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Si self-diffusion and B diffusion in SiO2 were simultaneously investigated in thermally grown
28SiO2 co-implanted with30Si and B. The B diffusivity increases with decreasing distance between
the implanted B and Si/SiO2 interface, in the same way as Si self-diffusivity. This result together
with a numerical simulation shows that SiO molecules, which are generated at the Si/SiO2 interface
and diffusing into SiO2, 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 in SiO2. The
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. ©2004 American Institute of Physics. [DOI: 10.1063/1.1771811]

As the thickness of the SiO2 layers for metal-oxide-
semiconductor(MOS) devices decreases, atomic and mo-
lecular diffusion in SiO2 becomes a fundamental issue. Con-
cerning impurity diffusion, boron(B) penetration through the
thin SiO2 layer is still a serious problem in high-k gate di-
electrics because of the formation of an interfacial SiO2

layer.1 For Si self-diffusion, we have recently found, based
on experimental and simulation results, that SiO molecules
generated at the Si/SiO2 interface and diffusing into SiO2
enhance Si self-diffusion in SiO2.

2,3 This suggests that the
effect of the Si/SiO2 interface must be taken into account in
thermal processing involving ultrathin SiO2 layers. In addi-
tion, diffusion of SiO is closely related to the viscosity of
SiO2, which is an important property of materials.4 The
present work investigates the correlation between Si self-
diffusion and B diffusion in SiO2, and their interaction with
SiO arriving from the Si/SiO2 interface.

An isotopically enriched28Si single-crystal epilayer was
thermally oxidized in dry O2 at 1100 °C to form28SiO2 of
thicknesses of 200, 300, and 650 nm. The samples were im-
planted with30Si at 50 keV to a dose of 231015 cm−2 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. 1(b) of Ref. 2. Subsequently, the samples were
implanted with 11B at 25 keV to a dose of 531013 or 3
31015 cm−2, which will be referred to as low-dose and high-
dose samples, respectively. The implantation energy was
chosen so that the peak position of implanted B would be
close to that of30Si. The as-implanted profiles of30Si and B
are shown in Fig. 1. Samples were pre-annealed at 1000 °C
for 30 min to eliminate implantation damage and diffusion-
annealed at temperatures between 1100 and 1250 °C in a
resistively heated annealing furnace. The depth profiles of
30Si and B were measured by secondary ion mass spectrom-

etry (SIMS) using O2
+ as a primary ion beam with accelera-

tion energy of 5 keV.
Figure 1 shows the depth profiles of30Si and B in the

high-dose 200-nm-thick sample after diffusion anneal of 6 h
at 1250 °C. The as-implanted profiles before pre-annealing
are shown as initial profiles in Fig. 1 because the profiles
after the pre-annealing showed no observable diffusion
within the accuracy of our SIMS measurements. The30Si
depth profile of the annealed sample without B implantation
is also shown. The profile of30Si in the high-dose samples
shows larger diffusion than that without B. On the other
hand, the30Si profile of the low-dose samples(not shown in
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FIG. 1. Diffusion profiles of30Si and B in the 200-nm-thick sample im-
planted with B to a dose of 331015 cm−2 after diffusion anneal of 6 h at
1250 °C. The as-implanted profiles are shown as initial profiles. The30Si
diffusion profile without B implantation is also shown. In the data, the
increase of30Si concentration close to the surfaces0,20 nmd is an artifact
from silicon-nitride caps, and that deep in the bulks.160 nmd is 30Si that
diffused from Si substrates with the natural isotopic abundance(800 nm
below the28Si epilayer) during the thermal oxidation to prepare the sample.
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Fig. 1) showed no significant difference from that without B.
In addition, for the high-dose sample, a significant decrease
in the 30Si concentration at its peak region was observed,
where B concentration is high. In contrast, the tail region of
30Si showed less significant diffusion, where B concentration
is low. The same tendency was consistently observed for
28SiO2 samples with other thicknesses and for different an-
nealing conditions; for example, after 24 h at 1200 °C.

Before we present a consistent numerical simulation of
these experimental results to support our correlated diffusion
model, we address the possible concern that the implantation
damage and strain in SiO2 may play a role in the diffusion of
Si and B. We believe that the implantation damage is of no
concern because the self-diffusivity of implanted Si in thick
SiO2 agrees with that obtained from damage-free chemical
vapor deposition SiO2,

5 and remains unchanged for the doses
between 131014 and 231015 cm−2, as described in Ref. 2.
In addition, we performed pre-annealing prior to the diffu-
sion anneals. The strain in thin samples is also of no concern
because the Si self-diffusion, which increases with time due
to increasing amounts of SiO arriving from the Si/SiO2
interface,3 would decrease with time if the diffusion were
affected by the strain(or by damage), which should be
gradually relieved(reduced) by the anneals.

Figure 2 shows the B profiles in low-dose samples after
annealing at 1200 °C for 24 h. As we revealed for Si
self-diffusion,2,3 the B profile demonstrates a clear depen-
dence on the thickness of the28SiO2 layer; the shorter the
distance from the Si/SiO2 interface, the higher the B diffu-
sivity in SiO2. This tendency was observed consistently for
the high-dose samples and other temperatures employed in
this study. This dependence of B diffusivity on the distance
indicates that Si self-diffusion and B diffusion as well are
enhanced by SiO molecules, which are generated at the
Si/SiO2 interface and diffusing into SiO2. The experimental
signature of the B diffusivity enhancement with decreasing
SiO2 thickness is also found in Refs. 6 and 7, where highly B
doped poly-Si in MOS structures was used as the source of
diffusing B.

The results in Fig. 2 indicate that B in SiO2 diffuses via
two independent mechanisms: one does not involve SiO
(hereafter referred to as thermal B diffusion) and the other

involves SiO. Evidence for the existence of two mechanisms
is that very few SiO molecules arrive from the interface in
the 650-nm-thick sample. B diffusion via SiO can be de-
scribed as Bssd+SiOsid⇔Sissd+Bsid, assuming that it is
similar to B diffusion in Si via the kick-out mechanism.
Here, B atoms substituted in the Si sites of SiO2 [denoted as
(s)] diffuse via the kick-out reaction with diffusing SiO mol-
ecules in interstitial sites[denoted as(i)], and B(i) may cor-
respond to BO according to the first-principles calculation of
B diffusion in SiO2.

8 By replacing30Si with B in Eq. (1) of
Ref. 3, B diffusion in SiO2 can be simulated in a manner
similar to our recent simulation of Si self-diffusion in SiO2.
Likewise, DSisthd

SD (thermal Si self-diffusivity) should be re-

placed withDBsthd
eff (the effective diffusivity of thermal B dif-

fusion), andDSiO
SD (Si self-diffusivity via SiO) with Di

eff (the
effective diffusivity of B diffusion via the kick-out mecha-
nism with SiO), which corresponds toDi

eff for B diffusion in
Si.9,10 The total effective B diffusivity is expressed byDB

eff

=DBsthd
eff +Di

effCSiO/CSiO
0 , where CSiO

0 denotes the maximum
concentration of SiO interstitials in SiO2.

3 The experimen-
tally obtained B diffusivity in thicks.1 mmd SiO2, DBsthd

eff

=3.12310−3 exps−3.93 eV/kTd cm2/s,11 which corresponds
to the effective thermal B diffusivity, is used in our simula-
tion. Consequently, the only parameter needed to fit the ex-
perimental B profiles in Fig. 2 isDi

eff , and we consistently
obtained Di

eff=6.4310−2 exps−4.1 eV/kTd cm2/s for all
samples. For the simulation, diffusion equations derived for
B diffusion were solved numerically by the partial differen-
tial equation solverZOMBIE.12

Figure 3 compares the experimental and simulated B
profiles in the 300-nm-thick sample with high and low-B
doses after annealing at 1200 °C for 24 h. With theDi

eff

given earlier, the B diffusion profiles of low-dose samples
were well reproduced by the simulation. However, the same
simulation of the B diffusion for high-dose samples underes-
timated the results, as shown by the thick dotted line in Fig.
3. Strong enhancement of the boron diffusion in SiO2 for the
boron concentration above 1020 cm−3 has been reported
previously,13 and we should take into account such an effect
in our simulation. In order to reproduce the experimentally

FIG. 2. Diffusion profiles of B in SiO2 with various thicknesses. Samples
were implanted with B to a dose of 531013 cm−2 and annealed at 1200 °C
for 24 h.

FIG. 3. Experimental and simulated B profiles in the 300-nm-thick sample
with high- and low-B doses after annealing of 24 h at 1200 °C. The calcu-
lation result without B concentration dependence for the high-dose case is
also shown(thick dotted line).
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obtained enhancement of the B diffusion in the high-dose
sample, we introduced a B concentration dependence of
DBsthd

eff for thermal B diffusion and ofDi
eff and DSiO

SD for B
diffusion via SiO by multiplying a factor of expsCB/CB

crid to
imitate the strong dependence on B concentration, whereCB

cri

denotes the critical B concentration above which the high-
concentration effect occurs. Consequently, the factor
expsCB/CB

crid is applied toDB
eff, which represents the sum of

the two contributions to B diffusion(thermal diffusion and
diffusion via SiO). UsingCB

cri=231020 cm−3, high-B-dose B
profiles were fitted by the same set of diffusion parameters as
that for low-dose profiles, as shown in Fig. 3.

Finally, we show the simulation result for the increase of
Si self-diffusivity with higher B concentration. In order to
model the 30Si diffusion with the B concentration depen-
dence taken into account by multiplyingDSiO

SD by a factor of
expsCB/CB

crid, the diffusion mechanism of Si self-diffusion
developed in our previous paper3 and that of B diffusion
discussed earlier are combined to explain the simultaneous
enhancement of the30Si and B diffusion by28SiOsid arriving
from the Si/SiO2 interface. Figure 4 shows the simulated
30Si profiles after annealing at 1250 °C for 6 h, which repro-
duce the experimental profiles for both high-dose and unim-
planted(also low-dose) samples by using the same single set
of parameters obtained from the B profiles discussed above.
Inclusion of the B concentration dependence
f3expsCB/CB

cridg of DSisthd
SD in addition to that ofDSiO

SD is es-
sential to explain the30Si self-diffusion enhancement in the
650-nm-thick sample{Then, the factor expsCB/CB

crid is ap-
plied toDSi

SD [Eq. (7) in Ref. 3], which represents the sum of
the two contributions to Si self-diffusion}. In this sample,
very few SiO molecules arrive from the interface and the B
concentration enhancement of Si self-diffusion therefore
takes place almost totally via thermal Si diffusion, not via the
kick-out by SiO. The30Si profile in the high-dose sample

calculated without taking into account the B concentration
dependence is also shown in Fig. 4. Fitting the30Si peak
leads to an overestimation of the tail part, which confirms
that the30Si 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 SiO2 diffuse 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 atoms.8 Fur-
thermore, because viscosity is inversely proportional to
diffusivity14 and the viscosity of SiO2 strongly depends on
the impurity content,15 the increase of SiO diffusivity may be
closely related to decreasing SiO2 viscosity with higher B
doping.

In summary, Si self-diffusion and B diffusion in SiO2
were simultaneously observed in28SiO2 samples co-
implanted with 30Si and B. Both Si self-diffusivity and B
diffusivity increase with decreasing distance from the
Si/SiO2 interface. This indicates that SiO molecules govern
not 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 SiO2. We have developed a nu-
merical simulation that takes into account the correlated dif-
fusion indicated in the experiments.
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FIG. 4. Simulated30Si profiles with high-dose B implantation and without B
after annealing at 1250 °C for 6 h. The SIMS profiles are those of30Si in
Fig. 1. The calculation result without B concentration dependence is also
shown for the high-dose case(thick dotted line with open circles).
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