitivity to the transport coefficients of
the native-point defects.

Equation �75� takes into consideration that mobile dopant-
defect pairs contribute to self-diffusion. This contribution
can be significant for the native defect and intermediate
mode of dopant diffusion when DAVj,AIv

*

DVk,Iu

* holds. Figure
8 shows corresponding simulations of acceptor diffusion tak-
ing into account neutral AI0 pairs with diffusion-correlation
factors fAI0 =0.0 �solid lines� and fAI0 =1.0 �dashed lines�. In

the first case the pairs do not affect self-diffusion and in the
later case they lead to an enhanced self-diffusion within the
high concentration region of the dopant profile. This shows
that dopant diffusion in the native-defect and intermediate-
diffusion mode can help to differentiate between mobile in-
terstitial foreign atoms and mobile dopant-defect pairs pro-
vided that the correlation factors for self-diffusion via pairs
are not too small.

Another interesting aspect of the simultaneous self- and
foreign-atom diffusion is whether such experiments can dis-

FIG. 9. Simulations of acceptor As
− and self-atom diffusion as-

suming a normal �dashed lines� and reversed �solid lines� level or-
dering for self-interstitials. The simulations are representative for B
diffusion in Si �see Part II�.

FIG. 7. Numerical simulations of As
−, V, and I profiles per-

formed on the basis of reactions �2� and �6� for an intermediate
mode of dopant diffusion �see text for details�. The solid, long-
dashed, and short-dashed lines represent calculations for I0, I+, and
I2+, respectively. The As

− profile becomes more box-shaped when
the concentrations of V and I approach thermal equilibrium. The
impact of doping on the equilibrium concentration of I+ and I2+

leads to the enhanced self-diffusion in the region of extrinsic
doping.

FIG. 8. Calculated acceptor As
− and self-atom-diffusion profiles

and the corresponding normalized concentrations of V and I. The
simulations were performed on the basis of reactions �2� and �6� for
DAI0

*

DVk,Iu

* representing the intermediate and native-defect-
controlled mode of dopant diffusion. Depending on the diffusion-
correlation factor fAI0 the self-diffusion can be affected by dopant-
defect pairs �dashed line: fAI0 =1.0� or not �solid line: fAI0 =0.0�. The
model parameters used for the simulations are representative for B
diffusion in Si �see Part II�.
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tinguish between normal and reversed level ordering of
charged native defects. A reversed level ordering �negative-U
center� was first predicted by theory61 and subsequently
proven by experiment62,63 for the vacancy in silicon. Accord-
ing to the calculations of Car et al.,4 the self-interstitial in
silicon also behaves as a negative-U center. I2+ is the stable
defect when the Fermi level Ef is in the lower half of the
band gap whereas I0 is preferred when Ef is in the upper half
of the gap. I+ is not a stable defect for any position of the
Fermi level. Figure 9 illustrates simulations of the diffusion
of an acceptor dopant via reactions �2� and �6� assuming a
normal and reversed level ordering for self-interstitials. The
model parameters used for the simulations are representative
for modeling the diffusion of B in Si isotope structures �see
Part II�. Both the acceptor and self-atom profiles change
when the level ordering of the self-interstitials is reversed.
This demonstrates that diffusion studies can in principle pro-
vide evidence for the level ordering. However, the level or-
dering is hardly obtained when the analysis is concerned
only with the diffusion of one dopant in an isotope structure
because the small differences observed in Fig. 9 between the
profiles can be compensated with other model parameters.
But the demand to describe the diffusion of both acceptors
and donors in semiconductor isotope structures with the
same set of defect energy levels offers an additional con-
straint to determine the level ordering. In Part II the energy-
level diagram of the native defects in Si is deduced from
modeling the diffusion of B, As, and P in Si isotope
multilayer structures and is compared with theoretical pre-
dictions for zero K. The simulations indicate a reversed level
for Si self-interstitials also at high temperatures.

IV. CONCLUSION

Continuum theoretical calculations of atomic diffusion in
semiconductors based on differential equations offer a robust
and fast approach to describe experimental diffusion profiles.
With this approach the impact of doping on self- and foreign-
atom diffusion can be treated and therewith makes possible
the description of the simultaneous diffusion of self- and
foreign atoms in an isotopically controlled semiconductor.
The simulations reveal the significance of the various model
parameters on the shape of the dopant profile. In many cases
the diffusion process is mainly determined by the transport
coefficients CX

eqDX 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 re-

lationships between the experimentally apparent effective
diffusion coefficient of the dopant atom and the native-point
defect that controls the formation of the substitutional dopant
As

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

With the availability of isotopically controlled semicon-
ductor multilayer structures, advanced diffusion studies can
be performed whose analysis provides valuable information
about the properties of native-point defects. The advantages
of such studies become evident by simulations of the
foreign-atom- and native-defect-controlled modes of dopant
diffusion in an isotope multilayer structure. In the first case
the charge states of native-point defects can be determined,
which are not accessible when only the dopant profile is
analyzed. In the latter case the diffusion profiles allow us to
distinguish between the impact of doping and defect reac-
tions on self-diffusion. Since one type of native defect is
favored in the native-defect-controlled mode, the charge
states and transport properties of this defect can be deter-
mined.

Due to the complexity of atomic-mass transport in semi-
conductors, which often proceeds via various mechanisms, it
can be difficult to unambiguously identify the nature and
charge states of point defects by means of diffusion experi-
ments with one dopant element. A comprehensive study of
dopant diffusion in semiconductors must consider the diffu-
sion of n- and p-type dopants. Ideally, diffusion profiles of
various dopants should be analyzed simultaneously in order
to achieve a consistent picture on the diffusion mechanisms
and properties of the point defects. The accomplishment of
this challenging task was difficult due to the lack of appro-
priate semiconductor isotope heterostructures for diffusion
experiments and the limited computer capacity. These re-
strictions no longer exist. Today, sophisticated diffusion stud-
ies can be performed with well-designed material hetero-
structures and the computing capacity of today’s personal
computers is sufficient to solve the complex diffusion equa-
tions 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. In Part II the continuum theoretical ap-
proach described in this paper is applied to model the diffu-
sion of B, P, and As in Si isotope multilayer structures.
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