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A thermodynamic formalism is developed for illuminating the predominant point defect mechanism
of self- and impurity diffusion in silicon and is used to provide a rigorous basis for point
defect-based interpretation of diffusion experiments in biaxially strained epitaxial layers in the
Si–Ge system. A specific combination of the hydrostatic and biaxial stress dependences of the
diffusivity is 61 times the atomic volume, depending upon whether the predominant mechanism
involves vacancies or interstitials. Experimental results for Sb diffusion in biaxially strained Si–Ge
films andab initio calculations of the activation volume for Sb diffusion by a vacancy mechanism
are in quantitative agreement with no free parameters. Key parameters are identified that must be
measured or calculated for a quantitative test of interstitial-based mechanisms. ©1997 American
Institute of Physics.@S0003-6951~97!01221-7#
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Because understanding and controlling diffusion rela
phenomena become increasingly important as semicondu
device dimensions decrease, diffusion in semiconductors
been heavily studied. Despite this emphasis, there rem
no consensus about the relative concentrations and mobi
of the point defects involved in the diffusion of many su
stitutional elements in Si. Additionally, the effect of biaxi
strain in Si–Ge alloy layers epitaxial on Si is controversia
present, the reported strain effect varying from huge
barely discernable.1–6 Measurements of the activation vo
ume under hydrostatic pressure can address this issu
uniquely separating composition from stress effects. Atom
tic calculations using molecular statics or dynamics ha
provided activation volumes under hydrostatic conditions7–9

Biaxial stress experiments can also address the same a
istic parameters if the effect of composition at constant str
is controlled for.5,6 The question addressed in this letter
how the hydrostatic and biaxial experimental results can
given a single, consistent theoretical framework so that t
may be compared directly with each other and with cal
lable atomistic parameters.

The effect of pressure,p, on the diffusivity,D, is char-
acterized by the activation volume,V* , according to

2kT
] ln D~T,p!

]p
[V* , ~1!

when negligible correction terms are neglected.10 V* is the
sum of two components:

V*5Vf1Vm. ~2!

Vf , the formation volume, is the volume change in the s
tem upon formation of a defect in its standard state, a
Vm, the migration volume, is the additional volume chan
when the defect reaches the saddle point in its migra
path. Vf and Vm for a simple vacancy and interstitialc
mechanism are shown schematically in Fig. 1.

Of particular interest are the cases of Sb and B diffus
in Si, because the effects of stress have been separate
perimentally from the effect of composition in biaxiall

a!Electronic mail: maziz@harvard.edu
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strained Si and Si12xGex films.
5,6 The results have been cha

acterized by the apparent change in activation energy w
~tensile! strain,e, at constant composition

Q852kT
] ln D

]e
. ~3!

For Sb in Si, Kringhojet al.6 reportedQ851363 eV per
unit strain for compressively strained Si91Ge9 films andQ8
51765 eV for tensile Si films.

The comparison between biaxial and hydrostatic str
states proceeds readily because the activation volume ge
alizes, for nonhydrostatic stresses, to the activation st
tensor.11–14In essence, the ‘‘shape’’ of the activation volum
is relevant when stresses are nonhydrostatic. In dealing
large single crystals entirely free of extended defects
which point defects internally equilibrate, not only the m
gration volume but also the vacancy or self-interstitial fo
mation volume in a cubic crystal is a tensor rather than
scalar.

The effect of a spatially uniform, nonhydrostatic stre
states on the equilibrium concentration of, say, vacancie
Ce, will be determined by the work done against the stre

FIG. 1. Schematic volume changes~see dashed lines! upon point defect
formation and migration for simple vacancy and interstitialcy mechanis
Work produced by interaction with applied stresses~thin arrows! affects
defect concentrations and mobilities.
/70(21)/2810/3/$10.00 © 1997 American Institute of Physics
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field during vacancy formation. Figure 1 indicates the va
ous dimension changes associated with the formation
vacancy at a typical surface site.~The surface is assumed t
have a sufficient density of steps and kinks to emit po
defects without changing the surface tension.! The product of
the displacements of the sample’s surfaces with the tract
applied to the surfaces determines the work done agains
stress field in vacancy formation, and

Ce~s!

Ce~0!
5expS s•Vf

kT D . ~4!

Here,Vf is the formation strain tensor, which depends up
the location of the vacancy source or sources. For a~001!
thin-film geometry, the predominant vacancy source is
free surface. The formation strain tensor is then

Vf56VF 0 0

1
G1

Vr

3 F 1 1

1
G , ~5!

whereV is the lattice site volume. The1 sign is for vacancy
formation and the2 sign is for interstitial formation
throughout this letter. It is the first matrix, representing t
macroscopic dimensional change of the film upon point
fect creation, that depends on where the lattice sites are
ated. If creation occurs entirely at the~001! surface, then the
film thickens but does not widen upon vacancy creation
the third diagonal element is the only nonzero element
some vacancy production occurs at threading dislocation
a strained film, then the first two diagonal elements are n
zero. For a~001! Si–Ge film, all off-diagonal elements ar
zero due to crystal symmetry. The second matrix repres
the relaxation strain: the relaxation around the newly m
defect propagates out isotropically to the surfaces resul
in a change in the volume of the crystal by an amountVr .

If we have hydrostatic pressure, then the stress tens
given bys i j52p d i j and the stress–strain work required
create a vacancy iss•Vf52p(6V1Vr). If, instead, we
have biaxial stress, then the stress–strain work to crea
lattice site at the free surface is zero because there is
normal force on that surface. Additionally, the part ofVr that
propagates to the free surface and the bottom interface
interacts with zero normal stress, and so, does not contri
to the work of formation. The part ofVr that propagates
laterally provides the only contribution:s115s225sbiax;
s i j50 for all other i , j ; s•Vf5(2/3)sbiaxV

r , and Eq.~4!
becomes

Ce~s!

Ce~0!
5expS 2sbiaxV

r

3kT D . ~6!

In general, the defect mobility,M , in directions parallel
and perpendicular to the direction of applied stress w
differ.14 Here, we are concerned only withM33, the mobility
in the direction perpendicular to the free surface, which is
experimentally measured quantity. The effect of stress
M33 is characterized by the migration strain tensor
Appl. Phys. Lett., Vol. 70, No. 21, 26 May 1997
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V33
m5F V'

m

V'
m

Vi
m
G . ~7!

Vi
m andV'

m , respectively, are the dimension changes para
and perpendicular to the direction of net transport~the @001#
direction in thin-film diffusion experiments!, when the point
defect reaches its saddle point.

As the diffusivity is proportional to the product of th
concentration and mobility of point defects, the effect
stress on the diffusivity in the direction normal to the fil
surface is obtained by the combination of Eqs.~5! and ~7!,

kT ln
D33~s!

D33~0!
5s•V33* ; ~8!

V33* 5Vf1V33
m . ~9!

Hydrostatic pressure then influencesD33 according to

D33~p!

D33~0!
5expS 2p@6V1Vr1Vm#

kT D , ~10!

where the conventionally defined scalar migration volume
the trace of Eq.~7!. Biaxial stress influencesD33 according
to

D33~sbiax!

D33~0!
5expS sbiax@

2
3V

r1Vm2Vi
m#

kT
D . ~11!

By comparison to Eq.~3!, the combination of volumes in
square brackets in Eq.~11! is equal to2Q8/Y, where the
biaxial modulusY is the ratio of Young’s modulus to on
minus Poisson’s ratio.15 Although there are several calcula
tions of Vr for various defects, nobody has attempted
evaluate the anisotropy,Vi

m2V'
m , of the migration strain. A

few calculations exist of scalar migration volumes.7,9

For any point defect mechanism, the three parame
Vr , Vi

m , andV'
m can now be calculated using molecular st

ics or dynamics simulations, and the results used to pre
the measured behavior through Eqs.~10! and ~11!, respec-
tively. However, in some cases, we may already underst
the implications of existing experiments for the operati
mechanisms. Hydrostatic and biaxial stress experime
through Eqs.~10! and ~11!, provide two equations in the
three variablesVr , Vi

m , and V'
m . A third experiment is

needed to uniquely identify these parameters from exp
mental measurements alone. One such experiment woul
the effect of biaxial stress upon dopant diffusionin a direc-
tion parallel to the film surface.

In the absence of atomistic calculations, it might still
reasonable to expect certain terms to be small. It is, th
fore, of interest to examine a particular combination of t
hydrostatic and biaxial stress results. Combining Eqs.~11!,
~2!, ~3!, ~10!, and~7!, we find

V*1
3

2

Q8

Y
56V1~Vi

m2V'
m!. ~12!

In interpreting atomistic calculations and experiments in
past, the assumption has been made almost universally
Vm is negligible. If, instead, we make the less restricti
assumption that theanisotropyin Vm is negligible, then the
2811Michael J. Aziz



is

fe

o
n-

b
e

; i
l
a-

th
.
he

in

e
ain
ze

in
y
th
S
er

te
cts
ig.
l-
ith

e

bi-
er
dy-
e-
ncy
e of
an
n;
ex-
key

R-
ith

.

A.

W.

. I.

pl.

ett.

lc,

tion
rest
ic
ust

of
D.

m,

and
.

s

right-hand side of Eq.~12! should be11V for a vacancy
mechanism and21V for an interstitial-based mechanism.

For the simple vacancy mechanism, or any mechan
whereby point defect jumps are in the^111& directions, the
anisotropy in the migration volume in$001% films is identi-
cally zero because crystal symmetry dictates that the ef
of, say, compression in the@001# and@100# directions on the
rate of vacancy jumping in the@111# direction must be iden-
tical. This is not necessarily the case for the interstitialcy
kick-out mechanism, in which the migration path may i
volve second-neighbor jumps in̂110& directions.8

We use Eq.~12! to compareQ8 reported by Kringhoj
et al.6 for Sb diffusion in biaxially strained Si–Ge andV*
calculated for the vacancy and interstitialcy mechanisms
Sugino and Oshiyama9 usingab initio methods. The chang
in ab initio activation energy of20.7 eV for the vacancy
mechanism at 6 GPa pressure does not include the1pV
lattice site creation term in the work of vacancy formation
corresponds toVr1Vm520.934V. Hence, the theoretica
value for the activation volume for Sb diffusion by the v
cancy mechanism isV*51V1Vr1Vm510.066V. In-
serting this and Kringhoj’s values forQ8 into Eq. ~12!, we
find V*1 3

2(Q8/Y)5(10.9360.20)V for the compressively
strained Si91Ge9 alloy and V*1 3

2(Q8/Y)5(11.20
60.33)V for tensile Si. This is in excellent agreement wi
the prediction of11V for a simple vacancy mechanism
Graphically, this agreement is illustrated in Fig. 2. T
slopes of the lines indicate the value ofQ8 expected from the
vacancy mechanism for the biaxial experiment by inputt
into Eq. ~12! V*510.066V andY5180.5 GPa,16 with no
free parameters. The offset between lines is a free param
representing the effect of composition at constant str
lines have been chosen to go through the data points at
strain.

Kuo et al.5 isolated the effects of composition and stra
in boron diffusion in biaxially strained Si–Ge alloys. The
concluded that the effect of strain is quite small. None of
relevant volumes have been calculated for B diffusion in
by any mechanism. However, with the assumption of z

FIG. 2. Biaxial strain effect on Sb diffusion in Si–Ge at constant compo
tion. Data points represent average values from Kringhojet al. ~Ref. 6! over
range 900–1030 °C. Curves from Eq.~12! usingV* calculated for Sb dif-
fusion via vacancy mechanism by Sugino and Oshiyama~Ref. 9!.
2812 Appl. Phys. Lett., Vol. 70, No. 21, 26 May 1997
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anisotropy in the interstitial migration strain, an approxima
comparison has been performed with calculations for defe
in Si self-diffusion, indicating that the slope observed in F
2 of Kuoet al.5 is qualitatively consistent with an interstitia
based mechanism.17 These results are also consistent w
Q8 reported by Cowernet al.18 from modeling the interstitial
contribution to oxidation-enhanced interdiffusion in Si/G
multilayers.

In summary, the effects of hydrostatic pressure and
axial strain on diffusion in thin films are related to each oth
and to calculable atomistic parameters through thermo
namic Eqs.~9!–~12!. There is quantitative agreement b
tween the calculated atomistic parameters for the vaca
mechanism and the biaxial strain experiment for the cas
Sb diffusion. There is qualitative agreement for
interstitial-based mechanism for the case of B diffusio
however, values for key parameters are missing. Critical
periments and calculations for the determination of these
parameters are pointed out.
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