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Modeling of Si self-diffusion in SIO ,: Effect of the Si /SiO, interface
including time-dependent diffusivity
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Self-diffusion of Si in thermally grown Si©is modeled taking into account the effect of SiO
molecules generated at the Si/Sildterface and diffusing into SiOto enhance the self-diffusion.
Based on the model, a recent self-diffusion experiment of ion-implafi&in SiO,, which showed
increasing self-diffusivity with decreasing distance betweerf#sediffusers and Si/SiQinterface
[Fukatsuet al., Appl. Phys. Lett83, 3897(2003], was simulated, and the simulated results fit the
experimental profiles. Furthermore, the simulation predicts that the self-diffusivity would increase
for a longer annealing time because more SiO molecules should be arriving from the interface. Such
time-dependent diffusivity was indeed found in our follow-up experiments, and the profiles were
also fitted by the simulation using a single set of parameters.20@4 American Institute of
Physics. [DOI: 10.1063/1.1644623

With the scaling down of Si devices, the bulk materialsometry (excess Si in Si¢) claimed in Refs. 3 and 4 and the
of interest are closer to material interfaces. Therefore, eveaffect of lattice damage due to implantation. We have also
phenomena in bulk materials, such as diffusion, are morevaluated the stress due to silicon-nitride capping layer.
likely to be affected by interfaces, such as the Si/Si@@er-  However, none of these effects is large enough to induce the
face. Recently, we have obtained the experimental result th&arge enhancement of the silicon self-diffusivitga factor-
the distance from the Si/Sinterface has a strong influence 0f-6 enhancement between 200 and 650 nm from the inter-
on Si self-diffusion in Si@. In this letter, we constructed a face. These experimental results lead us to conclude that Si
model in which SiO molecules generated at the interface angPecies generated at the Si/i@terface and diffusing into
diffusing into SiG enhance Si self-diffusion in SiO Based ~ SIO; enhance the Si self-diffusion. There have been a num-
on the model, we simulated the diffusion profiles of ion- ber of suggestions, based on experimental speculations and
implanted 3°Si in SiO, for various temperatures and SiO theoretical predictions, regarding emission of Si species from
thicknesses in a unified manner. In addition, the simulatiort€ SI/SIQ interface to Si_Q-S_n'” our view, SiO generated
predicts the possibility of time-dependent diffusivity, which & the Si/SiQ interface via the reaction $'S'O_2H23_'OB'6
indeed was experimentally observed in this study. is the most likely candidate as the_ dominant Si species. In the

In our previous experimeritwe showed that the self- ur_mapped_sample, oxygen diffusing from_ the surface reacts
diffusivity obtained from the diffusion profile of implanted With the SiO near the interface and the SiO cannot reach the

region where®®Si diffusion is taking place. Therefore, there

%0sj in 285i0,, assuming a constant diffusion coefficient, in- : AKing ,
creases with decreasifidSio, thickness, i.e., the distance IS N0 énhancement of Si self-diffusion and only thermal equi-
"28cis librium self-diffusion is observed. On the other hand, for the

between the diffusing®Si species and®Si/?8SiO, interface, , _
capped sample, where the cappings act as perfect barriers

when silicon-nitride capping layers are placed on top of the”"™* ! . ; . :
Si0,. In contrast, the self-diffusivity of uncapped samplesaga'nSt oxygen incorporation, the SiO generated diffuses into

. . O .
annealed in flowing argon with 1% oxygen showed no Sig_the region of implanted®Si. Therefore, the enhanced self-

nificant dependence on tR&SIO, thickness, and the diffu- dlffu5|_on via the SiO is observed together with the_thermal_
L . S self-diffusion. Consequently, we propose a mechanism of Si
sivity values agreed with the thermal equilibrium values re-

ported by us, which were determined usi#BiO, /2SiO, self—diffu;ion in SiQ enhanced by the existence of SiO via
structureg. ("¥Sj refers to Si with the natural isotopic abun- the reaction such that

dance) As the possible origins of the distance dependence of _ - _ o

Si self-diffusion, we have examined the effect of nonstoichi- > Si(s) +2°Si0(i)=2*Si(s) + *%SiO(i), (1)

JElectronic mail: uematsu@aecl.ntt.co.jp where Si atoms substituted in the Si sites of Si@enoted as
On sabbatical leave from: Max Planck Institute, Halle, Germany. (s)] diffuse via the kick-out reaction with diffusing SiO mol-
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ecules in interstitial sitefdenoted asi)]. In addition to Eq.
(1), a simple Si self-diffusion mechanism via Si interstitials
or vacancies

305j(s) + 285(5) = 28S( 5) + 30Si( 5) 2)

is taken into account for the thermal equilibrium self-
diffusion mentioned above.

The model described above leads to the following set of

coupled partial differential equations to describe self-
diffusion of 3°Si in 283i0,:

dCsog;i/ t= al IX( DS, (th) &Csosi/&x) —R 3

dCsogio/ It = 9l IX(D gj0dCsogio/ 0X) + R (4)

9Casgiol It =3l IX(D s0dCassio/ 9X) — R, (5)
whereR is the reaction term for Eq1) given by

R= ki CsosCessio— kpCaosio - (6)
The Si self-diffusivity is, as a whole, described by

DSP=D8P 1+ DSoCarsio/ Clio (7

In these equations,,Gs the concentration of the correspond-
ing species in Eq1) and (2), DS i (tny the thermal Si self-
diffusivity, D ;o the diffusivity of SlO andk; andky, are the
forward and backward rate constants of Eh. In Eq. (7),
D32 =DgioCA/ N, is the self-diffusivity of silicon via SiO
molecules, wher&l, denotes the number of Sj@nolecules
in a unit volume of silicon oxide. Here, X, denotes the
maximum concentration of SiO interstitials in Si@nd is
described as &,=3.6x 10?*exp(—1.07 eV/kT), which is
estimated from the product of the interstitial segregation co
efficient for the Si/SiQ interfacé? and the equilibrium self-
interstitial concentration in St In Eq. (3), the thermal self-
diffusion [Eq. (2)] is represented by the diffusion term with
DSI (thy» Which is mdependent of %&;,%* and the experi-
mentally obtalnedDSI ty=0.8exp5.2 eV/KTY is used
for the simulation. The boundary condition f&SiO(i) at
the 28Si/?%Si0, interface is given by Bsiox=intertace™ Caio

Uematsu et al. 877
AN B LR | T 7
9gj — Simulation 1250 C 24 h
” | -—-- 28j0 - Simulation
109 |
|E
]
§ 10
B
&
2
8 10"
101! P N . L
0 50 100 150 200
Depth (rm)

FIG. 1. Simulated and experimenfd5i depth profiles and simulaté8siO
profiles after annealing of 24 h at 1250 °C. The as-implanted profile is also
shown as a reference. In SIMS data, the increaséSsfconcentration close

to the surfacg0-20 nn) is an artifact from silicon-nitride caps, and that
deep in the bulk>160 nn) in the 200-nm-thick sample &Si that diffused
from "¥Si substrate$800 nm below the?®Si epilayey during the thermal
oxidation to prepare the sample.

We simulated the diffusion profiles of ion-implant&i$i
in 28Si0, in nitride-capped samples measured as a function
of the temperaturé1150, 1200, and 1250 jCand ?2SiO,
thickness(200, 300, and 650 nmThe experimental proce-
dure is described in our previous letteFhermally grown
2835j0, samples were implanted wifiSi at 50 keV to a dose
of 2x10®cm™2 and capped with a 30-nm-thick silicon ni-
tride layer. Figure 1 shows the simulated and experimental
305 depth profiles after annealing for 24 h at 1250 °C. For
the simulated®®Si profiles, the concentration 6PSi(s) is
shown because it is about two orders of magnitude larger
than that of*°SiO(i). The simulation results fit the experi-
mental profiles of¥%Si for all ?8Si0, thicknesses using the
same parameter values. This is in contrast to the self-
diffusivity obtained by a simple fitting, or under the assump-
tion of a constant diffusion coefficient for each profile, which
increases with decreasingSiO, thickness: 610 Y, 4

to describe the generation of SiO at the interface. Thex10 Y7, 1x10 1 cné/s for 200, 300, 650 nm, respectively

amount of°SiO(i) arriving at the?®Si/?Si0, interface is so
small that the mixing of8Si with 3°Si at the interface is

(the contribution from DEP @y at 1250°C is 5
X 10718 crré/s for all thicknesses For other temperatures,

neglected. The boundary condition at the nitride-capped suthe simulation results also fit thé@Si profiles for all?®Sio,

face is represented by a zero-flux condition because the ca
pings act as barriers. Reactidh) is assumed to be so fast

fhicknesses using the same parameter values for each tem-
perature. In Fig. 1, the profiles 6fSiO obtained from the

that the local equilibrium of the reaction is established, andgsimulation are also shown. As expected from Ey, 22SiO
hence the rate constants are set to be large enough. In adsith higher concentration leads to larger enhanceme?iSif

tion, Si and SiQ are thermodynamically in equilibrium with
SiO with a certain solubility in Si®), which only depends on

diffusion. The 28SiO concentration in theé®Si region in-
creases with decreasing tfSiO, thickness. This is the rea-

temperature. At the interface, therefore, SiO is generated urson the3°Si self-diffusivity, assuming a constant diffusion

til this solubility value has been reached and a higher con

eoefficient, increases with decreasff$iO, thickness. This

centration of SiO leads to decomposition of SiO into Si andthickness dependence arises because the SiO diffusion is so
SiO,. Interfacial reactions are generally much faster tharslow that the?®SiO concentration at th&Si region critically
one-dimensional diffusion away from an interface. There-depends on the distance from the interface, where the SiO is

fore, we assume that the generation rate of SiO at the inte
face is large enough so that the SiO concentration at th
interface is fixed at g;o. The only parameter deduced from
the simulation to fit the experimental profiles¥8i is D g0 .
Equationg3)—(6) were solved numerically by the partial dif-
ferential equation solvezomsie.**

generated.

e The value ofDgg was deduced from the fittings and is

described asDgjo=3.4X 10° exp(—5.2 eV/KkT). The tem-

perature dependence of tBe;g is shown in Fig. 2, together

with that of the thermal equilibrium self-diffusivity,
3D i, 2158 and that of the SiO diffusivities reported in

t
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FIG. 2. Temperature dependencies of the Si diffusion coefficients obtainef!G. 3. Simulated and experimenf85i depth profiles and simulaté8siO
in this study with those reported previously in the literature. Filled circlesprofiles in the 300-nm-thick sample after annealing of 6 and 24 h at
(.) and filled Squares-) represent the present results mgio and Dg%’ 1250 OC.. The Self'dlﬁuslvlty, aSSUmlng élgonstant diffusion Coeﬁlclent,
respectively. The previously reported values B& , from Refs. 2(in ShOV!SN time dependence, that is,x10" " cmf/s for 6 h and 4
thermally grown SiQ), 15 (fused silica, and 16 (quarta, and the SiO X107 cn?/s for 24 h.
diffusivities from Refs. 6 and 1fthermally migrated impurities and defect . .
evolutions as markers, respectively nm-thick sample after the same annealing and after 72 and
168 h at 1200 °C. For both cases, the experimental profiles
. ) were also fitted by using the consistent set of parameters. In
. : i 0=4X —6. . d . e
Ebegins daigdthliz stIS dFI%vhzigr?ﬁa:fanlgc(teiczt(ioﬁ ir?e\zlr/ kT)Comthe previous studies on Si self-diffusion in SiCthe effect
arable to that oDSDy, i also plotted. Th e is ngm of the Si/SiQ interface has not been taken into account and
parable 0 the SiOSi d(it?f)ljsivities rF()a ortea in Rfel?s 6 and 17the diffusivity has been obtained assuming a constant diffu-
E)thermall miarated impurities aEd defect evo'lutions assion coefficient. However, as shown in this study, the self-
y migrat Pt i diffusivity depends on annealing times and Sithickness
markers, respectivelywithin a factor of 5, which can be

. . ey SD: SD
regarded as a reasonable agreement. Our findings imply th%?dsés described by a modified Ed7), D= D

A . o . D3icCsi (x,t)/Cg-O, which depends orx (depth andt
the Si/SiQ interface could influence silicon processes in- .~ SIO7519 i o : e
volving Si self-diffusion. TheDg value deduced has the (time). This means that fittings assuming a constant diffusion

o i oo™ v o ST e skl reasrab I s ot b
length for 10 s annealing is P(sioXt)¥2~0.4 nm. This es-

) L - . mental evidence of time-dependent self-diffusivity in $iO
timation indicates that SiO from the interface may affect the P yin 5
phenomena in the bulk in nitride-capped samples, or duringThe work was supported in part by a Grant-in-Aid for Sci-
nonoxidizing silicon processes, when the material thicknessntific Research No. 14076215 and 14550020.
is down to 1 nm. ) ) cahash )
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