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We present experimental and simulation results of silicon (Si) self-diffusion and boron (B)
diffusion in silicon dioxide (SiO,), and examine the effect of nitrogen (N) on diffusion in SiO,.
To elucidate the point defect that mainly governs the diffusion in SiO,, the diffusion of im-
planted *°Si in thermally grown ?®SiO, is investigated. The experimental results show that Si
self-diffusivity increases with decreasing distance between the *Si and Si-SiO, interface. We
propose a model in which SiO molecules generated at the interface and diffusing into SiO,
enhance Si self-diffusion, and the simulation results fit the experimental results. The B diffu-
sivity also increases with decreasing the distance, which indicates that B diffusion is enhanced
by SiO. In addition, we investigate the effects of B and N on SiO diffusion in SiO,. We show that
the existence of B increases SiO diffusivity and hence decreases the viscosity of SiO,. On the
other hand, the incorporation of N decreases SiO diffusivity, which reduces B diffusion in SiO,

and increases the viscosity.

1. Introduction

Silicon dioxide (SiO,) is one of the most important ma-
terials in silicon (Si) devices, especially for a gate insulator
film of metal-oxide-semiconductor (MOS) transistors. With
the scaling down of MOS transistors, an ultrathin SiO, layer
is demanded for the gate insulator. As the thickness of the
SiO, layer decreases, atomic and molecular diffusion in
Si0, becomes a fundamental issue. The diffusion in SiO, is
also an important issue in high-k gate dielectrics because an
interfacial SiO, layer forms between high-k gate films and
Si substrates during postannealing.'"! In addition, boron (B)
penetration from the gate electrode through the thin SiO,
layer into the Si substrate has been recognized as a serious
problem."! It is well known that the incorporation of N into
Si0O,, or using Si oxynitride for the gate insulator, retards
the B penetration.”®! Therefore, N atoms are also incorpo-
rated into the interfacial SiO, layer between high-k gate
films and Si substrates.*! However, the mechanism for the
retardation of B diffusion in SiO, by the existence of N is
not yet clear. Moreover, the diffusion in SiO, is closely
related to the viscosity of SiO,, which is an important prop-
erty of materials. The viscous flow of SiO, reduces the
oxidation-induced strain, which is caused by a 125% vol-
ume expansion, and therefore, plays an important role in
thermal oxidation.'!

The present work investigates the mechanism of Si self-
diffusion and B diffusion in SiO,, and the effect of N on the
diffusion. The authors observe Si self-diffusion and B dif-
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fusion in 2*Si0, samples implanted with *°Si and B, and,
based on the simulation, show that SiO is the diffusing
species that mainly governs the diffusion in SiO,. In addi-
tion, the enhancement of SiO diffusion by the existence of
high-concentration B is described. Moreover, the authors
investigate the effect of N on SiO diffusion based on the
simulation of the thickness in Si thermal oxynitridation,
where it is shown that SiO diffusion in SiO, is retarded by
the incorporation of N.

2. Si Self-Diffusion

An isotopically enriched >%Si single-crystal epilayer was
thermally oxidized in dry O, at 1100 °C to form **SiO, of
thicknesses of 200, 300, and 650 nm. The samples were
implanted with *°Si at 50 keV to a dose of 2 x 10'°> cm™ and
were capped with a 30 nm thick Si nitride layer by radio
frequency (rf) magnetron sputtering. The as-implanted **Si
profile is seen in the figures shown later in this article.
Samples were annealed at temperatures between 1100 and
1250 °C. The depth profiles of **Si were measured by sec-
ondary ion mass spectrometry (SIMS). Figure 1 shows the
experimental *°Si depth profiles before and after annealing
for 24 h at 1250 °C. The profiles demonstrate a strong de-
pendence on the thickness of the **SiO, layer; the thinner
the ?8Si0, layer, the broader the diffusion profile be-
comes.!®” This result shows that the Si self-diffusivity in-
creases with decreasing the distance between the diffusing
30Si species and the “*Si-**SiO, interface. This tendency
was observed consistently in Si self-diffusion for the other
temperatures and annealing times used in this study.

As the possible origins of the distance dependence of Si
self-diffusion, the authors examined the effect of implanta-
tion damage; however, it is of no concern because the self-
diffusivity of implanted Si in thick SiO, agrees with that
obtained from damage-free chemical vapor deposition
(CVD) Si0,,'™*! and remains unchanged for the doses be-
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Fig. 1 Experimental and simulated (a) *°Si depth profiles and (b)
simulated SiO profiles in SiO, samples with various thicknesses.
Samples were annealed at 1250 °C for 24 h. The as-implanted *°Si
profile is shown as the initial profile. In the SIMS data, the in-
crease of *°Si concentration deep in the bulk (>150 nm) in the 200
nm thick sample is *°Si that diffused from "*Si substrates (800 nm
below the Z®Si epilayer) during the thermal oxidation to prepare
the sample. ("*'Si refers to Si with the natural isotopic abundance.)

tween 1 x 10" and 2 x 10'° cm™. There was an evaluation
of the stress due to an Si-nitride capping layer; however, its
effect is too small to induce the large enhancement of the Si
self-diffusion (a factor of 10 enhancement for the diffusion
between 200 and 650 nm from the interface). Moreover, the
authors performed an experiment using CVD isotope het-
erostructures with a constant total oxide thickness, and Si
self-diffusivity increases with decreasing the distance from
the interface in the same way as that described above.''”!
These results lead us to conclude that Si species generated
at the Si-SiO, interface and diffusing into SiO, enhance Si
self-diffusion. There have been a number of suggestions,
based on experimental speculations and theoretical predic-
tions,!'"'?! regarding the emission of Si species from the
Si-Si0, interface to SiO,, and SiO generated at the Si-SiO,
interface via the reaction Si + SiO, — 2SiO is the most

likely candidate as the dominant Si species. Consequently,
the authors have proposed a model that SiO molecules, which
are generated at the Si-SiO, interface and diffuse into SiO,,
enhance Si self-diffusion in SiO, via the reaction such that:

38i(s) + Si0 > 2Si(s) + *°Si0 (Eq 1)
9Si(s) + *Si(s) <> 2Si(s) + *°Si(s). (Eq2)

In these equations, Si atoms substituted in the Si sites of
Si0, (denoted as s) diffuse via the kickout reaction with
diffusing SiO molecules. In addition, a simple mechanism
of Si self-diffusion via Si interstitials or vacancies is taken
into account for the thermal Si self-diffusion. This mecha-
nism is described by Eq 2, where SiO molecules are not
involved in the diffusion. The evidence for the existence of
two mechanisms (with and without SiO) is that very few
SiO molecules arrive from the interface in the 650 nm thick
sample, as will be shown later by the simulation.

The above model leads to the following set of coupled
partial differential equations to describe the diffusion of **Si
in #8Si0,:

G0, _ i ( DD aC305i> _
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ot ax \USi oy (Eq3)
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where R is the reaction term for Eq 1 given by:
R = kfc}OSiCZSSiO - kbC3OSiO (Eq 6)
The Si self-diffusivity is, as a whole, described by:

C28 . (.x,t)
D = D™ + Dy~ — (Eq7)
Csio

In these equations, C, is the concentration of the corre-
sponding species in Eq 1 and 2, D3P™ is the thermal Si
self-diffusivity, Dy;q is the diffusivity of SiO, and k; and k;
are the forward and backward rate constants of Eq 1, re-
spectively. In Eq 7, DSk = DgioCR3/N, is the Si self-
diffusivity via SiO, where N, denotes the number of SiO,
molecules in a unit volume of Si oxide. Here, Cgy de-
notes the maximum SiO concentration in SiO, and is
described as CI% = 3.6 x 10** exp(~1.07 eV/kT) cm ="
In Eq 3, the thermal Si self-diffusion (Eq 2) is represented
by the diffusion term with D3P, and D3P™ = 0.8
exp(=5.2 eV/KT) cm?/s,'® which was experimentally ob-
tained, is used for the simulation. In Eq 7, ngso(x,t) de-
pends on the depth and annealing times, which will be
described below. The boundary condition for **SiO at
the **Si-**SiO, interface is given by Cpg = =

o2& to describe the generation of SiO at the interface. The
amount of *°SiO arriving at the **Si-*®Si0, interface is so
small that the mixing of 2%Si with *°Si at the interface is
neglected. The boundary condition at the nitride-capped
surface is represented by a zero-flux condition because the
cappings act as barriers. Reactions 1 and 2 are assumed to
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be so fast that the local equilibrium of the reaction is estab-
lished, and hence the rate constants are set to be large
enough. The parameters deduced from the simulation to fit
the experimental profiles of *Si are D3y, and D3l = 4 x
10* exp(—6.2 eV/kT) cm?/s was consistently obtained for all
samples. The D3, is comparable to the SiO diffusivities re-
ported in Ref 12 and 13. Equations 3 to 5 were solved numeri-
cally by the partial differential equation solver ZOMBIE."'#!

Figure 1 shows the simulated *°Si depth profiles after
annealing for 24 h at 1250 °C together with the experimen-
tal profiles. For the simulated *°Si profiles, the concentra-
tion of °Si(s) is shown because it is about two orders of
magnitude larger than that of *°SiO. The simulation results
fit the experimental profiles of *°Si for all 2%SiO, thick-
nesses using the same parameter values. This is in contrast
to the Si self-diffusivity obtained by a simple fitting, or
under the assumption of a constant diffusion coefficient for
each profile, which increases with decreasing 28SiO2 thick-
ness: 6 x 10717, 4 x 1077, and 1 x 107'7 cm?/s for 200, 300,
650 nm, respectively (the contribution from D3P™ at
1250 °C is 5 x 107'® cm?%/s for all thicknesses). For other
temperatures, the simulation results also fit the 305 profiles
for all 2®Si0, thicknesses using the same parameter values
for each temperature. In Fig. 1(b), the simulated SiO pro-
files are also shown (the concentration of 2%SiO is shown
because it is a few orders of magnitude larger than that of
30Si0). The SiO concentration in the *°Si region increases
with decreasing *®SiO, thickness. As expected from Eq 7,
SiO with higher concentration leads to larger enhancement
of 3°Si diffusion. Therefore, the 305 self-diffusivity, assum-
ing a constant diffusion coefficient, increases with decreas-
ing 28Si0, thickness. This thickness dependence arises be-
cause the SiO diffusion is so slow that the SiO concentration
at the *°Si region critically depends on the distance from the
Si-SiO, interface, where the SiO is generated. In addition,
the profile of SiO for the 650 nm thick sample shows that
the SiO concentration is so small that Si self-diffusion can-
not be explained only by the kickout diffusion via SiO (Eq
1). This is the evidence for the existence of the two mecha-
nisms (with and without SiO), as described above.

The time dependence of Si self-diffusion also shows the
validity of our model. Figure 2 shows the experimental and
simulated *°Si profiles and the simulated SiO profiles in the
300 nm thick sample for 6 and 30 h at 1250 °C. The Si
self-diffusivities, assuming a constant diffusion coefficient,
show an enhancement of factor of 4.5 and are 1 x 107"/
cm?/s for 6 h and 4.5 x 1077 cm?/s for 30 h. From the
simulation, it was found that the SiO concentration in the
near-surface region becomes higher at longer annealing
times until it reaches the maximum concentration. The time
dependence arises because the SiO diffusion is so slow that
more SiO molecules are arriving from the interface with
time, and the self-diffusivity, assuming a constant diffusion
coefficient, therefore increases for a longer annealing time.
The simulated and experimental profiles almost coincide,
and this confirms the validity of our model. In addition, this
result eliminates the concerns related to the strain or damage
because Si self-diffusion would decrease with time if the
diffusion were affected by the strain or damage, which
should be gradually relieved or reduced by the anneals.
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Fig. 2 Experimental and simulated *°Si depth profiles and simu-
lated SiO profiles in the 300 nm thick sample. Samples were
annealed at 1250 °C for 6 and 30 h.

3. B Diffusion

The *°Si-implanted samples mentioned in the previous
section were subsequently implanted with ''B at 25 keV to
a dose of 5 x 10" or 3 x 10" cm™2, which will be referred
to as low-dose samples and high-dose samples, respectively.
Samples were annealed, and the diffusion profiles of B and
30Si were measured by SIMS. This simultaneous observa-
tion of B and *°Si profiles allows us to investigate the effect
of B concentration on diffusion, as decribed in the next
section. Figure 3 shows the experimental B profiles in low-
dose samples with various thicknesses after annealing at
1250 °C for 6 h. In the same way as Si self-diffusion, the B
diffusion shows a clear dependence on the thickness of the
%88i0, layer; the shorter the distance from the Si-SiO, in-
terface, the higher the B diffusivity in Si0,.'">'®! This ten-
dency was also observed for the high-dose samples and
other temperatures used in this study. The distance depen-
dence of B diffusivity indicates that the SiO molecules,
which are generated at the Si-SiO, interface and diffusing
into SiO,, enhance not only Si self-diffusion but also B
diffusion. In a similar manner to Si self-diffusion, B diffu-
sion in SiO, is described by:

B(s) + 2*Si0 <> *Si(s) + BO (Eq 8)

B(s) + Si(s) <> Si(s) + B(s) (Eq9)
In Eq 8, B atoms substituted in the Si sites of SiO, diffuse
via the kickout reaction with diffusing SiO. The B diffusion
via SiO is similar to B diffusion in Si via the kickout mecha-
nism, and BO may correspond to a complex of B-Si-O
according to the first-principles calculation of B diffusion in
Si0,.!"1 In addition, a simple mechanism of B diffusion,
where SiO molecules are not involved, is taken into account
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Fig. 3 Experimental and simulated B depth profiles in SiO,
samples with various thicknesses. Samples were implanted with B
to a dose of 5 x 10'® cm™ (low B dose) and were annealed at
1250 °C for 6 h.

and is referred to as thermal B diffusion. Evidence for the
existence of two mechanisms (with and without SiO) is that
B diffusion occurs in the 650 nm thick sample, where very
few SiO molecules arrive from the interface, as described
above.

The B diffusion in SiO, is simulated in a manner similar
to that of Si self-diffusion by replacing **Si with B in Eq 1
and 2. Likewise, D3X™ should be replaced with D& ™ (the
effective diffusivity of thermal B diffusion), and Dg},
should be replaced with D' (the effective diffusivity of B
diffusion via the kickout mechanism with SiO). The total
effective B diffusivity is expressed by:

C28310 (6.1)

D;ff= D%ff(lh) + D_eff
1 Cmax
Si0

(Eq 10)

The experimentally obtained B diffusivity in thick (i.e.,
>1 um) Si0,, D™ = 3.12 x 107 exp(-3.93 eV/kT)
cm?/s,'"® which corresponds to the effective thermal B dif-
fusivity, is used in our simulation. Consequently, the only
parameter needed to fit the experimental B profiles in Fig.
3 is D", and we consistently obtained D" = 6.4 x 1072
exp(—4.1 eV/kT) cm?/s for all samples.

Figure 3 shows the simulated B profiles after annealing
for 6 h at 1250 °C. The simulation results fit the experimen-
tal B profiles for all the thicknesses using the same param-
eter values. This is in contrast to a simple fitting with a
constant diffusivity, leading to 4 x 107'%, 3 x 107'®, and 2
x 107'% ¢cm?/s for 200, 300, and 650 nm, respectively. For
other temperatures, the simulation results also fit the B pro-
files for all *®SiO, thicknesses using the same parameter
values for each temperature. In addition, the time-dependent
B diffusion was also observed and simulated, in the same
way as Si self-diffusion. These confirm the validity of our

model that B diffusion in SiO, is enhanced by SiO. We
mention that the effect of the Si-SiO, interface, which gen-
erates SiO molecules, should be taken into account for the
analysis of diffusion in SiO,. The Dyg;q value deduced has
the value of ~4 x 107'7 ¢cm?/s at 1100 °C, and the diffusion
length for 10 s annealing is 2 (Dg;oxf)'* ~ 0.4 nm. This
estimation indicates that SiO from the interface may affect
the phenomena in the bulk when the material thickness is
down to 1 nm.

4. Effect of High-Concentration B

Figure 4 shows the depth profiles of **Si and B in the
high-dose 200 nm thick sample after diffusion annealing of
6 h at 1250 °C. The *°Si depth profile of the annealed
sample without B implantation is also shown. The profile of
30Si in the high-dose samples shows larger diffusion than
that without B.!">'®! On the other hand, the *°Si profile of
the low-dose samples (not shown in Fig. 4) showed no
significant difference from that without B. In addition, for
the high-dose sample, a significant decrease in the *°Si con-
centration at its peak region was observed, where B con-
centration is high. In contrast, the tail region of **Si showed
less significant diffusion, where B concentration is low.
These results show that Si self-diffusivity increases with
higher B concentration in SiO,.

This dependence of B concentration is also seen in B
diffusion itself. Figure 4(b) compares the experimental and
simulated B profiles in the 200 nm thick sample with high
B dose after annealing at 1250 °C for 6 h. With the D,
given above, the B diffusion profiles of low-dose samples
were well-reproduced by the simulation, as described in the
previous section. However, the same simulation of the B
diffusion for high-dose samples underestimated the results,
as shown by the dotted line. This result shows that B dif-
fusion in high-dose samples is faster than that in low-dose
samples and that B diffusivity also increases with higher B
concentration. The B concentration dependence has been
reported in an experiment using an MOS structure, where
the B diffusivity abruptly increased above B concentration
of 10%° ¢m™3,'1 which is consistent with our result.

To reproduce the experimentally obtained enhancement
of the **Si and B diffusion in the high-dose sample, the
authors introduced a B concentration dependence of Dgig
and D‘fff for Si self-diffusion and B diffusion via SiO, of
D3P™ for thermal Si self-diffusion, and of DE™™ for ther-
mal B diffusion by multiplying a factor of exp(Cx/Cg") to
imitate the strong dependence on B concentration, where
C§}' denotes the critical B concentration above which the
high-concentration effect occurs. The inclusion of the B
concentration dependence (xexp[Cp/C5']) of D™ and
D g essential for explaining the enhancement of Si
self-diffusion and B diffusion in the 650 nm thick sample,
where very few SiO molecules arrive from the interface.
Consequently, the factor exp(Cy/Cy') was applied to D3P
(Eq 7) and D§" (Eq 10), which represent the sum of the two
contributions (thermal diffusion and diffusion via SiO) to Si
self-diffusion and B diffusion (the value of C&F is not
changed). Using the value of C§j' = 2 x 10*° cm™, *Si
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Fig. 4 (a) Experimental and simulated *°Si depth profiles with
high-dose B implantation (3 x 10'> cm™2) and without B, and (b)
experimental and simulated B depth profiles and the simulated SiO
profile (multiplied by 0.1) with high B dose in the 200 nm thick
sample after annealing for 6 h at 1250 °C. In (b), the result of
simulation without B concentration dependence and the simulated
SiO profile (multiplied by 0.1) without B are also shown.

and B profiles in the high-B-dose samples were fitted by the
same set of diffusion parameters as that for low-dose pro-
files and that without B, as shown in Fig. 4. The profiles of
SiO (multiplied by 0.1) obtained from the simulation are
also shown in Fig. 4(b). In the near-surface region, the SiO
concentration with high B dose is higher than that without B
due to the enhanced SiO diffusivity by the B concentration
dependence (xexp[Cy/C{']), which leads to the increase of
Si self-diffusivity and B diffusivity with higher B concen-
tration. The mechanism of this diffusion enhancement by
high-concentration B will be discussed below. The present
result indicates that Si and B atoms in SiO, diffuse correla-
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tively 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 with frequent atomic
exchange interactions with substitutional atoms.!'”!

5. Effect of N on Diffusion

In this section, the effect of N on diffusion in SiO, is
investigated based on the knowledge obtained above and
based on the simulation of Si oxynitridation. It is assumed
that the incorporation of N reduces the SiO diffusivity in
Si0, because the existence of N retards the B penetration, or
B diffusion, which is enhanced by SiO. This assumption is
also consistent with the increase of SiO, viscosity with N
incorporation because the diffusion of SiO is closely related
to the viscosity of SiO,, and viscosity is inversely propor-
tional to diffusivity.!*°! To validate this assumption, the au-
thors simulate the thickness of Si thermal N,O oxynitrida-
tion based on our interfacial Si emission model, which has
successfully simulated Si thermal oxidation.*'** In this
model, a large number of SiO molecules (~1% of the oxi-
dized Si) are emitted from the Si-SiO, interface during oxi-
dation, and most of the emitted SiO molecules diffuse into
the oxide. In addition, the oxidation becomes slower with
higher SiO concentrations near the interface because the
existence of high-concentration SiO prevents the emission
of new SiO at the interface upon oxidation. Therefore, the
oxidation in the oxide, which absorbs the emitted SiO, con-
trols, or modulates, the oxidation rate at the interface. Based
on the model, the authors constructed the diffusion equa-
tions of the SiO and oxidant with the reaction terms of the
SiO oxidation and numerically solved the equations to
simulate the oxide thickness.

What has been reported so far about N,O oxynitridation
can be summarized:

e The oxynitridation rate is much smaller than the O,
oxidation rate and becomes smaller as oxynitride
grows.[25'28]

e N,O thermally decomposes via the reactions of N,O —
N, + O and N,O + O — 2NO, and the remaining atomic
O rapidly recombines into O,, resulting in N, (64.3%),
0, (31.0%), and NO (4.7%) at 950 °C.1*°! Therefore,
most of the increase in the thickness occurs via O,, and
NO is the source of N via the reaction with Si at the
interface.

e Most of the N atoms incorporated during the oxynitrida-
tion pile up at the Si-SiO, interface with a width of ~2
nm,"*”! and the N concentration tends to saturate at only
~2 at.%.

Therefore, N,O oxynitridation can be regarded as O, oxi-
dation except that the piled-up N at the Si-SiO, interface
affects the process. This leads to the application of the in-
terfacial Si emission model to N,O oxynitridation to simu-
late the thickness. In our model, therefore, SiO molecules
are emitted from the Si-SiO, interface upon oxidation and
diffuse in SiO, containing ~2 at.% N. The oxidation rate
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constant k is reduced as the SiO concentration near the
interface C%,., increases as oxidation proceeds, because the
existence of high-concentration SiO prevents the emission
of new SiO at the interface. This reduction is described by:

1

k:k0<1—6§i>
GCsio
where k, is the maximum oxidation rate constant. Here, we
assume that the incorporation of N into SiO, reduces the
SiO diffusivity. The assumption that the SiO diffusivity
exponentially decreases with increasing N concentration
was introduced in analogy with B diffusivity in SiO,, which
exponentially increases with B concentration. During oxy-
nitridation, the SiO diffusion is strongly retarded by the N at
the interface. This retardation increases the SiO concentra-
tion in SiO, near the interface as oxynitridation proceeds,
which decreases the oxynitridation rate with time.

For the simulation of N,O oxynitridation, three param-
eters (i.e., Cy', Ay, and C™) are newly introduced into our
interfacial Si emission model. The other parameter values
are the same as those in our previous studies for thermal O,
oxidation.””>**! The dependence of the SiO diffusivity on N
concentration, Cy, is described as:

(Eq 11)

C
Dgio = Dygio exp(— i) (Eq 12)
Cx

where C$}' denotes the critical N concentration above which
the N effect occurs. It is assumed that Cygj is independent
of the N concentration. The increase in N concentration with
increasing thickness (x) was obtained by:
ACy=AAx (Eq 13)
for each calculation step. Here, A is the incorporation rate of
N and is described by:

C
Az%(k—iJ
N

which describes that the N concentration increases almost
linearly with thickness in an early stage and then tends to
saturate.”>! The Cj™ is the maximum N concentration. In
the present simulation, all of the thicknesses can be simu-
lated using CN™* = 2 at.%. This value is consistent with the
saturation of N concentration at ~2 at.%, which indicates
that the N concentration dependence of A is reasonable. As
mentioned above, most of the N atoms incorporated during
the oxynitridation pile up at the Si-SiO, interface with a
width of ~2 nm. In the simulation, the authors therefore set
an N-containing SiO, layer with a width of 2 nm at the
interface. The N concentration in this layer increases as
oxynitridation proceeds.

The oxynitride thicknesses simulated in this study and
obtained in other experiments'®! are shown in Fig. 5. In the
simulation, the thickness increase results from the oxidation
by O, produced from the thermal decomposition of N,O, as

(Eq 14)

12 T T T i T T T i T T
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Fig. 5 Simulated and experimental oxynitride thickness. The ex-
perimental data are from Hussey et al.[**!

mentioned above. The proportion of O, is ~30%, and there-
fore the value of 0.3 atm was used as a partial pressure of O,
in the simulation. Concerning the parameter values intro-
duced for oxynitridation, Cy™ = 2 at.% was used, as pre-
viously mentioned. For C', 0.16 at.% at 950 °C, 0.20 at.%
at 1050 °C, and 0.23 at.% at 1100 °C were used to fit the
thickness. The temperature dependence of CY' is attribut-
able to lower SiO, viscosity, or larger SiO diffusivity, at
higher temperatures, which may reduce the effect of N.
Concerning the value of A, it becomes smaller with smaller
N,O flow rate, and this is attributed to smaller N incorpo-
ration with slower flow.?®! Due to the lower N,O flow rate,
it takes longer for the NO to reach the substrates. With
slower flow, therefore, the loss of NO by the reaction 2NO
+ O, — 2NO, is more likely to occur during the gas flow,
resulting in smaller N incorporation. Therefore, the value of
A, depends on the flow rate and, in addition, on the dimen-
sions of the furnace used. In the present simulation, how-
ever, the thickness was consistently fitted using the same set
of parameters when the oxynitride was grown under the
same flow, as shown in Fig. 5, where A, = 0.4 at.%/nm was
used to fit the thicknesses. Therefore, the simulation fits the
experimental oxynitride thickness in a unified manner, and
this indicates the validity of our assumption of the N effect
on SiO diffusion.

The calculated depth profile of SiO deduced from the
simulation for 1050 °C at 1000 s (Fig. 5) is shown in Fig. 6.
The N atoms are incorporated into the layer with a width of
2 nm at the interface, as shown by the thick double-headed
arrow. For the calculation, the interface is fixed at x = O,
while the surface moves as the oxynitridation proceeds. The
oxynitride thickness is 5 nm, and the surface position is
described by the vertical arrow (the right-hand side of the
arrow is the gas phase). For comparison, Fig. 6 also shows
the depth profile without N incorporation, that is, in pure O,
oxidation, where the oxide thickness is 23 nm and the sur-
face is outside the right ordinate. In oxynitridation, SiO
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Fig. 6 Calculated depth profile of SiO deduced from the simu-
lation conducted at 1050 °C for 1000 s in Fig. 5. For comparison,
the calculated result without N incorporation is also shown. For the
calculation, the interface is fixed at x = 0, while the surface moves
as the oxynitridation proceeds. The surface position for oxynitrida-
tion is indicated by the vertical arrow. The N-containing layer with
a width of 2 nm at the interface is also shown by the thick double-
headed arrow.

diffusion is retarded at the N-containing layer, and the SiO
concentration almost reaches Cgiy at this temperature.
Therefore, the growth rate is significantly reduced (Eq 11).
The concentrations of N incorporated after 2 h of the oxy-
nitridation deduced from the simulation in Fig. 5 are 1.0,
1.5, and 1.8 at.% at 950, 1050, and 1100 °C, respectively.
From Eq 12 and the CY' values described above, the SiO
diffusivity was found to decrease about three orders of mag-
nitude. This result explains why B penetration, which is
enhanced by SiO, is suppressed even with a small amount of
N (-2 at.%).

As for the retardation of SiO diffusion by the existence of
N, the formation of Si; = N bonds is a possible mechanism.
SiO diffuses via the bond exchanges with Si and O atoms of
Si0,; that is, via the reconstruction of Si-O bonds, not via
the interstitial mechanism through the open spaces of SiO,.
One N atom forms bonds with three Si atoms and can fix the
SiO, framework as a brace, and, hence, N can effectively
block the reconstruction of Si-O bonds in a wide area of the
SiO, framework. Therefore, SiO diffusion in SiO, is sig-
nificantly reduced even by a small amount of N. In contrast,
the existence of B enhances SiO diffusion in SiO,, as de-
scribed in the previous section. The difference in the num-
ber of valence electrons between B (three) and Si (four) may
be the origin of this enhancement. Due to the difference in
the valence, substitutional B atoms will produce dangling
bonds, which may ease the bond exchanges with Si and O
atoms of SiO,. Therefore, the introduction of B atoms leads
to enhanced SiO diffusion in SiO,. Because the diffusion of
SiO is closely related to the viscosity of SiO,, and because
viscosity is inversely proportional to diffusivity, the present
results indicate that the incorporation of B in SiO, reduces
the viscosity of SiO,, while that of N increases the viscosity,

Basic and Applied Research: Section |

which is consistent with what has been known so far on the
viscosity.

6. Conclusions

The authors have described the experimental and simu-
lation results of Si self-diffusion and B diffusion in SiO,,
and have examined the effect of B and N on the diffusion.
It is shown that SiO molecules enhance both Si self-
diffusion and B diffusion in SiO,. In addition, based on the
B concentration dependence, the simulation result indicates
that B and Si atoms in SiO, diffuse correlatively via SiO;
namely, the enhanced SiO diffusion by the existence of B
enhances both B diffusion and Si self-diffusion. In contrast,
the incorporation of N in SiO, reduces the SiO diffusivity,
which reduces B diffusion in SiO,.
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