PHYSICAL REVIEW B VOLUME 56, NUMBER 11 15 SEPTEMBER 1997-I

Anomalous diffusion of tin in silicon

Per Kringhgj and Arne Nylandsted Larsen
Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark
(Received 5 May 1997

The diffusion of Sn in Si has been studied using molecular-beam epitaxially grown Si layers with Sn and Sb
distributions included during growth. The Sn and Sb profiles were measured by secondary-ion mass spectrom-
etry. By comparing the diffusion of Sn and Sb in an inegtasnbient to that in a nitridating NHambient, in
which case vacancies are injected, the fractional-vacancy contribution to the diffusion of Sn in Si was found to
be equal to that of Sb which is known to be close to one. Thus, it is concluded that Sn diffuses predominantly
by a vacancy-mediated mechanism in Si. The activation energy of diffusion, however, is found to be higher
than expected for a vacancy-mediated diffusion mechanism; this is discussed considering Sn-vacancy configu-
rations different from the configuration in which a vacancy is trapped next to a Sn atom.
[S0163-18297)05335-9

Tin is isovalent to silicon and is electrically neutral as avalue of 4.91%0.09 eV based on redistribution of ion-
substitutional impurity in the diamond lattice; it is a large- implanted Sn distributions in the temperature range of 1000—
size impurity in silicon and is, from a strain-relief argument, 1200 °C measured with secondary-ion mass spectrometry
expected to diffuse predominantly via a vacancy-assiste@SIMS).
mechanism, as the similar-sized antimony impurity does.  Diffusion in silicon by the simple vacancy-exchange
Contrary to the case of antimony diffusion in silicon, how- mechanism, in which the substitutionally dissolved atam
ever, where SeVeral e.XperImentS.have been devoted to tl'j@‘nps into a vacancy on a nearest_neighbor Site, proceeds
exposure of the diffusion mechanisnto the knowledge of \ith an activation energy which is smaller or equal to that of
the authors only a single experiment has been carried out tQ.t.giffusion by the vacancy-exchange mechanism. Dunham
reveal the diffusion mechanism of tin in silicdn. and WU have recently demonstrated that the activation en-

It has been known for some time that oxidation of a bareer PR R,

- - . i~ gy in this caseQ,y is given by
silicon surface generates silicon self-interstitials, whereas
surface nitridation generates vacanéi@he relative contri-
bution of self-interstitials and vacancies to the diffusion of a Qav=Qsv— (AEZ,—AE3,)/2, &
given impurity or to self-diffusion can therefore be estimated
from a comparison of the retardation or enhancement of the
diffusivitity as a result of an oxidation or nitridation of the whereQgy, is the activation energy of self-diffusion by the
surface during the diffusion process. In this way Faheywacancy-exchange mechanism, aniz, andAE3,, are the
et al? has determined the fractional vacancy component ihinding energies between the substitutional atdrand the
the diffusion of Sb in Sif gy, at 1100 °C tdfg,=>0.78; this  vacancy in the second- and third-nearest neighbor positions,
fraction is foreseen to be larger at lower temperatures due tRsspectively. If the interaction potential between the atom
an expected smaller activation energy for vacancy-assisteshq the vacancy does not extend to the second-nearest-
diffusion than_ for |nterst|_t|alcy-a53|sted d|ffu3|5nT_hus, IN" nheighbor position, the activation energy will be equal to that
agreement with the strain-relief argument, Sb diffuses pregy et gitfusion. If, on the other hand, it does extend beyond

donl\)llngnttly by géacellgcg/ —assmtedtmde;:]anlsmltm Sf" ; the second-nearest-neighbor position, the activation energy
arioton an ee ave reporte € results ot surtace \ . he smaller than that of self-diffusion; in this case the

nitridation dunng .th.e diffusion of Sn in S.' at 1.1.00 .C' -They impurity and the vacancy will diffuse as a pair and the dif-
observed a diffusivity enhancement during nitridation; how-_ ™ o e

ever, using a literature value of the vacancy supersaturatioprISlon mechanism is caIIeE-centgr diffusion. Lo

expected to prevail under the actual circumstances the, A NUmber of groups have estimated the activation ener-
fractional-vacancy component was estimated to feg, gles_fpr self—dlﬁiusmn in silicon via vacancie3g;, and in-
=0.33. A possible cause of this unexpectedly low valuglerstitials, Qs;.~ The results tend to converge towards
could be a lowering of the vacancy injection due to the presQsiv=4.1 8V andQg;=4.9 eV, which includes a recent ex-
ence of tin on the surface, as discussed by Marioton anBefimental result by Bracht, Stolwijk, and Meht®rof
Gosele® Only a few determinations of the activation energy Qsiy=(3.80+0.08 eV and Qg;=(4.95-0.03 eV. For

of Sn diffusion in Si have been published, resulting in valuegntrinsic-vacancy assisted diffusion of Sb in Si, the vacancy
differing by as much as 40%: Yeh, Hu, and K&séported a  is expected to be in its neutral charge state and, hence, the
value of 4.25 eV based on in-diffusion of Sn from a surfacebinding between the positively charged Sb atom and the neu-
source and measurements by neutron-activation analysis thal vacancy will be due to strain. This type of interaction is
the temperature range 1050—1200 °C; Akasakal’ re-  normally short range in nature, and E5,,—AE2;)/2 is
ported a value of 3.5 eV also based on in-diffusion of Sntherefore expected to be small in this case. In agreement with
from a surface source and measurements by Rutherfordhat, the activation energy for intrinsic-antimony diffusion in
backscattering spectrometry at the two temperatures of 1108llicon is found to beQg,,=(4.08+0.06 eV,! identical to

and 1200 °C, and Kringhgj and Ellimrecently reported a that of vacancy-assisted self-diffusion. Moreover, Fair,
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Manda, and Wortma#A have observed a decrease in the ac- 10"
tivation energyQgp,y @s a result of an increase in the doping
level. An increase in the doping level results in an increase in
the concentration of singly charged negative vacancies and,
therefore, also in an increased importance of the Coulomb
interaction between the positively charged Sb atoms and the
vacancies, which is long range in nature. This will result in a
reduced activation energy, in agreement with the observation
by Fair, Manda, and Wortmai.Thus, the diffusion of Sb in
Si is a good example of vacancy-assisted diffusion.
Although Sn as a dilute impurity in Si has only little tech-
nological importance, it is considered an interesting impurity
due to its assumed high fractional-vacancy component of
diffusion and its electrical neutrality that allow for tests of
diffusion models without having to consider Fermi-level ef-
fects. However, the big scatter in the reported activation en-
ergies for diffusion and the uncertainty in the reported .
fractional-vacancy component of diffusion has limited its ap- by ol WFSel I &
plicability. In the present investigation of Sn diffusion in Si 2000 4000 ~ 6000
we have utilized the exceptional possibilities offered by the Depth (:8\)
molecular-beam epitaxial technique to grow very-well- . . .
defined samples, tailor-made to the actual experiments, With(-b) ';Ir?i.nléic'lk']s;n(l)cﬂ r?rsOf:websoIrQ?Z?eurrteodabs)f Srl)l\\jlvi(a)f Sfl':i in ?rl] an? |
out limitations from residual defects as in the case of ion ' pen sy 9 profies, the close

implantati interf bl in th fi symbols to profiles after heat treatmentat000 °C for~50 min in
'”."p a_n ation OF Interiace problems as in the case Of N, e (N) ambient. The full curves are calculated profilsse
diffusion experiments. x).

All the diffusion experiments reported below were donete

in epitaxial Si layers grown by molecular beam epitaxy onfusion coefficient as a free parametér=rom a visual in-
Sbh-doped(100Si wafers. The Sh and Sn distributions were spection of Figs. 1 and 2 it can immediately be concluded
included during growth; the peak concentrations wer®  that the diffusivity of Sb is larger than that of Sn and that the
X 10'® cm™3 and the full width at half manimum-250 A, heat treatment in a Njenvironment results in a strong en-
The peak concentrations were chosen to be below the solgrancement in the diffusivity of both Sb and Sn as expected at
bility limits to avoid precipitation effects and, in the case of |east for the Sb diffusivity. Extracted diffusion coefficients
Sb, below the intrinsic carrier concentration to assure diffuusing the above-mentioned minimalization procedure are
sion in the intrinsic regime. The concept we have chosen fogollected in Table I. The diffusivity during nitridation is
the determination of the fractional-vacancy contribution isfound to be depth independent An analysis of the shallow or
based on the use of the Sb diffusivity as a reference. For thake deep Sn/Sb distribution resulted in the same diffusion

purpose we grew samples containing both Sn and Sb distrioefficients; thus, the vacancy supersaturation is constant in
butions, allowing us to compare the diffusivity of Sb and Sn

under exactly the same experimental conditions. In addition,
we grew samples containing only Sb or Sn distributions to
check if the presence of both distributions in the same
sample somehow influenced the diffusivity. A comparison
was made between the diffusivities-at000 °C in either an
inert N, or a nitridating NH ambient; the diffusion time in
both cases was-50 min!® In order to determine the activa-
tion energy of diffusion, the diffusivity was studied as a
function of temperature in an inert,Nambient in the tem-
perature range of 900—-1075 °C; the annealing times were
chosen to result in similar diffusion lengths. The chemical
profiles of Sb and Sn were measured by SIMS using an
Atomika instrument. Sputtering was performed with a 3.5
keV O, beam in an incoming angle of 22 ° relative to the
normal. The?4Sn and*?3sh isotopes were detected as posi-
tive secondaries.

Figures 1 and 2 show examples of SIMS profiles mea-
sured before and after heat treatment at 1000 °C in ard y 3oe * SFod B s
a NH,; environment, respectively. The full curves in the fig- 0 2000 4000 6000 8000
ures are profiles calculated in a procedure in which the as- Depth (B\)
grown profile is allowed to broaden with time in accordance
with the diffusion equation; the difference between the cal- FIG. 2. As in Fig. 1 except for the fact that the heat treatment
culated and the diffused profiles is minimized with the dif- was done in a surface-nitridating (NHambient.
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TABLE I. Diffusion coefficients of Sn and Sb at 1000 °C measured in an ineft éihbient and in a surface nitridation (NHambient,
and calculated diffusion-enhancement facters D g5 NH3)/DgysfN5) . A total of four wafers were grown and measured: Sample 1 had

both Sn and Sb distributions, sample 2 had only a Sb distribution, and samples 3 and 4 had only Sn distributions. The stated uncertainties
include uncertainties of heat-treatment temperature and time, and on the fitting procedure for the determination of the diffusion coefficients.

Dsi(N,) (cné/s) Ds(NHy) (cmé/s) Dgsi(N,) (cnls) Dsy(NHy) (cné/s) F(Sn)  F(Sh)

Sample 1: Sn and Sb  (2.59.13)x107 ¢ (1.40-0.07)x10"%° (1.57+0.08)x10°*° (8.00-0.40)x10"*® 55+0.4 5.1+0.4

Sample 2: Sb only (1.580.08)x 10" 1 (7.45+0.37)x10° 1% 4.7+0.3
Sample 3: Sn only (3.100.16)x 10 ¢ (1.52+0.08)x 107 '° 4.9+0.3
Sample 4: Sn only (3.150.16)x 10 ¢ (1.49+0.07)x 107 '° 4.7+0.3

the investigated depth range. The diffusion coefficients inwithin the uncertainties, to the value reported by Kringhgj
Table | are determined using the entire profile. The enhanceand Ellimad of (4.91+0.09 eV but higher than the value of
ment factors calculated a® (NH3)/D(N,), and neglecting Yeh, Hu, and Kastlof 4.25 eV and significantly higher than
the small temperature different®are also included in Table the value reported by Akasale al.” of 3.5 eV. The preex-
|. There are two conclusions that can be drawn from thes@onential factor from the present investigation s
enhancement factors. First, for each of the two impurities th®sn=(1.4+3.6)X10° cnf/s, the large uncertainty renders
enhancement factors are identical within the uncertainties fomeaningless a comparison to the values measured by Kring-
the different samples, and second, the enhancement factdigj and Ellimaf of D2 ,=(5+4)x10° cm?/s and by Yeh,
for Sb and Sn are identical within the uncertainties. Thus, iHu, and Kasfi of DS, =32 cnf/s It should be noted, how-
is concluded that at 1000 °C the fractional vacancy contribuever, that the preexponential value for Sb diffusion in Si is
tion to the diffusion of Sn in Si is equal to that for Sb in Si, reported by Fair, Manda, and Wortnarto be 17.5 cris
fsnv~fspy- and by Nylandsted Larsen and Kringhlgio be 26-12 and
Diffusion coefficients of Sn in Si measured at different thus similar to the value for Sn reported by Yeh, Hu, and
temperatures are shown in Fig. 3 as a function of the recipKastl? the value for self-diffusion via interstitialcies is re-
rocal temperature. Also shown in Fig. 3 are results reportegorted by Bracht, Stolwijk and Mehf@rto be (3:1)
by Kringhgj and Ellimah obtained from ion implanted Sn X 10® cn?/s, a value similar to the one for Sn reported by
distributions in Si. It appears that the data are very similarKringhgj and Ellimarf It is not clear to us why the activa-
the activation energy of diffusion extracted from the presention energies based on in-diffusion experiments measured by
investigation is Qg,y=(4.8=0.3) eV which is identical, Yeh, Hu, and Kastl and Akasakaet al.” are smaller than
those measured in the present investigation and by Kringhgj
TEMPERATURE (°C) a_nd Elliman® Both_in-diffusion values are determined at
1100 1000 900 high temperatures in the ranges of 1050—12Réf. 6 and
T I ‘ T 1100-1200 °C(Ref. 7 which would normally favor an
interstitialcy-mediated fraction and therefore a high activa-
tion energy.
Thus, the results of the present investigation show that the
E activation energy for Sn diffusion in Si is larger than ex-
pected for vacancy-mediated diffusion, and are similar to
- what is expected for interstitialcy-mediated diffusion, in
] agreement with the observation reported in Ref. 8; however,
1 the vacancy-injection experiment points unambiguously to a
E vacancy-mediated diffusion mechanism. There are indica-
E tions that the preexponential factor is of the same order of
magnitude as that for interstitialcy-mediated self-diffusion.
E A comparison to Ge diffusion in Si might seem relevant
A R R R BT PR, as Ge is a group-1V impurity as is Sn although smaller; how-
8.0 8.5 90 93 10.0 10.5 ever, a number of investigations have demonstrated that Ge
KT (V') has a mixed diffusivity rﬂgallging such a comparison doubtful:
e - : Fahey, lyer, and Scilf@*" reported interstitial-mediated
FIG. 3. Diffusion coefficients versus reciprocal temperature.fractions,fGeI, equal to 0.350.05 at 950 °C and 1050 °C

The results from the present investigation are indicated ¥ith 17 B
and the fit to these results is shown as the full line. The diffusionand Cowerret al.™* reported a value of g¢=0.22+0.04 at

coefficient from Table | measured at 1000 °C has not been include8 7> °C. Nevertheless, Ve large activation energies have
in this figure as this value is based on a heat treatment in a modifieBeen reported: Dornet al.™ found a value of 5.25 eV in the
furnace. The indicated uncertainties include statistical uncertaintieiemperature range of 875-1300 °C and Fahey, lyer, and
as well as uncertainties from anneal time and temperature, and froMcilla™> found a value of 4.92 eV in the temperature range of
the fitting procedure used to extract the diffusion coefficients. Also850—1100 °C. In both cases perfect Arrhenius behavior was
shown are results by Kringhgj and ElliméRef. § (M, the size of observed in the whole investigated temperature ranges.
the symbol indicate their quoted uncertaintjeskasakeet al. (Ref. ~ These values are also larger than expected from a compari-
7) (dot-dashed ling and Yeh, Hu, and KastRef. 6 (dashed ling son to Si self-diffusion values.
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Most probably, an explanation of the very large activationand entropy; however, it is still questionable whether these
energy observed for Sn diffusion in Si, which 480.7 eV  increases are sufficient to explain the experimentally ob-
larger than that for vacancy-mediated self-diffusion in Si,served values.
should be found in either a vacancy-based diffusion mecha- A different scenario could be the trapping of a vacancy in
nism different from that of th&-center mechanism, or if the the second-nearest-neighbor position to the Sn atom in a
E-center mechanism prevails, in the presence of an energgfable or metastable configuration. Such a configuration will
barrier and/or an energy difference in the equilibrium con-€lax the strain around the big Sn atom and, at the same time,

figuration of the Sn-vacancy pair and thecenter diffusion maintain the fourfold coordination of the Sn atom. This con-

configuration. There are strong indications in the Iiterature}.'guratlon can also explain the complete lack of any defect

that the equilibrium configuration of Sn-vacancy pair in sili- éri‘?:?ylsrltal\lics;sbi'/llgrb;ﬁgftsrgec:;triss_(lz?;;aigtggé ngig;’ﬁﬁyssgm
\3\(/)2tkilr'15 Slgglffﬁ;es”tsuj:j?gj :ﬁ:tSr?_fvatg:nCSb';ﬁC?nncgi lf:nr sitive to changes only in the first-nearest-neighbor positions
y P Y40 the Sn atomd® In similar implants of radioactive Sb a

gleptron-paramagnetlc resonance, h's result§ point to an eqLgi'gnificant contribution from a defect line correlated to Sb-
librium Sn-vacancy pair configuration consisting of the Snvacancy pairs is observéd.The diffusion could then pro-

atom resudmg na p'osmon halfway between two ”orma' SIII'ceed by theE-center mechanism where the vacancy must
con atom sites. If it is assumed that the vacancy-mediated St

diffusion proceeds via thé&-center mechanism. then the MCVe to the first-nearest-neighbor position of the Sn atom in
: pro . : ' order to exchange sites or the Sn atom could make a second-
Watkins configuration must transform into tkecenter con-

. ) \ ’ o : neighbor jump as discussed by Miteaal.?* The feasibility
figuration as the first step in the diffusion process; from thel”'of this mechanism also has to await total energy calculations

gir:nitlgf ’[(cj)lftfl’l:;()c?f \Sglcjgdncpr-%(;i(ias(:e\éwgllﬁgifﬁjcsf:\(;itlgpiri?i(relrs?g()f the energies of the different configurations and the energy
Y barriers between them.

Sb diffusion. As theE-center configuration in this scenario In summary, the diffusion of Sn in Si is found to proceed

has a higher total energy than the Watkins configuration h : ) . :
and as, in addition, there might be an energy barrier betweZBredomlnantly by a vacancy-mediated mechanism. However,

the two configurations, the total activation energy will betrp]e activation energy is higher than expected for diffusion

higher than that of vacancy-assisted self-diffusion. A deteryIa a normal vacancy-replacement mechanism. A high value

o ST ) iIs shown to be consistent with the Watkins equilibrium con-
mination of the degree to which it is higher has to await, e.qg. iguration for the Sn-vacancy pair combined with the

Ei)rtgl fﬁﬁfgzrgf}fr?l?ﬁgrgnlﬁ Lhrlzti?)?'\zrl]aer;?rc?as?)? (;)i?ftfgi% r:/\{: =-center diffusion mechanism. However, a vacancy-assisted
9 ’ 9 Py diffusion mechanism not based on tRecenter mechanism

expected to mcrease.relatlve to that of the normal vacancy-_ - ot e excluded.
replacement mechanism as the number of equivalent paths
are increased by a factor of 2; this will result in an increase This work was supported by the Danish National Re-
in the preexponential factor. Thus, the Watkins configuratiorsearch Foundation through the Aarhus Center of Advanced
combined with the normal vacancy-replacement mechanis®hysics(ACAP) and the Danish Natural Scientific Research

will give rise to an increased diffusional-activation energy Council.
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