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The diffusion of Sb in Si has been studied as a function of Sn-background concentratio
and enhanced Sb diffusion is observed for backgrounds higher thanC0

Sn ø 5 3 1019 cm23. This
concentration for the onset of enhanced diffusion is significantly lower than in other reports
high-concentration vacancy-mediated diffusion in Si. These reports, however, have up to n
been concerned with donor impurities, whereas Sn is an electrically neutral impurity. Some
precipitation occurred, and the influence upon the diffusion is estimated from experiment to be sm
A number of proposed models of high-concentration diffusion are discussed on the basis of the d
[S0031-9007(98)07983-6]
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Atomic diffusion in Si at very high dopant concen
trations has been a subject of intensive investigations
recent years [1–8]. The field, besides being of cruc
importance in device processing, provides a new way
improving fundamental knowledge of dopant-dopant an
dopant-point defect interactions. So far both experime
and theory have focused mostly on vacancy-mediated d
fusion in high background concentrations of the don
impurities As and P, and, experimentally, strong diffu
sion enhancement is observed for concentrations exceed
,2 3 1020 cm23 [3,9].

We present here a study of Sb diffusion in high bac
ground concentrations of Sn. Being isovalent to Si a
having a large covalent radius, Sn interacts with vaca
cies by strain relief only, whereas donor atoms have a lo
range Coulomb-type interaction with negatively charge
vacancies. At the same time Sn enables a diffusion stu
with no change of Fermi level to influence the concentr
tion of charged vacancies. Since Sb is known to diffu
predominantly by a vacancy-assisted mechanism this s
tem is considered a rather simple one, suitable for critic
tests of the diffusion theories in Si.

Samples were grown on Sik001l substrates in a VG-80
molecular-beam epitaxy (MBE) system. In the structur
thin Sb spikes were placed in pure Si, inside Sn-b
profiles in Si, or next to Sn-box profiles in Si. A typica
sample with an Sb spike inside a Sn box is shown in Fig.
[10]. Sb peak concentrations were low enough to not affe
the Fermi level, i.e.,C

peak
Sb , ni , where the intrinsic carrier

density at 1000±C is ni ø 5 3 1018 cm23.
Annealings were performed at 995±C in a flow fur-

nace using an inert Ar ambience, and the diffusion tim
were corrected for furnace ramping-up and ramping-dow
times [11].

Depth profiles were measured with secondary-ion ma
spectroscopy (SIMS), and two instruments were use
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An Atomica 4000 magnetic quadrupole instrument with
primary O1

2 beam, impact energy4.5 keV and incidence
angle 20± off normal, and a Cameca ims 4f magnetic sect
instrument with an O12 beam, impact energy5.5 keV and a
mechanical angle of 30± off normal. The Cameca was used
to profile one series of samples that contained Sb spikes
side Sn boxes, withC

peak
Sb ø 5 3 1017 cm23 and Sn con-

centrations 1 3 1018 cm23 # CSn # 9.9 3 1019 cm23.
All other samples hadC

peak
Sb ø 3 3 1018 cm23 and were

profiled with the Atomica. Depth calibrations were
made by measuring the crater depths using a Dek
profilometer with a relative accuracy better than 3%.

Extraction of diffusion coefficients was done by numer
cally diffusing the SIMS profile of the as-grown sampl
according to Fick’s 2nd law, and minimizing the erro
between the simulated diffused profile and the measu
diffused profile with respect to the diffusion coefficient.
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FIG. 1. SIMS profiles of an Sb spike contained within a S
box, as-grown (filled symbols) and diffused at 995±C for 2 h
(open symbols). The solid curve is a Fick’s law fit.
© 1998 The American Physical Society
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The main result is presented in Fig. 2: At low Sn
concentrations a constant Sb diffusivityDSbs995 ±Cd ­
1.18 3 10215 cm2ys is observed, in perfect agreemen
with the intrinsic value [12]. Enhanced Sb diffusion occur
at Sn concentrations higher thanC0

Sn ø 5 3 1019 cm23,
and at CSn ­ 4.7 3 1020 cm23 the enhancement is a
factor of 3 relative to the intrinsic value.

We may note, from analyzing the box profiles, tha
also Sn diffusivity increased with concentration. N
systematic investigation was made, however, since th
diffusion was not under isoconcentration conditions.

We first demonstrate that the observed enhancem
cannot be explained by lattice strain, nor by point defe
injection related to Sn precipitation. The latter topi
received special attention, the solid solubility limit of Sn
being,5 3 1019 cm23 at 1000±C [13].

Biaxial, compressivelattice strain may in general ex-
ist in Si12xSnx layers that are grown epitaxially upon S
substrates. Kringhøjet al. [14] recently showed, from a
Si0.91Ge0.09 system, that a compressive strains causes an
Sb diffusivity enhancementFstrain ­ exps2Q0sykT d with
Q0 ­ 13 6 3 eV. This value does not include chemica
effects related to Ge. The strain in epitaxial Si12xSnx lay-
ers on Si is determined with great precision [15] from Ve
gard’s linear interpolation between the lattice paramete
of Si (aSi ­ 5.4311 Å) and a-Sn (aSn ­ 6.4890 Å), so
that s ­ s1 2 aSnyaSidx ­ 20.1948x. Supposing that
the Sn layers were fully strained under diffusion and in
serting x ­ 0.01, corresponding to the highest Sn con
centration, we find an upper limitFmax

strain ­ 1.26. Thus
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FIG. 2. Sb diffusivity at 995±C vs Sn-background concentra-
tion in samples of the type shown in Fig. 1. The solid curve
Eq. (3) of which the two straight lines are the individual terms
The dashed curve is Eq. (1). Samples were diffused for 2
(filled symbols) or 3 h (open) and profiled with an Atomika
(circles) or a Cameca (squares). Identical symbols also c
respond to samples that were annealed simultaneously, un
exact identical conditions. Vertical errors here and in Fig.
are from fitting and depth calibration. Horizontal errors stem
from scaling of SIMS signals relative to calibration sample
that were measured with Rutherford backscattering.
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lattice strain can at most account for a small contributio
to the diffusivity enhancement, the major effect still bein
specifically related to the chemical nature of Sn.

To reveal whetherSn precipitationwould create an in-
jection of point defects and thereby affect Sb diffusio
two MBE structures were grown that contain, respe
tively, two Sb spikes in pure Si and one Sb spike pos
tioned next to a high concentration (3.3 3 1020 cm23) Sn
box in Si; see Fig. 3. As shown in Fig. 4, Sb diffusivitie
were then measured in these two samples at 995±C after
different annealing times. We see that at short times (1

2 h,
1 h) Sn precipitation leads to a slight retardation of S
diffusion. Sb being a vacancy-assisted diffuser, this su
gests that Si self-interstitials are injected. At long diffu
sion times (2 h, 3 h), however, the retardation is no long
significant, indicating that the injection is only transient.

This is in accordance with plan-view transmission
electron microscopy (TEM) investigations of Sn pre
cipitates in samples of the type shown in Fig. 1, afte
respectively, 1 and 3 h annealing at 995±C. After 1 h
precipitates had formed in samples withCSn $ 1.2 3

1020 cm23, all of a distinct size of approximately 10 nm
After 3 h, sizes ranged from,5 to ,18 nm, the size
evolution probably taken place by Ostwald ripening.
rough estimate of precipitate volumes gives the importa
result that the fraction of Sn atoms that have gone in
precipitates is very small, less than 1% in any samp
(assuming that all precipitates are seen by TEM and th
precipitates are pure Sn). Moreover, this fraction did n
increase from 1 to 3 h of annealing.

One should be cautious when generalizing the results
Fig. 4 to Sb diffusioninsidea Sn box, but we still estimate
that diffusivities extracted from long diffusion times (2 h
3 h) are only slightly influenced by point defect injectio
from Sn precipitation. In any case, such an injection c
at most have a retarding—not enhancing—effect.

Important also,dislocationdensities were low enough
to not affect the diffusion. AtCSn ­ 4.7 3 1020 cm23

the density of misfit dislocations, estimated from TEM
on plan-view and cross-sectional samples, both befo
and after annealing, was,106 cm22 or less. The far
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FIG. 3. MBE structures for testing Sb diffusion (a) with an
(b) without a Sn box, as-grown (dashed) and annealed
995±C for 1 h (solid). The two spikes in (b) have the sam
diffusivities, showing that surface effects are unimportant.
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FIG. 4. Diffusion coefficients at 995±C of the Sb profiles
in Fig. 3 vs annealing time. Points that are vertically abov
each other represent samples that have been annealed sim
neously, under exact same temperature and time conditions.

majority was located at the SiSnySi interface. Threading
dislocations were seen at a density at least 10 tim
lower. Hardly any dislocations were found atCSn ­
3.2 3 1020 cm23, and none below this concentration.

For the system at hand a comparison is relevant w
Sb diffusion in relaxed Si12xGex . Here an enhancement
also occurs [12,14], but the mechanism seems to be fu
damentally different, since it sets in only in alloys that ar
increasingly Ge-like; e.g., a factor of 2 enhancement r
quiresx $ 0.10 [12]. The small-size group-IV impurity
C is known to retardB diffusion by inducing an under-
saturation of Si self-interstitials [16], but effects of highC
concentrations upon vacancy diffusers have, to our know
edge, not been studied.

In the following we will discuss a number of proposed
models for high-concentration diffusion in Si.

Mathiot and Pfister [1,17,18] put forward avacancy-
percolation model,in which the dopants set up a vacancy
percolation network when their concentration exceeds
critical valueCp. In this limit vacancies will, namely, feel
a simultaneous attraction to two or more dopants, which r
sults in lowered vacancy migration barriers and formatio
energies. For any atoms that diffuse via vacancy exchan
the effective diffusivity then has two contributions,Dperc

and Dnorm (­ 1.18 3 10215 cm2ys for Sb), from diffu-
sion inside and outside percolation regions,

Deff ­ P`Dperc 1 s1 2 P`dDnorm. (1)

Here P` is the probability that an atom belongs to a
“infinite” percolation cluster,

P` ­

Ω
0 for C , Cp,
minf1, Ks C

Cp 2 1dbg for C . Cp, (2)

b ­ 0.4 andK is a constant. Diffusion in Sn background
is particularly simple, since Sn induces no Fermi-lev
shift, soDnorm andDperc have no doping dependence.
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In Fig. 2 the data were fitted according to Eq. (1
(dashed curve). From the fitK ­ 0.44 6 0.02. A fixed
value Dperc ­ 4 3 10215 cm2ys was used, since this
value is slightly above the highest measured value
DSb. The experiment, however, does not indicate th
DSb reaches a plateau (equal toDperc) at high Sn concen-
trations, and the diffusivity increase is not as sudden
predicted.

The fitted percolation threshold isCp
Sn ­ 9.6 6 0.5 3

1019 cm23, considerably lower than thresholds observe
for diffusion in group-V backgrounds. Theory givesCp ø
2 3 1020 cm23 [19], corresponding to the limit above
which a vacancy that escapes to a 3rd neighbor posit
from one dopant will be a 2nd neighbor to another dopa
and this value has been in good agreement with group
diffusion experiments [1,3,9,17,18].

In the above framework the fact thatCp is lower for
Sn than for a group-V background would suggest that t
Sn-V potential (V denotes vacancy) has a longer rang
than donor atom-vacancy potentials. But in conflict on
will expect a priori that the purely elastic Sn-V potential
falls off more rapidly than a Coulomb-like donor atom
vacancy potential. (Such a potential was calculated
Pankratovet al. [20] for As.) If the Sn-V potential had
indeed been long range it would have a strong bindi
energyDE2 at the 2nd neighbor separation, and this wou
have caused a much stronger diffusivity enhancementF ­
DpercyDnorm ­ expsDE2ykT d [17] than seen.

Thus it is likely that a different scenario is needed
explain enhanced diffusion of Sb in a Sn background. B
vacancy percolation (despite the crudity of the model
see, e.g., [21]) may still provide a good starting point f
discussion of high concentration group-V diffusion, and
might also be important at higher Sn concentrations.

Ramamoorthy and Pantelides [5] recently didfirst-
principles calculations on As in Si. They found both
that As impurities are bound strongly (,1.5 eV per As
atom) in AsnV complexes,1 # n # 4, and that As2V
is highly mobile, with a diffusion activation energy o
only 2.7 eV. They suggest therefore that As2V complexes
play a significant role in enhanced As diffusion at hig
concentrations, possibly dominating diffusion at conce
trations below the percolation threshold. In possib
support hereof Sb diffusion in isoconcentration studies
in the concentration range2.3 3 1018 2.5 3 1019 cm23

was enhanced more strongly than was expected fr
Fermi-level effects. (At higher concentrations diffusio
was retarded due to precipitation.) Here Sb2V , due to
the similarity of Sb and As, could be the dominating di
fusing species.

A corresponding complex for mediating Sb diffusion i
a Sn background would be Sb-Sn-V , where one group-V
atom has been swapped with Sn. The formation of suc
complex will benefit from the lack of Coulomb repulsio
between Sb and Sn. At the same time one can expect
the vacancy is bound to the two dopants during diffusi
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because of the positively charged Sb1 and because of
strain, considering the large sizes of Sn and Sb atoms.
first order reaction kinetics the number of such complex
will increase linearly withCSn, giving a contribution
with slope a ­ 1 in a log-log plot of diffusivity vs Sn
concentration. Indeed, this is supported by the solid cur
fit of Fig. 2, where we used the expression

D ­ D0 1 D1sCSnyCSda. (3)

From the fit a ­ 1.04 6 0.05, D1 ­ 3.1 6 0.8 3

10213 cm2ys. D0 ­ 1.18 3 10215 cm2ys was used for
intrinsic diffusion via Sb-V pairs, andCS is the Si atomic
density.

For Eq. (3) to hold the vacancy concentration must n
increase abruptly, since this itself would cause a diffu
sivity enhancement. Also, in Eq. (3), in thermodynam
cal equilibrium the fraction of Sb atoms that are in Sb-V
pairs is not affected by formation of Sb-Sn-V complexes.
This can be expected to be fulfilled, requiring only tha
the number of Sb-V pairs and Sb-Sn-V complexes is low
relative to the number of Sb atoms.

A number of authors [6,7,22] have used Monte Car
methods to model high-concentration group-V diffusion
Dunham and Wu [6] obtained good agreement with da
from [3] by assuming a linear dopant-vacancy potenti
with a range to the 3rd coordination order and no dopan
dopant interactions. List and Ryssel [7] performed simila
simulations, but with a much larger number of diffusio
hops. They found that diffusion would retard at high con
centrations due to clustering of dopants as a by-produ
of the dopant-vacancy attraction. Good results were o
tained only with anonattractivepotential with low vacancy
migration barriers near the dopant atom. It appears th
Monte Carlo simulations are still to be improved, incor
poratingab initio potentials, where possible, and allowing
for mobile two-atom complexes.

An alternative model was proposed by Antoncik [4]
In this model diffusion is enhanced when dopant conce
trations approach the solubility limit, the argument bein
that decay of diffusing dopant-vacancy pairs should slo
down. But the model cannot explain the enhancement
the Sn system, since even atCSn ­ 4.7 3 1020 cm23 we
have effectively not reached a limit on the number of S
atoms that can be incorporated substitutionally.

Summarizing, we have presented data that show d
fusion enhancement at 995±C of Sb in Si when Sn-
background concentrations exceed,5 3 1019 cm23. It
was made probable that Sn precipitation causes inject
of self-interstitials, but that the effect upon the Sb diffusio
at diffusion times of,2 3 hours is small and possibly re-
tarding. We argued from the diffusion data that the va
cancy percolation model cannot be applied to explain t
diffusivity enhancement in the present system, but that
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likely diffusion mechanism to prevail at high concentra
tions is diffusion via Sb-Sn-V complexes.
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