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Correlated diffusion of silicon and boron in thermally grown SiO >
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Si self-diffusion and B diffusion in Si@were simultaneously investigated in thermally grown
283j0, co-implanted with®°Si and B. The B diffusivity increases with decreasing distance between
the implanted B and Si/SiQnterface, in the same way as Si self-diffusivity. This result together
with a numerical simulation shows that SiO molecules, which are generated at the Silisiface

and diffusing into SiQ, enhance not only Si self-diffusion, but also B diffusion. In addition, we
found that the diffusivities of both Si and B increase with higher B concentration ip. Jike
experimental results can be quantitatively explained by a numerical simulation assuming that the
diffusivity of SiO, which enhances the diffusivities of Si and B, increases with higher B
concentration. €004 American Institute of PhysidDOl: 10.1063/1.1771811

As the thickness of the SiQlayers for metal-oxide- etry (SIMS) using O,* as a primary ion beam with accelera-
semiconductorfMOS) devices decreases, atomic and mo-tion energy of 5 keV.
lecular diffusion in SiQ becomes a fundamental issue. Con- Figure 1 shows the depth profiles #Si and B in the
cerning impurity diffusion, boroB) penetration through the high-dose 200-nm-thick sample after diffusion anneal of 6 h
thin SiO, layer is still a serious problem in high-gate di- at 1250 °C. The as-implanted profiles before pre-annealing
electrics because of the formation of an interfacial SiO are shown as initial profiles in Fig. 1 because the profiles
layer! For Si self-diffusion, we have recently found, basedafter the pre-annealing showed no observable diffusion
on experimental and simulation results, that SiO molecule®ithin the accuracy of our SIMS measurements. TAgi
generated at the Si/SiGnterface and diffusing into Si© erth profile of the anngaled sgr_nple Wlt.hout B implantation
enhance Si self-diffusion in Si3* This suggests that the S @lso shown. The profile o’Si in the high-dose samples
effect of the Si/SiQ interface must be taken into account in SNOWS Iarge_r diffusion than that without B. On the other
thermal processing involving ultrathin Sjdayers. In addi- hand, the*Si profile of the low-dose samplésot shown in
tion, diffusion of SiO is closely related to the viscosity of
SiO,, which is an important property of materidlsThe 102
present work investigates the correlation between Si self-
diffusion and B diffusion in Si@, and their interaction with
SiO arriving from the Si/Si@interface.

An isotopically enriched®Si single-crystal epilayer was
thermally oxidized in dry @ at 1100 °C to forn?®SiO, of
thicknesses of 200, 300, and 650 nm. The samples were im-
planted with®°Si at 50 keV to a dose of 2 10'° cm™ and
capped with a 30-nm-thick silicon nitride layer by rf magne-
tron sputtering. These procedures lead to the sample struc- \
ture in Fig. 1b) of Ref. 2. Subsequently, the samples were : Si as-impla AN
implanted withB at 25 keV to a dose of 510" or 3 i -+~ B annealed
X 10" cm2, which will be referred to as low-dose and high- F B as-impla S
dose samples, respectively. The implantation energy was S I N S L
chosen so that the peak position of implanted B would be 0 50 100 150 200
close to that of°Si. The as-implanted profiles éfSi and B Depth (nm)
are ShOV\.m n Flg. .1' Sa_mples were pre-annealed at. 10(.)0 o(I—;IG. 1. Diffusion profiles of*°Si and B in the 200-nm-thick sample im-
for 30 min to eliminate implantation damage and diffusion- planted with B to a dose of 810" cm? after diffusion anneal of 6 h at
annealed at temperatures between 1100 and 1250 °C in1a50 °C. The as-implanted profiles are shown as initial profiles. 3f&e
resistively heated annealing furnace. The depth profiles ofiffusion profile without B implantation is also shown. In the data, the

305i and B were measured by secondary ion mass spectroricrease of%Si concentration close to the surfa@-~ 20 nm) is an artifact
y y P IJFﬁr]om silicon-nitride caps, and that deep in the b(ik160 nm is 3°Si that

diffused from Si substrates with the natural isotopic abunddB86€ nm
¥Electronic mail: uematsu@aecl.ntt.co.jp below the?®Si epilayey during the thermal oxidation to prepare the sample.
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FIG. 2. Diffusion profiles of B in SiQ with various thicknesses. Samples FIG. 3. Experimental and simulated B profiles in the 300-nm-thick sample

were implanted with B to a dose o510 cmi™? and annealed at 1200 °C  with high- and low-B doses after annealing of 24 h at 1200 °C. The calcu-

for 24 h. lation result without B concentration dependence for the high-dose case is
also shown(thick dotted ling.

Fig. 1) showed no significant difference from that without B.
In addition, for the high-dose sample, a significant decreas#volves SiO. Evidence for the existence of two mechanisms
in the 3%Si concentration at its peak region was observedis that very few SiO molecules arrive from the interface in
where B concentration is high. In contrast, the tail region ofthe 650-nm-thick sample. B diffusion via SiO can be de-
30sj showed less significant diffusion, where B concentratiorscribed as Bs)+SiO(i) = Si(s)+B(i), assuming that it is
is low. The same tendency was consistently observed fogimilar to B diffusion in Si via the kick-out mechanism.
283i0, samples with other thicknesses and for different anHere, B atoms substituted in the Si sites of S[@enoted as
nealing conditions; for example, after 24 h at 1200 °C. (s)] diffuse via the kick-out reaction with diffusing SiO mol-
Before we present a consistent numerical simulation ofcules in interstitial sitefdenoted agi)], and Bi) may cor-
these experimental results to support our correlated diffusiorespond to BO accordlng to the first-principles calculation of
model, we address the possible concern that the implantatidd diffusion in SIOZ By replacing®°Si with B in Eq. (1) of
damage and strain in Si®nay play a role in the diffusion of Ref. 3, B diffusion in SiQ can be simulated in a manner
Si and B. We believe that the implantation damage is of neimilar to our recent simulation of Si self-diffusion in SiO
concern because the self-diffusivity of implanted Si in thick Likewise, Dngth (thermal Si self-diffusivity should be re-

SiO, agrees Wlthsﬂgf otijtalned from dr?mag?j ;feehChgm'Cablaced withDg(y, (the effective diffusivity of thermal B dif-
vapor deposition Sig)” and remains unchanged for the 0SeStsion), and DY, (Si self-diffusivity via Si ; off

4 5 cmr2, ' Sio y via SiQ with D" (the
betwegn k10" and 2<10°° cn’?, as Qescrlped in Ref. .2 effective diffusivity of B diffusion via the kick-out mecha-
In addition, we performed pre-anneallng prior to the diffu- nlsm with Si0, which corresponds tDeﬁ for B diffusion in

B e 0 oS soncert 0 he ttal efectve & ity s expressed BE
DB(th)+DeﬁCS,o/CSIO, where C2, denotes the maximum

to mcreasmg amounts of SIO arriving from the Si/$iO
interface® would decrease with time if the diffusion were concentration of SiO interstitials in Sid The experlmen—
affected by the strairor by damagg which should be tally obtained B diffusivity in thick(>1 um) SiO,, D)
gradually relievedreduced by the anneals. =3.12x 103 exp(—3.93 eV/KT) sz/S,11 which corresponds
Figure 2 shows the B profiles in low-dose samples aftetto the effective thermal B diffusivity, is used in our simula-
annealing at 1200 C for 24 h. As we revealed for Sition. Consequently, the only parameter needed to fit the ex-
self-diffusion?® the B profile demonstrates a clear depen-perimental B profiles in Fig. 2 |§)e , and we consistently
dence on the thickness of tH&SiO, layer; the shorter the obtained Df"=6.4x 1072 exp(-4.1 eV/kT) cn?/s for all
distance from the Si/SiQinterface, the higher the B diffu- samples. For the simulation, diffusion equations derived for
sivity in SiO,. This tendency was observed consistently forB diffusion were solved numerlcally by the partial differen-
the high-dose samples and other temperatures employed fial equation solveromBie.*?
this study. This dependence of B diffusivity on the distance  Figure 3 compares the experimental and simulated B
indicates that Si self-diffusion and B diffusion as well are profiles in the 300-nm-thick sample with high and low-B
enhanced by SiO molecules, which are generated at th#oses after annealing at 1200 °C for 24 h. With tth
Si/SiG; interface and diffusing into Si© The experimental given earlier, the B diffusion profiles of low-dose samples
signature of the B diffusivity enhancement with decreasingwere well reproduced by the simulation. However, the same
SiO, thickness is also found in Refs. 6 and 7, where highly Bsimulation of the B diffusion for high-dose samples underes-
doped poly-Si in MOS structures was used as the source dimated the results, as shown by the thick dotted line in Fig.
diffusing B. 3. Strong enhancement of the boron diffusion in Si@r the
The results in Fig. 2 indicate that B in Sj@iffuses via  boron concentration above #xm™ has been reported
two independent mechanisms: one does not involve Slq‘orewously1 and we should take into account such an effect

(hereafter referred to as thermal B diffusjcend the other in our simulation. In order to reproduce the experimentally
Downloaded 18 Nov 2004 to 131.113.64.28. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. Simulated®Si profiles with high-dose B implantation and without B
after annealing at 1250 °C for 6 h. The SIMS profiles are thos&Sifin

Fig. 1. The calculation result without B concentration dependence is als
shown for the high-dose casthick dotted line with open circlgs

obtained enhancement of the B diffusion in the high-dos
sample, we introduck a B concentration dependence of
Dg{y, for thermal B diffusion and oDf" and DY, for B
diffusion via SiO by multiplying a factor of eXgs/Cg") to
imitate the strong dependence on B concentration, wagte

Uematsu et al. 223
calculated without taking into account the B concentration
dependence is also shown in Fig. 4. Fitting tH8i peak
leads to an overestimation of the tail part, which confirms
that the3°Si diffusion at its peak region is enhanced by the
existence of high-concentration B. The present result indi-
cates that Si and B atoms in Sidiffuse correlatively via
SiO; namely, the enhanced SiO diffusion by the existence of
B enhances B diffusion and Si self-diffusion. This correlation
is consistent with the theoretical result that SiO molecules
diffuse predominantly through interstitial sites with frequent
atomic exchange interactions with substitutional at8Rar-
thermore, because viscosity is inversely proportional to
diffusivity** and the viscosity of Si@strongly depends on
the impurity content® the increase of SiO diffusivity may be
closely related to decreasing Si®iscosity with higher B
doping.

In summary, Si self-diffusion and B diffusion in S}O
were simultaneously observed iR®SiO, samples co-

fmplanted with3°Si and B. Both Si self-diffusivity and B

diffusivity increase with decreasing distance from the
Si/SiG; interface. This indicates that SiO molecules govern

ot only Si self-diffusion but also B diffusion. In addition,

both Si self-diffusivity and B diffusivity increase as B con-
centration increases, indicating faster SiO diffusion with
higher B concentration in SiD We have developed a nu-
merical simulation that takes into account the correlated dif-

denotes the critical B concentration above which the highyysijon indicated in the experiments.

concentration effect occurs. Consequently,
exp(Cg/CY") is applied toDE", which represents the sum of
the two contributions to B diffusioiithermal diffusion and
diffusion via SiO. UsingC§'=2x 10%° cm™3, high-B-dose B

the factor
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Si self-diffusivity with higher B concentration. In order to
model the3°Si diffusion with the B concentration depen-
dence taken into account by multiplyi i% by a factor of
exp(Cg/Cg"), the diffusion mechanism of Si self-diffusion
developed in our previous paﬁeand that of B diffusion
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