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Activation volume for antimony diffusion in silicon and implications
for strained films
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The diffusivity of Sb in Si is retarded by pressure, characterized at 860 °C by an activation volume
of V* 510.0760.02 times the Si atomic volume.V* is close to values inferred from atomistic
calculations for a vacancy mechanism. Our results for hydrostatic pressure are used to predict the
effect of biaxial strain on Sb diffusion. The prediction matches measured behavior for Sb diffusion
in biaxially strained Si and Si–Ge films. This work lends additional support to the predominance of
the vacancy mechanism for Sb diffusion and demonstrates the first steps in the development of a
capability for predicting the effect of nonhydrostatic stress on diffusion. ©1999 American
Institute of Physics.@S0003-6951~99!03233-7#
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Because understanding and controlling diffusion-rela
phenomena become increasingly important as semicondu
device dimensions decrease, diffusion in Si has been hea
studied. Despite this emphasis there remains no conse
about the relative concentrations and mobilities of the po
defects involved in the diffusion of many substitutional e
ments. A study of the dependence of the atomic diffusiv
on pressureP and stresss can provide valuable information
to help elucidate atomistic diffusion mechanisms. Additio
ally, for band-gap engineering purposes, biaxial strain is
signed into certain epitaxial semiconductor devices, e.g.,
erojunction bipolar transistors for high-power and hig
speed applications such as wireless communications.
study of stress effects on diffusion is an important part of
study of the stability of such strained-layer epitaxial mate
als. Furthermore, although bulk wafers cannot sustain
nificant nonhydrostatic stresses at diffusion temperatu
such stresses are sustained near interfaces with patte
films and in the films themselves. These stresses in i
grated circuit materials and other multilayer devices can
quite large due to growth stresses, interfacial stresses,
mal expansion mismatch, or dislocations.1 The complexities
associated with nonhydrostatic stress states in these mat
~as well as in initially biaxially strained materials after th
breakdown of a smooth, flat film morphology! make the in-
terpretation of stress effects in terms of basic mechani
and the prediction of stress effects from known mechanis
quite difficult. However, in certain cases, hydrostatic pr
sure and simple nonhydrostatic stress states can provide
ficient information to permit the prediction of behavior und
arbitrary stress states.2–4

Because diffusion of substitutional elements in Si occ
by the superposition of the contributions from vacancy (V)

a!Electronic mail: maziz@harvard.edu
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and interstitial~I!-mediated mechanisms, the diffusivity re
sponds to variations inI and V concentrations induced b
temperatureT,P, and nonequilibrium point defect injection
When a solid is subjected to changes inP andT, the mobili-
ties of all point defects are altered immediately. Additio
ally, the point defect concentrations quickly reequilibrate
the surfaces and other point defect sources, if they ex
a growing diffusional zone of point defect reequilibratio
then sweeps through the specimen from these sources. W
the region sampled by experiments equilibrates rapidly w
the sources compared to the experimental time scale,
measured diffusivity is the equilibrium value. Under the
circumstances, theP dependence of the diffusivity is com
monly characterized by the activation volume,V*
52kT] ln DA(T,P)/]P, whereDA is the equilibrium diffu-
sivity under intrinsic doping conditions for elementA in Si
andkT has the usual meaning. There is a general consen5

that Sb diffusion is almost solelyV mediated, in which case
it can be shown thatV* 5VSbV

f 1VSbV
m 5VV

f 1Vasso1VSbV
m

5(1V1VV
rel)1Vasso1VSbV

m , where the formation volume
VSbV

f is the volume change of the system upon formation o
Sb-V pair by creating a vacancy at a kink site at the surfa
and bringing it next to a preexisting Sb; the migration vo
ume VSbV

m is the additional volume change when the SbV
pair reaches the saddle point in its migration path;VV

f is the
formation volume of an isolated vacancy, which is the su
of the Si atomic volume,V, and the relaxation volumeVV

rel ;
and the pairing volumeVasso is the volume change upo
association of a Sb-V pair from a widely separated Sb andV.
Several of these volume changes forV-based mechanism
have been predicted byab initio and atomistic
calculations.6–9

In the present study we used Sb delta-doped Si~001! su-
perlattices~DSL! for high sensitivityDSb measurements. The
DSL samples were fabricated by lowT molecular beam ep-
© 1999 American Institute of Physics
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itaxy growth10 on a float-zone substrate. Samples contain
equally spaced;10 nm wide Sb-rich layers spaced 100 n
apart with peak concentrations of 631019atoms/cm3. The
first spike is at 50 nm depth. Diffusion in these samples
vacuum and in Ar at atmosphericP has been characterize
extensively.10 The bulk, as-grown samples were thinned m
chanically from the backside to;35 mm thick. After thin-
ning, the samples were cleaned using the standard R
method,11 leaving a clean SiO2 layer. To prevent ambien
effects on diffusion, a Si3N4/SiO2 passivation layer was pro
duced by immediately depositing a 12 nm thick Si3N4 layer
on the freshly cleaned samples using argon–nitrogen d
beam sputtering below 180 °C.

High P anneals were performed in a high-T, high-P dia-
mond anvil cell~DAC! using fluid argon as the inert, clea
~0.99998 and passed through a hot Ti gettering furnace!, hy-
drostatic P transmitting medium.P in the DAC was
measured12 using the P-induced wavelength shift o
Sm:YAG fluorescence. The Sb concentration-depth profi
were measured using secondary ion mass spectrom
~SIMS! with an 8 keV primary oxygen ion beam at 26° fro
normal incidence.

Values forDSb were determined using the process sim
lator PROPHETby evolving the measured initial profile nu
merically and finding the best fit to the measured final p
file. Under extrinsic doping conditions, which is the case
our samples, the extrinsic diffusivity is expressed asDSb

ext

5hDSb(11bn/ni)/(11b),13–15 where n is the electron
concentration,ni is the P-dependent16 intrinsic carrier con-
centration,h is the electric field enhancement factor, andb is
the ratio of the contributions to Sb diffusion from negative
charged and neutral vacancies. We have assumed17 that these
contributions have the same activation volume resulting i
P-independentb.

In Fig. 1 we show the time-averaged intrins
diffusivity18 for 1 h anneals versusP. Our measured values
extrapolated to 1 atm, are consistent with the values
4 – 5310217cm2/s obtained from previous measuremen
with ;1 atm Ar as the annealing ambient.19 The average of

FIG. 1. Intrinsic Sb diffusivity vsP at 860 °C. Typical error bars for dat
points are shown in inset on the left-hand side. Activation volumes ca
lated from best-fit slopes are shown in inset at right-hand side.
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the slopes of the fitted curves isV* 510.07V with a least-
square error of60.02 V. The nature of the uncharacterist
behavior of the first spike, which had been observed pre
ously for these samples19 andB-delta doped samples4 is not
understood. The measured effective diffusivities
vacancies19 and interstitials are, respectively, 5310211 and
1310211cm2/s in these samples;20 these values yield diffu-
sion time constants of 1.2 and 6.0 min, respectively, for
cancies and interstitials to traverse the top 600 nm reg
containing the Sb spikes. Therefore we expect thatV* mea-
sured on the 1 h anneals is truly characteristic of equilibriu
conditions. This expectation is consistent with the lack o
time dependence observed by Mogiet al.19 in samples simul-
taneously grown with ours.

There have been theoretical calculations of format
volumes for Si vacancy and the activation volume for
diffusion in Si. Antonelli and Bernholc in theirab initio cal-
culations predicted VV

f 510.75V under hydrostatic
pressure.6 Tang et al.8 permitted a greater degree of rela
ation in a tight-binding calculation and predicted a formati
volume ofVV

f 510.03V for the Si vacancy. Most recently
an ab initio calculation by Antonelli, Kaxiras, and Chad9

~AKC! with extensive relaxations indicates that the form
tion volume for the predominant vacancy under pressur
20.086 V. Sugino and Oshiyama7 ~SO! performed a first-
principles calculation of Sb diffusion in Si by a vacanc
mechanism, reporting a change in activation energy of20.7
eV at 6 GPa pressure. This change does not include
1pV lattice site creation term in the work of vacancy fo
mation and hence we interpret it to indicateV* 2pV5
20.934V, implying V* 510.066V. Likewise, we interpret
their calculations for the bare Si vacancy as indicating a f
mation volume ofVV

f 520.468V. Table I summarizes the
experimental and theoretical values. It is evident that
calculation of SO forV* is in good agreement with ou
results. However, the most recent calculations of Tanget al.
and of AKC disagree with those of SO regardingVV

f . There-
fore we regard the theoretical values as unsettled; e.g.,
sumVasso1VSbV

m may yet be very small or quite substantia
The discrepancy between SO and AKC may be related
how the lattice parameter was varied and the pressure ev
ated in the two studies. It may also be related6 to the differ-
ence between theP dependence of the enthalpy of formatio
which was essentially calculated by SO, and that of
Gibbs free energy of formation, which was essentially cal
lated by AKC.

We now compare our results with the measured effec
biaxial stress on diffusion. Experimentally,21 the influence of
biaxial stress has been commonly characterized byQ8, the

-

TABLE I. Theoretical and measured volume changes~in units of V! asso-
ciated with Sb diffusion in Si. Values for the right-hand side column a
obtained by subtractingVV

f from V* ; in the bottom three rows our experi
mental value ofV* is used.

Work V* VV
f Vasso1VSbV

m

Sugino and Oshiyama 10.066 20.468 10.534
This work 10.07
Antonelli and Bernholc 10.75 20.68
Tanget al. 10.03 10.04
Antonelli, Kaxiras, and Chadi 20.09 10.16



y
ss

s
d
en
s
v
an
he

e
E
p

f
ce
-

lts
o

-

te

-
ng

is
o
da

ses
rate
he
in
n-
is

s to
en-

03
ls
ith

pl.

er,
l.

ech-

D.
t

ne,

hen
have

o-
e
un-
e

s.

S.

po-
d at
n
Raf-
W.
.
ett.

ett.

s

943Appl. Phys. Lett., Vol. 75, No. 7, 16 August 1999 Zhao et al.
apparent change in activation energyE* with biaxial ~ten-
sile! strain e at constant composition. There is a thermod
namic relationship2 between hydrostatic and biaxial stre
effects on the diffusivity:

V*

V
1

3

2

Q8

YV
5611S Vi

m2V'
m

V D , ~1!

where the1~2! sign is for a vacancy~interstitial!-based
mechanism,Y is the biaxial modulus, and (Vi

m2V'
m)/V is

the anisotropy in the migration volume. In the simplest ca
of a vacancy mechanism in which the system in the sad
point has a symmetry axis along the direction of the elem
tary atomic jumps,̂111&, the migration volume anisotropy i
zero. Whereas this condition should be satisfied for the
cancy contribution to self-diffusion, in some cases of dop
diffusion a saddle point has been identified in which t
vacancy is at or near the third nearest-neighbor position7,22,23

to the dopant atom. In these cases it remains to be s
whether the broken symmetry causes the continued use
~1! plus the assumption of zero migration volume anisotro
to result in an error of any significance.

Experimentally, Kringhojet al.21 isolated the effects o
strain and composition on Sb diffusion normal to the surfa
They reportedQ851363 eV per unit strain for compres
sively strained Si91Ge9 films andQ851765 eV for tensile
Si films. According to Eq.~1! this value in and of itself
requiresV* to be near zero, in conflict with the early resu
of Antonelli and Bernholc. Inserting our measured value
V* 510.07V and Kringhoj’s values forQ8 into Eq. ~1! we
find V* 1(3/2)(Q8/Y)5(10.9360.20)V for the compres-
sively strained Si91Ge9 alloy and V* 1(3/2)(Q8/Y)
5(11.2060.33)V for tensile Si. This is in excellent quan
titative agreement with the prediction of11 V for a simple
vacancy mechanism. Graphically this agreement is illustra
in Fig. 2. The data points are from Kringhojet al.The slopes
of the lines indicate the value ofQ8 expected from the va
cancy mechanism for the biaxial experiment by inputti
into Eq.~1! V* 510.07V andY5180.5 GPa24 with zero for
the migration strain anisotropy. The offset between lines
free parameter representing the effect of composition at c
stant strain; lines have been chosen to go through the
points at zero strain.

FIG. 2. Biaxial strain effect on Sb diffusion in Si–Ge at constant compo
tion. Data points represent average values from Kringhojet al. ~Ref. 21!
over range 900–1030 °C. Lines from Eq.~1! using V* measured in this
work and zero migration volume anisotropy.
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These results provide further evidence that Sb diffu
predominantly by a vacancy mechanism, and demonst
that we are beginning to acquire predictive capability for t
effect of stress on Sb diffusion. However, for diffusion
non-̂ 001& directions by a vacancy mechanism still more i
formation is required, as the migration volume anisotropy
not necessarily zero even for self-diffusion. Its value need
be determined by theoretical calculations and/or experim
tal measurements.
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