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We report the diffusion of boron, arsenic, and phosphorus in silicon isotope multilayer structures at tem-
peratures between 850 °C and 1100 °C. The diffusion of all dopants and self-atoms at a given temperature is
modeled with the same setting of all native-point-defect-related parameters. The evaluation of the relative
contributions of charged native-point defects to self-diffusion enables us to determine the defect energy levels
introduced by the native-point defects in the Si band gap. Making allowance for the fact that the band gap and
the energy levels change with temperature, an energy-level diagram of the native-point defects is obtained that
shows a reversed level ordering for the donor levels of the self-interstitials. In accord with the general state of
knowledge, the diffusion of boron is mainly mediated by self-interstitials whereas the properties of both
vacancies and self-interstitials are important to model arsenic and phosphorus diffusion. The simultaneous
diffusion of phosphorus and silicon requires the existence of a singly positively charged interstitial phosphorus.
It is the diffusion of this defect that strongly affects the shape of the phosphorus diffusion tail and not entirely
the supersaturation of self-interstitials argued so far. Taking into account the mechanisms of dopant diffusion
and the properties of native-point defects determined from the simultaneous diffusion experiments, let us
describe accurately dopant profiles given in the literature. Altogether, this work provides overall consistent data
for modeling dopant and self-diffusion in Si for various experimental conditions. A comparison of experimen-
tally and theoretically determined activation enthalpies of self- and dopant diffusion shows excellent agreement
for self-interstitial-mediated diffusion but significant differences for vacancy-mediated diffusion in Si. This
disagreement either reflects the deficiency of first-principle calculations to accurately predict the energy band
gap of Si or points to a still-remaining lack in our understanding of diffusion in Si.
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I. INTRODUCTION

The progressive miniaturization of Si electronic devices
depends strongly on sharply delineated shallow dopant pro-
files and high doping concentrations. The maximum solubil-
ity of common dopants such as boron �B�, phosphorus �P�,
and arsenic �As� in silicon �Si� is close to or higher than
1020 cm−3 at typical Si processing temperatures between
800 °C and 1200 °C.1 As a consequence the free-carrier
concentration introduced by doping exceeds the intrinsic-
carrier concentration. Electronically extrinsic doping condi-
tions affect the formation of charged-point defects and hence
the dopant-diffusion process itself, which involves both dop-
ant atoms and native-point defects. Accordingly, detailed in-
formation about diffusion mechanisms and point-defect
properties under extrinsic doping conditions are required for
predictive modeling of dopant diffusion in Si under various
experimental conditions.

The mechanisms of self- and dopant diffusion in Si have
been investigated extensively over the past decades. Numer-
ous papers on the diffusion of B, As, P, and antimony �Sb�
have been published.2 Modeling of dopant diffusion taking
into account appropriate diffusion mechanisms shows that
dopant diffusion in Si is fairly well understood.3,4 However,
the charge states of native-point defects involved in the
dopant-diffusion processes are still not known in detail as
well as the corresponding relative contributions to self-
diffusion.

More detailed information about the properties of native-
point defects and the mechanisms of dopant diffusion in Si
can be obtained from simultaneous dopant and self-diffusion
experiments with isotopically controlled Si multilayer struc-
tures �see Part I�. These studies, which are the subject of the
present work, represent a strict consistency check of our
present understanding of dopant diffusion in Si. It is demon-
strated that several important aspects of dopant diffusion in
Si were and are not correctly understood.

Experiments on the simultaneous self- and dopant diffu-
sion are described in Sec. II. Concentration profiles of B, As,
and P and the corresponding Si profiles are shown in Sec. III.
The diffusion mechanisms and model parameters considered
for modeling the experimental profiles are introduced in Sec.
IV. The results obtained from the analysis of dopant diffusion
in Si isotope multilayer structures and from dopant profiles
in natural Si given in the literature are summarized and dis-
cussed in Secs V and VI, respectively. Section VII concludes
the paper.

II. EXPERIMENTAL

A Si isotope multilayer structure was grown via chemical-
vapor deposition at Lawrence Semiconductor Research
Laboratory �Tempe, AZ� on a �100�-oriented B-doped Si sub-
strate wafer with a resistivity higher than 10 � cm. The
structure consists of a 200-nm-thick Si buffer layer grown on

PHYSICAL REVIEW B 75, 035211 �2007�

1098-0121/2007/75�3�/035211�21� ©2007 The American Physical Society035211-1

http://dx.doi.org/10.1103/PhysRevB.75.035211


the Si substrate and five 120-nm-thick highly enriched 28Si
layers, which are separated from each other by a
120-nm-thick natural Si layer. A 200-nm-thick natural Si
layer was grown on top of the structure. After the growth of
the single-crystalline isotope structure a 250-nm-thick amor-
phous natural Si layer was deposited by means of low-
temperature molecular-beam epitaxy. B+ was implanted at a
dose of 7�1015 cm−2 at 32 keV and 1�1016 cm−2 at
37 keV. A heavily doped As diffusion source was prepared
by sequential implants of As+ at 130 keV with a dose of
0.7�1016 cm−2 and 1�1016 cm−2 at 160 keV into the amor-
phous cap layer. A P diffusion source was created by P+

implantation at 65 and 75 keV each at 7�1015 cm−2. Under
these implantation conditions the dopants reside in the amor-
phous cap layer and the implantation damage is mainly gen-
erated in the amorphous layer and not in the crystalline iso-
tope structure. Another piece of the isotope structure was
implanted with Si ions at 50 and 65 keV with doses of 7
�1015 cm−2 and 1�1016 cm−2, respectively. The dopant and
Si concentration profiles of the As-implanted isotope struc-
ture prior to annealing are illustrated in Fig. 1. The profiles
of the B- and P-implanted isotope structures look similar.
After implantation, samples of 4�4 mm2 in dimension were
sealed under argon in silica ampoules and annealed in a
resistance-heated furnace at appropriate temperatures and
times. Annealing of the P-implanted samples causes a root-
mean-square �rms� surface roughness of approximately
100 nm, which was determined by means of atomic-force
microscopy. Since this surface roughness would considerably
limit the depth resolution of the diffusion profiles measured
by means of secondary-ion-mass spectrometry �SIMS�, all
P-diffused samples were polished to a rms surface roughness
of 10 nm or less. The mechanical polishing was performed
on a Logitech PM5 polishing machine using Syton HT50
colloidal silica as the slurry on a MD-Chem cloth polishing
pad.5 This surface treatment improved the depth resolution
by almost two orders of magnitude. No surface degradation
was observed after annealing of the B- and As-implanted
samples. The distribution of the dopants �B, As, or P� and
self-atom �30Si� were recorded with SIMS on an ATOMIKA

4500. More details about the sample preparation for the dif-
fusion anneals and SIMS profiling are given in Refs. 5–9.

The Si-implanted sample was used to simulate the impact
of ion implantation in the amorphous cap layer on Si self-
diffusion in the underlying crystalline isotope structures.
Several diffusion anneals were performed at temperatures
and times similar to those used for the dopant-diffusion ex-
periments. All 30Si profiles obtained after annealing reveal a
homogeneous broadening of the entire isotope structure.7

The broadening is accurately described with our former re-
sults of self-diffusion under intrinsic and thermal-equilibrium
conditions.10–12 This demonstrates that ion implantation into
the amorphous cap layer and even the recrystallization of the
cap layer during annealing does not cause any significant
transient enhanced diffusion. Obviously the excess defects
created by ion implantation are effectively absorbed within
the amorphous top layer and do not lead to excess native-
defect concentrations in the under lying crystalline layers.

III. DIFFUSION PROFILES

Concentration profiles of 11B, 75As, and 31P along with
the corresponding 30Si profiles measured with SIMS after
diffusion annealing are shown in Figs. 2–4, respectively. Fig-
ure 2 shows that the Si profile associated with the in-
diffusion of B reveals a faster Si diffusion for high B con-
centrations close to the amorphous �crystalline� interface
than at the B diffusion front. A comparison of the Si profile
obtained by in-diffusion of B with that expected for intrinsic
and thermal-equilibrium conditions reveals a slightly higher
Si diffusivity under B in-diffusion even at the deepest
28Si/ natSi interface �see Fig. 2�d��.

Si profiles obtained by As diffusion show an enhanced Si
diffusion within the topmost isotope layers. Here the As dop-
ing 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 �see Fig. 3�d��.

Si profiles associated with the diffusion of P also indicate
an enhanced interdiffusion of the topmost natural and isoto-
pically enriched layers �see Fig. 4�d��. 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 is a surprising re-
sult because the pronounced tail of P profiles, which are
clearly at variance with the box-shaped As profiles, are gen-
erally argued to be due to a supersaturation of Si
self-interstitials.4,13 The broadening of the Si profiles demon-
strates that the supersaturation of self-interstitials due to P
diffusion is significantly lower than generally expected.

The concentration profiles of P and Si within the topmost
ion-implanted amorphous Si layer are missing in Fig. 4 be-
cause this layer was removed prior to SIMS profiling. This
had little effect on the P profile as demonstrated by Fig. 4�c�,
which shows the P profiles before and after removing the cap
layer.

The depth-dependent broadening of the Si isotope struc-
ture observed after dopant diffusion is caused by the follow-
ing: �i� The formation of charged-point defects depends on

FIG. 1. SIMS concentration profiles of 75As, 28Si, and 30Si of
the As-implanted Si isotope multilayer structure.
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the position of the Fermi level �see Part I�. As a consequence
the thermal-equilibrium concentration of charged-native-
point defects is altered by doping and therewith the self-
diffusion coefficient. �ii� Dopant diffusion can lead to con-
centrations of native-point defects, which deviate from
thermal equilibrium. This, in particular, holds for the native-

defect-controlled mode of dopant diffusion �see Part I�. �iii�
AV and AI pairs between the dopant A and the vacancy and
self-interstitial can contribute to Si self-diffusion �see Eq.
�74� in Part I�. Whether such pairs contribute significantly to
self-diffusion depends on the magnitude of the transport co-
efficients CAV

eq DAV and CAI
eqDAI compared to those of the na-

FIG. 2. SIMS concentration profiles of 11B and 30Si after annealing of the B-implanted isotope structure at the temperatures and times
indicated in the figures. A reduced number of data points are shown for clarity. The solid lines in �a�–�f� represent best fits on the basis of
reactions �1� and �2�. The lower dashed lines show the corresponding calculated super- and undersaturation of self-interstitials and vacancies,
respectively, which refer to the right ordinate. The upper dashed line in �d� illustrates the Si profile that is expected in the case when Si
diffusion proceeds under electronically intrinsic �n= p=nin� and thermal-equilibrium conditions �CV,I=CV,I

eq �.
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tive defects and on the correlation factors for self-diffusion
via AV and AI. In order to determine the significance of
�i�–�iii� for the simultaneous diffusion of self- and dopant
atoms, the profiles shown in Figs. 2–4 were analyzed on the

basis of a continuum theoretical approach that takes into ac-
count appropriate diffusion-reaction equations. Details of the
mathematical description are given in Part I. In the following
the mechanisms that were used for modeling are presented.

FIG. 3. SIMS concentration profiles of 75As and 30Si after annealing of the As-implanted Si isotope structure at the temperatures and
times indicated in the figures. A reduced number of data points are shown for clarity. The solid lines in �a�–�f� represent best fits based on
the reactions �3�–�6�. The lower dashed lines show the corresponding normalized concentrations of self-interstitials and vacancies. The
concentration of these native defects is close to the thermal-equilibrium value, i.e., CI /CI

eq�1 and CV /CV
eq�1. The upper dashed line in �d�

shows the Si profile that is expected in the case when Si diffusion proceeds under intrinsic and thermal-equilibrium conditions.
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IV. MECHANISMS OF DOPANT DIFFUSION IN SILICON

A. Diffusion of boron

The diffusion of B in Si is known to be enhanced by the
injection of self-interstitials �I� �Refs. 14 and 15� and re-

tarded by a vacancy �V� injection.16,17 These experiments
reveal that B mainly diffuses via B interstitials �Bi� or BI
pairs rather than via BV pairs.18 The in-diffusion of B at high
boundary concentrations of electrically active substitutional
Bs is known to create an I supersaturation.4 Isoconcentration-

FIG. 4. SIMS concentration profiles of 31P and 30Si after annealing of the P-implanted Si isotope structure at temperatures and times
indicated in the figures. A reduced number of data points are shown for clarity. The solid lines in �a�–�f� represent best fits on the basis of
the reactions �7�–�10�. The lower dashed lines show the corresponding super- and undersaturation of self-interstitials and vacancies,
respectively. The upper dashed line in �d� is the Si profile that is expected in the case Si diffusion proceeds under intrinsic and thermal-
equilibrium conditions. �c� shows a comparison between the P profile measured before ��� and after ��� removing the top amorphous layer.
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diffusion experiments showed that the B diffusivity is pro-
portional to B concentration.19 Such diffusion studies reflect
the diffusivity for the foreign-atom-controlled mode of B dif-
fusion because the tagged dopant diffuses under constant
dopant and native-defect concentrations �see Part I�. The ob-
served linear dependence of B diffusion on the acceptor con-
centration tells that the charge difference between Bs and Bi
is one �see the right side of Table I in Part I�. Since Bs is
certainly singly negatively charged, Bi must be neutral.

The interstitialcy and kick-out mechanisms are generally
considered for modeling B diffusion in Si �see reactions �2�
and �3� in Part I�. Both mechanisms are mathematically
equivalent, i.e., they predict identical diffusion profiles for
local equilibrium conditions. Cowern et al.20 provided ex-
perimental evidence in favor of the kick-out mechanism,
which was confirmed by ab initio calculations of Zhu et al.,21

but recent theoretical studies show that B diffuses more
likely by an interstitialcy mechanism.22–25

For modeling the simultaneous diffusion of B and Si we
consider the kick-out and dissociative mechanisms

Bi
0 � Bs

− + Iu + �1 − u�h , �1�

Bi
0 + Vk � Bs

− + �1 + k�h , �2�

with charge states u and k for I and V, respectively. Neutral
�I0�, singly and doubly positively �I+ , I2+�, and singly nega-
tively charged self-interstitials �I−� were taken into account
for the simulations. The dissociative mechanism �2� assures
local equilibrium between I and V after sufficient long times.
The charge states assumed for the vacancy are neutral �V0�,
singly positive �V+�, and singly and doubly negative
�V− ,V2−�. Note, reaction �2� is not at variance with the results
of B diffusion under nonequilibrium conditions. In accord
with the experimental observations reported in the
literature,14–17 reaction �2� leads to an enhanced �retarded� B
diffusion for I�V� injection because the residence time of B
on interstitial sites increases �decreases�.

B. Diffusion of arsenic

The diffusion of As in Si under intrinsic conditions is
known to be enhanced under both V and I injection.3,17 This
indicates that both the interstitialcy or kick-out mechanism
and the vacancy mechanism contribute to As diffusion. Iso-
concentration studies revealed an As diffusion coefficient
that is almost proportional to the As concentration.26 Since
the diffusion coefficient for isoconcentration conditions re-
flects the effective As diffusivity DAss

+
eff for the foreign-atom-

controlled mode, the linear-concentration dependence of
DAss

+
eff shows that the charge difference between Ass

+ and the

mobile dopant defect is one �see Table I of Part I�. This
linear-concentration dependence of DAss

+
eff also becomes appar-

ent in the box-shaped profiles obtained after extrinsic diffu-
sion of As in Si �see Fig. 3�. This shape is expected for the
foreign-atom-controlled mode of As diffusion via a reaction
similar to the vacancy mechanism �see Table I in Part I� in
the case when the substitutional dopant is singly positively

charged and the mobile dopant-defect pair is neutral. The
similarity between extrinsic diffusion of As in Si with high
As background concentrations and extrinsic As diffusion in
intrinsic Si demonstrates that As diffusion proceeds in ther-
mal equilibrium, i.e., no super- or undersaturations of native-
point defects are formed.

For modeling simultaneous As and Si diffusion we take
into account the vacancy and interstitialcy mechanisms and
the dopant-defect pair-assisted mechanisms of I−V recombi-
nation,

AsVj � Ass
+ + Vk + �1 + k − j�e−, �3�

AsI0 � Ass
+ + Iu + �1 + u�e−, �4�

AsVj + Iu � Ass
+ + �1 − j − u�e−, �5�

AsI0 + Vk � Ass
+ + �1 − k�e−. �6�

Various charge states for V���V+ ,V0 ,V− ,V2−�� and
I���I2+ , I+ , I0 , I−�� were assumed as well as neutral and sin-
gly negatively charged dopant-vacancy pairs AsV0 and AsV−.
The contribution of AsV− to As diffusion accounts for an
effective As diffusivity, which is proportional to the square
of the As concentration CAss

+ �see Table I in Part I�. Assuming
both neutral and singly negatively charged dopant-vacancy
pairs better fits to the experimental As profiles are obtained
than in the case when only AsV0 pairs are considered. The
sum of the AsV0 and AsV− contributions to As diffusion
determined from our simulations are in close agreement with
the As diffusion coefficient under isoconcentration
conditions26 �see Sec. VI�. This demonstrates that the appar-
ent almost-linear-concentration dependence of As diffusion
actually consists of a linear- and quadratic-concentration de-
pendence.

The interstitialcy mechanism �4� and dopant-defect pair-
assisted recombination �6� of Vk were considered to mediate
As diffusion instead of the mathematically equivalent kick-
out and dissociative mechanisms with mobile interstitials
Asi

0 �see reactions �3� and �4� in Part I�. This assignment is
arbitrary and not yet established but is preferred here because
it reflects the larger size of As atoms compared to B and P
atoms, which makes it more likely to form AsI pairs than
interstitial Asi.

In order to consider the experimental observation that As
diffusion is similarly enhanced under both V and I injection,
the contributions of the interstitialcy and vacancy mecha-
nisms to As diffusion under intrinsic conditions are set
equally. In the nomenclature often used in the literature �see,
e.g., Ref. 4�, this means that the fractional interstitialcy com-
ponent of As diffusion is 0.5 or, in the term described in Part
I, the reduced diffusion coefficient DAsI0

* of neutral AsI0 pairs
equals DAsV0

* of neutral AsV0 pairs.
In contrast to Uematsu et al.,4 a reaction which gives rise

to a deactivation of substitutional As was not taken into ac-
count because the As profiles illustrated in Fig. 3 all exhibit
As concentrations below or close to 1020 cm−3. At this dop-
ing level significant deactivation of As is not expected.
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C. Diffusion of phosphorus

Intrinsic diffusion of P in Si has been demonstrated to be
retarded under nitridation.16,17 Nitridation of a bare Si sur-
face causes an injection of vacancies leading to a V super-
saturation. From the degree of the retardation it was con-
cluded that the intrinsic diffusion of P is mainly mediated by
PI pairs or interstitial phosphorus Pi.

27 Accordingly the frac-
tional interstitialcy or interstitial component of intrinsic P
diffusion is close to unity. For extrinsic P doping the retar-
dation of P diffusion under nitridation decreases,17 which
indicates an increased contribution of vacancies to P diffu-
sion. The P diffusivity was found to be proportional to the
square of the P concentration for very high doping levels.28

Therefore, Uematsu4 assumed that the vacancy mechanism
with singly negatively charged dopant-vacancy pairs PV−

and V2− dominates P diffusion for very high doping levels.
For lower doping levels isoconcentration studies of Makris
and Masters29 showed that the P diffusivity increases ap-
proximately linear with the free-electron concentration.
Hence, like in the case of As, the charge difference between
Ps

− and the PI pair or the interstitial Pi must be one. In accord
with the work of Uematsu,4 we assume neutral Pi

0 and nega-
tively charged PV− pairs for the simulation of P diffusion. In
addition we take into account singly positively charged Pi

+.
This defect is required to accurately describe both P and Si
diffusion profiles. Based on the results of the above-
mentioned P diffusion studies and the requirement to de-
scribe the simultaneous diffusion of P and Si, the following
reactions were considered for the simulation of P diffusion in
the Si isotope structures:

PV− � Ps
+ + Vk + �2 + k�e−, �7�

PV− + Iu � Ps
+ + �2 − u�e−, �8�

Pi
q � Ps

+ + Iu + �1 + u − q�e−, �9�

Pi
q + Vk � Ps

+ + �1 − k − q�e−, �10�

where Pi
q is assumed to exist as a neutral and singly posi-

tively charged defect. For Vk and Iu we used the same charge
states as those in reactions �1�–�6� for modeling B and As
diffusion.

D. Modeling of dopant and self-diffusion

Based on reactions �1�–�10� the partial-differential equa-
tions for each point defect involved in the defect reactions
were set up according to the details given in Part I. Since
several reactions can contribute to the formation �annihila-
tion� of a point defect, several reaction terms enter the
partial-differential equations. The model parameters of the
normalized-differential-equation system are the reduced-
diffusion coefficients DX

* =CX
eqDX /CAs

m
eq and reduced-

equilibrium concentrations CX
eq/CAs

m
eq with X� �Ai

q ,AIv ,AVj ,

Vk , Iu� where A represents the dopants B, As, and P. The
reaction constants were chosen sufficiently high such that
local equilibrium is established for the times realized in the

experiments. The successful simulation of the experimental
profiles justifies ex post this approach. The initial and bound-
ary conditions considered for the numerical solution of the
equation system are described in Sec. III C of Part I.

The thermal-equilibrium concentrations of native-point
defects in Si are below the detection limit of state-of-the-art
analyses techniques such as positron annihilation spectros-
copy and dilatometer measurements. The total concentrations
of V and I in thermal equilibrium were calculated from

CI
eq = 2.9 � 1024 exp�−

3.18 eV

kBT
	 cm−3, �11�

CV
eq = 1.4 � 1024 exp�−

2.44 eV

kBT
	 cm−3. �12�

The temperature dependence of CI
eq follows from the analy-

sis of Zn diffusion experiments in Si, which were performed
at temperatures between 870 and 1208 °C.30 The equation
represents a definitive upper bound for CI

eq. The expression
for CV

eq comprises data from radiation enhanced Si
self-diffusion31 and Ir diffusion in Si �Refs. 32 and 33� for
780–1200 °C. Taking into account Eqs. �11� and �12� and a
concentration of substitutionally dissolved foreign atoms of
1020 cm−3, which is similar to the maximum-dopant concen-
trations observed in this work, the reduced-equilibrium con-
centration of V is about 10−5. Assuming the relationship
CV

eq=1015 exp�−4.5eV/kBT� deduced from the simulation of
crystal growth and defect formation during wafer
processing,34 even lower values are obtained for the reduced
V concentration. Equation �11� with CAs

m
eq =1020 cm−3 yields

CI
eq/CAs

m
eq �10−7 for the reduced-equilibrium concentration of

self-interstitials. The equilibrium concentrations of the mo-
bile species Ai

q, AIv, and AVj are assumed to be four to three
orders of magnitude lower than CAs

m
eq . This is a reasonable

assumption for mainly substitutionally dissolved foreign at-
oms. The simulations performed with these settings for
CX

eq/CAs
m

eq are fairly insensitive to the reduced-equilibrium

concentrations, i.e., orders-of-magnitude lower or higher val-
ues do not significantly affect the simulations. This shows
that the dopant and Si profiles are mainly sensitive to the
reduced-diffusion coefficients DX

* =CX
eqDX /CAs

m
eq .

E. Fitting of experimental profiles

The model parameter DX0
* of the neutral-point defects and

the energy levels of the defects were adjusted to reproduce
the experimental profiles. Based on DX0

* the reduced-
diffusion coefficients of the corresponding charged defects
were calculated by means of the equations given in Sec. III A
of Part I. For the temperature dependence of the Fermi level
Ef

in under intrinsic conditions we used the expressions given
by Thurmond.35 For the calculation of DX

* we assumed that
the diffusion coefficients of X are similar for the various
charge states, i.e., DX0 �DXi± and that the degeneracy factors
g are equal one. It is noted that the assumption DX0 �DXi±

does not limit the accuracy of DX
* . This complies with the

SELF- AND FOREIGN-ATOM…. II. EXPERIMENTAL… PHYSICAL REVIEW B 75, 035211 �2007�

035211-7



fact that the experimental profiles are mainly sensitive to
DX

* =CX
eqDX /CAs

m
eq rather than to CX

eq/CAs
m

eq . In this respect, the

energy levels determined for X are less accurate than the
transport capacities CX

eqDX.
The setting of the reduced-diffusion coefficients DX

* via
the model parameter DX0

* and the energy levels of X is ad-
vantageous because it enables diffusion simulations of all
dopants on the basis of the same native-point-defect param-
eters. In previous simulations we attempted to determine the
properties of native-point defects from separate analyses of
B, As, and P diffusion in Si isotope structures. However, we
did not obtain overall consistent values for the transport ca-
pacities CX

eqDX. In particular, it was difficult to determine
whether or not singly negatively charged self-interstitials I−

contribute to self-diffusion under n-type doping conditions.9

The self-diffusion coefficient DSi is given by the sum of
the contributions of charged vacancies and self-interstitials to
self-diffusion. Under thermal equilibrium the self-diffusion
coefficient is given by

DSi
eq = �


k

fVkCVk
eqDVk + 


u

fIuCIu
eqDIu	 1

Co
, �13�

with V� �V+ ,V0 ,V− ,V2−� and I� �I2+ , I+ , I0 , I−�. Co�=5
�1022 cm−3� and fVk,Iu are the Si atom density and diffusion-
correlation factors, respectively. The correlation factor for
self-diffusion via vacancies in a diamond structure is 0.5 for
all charge states.36 In the case of the self-interstitial the
charge state strongly affects its configurations.37 Accord-
ingly, also the diffusion-correlation factor of self-interstitials
can be different for each charge state. However, calculations
of correlation factors for different configurations of self-
interstitials are lacking. Therefore, for simplicity we assume
the same factor for all charge states. We considered the value
of 0.73 reported by Compaan and Haven38 and 0.56 calcu-
lated by Posselt et al.39,40 by means of molecular dynamic
simulations. f I=0.73 corresponds to the correlated diffusion
of a tetrahedral self-interstitial. The value reported by Posselt
et al. was obtained for the migration of a split interstitial.
According to theoretical calculations this split interstitial is
the most stable defect among the various possible self-
interstitial configurations.39,41–43 Therefore we used f I=0.56
for modeling Si self-diffusion. On the basis of this value an
activation enthalpy of self-diffusion via vacancies is obtained
that is consistent with the activation enthalpies determined
for vacancy-mediated dopant diffusion �see Sec. VI�.

The self-diffusion coefficient DSi
eq of Si for intrinsic and

thermal-equilibrium conditions was recently determined to

DSi
eq = 560 exp�−

4.76 eV

kBT
	 cm2 s−1 �14�

for temperatures between 855 and 1388 °C.10–12 In order to
make an allowance for this result all simulations of dopant
diffusion were performed under the constraint that the sum
of the relative intrinsic contributions of native-point defects
to self-diffusion adds up to DSi

eq. Additionally, we consider
that the sum of the intrinsic contributions of charged self-
interstitials to self-diffusion equals the total self-interstitial

contribution. This contribution is known from Zn diffusion in
Si and is given by30

1

Co
CI

eqDI = 2980 exp�−
4.95 eV

kBT
	 cm2 s−1 �15�

for temperatures between 870 and 1208 °C. With Eqs. �14�
and �15� the intrinsic V contribution to self-diffusion is ob-
tained via

1

Co
CV

eqDV =
1

fV
�DSi

eq −
1

Co
fICI

eqDI	 , �16�

taking into account fVk =0.5 and the values calculated for f Iu.
Assuming f I=0.73 for all charge states, the V contribution to
self-diffusion for intrinsic conditions is

1

C�

CV
eqDV = 6.2 exp�−

4.33 eV

kBT
	 cm2 s−1, �17�

and for f I=0.56 we obtain

1

C�

CV
eqDV = 43 exp�−

4.56 eV

kBT
	 cm2 s−1. �18�

For the simulation of the simultaneous self- and dopant
diffusion the relative contributions of charged native-point
defects to self-diffusion for intrinsic conditions were calcu-
lated on the basis of Eqs. �14�, �15�, and �18� by means of the
equations given in Sec. III A of Part I. The relative contribu-
tions were referred to extrinsic doping conditions and multi-
plied by the ratio Co /CAsm

eq in order to set the values for the
model parameters DX

*�X� �V+ ,V0 ,V− ,V2− , I2+ , I+ , I0 , I−��.
DBi

0
* , DAsV0

* , DPi
0

* , and DPV−
* were directly adjustable param-

eters whereas DX
* of charged native defects, DPi

+
* , and DAsV−

*

were modified via the energy levels of X, EPi
+ and EAsV−,

respectively. The parameter DAsI0
* was set equal to DAsV0

* in
accord with previous results �see Sec. IV B�. Altogether, 12
adjustable parameters, which consist of eight energy levels
and four reduced-diffusion coefficients remain for the simu-
lation of the simultaneous self- and dopant diffusion in Si
isotope structures under the constraints that Eqs. �14� and
�15� hold.

V. RESULTS

The solid lines in Figs. 2–4 are best fits of the experimen-
tal profiles, which were obtained on the basis of the above-
mentioned reactions and the constraints for the model param-
eters. The self-diffusion profiles associated with the B, As,
and P profiles were calculated with fV=0.5 and f I=0.56. The
long- and short-dashed lines are the corresponding normal-
ized concentrations of I and V, respectively. Both extrinsic B
and P diffusion result in an I supersaturation and V under-
saturation. On the other hand, extrinsic As diffusion proceeds
under thermal equilibrium of I and V. The simultaneous dif-
fusion of dopants and self-atoms and the different diffusion
modes established by the n- and p-type dopants lead to pro-
files that are sensitive to the properties of native-point de-
fects.
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The p-type dopant B and its diffusion in the isotope
multilayer structure favors the formation of positively
charged self-interstitials whose contribution to self-diffusion
decreases along the B profile due to the gradual change of
the doping level. The I supersaturation causes a V undersatu-
ration and as a consequence suppresses the diffusion of B via
the dissociative mechanism �2�. Accordingly, the B and Si
profiles are mainly sensitive to the model parameters DI0

* ,
DI+

* , DI2+
* , and DBi

0
* .

The diffusion of As proceeds in the foreign-atom-
controlled mode. Hence the self-diffusion is only affected by
the n-type dopant via the Fermi-level effect. The enhanced
self-diffusion in the region of high As concentration demon-
strates that negatively charged native defects exist. However,
the experiments do not reveal the nature of these defects. In
this respect, the As and Si profiles are mainly sensitive to
DAsV0

* �=DAsI0
* � and DAsV−

* and the reduced-diffusion coeffi-
cients of not yet specified negatively charged native defects.

The diffusion of P in the isotope structure leads to an I
supersaturation and V undersaturation and therewith sup-
presses the contribution of vacancies in P and Si diffusion
compared to the diffusion of As. This increases the sensitiv-
ity of the P and Si profiles to negatively charged self-
interstitials. The demand to describe the diffusion of all dop-
ants and the corresponding Si profiles at a given temperature
with the same energy levels of the native-point defects led to
the conclusion that negatively charged vacancies rather than
negatively charged self-interstitials dominate under n-type
doping. Successful modeling of the simultaneous P and Si
diffusion requires a contribution 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 diffusion front is explained with the I supersaturation
created during P diffusion. Our experiments show that this
interpretation is not fully correct. The supersaturation that
would be required to explain the extended P profile predicts
an enhanced self-diffusion in the tail region that is not con-
firmed by the experiments. In order to account for the ex-
tended tail, a mobile P species must be assumed whose ef-
fective diffusivity is concentration independent. According to
Part I, the charge difference between substitutional Ps

+ and
the unknown mobile P must be zero. Therefore we propose
that a singly positively interstitial Pi

+ is involved in reactions
�9� and �10�.

In addition to the dopant and Si profiles illustrated in Figs.
2–4 also diffusion profiles of B, As, and P given in the lit-
erature are fully described on the basis of reactions �1�–�10�
and the above-mentioned constraints for the model param-
eters �see Figs. 5–7�. Uematsu4 considered in his analysis of
As diffusion also a deactivation of Ass

+ in order to explain the
difference between the electrical active and total As concen-
tration in the profiles measured by Murota et al.47,48 This
work shows that the concentration profiles of electrically ac-
tive As can be accurately described on the basis of reactions
�3�–�6� with model parameters that are in good agreement
with the results of the simultaneous As and Si diffusion.
Obviously, the deactivation does not significantly affect the
profile of electrically active As.

The simulations of the dopant and Si profiles illustrated in
Figs. 2–7 yield the reduced-diffusion coefficients of the dop-

ants. The data are referred to intrinsic conditions by means of
Eq. �72� given in Part I. The total intrinsic-dopant-diffusion
coefficient is equal to the sum of the reduced-intrinsic-
diffusion coefficients of the various mobile dopant species
�see Eq. �18� of Part I�. In the case of B diffusion only the
mobile defect Bi

0 contributes whereas the mobile dopant-
defect pairs AsV0, AsI0, and AsV− contribute to As diffusion.
On the other hand, P diffusion proceeds by means of Pi

0, Pi
+,

and PV−. Therefore, the total intrinsic diffusivities of B, As,
and P consist of the following contributions:

DB�nin� = DBi
0

* �nin� , �19�

FIG. 5. SIMS concentration profiles of 11B measured by Ari-
enzo et al. �Ref. 46� after annealing at �1� 850 °C for 14 400 s ���,
�2� 950 °C for 3600 s ���, and �3� 1050 °C for 3600 sec ���. The
solid lines represent best fits on the basis of reactions �1� and �2�.
The long- and short-dashed lines show the corresponding calculated
super- and undersaturation of self-interstitials and vacancies,
respectively.

FIG. 6. Concentration profiles of electrically active 75As mea-
sured by Murota et al. �Refs. 47 and 48� after annealing at the
temperatures and times indicated. The solid lines represent best fits
on the basis of reactions �3�–�6�. The corresponding calculated con-
centrations of I and V are in thermal equilibrium, i.e., CV,I=CV,I

eq and
are omitted for clarity.
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DAs�nin� = DAsV0
* �nin� + DAsI0

* �nin� + DAsV−
* �nin� , �20�

DP�nin� = DPi
0

* �nin� + DPi
+

* �nin� + DPV−
* �nin� . �21�

DX
*�nin��X� �Bi

0 ,AsV0 ,AsV− ,AsI0 ,Pi
0 ,Pi

+ ,PV−�� and
DA�nin��A� �B,As,P�� are summarized in Tables I–III to-
gether with the respective diffusion temperature T and time t,
maximum-dopant concentration CAs

m
eq , maximum-hole peq or

electron neq concentrations �see Eq. �77� in Part I�, and the
intrinsic-carrier concentration nin reported by Morin and
Maita.44

Figure 8 shows the B, As, and P diffusion coefficients for
intrinsic conditions in comparison to results given in the lit-
erature. The total intrinsic B, As, and P diffusion coefficients
deduced from modeling the simultaneous self- and dopant
diffusion and from modeling the dopant profiles given in the
literature are described by

DB = �0.87
+ 1.03

− 0.47
	exp�−

�3.46 ± 0.08� eV

kBT
	 cm2/s,

�22�

DAs = �47
+ 35

− 20
	exp�−

�4.20 ± 0.06� eV

kBT
	 cm2/s, �23�

DP = �0.75
+ 1.12

− 0.45
	exp�−

�3.42 ± 0.10� eV

kBT
	 cm2/s,

�24�

and illustrated in Fig. 8 as solid lines. The dashed lines in
Fig. 8 are the intrinsic diffusivities of B,45 As,26 and P �Ref.
29� reported in the literature. The preexponential factor D0
=0.87 cm2 s−1 and activation enthalpy Q=3.46 eV of B dif-
fusion are in excellent agreement with D0=0.55 cm2 s−1 and
Q=3.42 eV reported by Antoniadis et al.45 The Arrhenius
parameters of As diffusion, D0=47 cm2 s−1 and Q=4.20 eV,
are in excellent agreement with the values of D0

FIG. 7. Concentration profiles of electrically active 31P measured by Yoshida et al. �Refs. 49 and 50� after annealing at �a� 900 °C for
14 400 s, �b� 1000 °C for 3600 s ��� and 7200 s ��, �, ��, and �c� 1100 °C for 1500 s ���, 3600 s ��� and 28 800 s ���. The solid lines
represent best fits on the basis of reactions �7�–�10�. The long- and short-dashed lines show the corresponding super- and undersaturation of
self-interstitials and vacancies, respectively.
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=60 cm2 s−1 and Q=4.20 eV given by Masters and
Fairfield.26 The data of intrinsic P diffusion are within a fac-
tor of 2 consistent with the data of Makris and Masters,29

which follow an Arrhenius equation with D0=5.3 cm2 s−1

and Q=3.69 eV. The good agreement between the total in-
trinsic diffusivities determined in this work with the data
given in the literature confirms the reduction of the extrinsic
diffusion coefficients to intrinsic conditions and the values
reported by Morin and Maita44 for the intrinsic carrier con-
centration.

The relative contributions to the total As and P diffusion
coefficients are listed in Tables II and III, respectively. Fit-
ting an Arrhenius equation to the results yields

DAsV0
* = �11

+ 10

− 5
	exp�−

�4.12 ± 0.07� eV

kBT
	 cm2/s,

�25�

TABLE I. Data of the reduced B diffusion coefficients DBi
0

* �=DB�nin�� for intrinsic conditions, which were

determined from modeling the simultaneous diffusion of B and Si in Si isotope multilayer structures and from
modeling B profiles given in the literature. Also listed are the corresponding diffusion temperature T and time
t, maximum B concentration CBs

−
eq , maximum hole concentration peq, and intrinsic carrier concentration nin

after Morin and Maita �Ref. 44�.

T
�°C�

t
�s�

CBs
−

eq

�cm−3�
peq

�cm−3�
nin

�cm−3�
DBi

0
*

�cm2 s−1� Reference

845 432960 3.30�1019 3.33�1019 3.32�1018 1.99�10−16 This work

845 1036140 3.10�1019 3.14�1019 3.32�1018 2.17�10−16 This work

850 14400 6.00�1019 6.02�1019 3.44�1018 2.92�10−16 46

850 14400 4.50�1019 4.53�1019 3.44�1018 3.65�10−16 46

900 345600 5.10�1019 5.15�1019 4.91�1018 9.55�10−16 This work

950 57420 7.50�1019 7.56�1019 6.85�1018 3.53�10−15 This work

950 3600 9.50�1019 9.55�1019 6.85�1018 5.24�10−15 46

950 3600 8.50�1019 8.55�1019 6.85�1018 5.60�10−15 46

1000 17700 9.40�1019 9.49�1019 9.34�1018 1.38�10−14 This work

1047 5820 9.10�1019 9.26�1019 1.23�1018 5.97�10−14 This work

1050 3600 1.30�1020 1.31�1020 1.25�1018 5.24�10−14 46

1050 3600 1.15�1020 1.16�1020 1.25�1018 6.45�10−14 46

1100 1920 1.00�1020 1.03�1020 1.65�1018 2.08�10−13 This work

TABLE II. Intrinsic As diffusion coefficient DAs and the reduced-diffusion coefficients DAsV0
* , DAsI0

* , and DAsV−
* for intrinsic conditions.

Data were determined from modeling the interference between As diffusion and Si diffusion in Si isotope multilayer structures and from
modeling As diffusion in natural Si. All profiles were measured by means of SIMS after diffusion annealing at the given temperatures T and
times t. For the analysis of As diffusion in natural Si we considered the profiles given by Murota et al. �Refs. 47 and 48�. CAss

+
eq , neq, and nin

denote the maximum As concentration, maximum electron concentration, and intrinsic carrier concentration, respectively.

T
�°C�

t
�s�

CAss
+

eq

�cm−3�
neq

�cm−3�
nin

�cm−3�
DAsV0

* =DAsI0
*

�cm2 s−1�
DAsV−

*

�cm2 s−1�
DAs

�cm2 s−1� References

850 754500 1.70�1020 1.70�1020 3.44�1018 3.44�10−18 3.38�10−19 7.22�10−18 47 and 48

900 2574900 6.00�1019 6.04�1019 4.91�1018 1.95�10−17 5.25�10−19 3.96�10−17 This work

900 121200 2.15�1020 2.15�1020 4.01�1018 2.09�10−17 1.52�10−18 4.33�10−17 47 and 48

945 863520 6.40�1019 6.47�1019 6.63�1018 1.13�10−16 3.16�10−18 2.29�10−16 This work

947 440040 7.20�1019 7.26�1019 6.72�1018 1.11�10−16 3.12�10−18 2.25�10−16 This work

950 25500 2.50�1020 2.50�1020 6.85�1018 1.26�10−16 1.36�10−17 2.66�10−16 47 and 48

995 159060 9.00�1019 9.09�1019 9.07�1018 3.49�10−16 7.65�10−17 7.75�10−16 This work

1000 6000 3.10�1020 3.10�1020 9.34�1018 5.30�10−16 4.29�10−17 1.10�10−15 47 and 48

1048 31500 9.00�1019 9.17�1019 1.24�1019 2.09�10−15 4.38�10−16 4.62�10−15 This work

1050 1200 3.80�1020 3.80�1020 1.25�1019 2.47�10−15 2.00�10−16 5.14�10−15 47 and 48

1100 7200 9.00�1019 9.29�1019 1.65�1019 7.62�10−15 4.19�10−15 1.94�10−14 This work
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DAsV−
* = �1.32

+ 63.0

− 1.30
	104 exp�−

�5.14 ± 0.41� eV

kBT
	 cm2/s,

�26�

DPi
0

* = �2.53
+ 23.4

− 2.29
	exp�−

�3.68 ± 0.25� eV

kBT
	 cm2/s,

�27�

DPi
+

* = �0.57
+ 1.80

− 0.43
	exp�−

�3.43 ± 0.16� eV

kBT
	 cm2/s,

�28�

DPV−
* = �41.4

+ 10303

− 41.2
	exp�−

�4.44 ± 0.59� eV

kBT
	 cm2/s.

�29�

These equations are illustrated in Figs. 9 and 10 by the solid
lines. Both the results from modeling As diffusion in the Si
isotope samples and As diffusion in natural Si were taken
into account for the calculation of Eqs. �25� and �26�. The
contribution of AsI0 pairs to As diffusion was set equal to the
contribution of AsV0 because As diffusion under intrinsic

conditions is known to be almost equally enhanced both un-
der V and I injection. The expressions of DPi

0
* and DPi

+
* given

by Eqs. �27� and �28� include data obtained from modeling
the simultaneous P and Si diffusion and P profiles in natural
Si. The contribution of PV− to P diffusion �see Eq. �29�� was
deduced from fitting the high concentration P profiles given
in the literature. In the case when only the results of DPi

0
* and

DPi
+

* from the simultaneous diffusion of P and Si are taken

into account we get

DPi
0

* = �6.79
+ 37.7

− 5.75
	102 exp�−

�4.36 ± 0.21� eV

kBT
	 cm2/s,

�30�

DPi
+

* = �9.06
+ 18.1

− 6.04
	exp�−

�3.19 ± 0.12� eV

kBT
	 cm2/s.

�31�

These equations are illustrated by the dashed lines in Fig. 10.
Whereas Eqs. �28� and �31� are in good agreement within the
experimental accuracy, Eqs. �27� and �30� reveal different
activation enthalpies for P diffusion via Pi

0. This reflects the

TABLE III. Intrinsic P diffusion coefficient DP and the reduced diffusion coefficients DPi
0

* , DPi
+

* , and DPV−
* for intrinsic conditions. Data

were determined from modeling the interference between P and Si diffusion in Si isotope multilayer structures and from modeling P diffusion
in natural Si. All profiles were measured by means of SIMS after diffusion annealing at the given temperatures T and times t. For the analysis
of P diffusion in natural Si we considered the profiles given by Yoshida et al.49,50. CPs

+
eq , neq, nin denote the maximum P concentration,

maximum electron concentration, and intrinsic carrier concentration, respectively.

T
�°C�

t
�s�

CPs
+

eq

�cm−3�
neq

�cm−3�
nin

�cm−3�
DPi

0
*

�cm2 s−1�
DPi

+
*

�cm2 s−1�
DPV−

*

�cm2 s−1�
DP

�cm2 s−1� References

850 864000 2.80�1019 2.84�1019 3.44�1018 3.51�10−17 5.41�10−16 5.76�10−16 This work

900 216000 4.00�1019 4.06�1019 4.91�1018 6.05�10−17 1.12�10−15 1.18�10−15 This work

900 14400 3.50�1020 3.50�1020 4.91�1018 7.86�10−16 7.47�10−16 6.90�10−18 1.54�10−15 49 and 50

900 14400 1.30�1020 1.30�1020 4.91�1018 9.06�10−16 8.61�10−16 2.14�10−18 1.77�10−15 49 and 50

900 14400 4.00�1019 4.06�1019 4.91�1018 1.33�10−15 1.27�10−15 2.60�10−15 49 and 50

900 14400 1.50�1019 1.65�1019 4.91�1018 5.97�10−16 5.68�10−16 1.17�10−15 49 and 50

900 14400 2.50�1018 6.32�1018 4.91�1018 4.66�10−16 4.44�10−16 9.16�10−16 49 and 50

955 86400 9.30�1019 9.35�1019 7.07�1018 9.83�10−16 6.59�10−15 7.57�10−15 This work

1000 18000 9.50�1019 9.59�1019 9.34�1018 3.31�10−15 2.37�10−14 2.70�10−14 This work

1000 28800 9.50�1019 9.59�1019 9.34�1018 3.31�10−15 2.18�10−14 2.51�10−14 This work

1000 3600 4.50�1020 4.50�1020 9.34�1018 9.55�10−15 1.10�10−14 1.81�10−16 2.08�10−14 49 and 50

1000 7200 1.30�1020 1.31�1020 9.34�1019 1.07�10−14 1.24�10−14 5.11�10−17 2.32�10−14 49 and 50

1000 7200 4.00�1019 4.21�1019 9.34�1019 9.99�10−15 1.15�10−14 2.15�10−14 49 and 50

1000 7200 3.50�1018 1.13�1019 9.34�1019 7.47�10−15 8.63�10−15 1.61�10−14 49 and 50

1050 7200 1.00�1020 1.02�1020 1.25�1019 1.85�10−14 7.28�10−14 9.13�10−14 This work

1100 1800 9.40�1019 9.68�1019 1.65�1019 8.16�10−14 1.85�10−13 2.67�10−13 This work

1100 1800 1.10�1020 1.12�1020 1.65�1019 6.30�10−14 1.34�10−13 1.96�10−13 This work

1100 3600 9.40�1019 9.68�1019 1.65�1019 8.16�10−14 1.73�10−13 2.55�10−13 This work

1100 1500 4.00�1020 4.01�1020 1.65�1019 1.23�10−13 1.68�10−13 2.53�10−15 2.94�10−13 49 and 50

1100 3600 7.80�1019 8.13�1019 1.65�1019 8.70�10−14 1.19�10−13 2.06�10−13 49 and 50

1100 28800 8.00�1018 2.09�1019 1.65�1019 6.05�10−14 8.27�10−14 1.44�10−13 49 and 50
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scatter in the data of DPi
0

* . The difference between DPi
0

* de-

duced from the conventional and simultaneous diffusion ex-
periments increases with decreasing temperature. Presum-
ably, the in-diffusion of P from the top amorphous
P-implanted Si layer into the crystalline isotope structure is
retarded compared to P diffusion in natural Si, which was
performed by means of variously doped oxide sources. This
retardation could be associated with an active P concentra-
tion at the amorphous �crystalline� interface, which still in-
creases during the diffusion process. With increasing active P
concentration the impact of DPi

0
* on P diffusion increases.

Hence the P diffusion in the isotope structure could be
slightly affected by a barrier at the top amorphous �crystal-
line� interface.

The energy levels determined for V and I are displayed in
Fig. 11. Fitting of the experimental profiles reveals two do-
nor levels for self-interstitials and two acceptor levels for
vacancies. The positions of the two V acceptor levels are
very close to each other. The experimental B and Si profiles
are better described with a reverse-level ordering
�negative-U� for the donor levels of the self-interstitials than
with the regular-level ordering. This shows that I2+ domi-
nates self-diffusion under p-type doping conditions and also
mediates B diffusion. The experiments are not sensitive to
the V donor levels, because B diffusion establishes a super-
saturation of I and thereby suppresses the contribution of V
to self-diffusion. However, an upper bound of 0.2 eV above
the valence band could be deduced for the V levels. This is in
agreement with the V donor levels E+/++=0.13 eV and E0/+

=0.05 eV measured by Watkins.51,52

FIG. 8. Temperature dependence of the intrinsic diffusion coef-
ficients of B ��, ��, As ��, ��, and P ��, �� in silicon. The solid
lines are best fits of the respective intrinsic dopant-diffusion coeffi-
cients taking into account the results from modeling the simulta-
neous self- and dopant diffusion ��, �, �� and from modeling the
dopant profiles given in the literature ��, �, ��. The dashed lines
represent intrinsic diffusivities reported in the literature �B: Ref. 45;
As: Ref. 26; P: Ref. 29�. Note, the B and As diffusion data are
referred to the left and the P diffusion data to the right axis of
ordinate.

FIG. 9. Temperature dependence of the relative contributions DX
*

with X=AsV0 ��, �� and X=AsV− ��, �� to As diffusion in Si
under intrinsic conditions. Data illustrated by the full symbols were
deduced from modeling the simultaneous diffusion of As and Si in
Si isotope structures. Data given by the open symbols were ob-
tained from fitting the As profiles given by Murota et al. �Refs. 47
and 48�. The temperature dependence �solid lines� of the relative
contributions are best reproduced by Eqs. �25� and �26�. Note,
DAsI0

* =DAsV0
* was assumed for all simulations of As diffusion.

FIG. 10. Temperature dependence of the relative contributions
DX

* with X=Pi
+ �� , ��, X=Pi

0 ��, ��, and X=PV− ��� to P diffu-
sion in Si under intrinsic conditions. The full and open symbols are
the results from modeling the simultaneous diffusion of P and Si in
Si isotope structures and from modeling P diffusion profiles given
by Yoshida et al. �Refs. 49 and 50� respectively. The solid lines are
the temperature dependence of the relative contributions, which are
reproduced by Eqs. �27�–�29�. The dashed lines given by Eqs. �30�
and �31� show the temperature dependence of DPi

0 and DPi
+ in the

case when only the data from the simultaneous diffusion study are
taken into account.
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The transport coefficients CVk
eqDVk /Co and CIu

eqDIu /Co,
which result from the energy levels �see Sec. III A in Part I�
and the above-mentioned constraints considered for the
simulations �see Eqs. �14�, �15�, and �18�� are given in Table
IV. The values deduced from the simulation of the B and P
profiles given in the literature are also listed in Table IV �see
data in brackets�. They are in close agreement with the re-
sults of the simultaneous diffusion experiments. The trans-
port capacities are displayed in Figs. 12 and 13. The data
determined from modeling the simultaneous self- and dopant
diffusion are best reproduced by the following expressions:

CI0
eqDI0

Co
= �2732

+ 1235

− 850
	exp�−

�4.96 ± 0.04� eV

kBT
	 cm2/s,

�32�

CI+
eqDI+

Co
= �69.6

+ 310.7

− 56.9
	exp�−

�4.82 ± 0.18� eV

kBT
	 cm2/s,

�33�

CI2+
eq DI2+

Co
= �469

+ 3184

− 409
	exp�−

�5.02 ± 0.22� eV

kBT
	 cm2/s,

�34�

TABLE IV. Data of the transport coefficients CVk
eqDVk /Co and CIu

eqDIu /Co of vacancies �V� and self-interstitials �I� which were determined
from modeling the simultaneous self- and dopant diffusion in silicon isotope structures. The data refer to diffusion correlation factors of
fVk =0.5 and f Iu =0.56. The data in brackets are the values used to reproduce the B and P diffusion profiles shown in Fig. 5 and 7.

T
�°C�

CI0
eqDI0 /Co

�cm2 s−1�
CI+

eqDI+ /Co

�cm2 s−1�
CI2+

eq DI2+ /Co

�cm2 s−1�
CV0

eqDV0 /Co

�cm2 s−1�
CV−

eq DV− /Co

�cm2 s−1�
CV2−

eq DV2− /Co

�cm2 s−1�
CV+

eq DV+ /Co

�cm2 s−1� References

845 1.08�10−19 2.03�10−20 1.71�10−20 1.39�10−19 5.83�10−20 2.45�10−20 8.73�10−21 This work

850 1.35�10−19 2.58�10−20 2.20�10−20 1.72�10−19 7.18�10−20 3.00�10−20 1.11�10−20 This work

850 �1.30�10−19� �2.89�10−20� �2.46�10−20� �1.72�10−19� �7.18�10−20� �3.00�10−20� �1.11�10−20� 46

900 1.29�10−18 1.69�10−19 1.61�10−19 1.39�10−18 5.43�10−19 1.30�10−19 1.11�10−19 This work

900 �1.29�10−18� �1.69�10−19� �1.61�10−19� �1.39�10−18� �5.43�10−19� �1.30�10−19� �1.11�10−19� 49 and 50

945 8.81�10−18 5.26�10−19 5.48�10−19 7.49�10−18 2.78�10−18 6.38�10−19 7.21�10−19 This work

947 9.50�10−18 5.73�10−19 5.99�10−19 8.05�10−18 2.97�10−18 6.83�10−19 7.81�10−19 This work

950 1.06�10−17 6.50�10−19 6.84�10−19 8.96�10−18 3.30�10−18 7.56�10−19 8.80�10−19 This work

950 �9.05�10−18� �1.43�10−18� �1.50�10−18� �8.68�10−18� �3.19�10−18� �1.18�10−18� �8.51�10−19� 46

955 1.29�10−17 8.02�10−19 8.52�10−19 1.07�10−17 3.92�10−18 8.94�10−19 1.07�10−18 This work

995 5.63�10−17 4.14�10−18 3.00�10−18 4.12�10−17 1.44�10−17 4.20�10−18 4.79�10−18 This work

1000 6.71�10−17 5.03�10−18 3.68�10−18 4.85�10−17 1.69�10−17 4.90�10−18 5.74�10−18 This work

1000 �5.41�10−17� �1.01�10−17� �1.16�10−17� �4.93�10−17� �1.72�10−17� �3.79�10−18� �5.83�10−18� 49 and 50

1047 2.87�10−16 4.00�10−17 5.02�10−17 1.73�10−16 8.88�10−17 4.56�10−17 2.41�10−17 This work

1048 2.97�10−16 4.15�10−17 5.21�10−17 1.78�10−16 9.14�10−17 4.69�10−17 2.49�10−17 This work

1050 3.16�10−16 4.45�10−17 5.16�10−17 1.89�10−16 9.69�10−17 4.96�10−17 2.66�10−17 This work

1050 �3.16�10−16� �4.45�10−17� �5.16�10−17� �1.89�10−16� �9.69�10−17� �4.96�10−17� �2.66�10−17� 46

1100 1.61�10−15 1.75�10−16 2.39�10−16 6.26�10−16 4.58�10−16 3.35�10−16 1.03�10−16 This work

1100 �1.61�10−15� �1.75�10−16� �2.39�10−16� �6.26�10−16� �4.58�10−16� �3.35�10−16� �1.03�10−16� 49 and 50

FIG. 11. Energy-level positions of vacancies V and self-
interstitials I within the band gap of Si for temperatures between
850 and 1100 °C. The expressions given by Thurmond �Ref. 35�
were used for the temperature dependence of the Si band gap �
Eg�T�: upper thick solid line� and the Fermi level under intrinsic
conditions �Ef

in�T�: thick-dashed line�. The full and open symbols
show the results from modeling the simultaneous self- and dopant
diffusion shown in Figs. 2–4 and from modeling the dopant-
diffusion profiles given in the literature �see Figs. 5–7�, respec-
tively. The thin solid and thin dashed lines are guides for the eye.
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CV0
eqDV0

Co
= �13.3

+ 9.8

− 5.6
	exp�−

�4.42 ± 0.06� eV

kBT
	 cm2/s,

�35�

CV−
eq DV−

Co
= �38.9

+ 15.1

− 10.9
	exp�−

�4.63 ± 0.04� eV

kBT
	 cm2/s,

�36�

CV2−
eq DV2−

Co
= �240

+ 1473

− 207
	exp�−

�4.93 ± 0.21� eV

kBT
	 cm2/s,

�37�

CV+
eq DV+

Co
= �150

+ 109

− 63
	exp�−

�4.92 ± 0.06� eV

kBT
	 cm2/s.

�38�

The sum of Eqs. �32�–�34� agrees closely with the value of
Eq. �15� and the sum of Eqs. �35�–�37� with that of Eq. �18�.
The values used to describe the dopant profiles given in the
literature were not taken into account because these profiles
are less sensitive to native-defect properties than the profiles
from the simultaneous diffusion study. The contribution of I−

to self-diffusion under intrinsic conditions is more than three
orders of magnitude lower than the contributions of the posi-
tively charged self-interstitials. Hence the I− contribution is
not relevant for self-diffusion via self-interstitials and is
omitted.

VI. DISCUSSION

The dopant and self-atom profiles analyzed in this work
provide comprehensive information about the properties of
the point defects involved in the dopant-diffusion process.
Taking into account our results the diffusion behavior of B,
As, and P can be predicted for various experimental condi-
tions. Figures 14–16 illustrate the doping dependence of the
diffusion of B, As, P, respectively, and of the native-point

FIG. 12. Temperature dependence of the transport coefficients
CIu

eqDIu /Co of I0 ���, I+ ��� and I2+ ���, which were deduced from
modeling the simultaneous diffusion of self- and dopant atoms in Si
isotope multilayer structures. The open symbols are the data from
modeling the B and P profiles shown in Figs. 5 and 7. The solid
lines are reproduced by Eqs. �32�–�34�. The dashed line is the sum
of all contributions, which is given by Eq. �15�.

FIG. 13. Temperature dependence of the transport coefficients
CVu

eqDVu /Co of V0 ���, V− ���, V2− ���, and V+ ��� which were
deduced from modeling the simultaneous diffusion of self- and dop-
ant atoms in Si isotope multilayer structures. The open symbols are
the results from modeling the B and P profiles shown in Figs. 5 and
7. The solid lines are reproduced by Eqs. �35�–�38�. The dashed line
is the sum of all contributions, which is given by Eq. �18�.

FIG. 14. The B diffusion coefficient DB�=DBi
0

* � and the reduced-

diffusion coefficient DX
* of the point defect X with X

� �V+ ,V0 ,V− ,V2− , I2+ , I+ , I0� as a function of the B concentration
CBs

−
eq for 900 °C. The acceptor concentration dependence of DB is

shown by the thick solid line. The total reduced-diffusion coeffi-
cients DV

* and DI
* are illustrated by the thick short-dashed and thick

wide-dashed lines, respectively. The relative contributions to DV
*

�DI
*� are given by the thin short-dashed lines �thin wide-dashed

lines�.
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defects. DB=DBi
0

* �thick solid line� increases linearly with

increasing B concentration above the intrinsic carrier con-
centration �see Fig. 14�. The total reduced-diffusion coeffi-
cients DI

*=CI
eqDI /CBs

−
eq and DV

* =CV
eqDV /CBs

−
eq as a function of

the B concentration are shown by the thick long-dashed and
thick short-dashed lines, respectively. The reduced diffusivi-
ties of Iu�Vk� are given by the thin long-dashed lines �thin
short-dashed lines�. Figure 14 demonstrates that under high
B doping levels, B diffusion and self-diffusion are mainly
mediated by I2+. At low acceptor concentrations DB is sev-
eral orders of magnitude smaller than DI

* and DV
* . Accord-

ingly, B diffusion proceeds in the foreign-atom-controlled
mode. With increasing acceptor concentrations DB exceeds
DV

* and approaches DI
*. At high acceptor concentrations a

native-defect-controlled diffusion mode is established, that
is, B diffusion leads to native-defect concentrations deviating
from thermal equilibrium.

Figure 15 shows the doping dependence of the diffusion
of point defects involved in As diffusion. The thick solid line
represents the total As diffusivity DAs. The doping depen-
dence of DAs accurately describes previous results, which
were obtained by isoconcentration diffusion experiments26

�see open symbols in Fig. 15�. The contributions of AsV0,
AsI0 and AsV− to DAs �see Eq. �20�� are given by the thin
solid lines. The total reduced-diffusion coefficients DI

* and
DV

* are displayed by the thick long- and short-dashed lines,
respectively. The thin long- and short-dashed lines are the
corresponding relative contributions to the total diffusivities.
For high As concentrations negatively charged vacancies
mainly mediate As and self-diffusion. The magnitude of DV−

*

and DV2−
* exceeds DAs for all doping levels. The foreign-

atom-controlled mode of As diffusion holds for all As con-
centrations, that is, As diffusion proceeds under thermal
equilibrium of I and V.

The total diffusion coefficient of P and the contributions
to DP are displayed in Fig. 16. The doping dependence cal-
culated for DP fairly well reproduces data from isoconcen-
tration studies reported by Makris and Masters.29 Compared
to these former results we obtained always slightly higher
values for DP which, however, are within a factor of 2 con-
sistent with the previous results. The reason for the differ-
ence is unclear. It may just reflect the limited accuracy of
both studies or a systematic underestimation of previous re-
sults. Figure 4 demonstrates that the P diffusivity for high
donor concentrations is mainly determined by PV− and Pi

0

whereas under intrinsic conditions the contribution due to Pi
+

dominates. Concerning the diffusion mode established by P
diffusion, a foreign-atom-controlled mode holds for low
donor concentrations. For P concentrations exceeding
1019 cm−3 P diffusion becomes native-defect controlled. Al-
though DP and DB are very similar in magnitude at the same
temperature and doping level �see Figs. 2 and 4�, the super-
saturation of I established by P diffusion is lower than in the
case of B diffusion. This is explained with the increasing
impact of vacancies on P diffusion with increasing donor
concentration.

Taking into account the relative contributions to Si self-
diffusion, which for intrinsic conditions are given by Eqs.
�32�–�38�, their doping dependence can be calculated by
means of Eq. �71� given in Part I. Figure 17 shows the rela-
tive contributions �dashed lines� to the total Si self-diffusion

FIG. 15. The total As diffusion coefficient DAs�=DAsV0
* +DAsI0

*

+DAsV−
* � and the reduced-diffusion coefficient DX

* �X
� �AsV0 ,AsV− ,AsI0 ,V+ ,V0 ,V− ,V2− , I2+ , I+ , I0�� as a function of the
As concentration CAss

+
eq for 950 °C. The thick solid line shows the

concentration dependence of DAs. The total reduced-diffusion coef-
ficients DV

* and DI
* are illustrated by the thick short-dashed and

thick wide-dashed lines, respectively. The relative contributions to
DV

* �DI
*� are given by the thin short-dashed lines �thin wide-dashed

lines�. The symbol ��� shows data of DAs from isoconcentration
diffusion experiments �Ref. 26�.

FIG. 16. The total P diffusion coefficient DP�=DPi
+

* +DPi
0

*

+DPV−
* � and the reduced-diffusion coefficient DX

* �X
� �Pi

+ ,Pi
+ ,PV− ,V+ ,V0 ,V− ,V2− , I2+ , I+ , I0�� as a function of the P

concentration CPs
+

eq for 1000 °C. The thick solid line is the concen-

tration dependence of DP. DV
* and DI

* are illustrated by the thick
short-dashed and thick wide-dashed lines, respectively. The relative
contributions to DV

* �DI
*� are given by the thin short-dashed lines

�thin wide-dashed lines�. The symbol ��� shows data of DP from
isoconcentration diffusion experiments �Ref. 29�.
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coefficient �solid line� at 1000 C°. The correlation factors
f Iu =0.56 and fVk =0.5 were considered for the calculation of
the total self-diffusion coefficient. The doping dependence of
DSi shown in Fig. 17 reproduces the experimental results of
Ural et al.53 fairly well. In addition, the results reported by
Nakabayashi et al.54,55 and Matsumoto et al..56 on Si self-
diffusion under extrinsic conditions are also described as
demonstrated by Fig. 18. The data for 867 and 900 °C
shown in Fig. 18 suggest a factor of two higher self-diffusion
even under intrinsic conditions. These data are very likely
too high because the intrinsic Si diffusion was accurately
determined recently by means of well-designed isotope
structures.10 The doping dependence of the relative contribu-
tions to self-diffusion �see Fig. 17� reveals that self-
interstitials and vacancies mainly determine Si self-diffusion
under high p-type �n /nin�1� and high n-type doping
�n /nin�1�, respectively.

The energy-level scheme derived in this work for high
temperatures is very similar to the level ordering predicted
by theory for zero K. Total energy calculations of the forma-
tion enthalpy of vacancies and self-interstitials predict donor
and acceptor states for both types of defects.37,57 Our experi-
ments confirm the existence of V acceptor states in the upper
half of the Si band gap and V donor states in the lower half.
Moreover, a reversed level ordering for the donor levels in-
troduced by self-interstitials is suggested that was already
predicted theoretically by Car et al.57 Altogether the type and
charge states of the native-point defects deduced from mod-
eling dopant diffusion in Si isotope multilayers are in agree-
ment with theoretical predictions. In addition, our study

yields information about the temperature dependence of the
defect levels �see Fig. 11�. These results may stimulate fur-
ther calculations of the temperature shift of defect states.

In accord with ab initio calculations of Zhu et al.21 we
assumed the kick-out mechanism for B diffusion in Si. How-
ever, more recent first-principle calculations based on
density-functional theory indicate that B diffusion is medi-
ated by the interstitialcy mechanism,22–25 that is, the mobile
defect is a BI pair rather than a B interstitial �Bi�. An acti-
vation enthalpy of 3.45 eV �3.61 eV� for B diffusion via
neutral BI0 pairs was calculated by Windl et al.23 within the
local-density approximation �generalized-gradient approxi-
mation�, which is in excellent agreement with our experi-
mental result of 3.46 eV given by Eq. �22�. Although this
agreement provides additional evidence for the interstitialcy
mechanisms, it is still not yet a proof because the activation
enthalpy for B diffusion mediated by the kick-out mecha-
nism is very similar.23 Assuming that B diffuses via mobile
BI pairs rather than via Bi, our experiments should indicate a
contribution of BI pairs to self-diffusion because the trans-
port capacity CBI0

eq DBI0 exceeds that of V and I �see Eq. �74�
in Part I�. However, the analysis of the simultaneous diffu-
sion of B and Si did not reveal any significant contribution of
BI pairs to self-diffusion. This indicates that the correlation
factor fBI0 of self-diffusion via BI pairs must be small �below
0.5�. Note, no correlation, i.e., fBI0 =0, also implies that B
diffuses via the kick-out mechanism because the lifetime of
BI pairs is then zero. In order to positively confirm the kick-
out mechanism for B diffusion in Si, calculations of the cor-
relation factor of self-diffusion via BI pairs are necessary. In
the case when these calculations yield a correlation factor
close to one, B diffusion in Si is mediated by the kick-out
mechanism, because the simultaneous diffusion experiments
did not reveal a contribution of BI pairs to self-diffusion.

An activation enthalpy of 3.42 eV is obtained for the total
intrinsic diffusion of P in Si �see Eq. �24��. This intrinsic
diffusivity is made up of contributions due to Pi

0, Pi
+, and PV−

FIG. 17. Doping dependence of the relative contributions
�dashed lines� to the total Si self-diffusion coefficient �solid line� at
1000 °C. Both the relative contributions and the total Si self-
diffusion coefficient were normalized to the intrinsic equilibrium
self-diffusion coefficient DSi

eq, which is given by Eq. �14�. The rela-
tive contributions of charged vacancies and self-interstitials are
given by the thin short-dashed and thin wide-dashed lines, respec-
tively. The thick short-dashed line �thick wide-dashed line� repre-
sents the sum of all vacancy �self-interstitial� contributions to self-
diffusion. The doping dependence of the total self-diffusion
coefficient �thick solid line� determined in this work reproduces
experimental results ��� reported by Ural et al. �Ref. 53�.

FIG. 18. Doping dependence of the Si self-diffusion coefficient
DSi �solid lines� for various temperatures. Data on extrinsic Si dif-
fusion given in the literature �symbols �Refs. 54–56�� are in fairly
good agreement with our results.
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�see Eqs. �21� and �27�–�29��. The activation enthalpies of
the relative contributions are 3.68 eV �Pi

0�, 3.43 eV �Pi
+�, and

4.44 eV �PV−�. Recent first-principles density-functional-
theory calculations of Liu et al.58 not only support the exis-
tence of Pi

0 and Pi
+ but also provide activation enthalpies of P

diffusion via these defects. The authors determined 3.5 eV
for intrinsic P diffusion via Pi

0 and 3.4 eV for P diffusion via
Pi

+. This excellent agreement with our results supports the P
interstitial mediated diffusion of P under intrinsic conditions.
For the PV− contribution to P diffusion Liu et al.58 calculated
an activation enthalpy of 3.4 eV, which is at variance with
our value of 4.44 eV. Liu et al. pointed out that their result
for PV− only represent a lower bound because the calculation
performed within the local-density approximation �LDA�
and generalized-gradient approximation �GGA� both predict
Si band gaps which are too small. As a consequence, the
formation enthalpy of PV− �2.2 eV�58 �which, beside the mi-
gration enthalpy of the pair, determines the activation en-
thalpy�, is likely underestimated.

In the case of As, Eqs. �25� and �26� suggest activation
enthalpies of 4.12 and 5.14 eV for As diffusion via AsV0 and
AsV− pairs. Taking into account the formation enthalpy of
2.37 eV and migration enthalpy of 1.19 eV for AsV0 pairs
calculated by Xie and Chen,59,60 an activation enthalpy of
3.56 eV is obtained for As diffusion. Presumably, as in the
case of PV pairs, the calculated value is too low. Correspond-
ing theoretical results for As diffusion via AsV− are not re-
ported in the literature to the authors knowledge.

Currently accurate predictions of activation energies of
dopant diffusion via dopant-vacancy pairs seem to be lack-
ing. This includes calculations of the activation enthalpy of
self-diffusion via vacancies. According to Sec. IV E the ac-
tivation enthalpy of Si self-diffusion via vacancies is esti-
mated to be 4.3 or 4.6 eV, depending on the correlation fac-
tor assumed for self-diffusion via self-interstitials. The
activation enthalpy equals the sum of the V formation and
migration enthalpies. Most recent ab initio calculations yield
3.3 �Ref. 61� and 3.17 eV �Ref. 62� for the formation en-
thalpy of the neutral V. On the other hand, theory predicts an
energy barrier of 0.4 eV for vacancy hops to the nearest
neighbors,64 which is in agreement with the experimental
results of Watkins.51,52 Taking into account these most recent
theoretical results we obtain 3.17 eV+0.4 eV=3.57 eV for
the activation enthalpy of Si self-diffusion via vacancies,
which is clearly at variance with experimental results, which
suggest values above 4 eV. This disagreement between
theory and experiment on V-mediated self-diffusion is also
apparent in the activation enthalpy of dopant diffusion. For
example, Sb mainly diffuses by a V-mediated mechanism
with an activation enthalpy of 4.08 eV.65 According to Dun-
ham and Wu66 the difference between the activation enthalpy
of self-diffusion by vacancies and the diffusion-activation
enthalpy of the dopant-vacancy pair is associated with the
binding energies between the substitutional dopant and the V
in the second and third nearest-neighbor positions. Assuming
either 4.3 or 4.6 eV for self-diffusion by vacancies a differ-
ence of 0.22 or 0.52 eV is obtained. In the case when the
theoretical estimate of 3.57 eV for self-diffusion via vacan-
cies is assumed �see above� a negative binding energy be-
tween Sb and V is obtained, which is in conflict with the

established V-mediated diffusion of Sb. The diffusion of
dopant-vacancy pairs also suggests an activation enthalpy for
self-diffusion via vacancies above 4.0 eV. Obviously, the de-
ficiency of first-principle density-functional-theory calcula-
tions within LDA and GGA to calculate the band-gap energy
exhibit severe problems to accurately predict the formation
enthalpy of vacancies and dopant-vacancy pairs. Whether
band-gap corrections will provide a higher V-formation en-
ergy that is required to end up with an activation enthalpy of
V-mediated self-diffusion above 4 eV remains to be seen in
the future.

On the other hand, one may argue that the value of 3.3
�Ref. 61� and 3.17 eV �Ref. 62� predicted by theory for the
formation of a neutral V is correct since this value is sup-
ported by recent positron-annihilation analyses of V forma-
tion in highly As- and P-doped silicon, which yielded
�2.8±0.3� eV.63 In this case the calculated migration energy
of 0.4 eV �Ref. 64� does not represent the migration energy
at high temperatures. In fact, recent radiation-enhanced self-
diffusion �RESD� experiments show that vacancies at high
temperatures diffuse with a migration enthalpy of
�1.8±0.5� eV.31 Taking into account this value and the theo-
retical estimate of the V-formation enthalpy, an activation
enthalpy of Si diffusion via vacancies in the range between
4.5 and 5.5 eV is obtained, which is consistent with the ac-
tivation enthalpy obtained in this work for self- and dopant
diffusion via vacancies. However, the high migration en-
thalpy of vacancies at high temperatures is at variance with
the low migration barrier found for vacancies at low
temperatures.51,52 Assuming the low- and high-temperature
properties of vacancies are correct, the entropy and enthalpy
of V migration must increase with increasing temperature.
This interpretation would satisfy the concept of a spread out
defect first proposed by Seeger and Chik already in 1968.67

This seems to be a reasonable explanation but theoretical
calculations cannot confirm V migration barriers above 1 eV.

Finally, a third approach is worth considering to unravel
the apparent inconsistency between the theoretical and ex-
perimental estimate of the activation enthalpy of V-mediated
self- and dopant diffusion. Assuming the theoretical results
of the properties of vacancies in Si to be correct, the incon-
sistency between theory and experiment may indicate that
the native defect mediating the diffusion at elevated tempera-
tures is not an isolated V but rather a divacancy �V2�. This
approach is supported by the migration enthalpy of
�1.8±0.5� eV, which was recently determined by radiation-
enhanced self-diffusion �RESD� experiments.31 Within ex-
perimental accuracy the value is consistent with 1.3 eV,
which was determined both experimentally68–70 and
theoretically71 for the migration barrier of V2 in Si. Taking
into account recent calculations of Hwang et al.71 of the
diffusion and dissociation of neutral V2 in Si, a migration
enthalpy of 1.35 eV and formation enthalpy of 5.22 eV is
obtained. These values suggest an activation enthalpy for
self-diffusion via V2 of 6.57 eV. Although this value is cer-
tainly too high compared to the activation enthalpy of self-
diffusion via V determined in this work �see Eq. �18��, the
divacancy concept can explain activation enthalpies of
vacancy-mediated dopant diffusion above 4 eV and, as al-
ready mentioned, the migration enthalpy of the vacancy-
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related defect mediating RESD. However, the V2 concept
bears major consequences for our understanding of vacancy-
mediated dopant diffusion. In order to prove or disprove this
approach, extensive simulations of self- and dopant diffusion
must be performed on the basis of this approach. This will
show whether dopant diffusion and, in particular, also the
simultaneous self- and dopant diffusion can be accurately
and consistently described. This, however, is beyond the
scope of this paper and thus will be prepared for publication
elsewhere.

VII. CONCLUSION

The simultaneous diffusion of dopants and self-atoms and
the different diffusion modes established by the n- and
p-type dopants lead to concentration profiles that are sensi-
tive to the properties of native-point defects. The advantage
of the comprehensive diffusion study described in this work
compared to former analyses is that the simulation of dopant
diffusion in the isotope structure comprises all dopants and
the corresponding self-atom profiles. The charge states of
vacancies and self-interstitials were deduced and the relative
contributions of the native-point defects and mobile dopant
defects to self- and dopant diffusion were determined. Accu-
rate simulations were performed with a diffusion-correlation
factor of 0.56 for self-diffusion via self-interstitials. This
value, which is at variance with the commonly used value of
0.73,38 is in agreement with recent molecular dynamic
results.39,40 The activation enthalpy of vacancy-mediated
self-diffusion, which was determined to 4.56 eV, is more
consistent with the activation enthalpy of vacancy-mediated
dopant diffusion than earlier results. Making allowance for
the fact that the band-gap and the energy levels change with
temperature, an energy-level diagram of the native-point de-
fects is obtained that is essentially equal to that predicted by
theory. In agreement with our present understanding on dop-
ant diffusion in Si, B diffusion is mainly mediated by self-
interstitials whereas the properties of both vacancies and
self-interstitials are important to model As and P diffusion.
No significant contribution of BI0 pairs to Si self-diffusion
was found, suggesting either a small diffusion-correlation
factor fBI0 or that B diffuses via the kick-out mechanism
rather than via the interstitialcy mechanism. The simulta-
neous diffusion of P and Si shows that the tail of extrinsic P
profiles is not, as hitherto accepted, caused by a supersatura-
tion of self-interstitials. In fact, the tail region is mainly af-
fected by singly positively charged mobile P defects. It is the

mobility of this defect and the supersaturation of self-
interstitials that determine the tail of extrinsic P diffusion
profiles. The dopant-diffusion coefficients reduced to elec-
tronically intrinsic conditions are in good agreement with
data of the intrinsic diffusivity of the dopant reported in the
literature. Altogether our results obtained from the analysis
of the simultaneous self- and dopant diffusion and from the
analysis of dopant profiles given in the literature provide
overall consistent data for modeling dopant and self-
diffusion in Si for various experimental conditions.

The comparison between experimental and theoretical re-
sults of the activation enthalpy of self- and dopant diffusion
shows good agreement for diffusion via the kick-out and
interstitialcy mechanisms but significant differences for
vacancy-mediated self- and dopant diffusion. In general,
theory predicts activation enthalpies too low for self- and
dopant diffusion via vacancies. This inconsistency either re-
flects a deficiency of first-principle calculations to accurately
predict the band-gap energy of semiconductors or points to a
still-remaining lack in our understanding of diffusion in Si.
In order to unravel the inconsistency more sophisticated the-
oretical calculations are required to solve the energy band-
gap problem. On the other hand, assuming that the theory is
correct, the disagreement could indicate that the impact of,
for example, divacancies on self- and dopant diffusion is
more significant than generally expected. Putting forward
both theoretical calculations on the properties of point de-
fects in Si and the concept of more complex native defects
involved in diffusion, the disagreement between theoretical
and experimental results on vacancy-mediated diffusion
should be resolved.
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