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Sn-Background-Induced Diffusion Enhancement of Sb in Si
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The diffusion of Sb in Si has been studied as a function of Sn-background concentration,
and enhanced Sb diffusion is observed for backgrounds higher @ar= 5 X 10" cm=3. This
concentration for the onset of enhanced diffusion is significantly lower than in other reports of
high-concentration vacancy-mediated diffusion in Si. These reports, however, have up to now
been concerned with donor impurities, whereas Sn is an electrically neutral impurity. Some Sn
precipitation occurred, and the influence upon the diffusion is estimated from experiment to be small.
A number of proposed models of high-concentration diffusion are discussed on the basis of the data.
[S0031-9007(98)07983-6]

PACS numbers: 66.30.Jt

Atomic diffusion in Si at very high dopant concen- An Atomica 4000 magnetic quadrupole instrument with a
trations has been a subject of intensive investigations iprimary G beam, impact energy.5 keV and incidence
recent years [1-8]. The field, besides being of cruciabngle 20 off normal, and a Cameca ims 4f magnetic sector
importance in device processing, provides a new way oinstrument with an © beam, impact energy.5 keV and a
improving fundamental knowledge of dopant-dopant andnechanical angle of 3®ff normal. The Cameca was used
dopant-point defect interactions. So far both experimento profile one series of samples that contained Sb spikes in-
and theory have focused mostly on vacancy-mediated difside Sn boxes, Witkjjgiak ~ 5 % 107 cm~2 and Sn con-
fusion in high background concentrations of the donorcentrations 1 X 10'8 cm™3 = Cg, = 9.9 X 10" cm™3.
impurities As and P, and, experimentally, strong diffu- o other samples had™** ~ 3 x 10'® cm™3 and were

. . . . Sb
sion enhancement is observed for concentrations exceediRgofiled with the Atomica. Depth calibrations were

~2 X 10* cm™ [3,9]. S made by measuring the crater depths using a Dektak
We present here a study of Sb diffusion in high back-profilometer with a relative accuracy better than 3%.
ground concentrations of Sn. Being isovalent to Si and Extraction of diffusion coefficients was done by numeri-
having a large covalent radius, Sn interacts with vacangaly diffusing the SIMS profile of the as-grown sample
cies by strain relief only, whereas donor atoms havealongccording to Fick's 2nd law, and minimizing the error
range Coulomb-type interaction with negatively chargedyetween the simulated diffused profile and the measured

vacancies. Atthe same time Sn enables a diffusion studyiffysed profile with respect to the diffusion coefficient.
with no change of Fermi level to influence the concentra-

tion of charged vacancies. Since Sb is known to diffuse
predominantly by a vacancy-assisted mechanism this sys- .
tem is considered a rather simple one, suitable for critical - S
tests of the diffusion theories in Si.

Samples were grown on 8i01) substrates in a VG-80
molecular-beam epitaxy (MBE) system. In the structures
thin Sb spikes were placed in pure Si, inside Sn-box
profiles in Si, or next to Sn-box profiles in Si. A typical
sample with an Sb spike inside a Sn box is shown in Fig. 1
[10]. Sb peak concentrations were low enough to not affect
the Fermilevel, i.e.C2*" < n;, where the intrinsic carrier
density at 1000C isn; = 5 X 10'® cm™3,

Annealings were performed at 995 in a flow fur-
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nace using an inert Ar ambience, and the diffusion times 0 1000 2000 3000 4000
were corrected for furnace ramping-up and ramping-down DEPTH (ANGSTROM)

times [11]. . . . FIG. 1. SIMS profiles of an Sb spike contained within a Sn
Depth profiles were measured with secondary-ion masgox, as-grown (filled symbols) and diffused at 9@5for 2 h
spectroscopy (SIMS), and two instruments were usediopen symbols). The solid curve is a Fick’s law fit.
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The main result is presented in Fig. 2: At low Sn lattice strain can at most account for a small contribution
concentrations a constant Sb diffusivifys, (995 °C) =  to the diffusivity enhancement, the major effect still being
1.18 X 1071 cn?/s is observed, in perfect agreement specifically related to the chemical nature of Sn.
with the intrinsic value [12]. Enhanced Sb diffusion occurs To reveal whetheBn precipitatiorwould create an in-

at Sn concentrations higher tha, =~ 5 X 10" cm™3,  jection of point defects and thereby affect Sb diffusion,
and atCs, = 4.7 X 10% cm™3 the enhancement is a two MBE structures were grown that contain, respec-
factor of 3 relative to the intrinsic value. tively, two Sb spikes in pure Si and one Sb spike posi-

We may note, from analyzing the box profiles, thattioned next to a high concentratioh.§ X 10%° cm™3) Sn
also Sn diffusivity increased with concentration. Nobox in Si; see Fig. 3. As shown in Fig. 4, Sb diffusivities
systematic investigation was made, however, since thigere then measured in these two samples at’@after
diffusion was not under isoconcentration conditions. different annealing times. We see that at short tirr%eh,(

We first demonstrate that the observed enhancemedth) Sn precipitation leads to a slight retardation of Sb
cannot be explained by lattice strain, nor by point defectiffusion. Sb being a vacancy-assisted diffuser, this sug-
injection related to Sn precipitation. The latter topic gests that Si self-interstitials are injected. At long diffu-
received special attention, the solid solubility limit of Sn sion times (2 h, 3 h), however, the retardation is no longer
being~5 X 10" cm™3 at 1000°C [13]. significant, indicating that the injection is only transient.

Biaxial, compressivdattice strainmay in general ex- This is in accordance with plan-view transmission-
ist in Si;—,Sn, layers that are grown epitaxially upon Si electron microscopy (TEM) investigations of Sn pre-
substrates. Kringhggt al. [14] recently showed, from a cipitates in samples of the type shown in Fig. 1, after,
Sio.o1Gay 09 System, that a compressive straicauses an respectively, 1 and 3 h annealing at 985 After 1 h
Sb diffusivity enhancemerfiy,,i, = exp(—Q's/kT) with  precipitates had formed in samples wify, = 1.2 X
Q' =13 = 3 eV. This value does not include chemical 10%° cm™3, all of a distinct size of approximately 10 nm.
effects related to Ge. The strain in epitaxial-SiSn, lay-  After 3 h, sizes ranged from-5 to ~18 nm, the size
ers on Si is determined with great precision [15] from Ve-evolution probably taken place by Ostwald ripening. A
gard’s linear interpolation between the lattice parametersough estimate of precipitate volumes gives the important
of Si (as; = 5.4311 A) and a-Sn (s, = 6.4890 A), so  result that the fraction of Sn atoms that have gone into
that s = (1 — asn/asi)x = —0.1948x. Supposing that precipitates is very small, less than 1% in any sample
the Sn layers were fully strained under diffusion and in-(assuming that all precipitates are seen by TEM and that
serting x = 0.01, corresponding to the highest Sn con- precipitates are pure Sn). Moreover, this fraction did not
centration, we find an upper limig;, = 1.26. Thus increase from 1 to 3 h of annealing.

One should be cautious when generalizing the results of
Fig. 4 to Sb diffusiorinsidea Sn box, but we still estimate
551015 — — R that diffusivities extracted from long diffusion times (2 h,
3 h) are only slightly influenced by point defect injection

£ 4 E from Sn precipitation. In any case, such an injection can
= E at most have a retarding—not enhancing—effect.
o 3f E Important alsodislocationdensities were low enough
S E ] to not affect the diffusion. AiCs, = 4.7 X 102 cm™3
LZ’ r 1 the density of misfit dislocations, estimated from TEM
o 2¢r ] on plan-view and cross-sectional samples, both before
o T 1 i 6 -2
) r 1 and after annealing, was-10° cm™= or less. The far
Lo ]
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FIG. 2. Sb diffusivity at 995C vs Sn-background concentra- & 10 \ o 0 B
tion in samples of the type shown in Fig. 1. The solid curveis O [ | 10 ]
Eqg. (3) of which the two straight lines are the individual terms. % 107H i R ]
The dashed curve is Eq. (1). Samples were diffused for 2 h O 16C ‘;“ dud i B el b
(filled symbols) or 3 h (open) and profiled with an Atomika 0 2000 4000 6000 O 2000 4000 6000

(circles) or a Cameca (squares). ldentical symbols also cor- DEPTH (ANGSTROM)

respond to samples that were annealed simultaneously, under

exact identical conditions. Vertical errors here and in Fig. 3FIG. 3. MBE structures for testing Sb diffusion (a) with and
are from fitting and depth calibration. Horizontal errors stem(b) without a Sn box, as-grown (dashed) and annealed at
from scaling of SIMS signals relative to calibration samples995°C for 1 h (solid). The two spikes in (b) have the same
that were measured with Rutherford backscattering. diffusivities, showing that surface effects are unimportant.
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1.5X101 [T r———— e In Fig. 2 the data were fitted according to Eg. (1)
£ I 1 (dashed curve). From the fif = 0.44 *= 0.02. A fixed

= 1.4[Sb spikes in pure Si l ] value DP® = 4 X 1015 cm?/s was used, since this
E f 1 value is slightly above the highest measured value of
O 13L ] Ds,. The experiment, however, does not indicate that
g s 1 Dsy, reaches a plateau (equal B3¢) at high Sn concen-

O 1, A trations, and the diffusivity increase is not as sudden as
g 1 predicted.

i 1.1i 4 The fitted percolation threshold &g, = 9.6 * 0.5 X
el ] 10" cm™3, considerably lower than thresholds observed
S RN N AR for diffusion in group-V backgrounds. Theory gives =~

20 50 100 200 2 X 10%° cm™3 [19], corresponding to the limit above

DIFFUSION TIME (MINUTES) which a vacancy that escapes to a 3rd neighbor position
FIG. 4. Diffusion coefficients at 99% of the Sb profiles from 0_”9 dopant will be a.2nd neighbor to another dopant,
in Fig. 3 vs annealing time. Points that are vertically above@nd this value has been in good agreement with group-V
each other represent samples that have been annealed simulgiffusion experiments [1,3,9,17,18].
neously, under exact same temperature and time conditions. In the above framework the fact that* is lower for
Sn than for a group-V background would suggest that the
SnV potential ¢ denotes vacancy) has a longer range
majority was located at the Sig8i interface. Threading than donor atom-vacancy potentials. But in conflict one
dislocations were seen at a density at least 10 timeill expecta priori that the purely elastic SH-potential
lower. Hardly any dislocations were found &%, = falls off more rapidly than a Coulomb-like donor atom-
3.2 X 10 cm™?, and none below this concentration.  vacancy potential. (Such a potential was calculated by
For the system at hand a comparison is relevant witlPankratovet al. [20] for As.) If the Sn¥ potential had
Sb diffusion in relaxed $i,Ge,. Here an enhancement indeed been long range it would have a strong binding
also occurs [12,14], but the mechanism seems to be furenergyAE, at the 2nd neighbor separation, and this would
damentally different, since it sets in only in alloys that arenave caused a much stronger diffusivity enhancerfiest
increasingly Ge-like; e.g., a factor of 2 enhancement reprerc /pnom — exg(AE,/kT) [17] than seen.
quiresx = 0.10 [12]. The small-size group-IV impurity  Thus it is likely that a different scenario is needed to
C is known to retardB diffusion by inducing an under- explain enhanced diffusion of Sb in a Sn background. But
saturation of Si self-interstitials [16], but effects of high  vacancy percolation (despite the crudity of the model—
concentrations upon vacancy diffusers have, to our knowlsee, e.g., [21]) may still provide a good starting point for

edge, not been studied. discussion of high concentration group-V diffusion, and it
In the following we will discuss a number of proposed might also be important at higher Sn concentrations.
models for high-concentration diffusion in Si. Ramamoorthy and Pantelides [5] recently dicst-

Mathiot and Pfister [1,17,18] put forward scancy- principles calculations on As in Si. They found both
percolation modelin which the dopants set up a vacancy-that As impurities are bound strongly-(.5 eV per As
percolation network when their concentration exceeds atom) in As,V complexes,] = n < 4, and that AsV
critical valueC™. In this limit vacancies will, namely, feel is highly mobile, with a diffusion activation energy of
a simultaneous attraction to two or more dopants, which regnly 2.7 eV. They suggest therefore thabKscomplexes
sults in lowered vacancy migration barriers and formatiorplay a significant role in enhanced As diffusion at high
energies. For any atoms that diffuse via vacancy exchangsoncentrations, possibly dominating diffusion at concen-
the effective diffusivity then has two contribution®°  trations below the percolation threshold. In possible
and D™ (= 1.18 X 1075 cn?/s for Sb), from diffu-  support hereof Sb diffusion in isoconcentration studies [8]
sion inside and outside percolation regions, in the concentration ranga3 X 10'8-2.5 x 10" ¢cm™3
was enhanced more strongly than was expected from
Fermi-level effects. (At higher concentrations diffusion
was retarded due to precipitation.) Here,Bpdue to
the similarity of Sb and As, could be the dominating dif-
fusing species.

0 for C < C*, A corresponding complex for mediating Sb diffusion in
Py, = {min[],l((é ~ 1)E] forC > C, (2)  a sn background would be Sb-Sh-where one group-V
atom has been swapped with Sn. The formation of such a
B = 0.4 andK is a constant. Diffusion in Sn backgrounds complex will benefit from the lack of Coulomb repulsion
is particularly simple, since Sn induces no Fermi-levelbetween Sb and Sn. At the same time one can expect that
shift, soD"°™ and DP*¢ have no doping dependence. the vacancy is bound to the two dopants during diffusion

DT = P.DP® + (1 — P.)D™™, (1)

Here P, is the probability that an atom belongs to an
“infinite” percolation cluster,
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because of the positively charged *Sland because of likely diffusion mechanism to prevail at high concentra-
strain, considering the large sizes of Sn and Sb atoms. [tions is diffusion via Sb-Sr¥ complexes.

first order reaction kinetics the number of such complexes This work was funded by the Danish Natural Science
will increase linearly withCs,, giving a contribution Research Council, and one of us (M. L.) has received sup-
with slopea = 1 in a log-log plot of diffusivity vs Sn  port from the Swedish Foundation for Strategic Research.
concentration. Indeed, this is supported by the solid curve

fit of Fig. 2, where we used the expression

D = Dy + Di(Csn/Cs)". 3) *Present address: Inst. f. Appl. Phys. Problems, Belarus-
From the fit ¢ = 1.04 = 0.05, D; = 3.1 = 0.8 X sian St. Univ., Kurchatov Str. 7, 220106 Minsk, Belarus.
10713 en?/s. Do = 1.18 X 10-15 e /s was used for [1] D. Mathiot and J. C. Pfister, J. Appl. Phy&6, 970 (1989).

intrinsic diffusion via SbV pairs, andCy is the Si atomic [2] R.B. Fair, M.L. Manda, and J.J. Wortman, J. Mater. Res.
density 1, 705 (1986).

. [3] A. Nylandsted Larsen, K.K. Larsen, and P.E. Andersen,
For Eq. (3) to hold the vacancy concentration must not™ * 5 app|. phys73 691 (1993).

increase abruptly, since this itself would cause a diffu- [4] E. Antoncik, J. Electrochem. Sot41, 3593 (1994).

sivity enhancement. Also, in Eq. (3), in thermodynami- [5] M. Ramamoorthy and S.T. Pantelides, Phys. Rev. Lett.

cal equilibrium the fraction of Sb atoms that are in Bb- 76, 4753 (1996).

pairs is not affected by formation of Sh-Sheomplexes. [6] S.T. Dunham and C.D. Wu, J. Appl. Phyg8, 2362

This can be expected to be fulfilled, requiring only that  (1995).

the number of SB# pairs and Sbh-Si- complexes is low  [7] S. Listand H. Ryssel, J. Appl. Phy83, 7595 (1998).

relative to the number of Sb atoms. [8] A. Nylandsted' Larsen, P. Kringhgj, J. Lundsgaard Hansen,
A number of authors [6,7,22] have used Monte Carlo o anNsl'YLg ?héryfev’ J. Aspgl(' Phsyﬁ_l, 2173 l(zlgsgg

methods to model high-concentration group-V diffusion. [B1 A. Nylandsted Larsen, S.Yu. Shiryaev, E.S. Serensen,

. . d P. Tid d-Pet , Appl. Phys. Ld8, 1805
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dopant interactions. List and Ryssel [7] performed similar at the growing surface.

simulations, but with a much larger number of diffusion[11] In each annealing the temperatufe is recorded as a
hops. They found that diffusion would retard at high con- function of time+;,. An effective diffusion timet.s is
centrations due to clustering of dopants as a by-product then calculated by summing all time stefs; = 7, —

of the dopant-vacancy attraction. Good results were ob-  # With weights, according tae = >; Az; exp [ —

tained only with anonattractivepotential with low vacancy %]). HereT is the temperature at the plateau (93,
migration barriers near the dopant atom. It appears that and the activation energy of intrinsic Sb diffusio@, =
Monte Carlo simulations are still to be improved, incor- 408 eV [12], was used in all cases. Typically; is less

than 10 min longer than the nominal, preset heating time,

oratingab initio potentials, where possible, and allowin . L e
b g P P g so that corrections are insignificant at all but the shortest

for mobile two-atom complexes. L
lternative model was proposed by Antoncik [4]. annealing times. : .
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Summa”Zlng, we have presented data that show d|f£17] D. Mathiot and J. C. PfIStel’, J. PhyS (Pa”s), L48.L453

fusion enhancement at 996 of Sb in Si when Sn- (1982). ) i
background concentrations exceed X 10'° cm™. It [18] (D Mf;\thlot and J.C. Pfister, J. Appl. PhyS5, 3518
’ 1984).

was made probable that Sn precipitation causes injecting] P. Haahr Christensen (private communication).

of self-interstitials, but that the effect upon the Sb diffusion[zo] 0. Pankratov, H. Huang, T.D. de la Rubia, and C. Mail-
at diffusion times of~2-3 hours is small and possibly re- hiot, Phys. Rev. B56, 13172 (1997).

tarding. We argued from the diffusion data that the va{21] c. van Opdorp, L.J. van IJzendoorn, C.W. Fredriksz, and
cancy percolation model cannot be applied to explain the  D.J. Gravesteijn, J. Appl. Phyg2, 4047 (1992).

diffusivity enhancement in the present system, but that 2] S.A. Fedotov, Phys. Status Solidi (b36, 375 (1994).

5859



