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Silicon self-diffusion and boron diffusion in SiO2 were investigated as functions of the distance of diffusing silicon from the
Si/SiO2 interface at various temperatures in the range of 1150–1250�C using natSiO2/

28SiO2 isotope heterostructures and
30Si- and B-implanted 28SiO2 without and with a 30-nm-thick silicon nitride layer on the surface of each sample. The self-
diffusivity of Si in SiO2 did not depend on the oxygen concentration in the annealing ambient without the silicon nitride layer.
The diffusion profiles of Si and B in the sample capped with the silicon nitride layer became broader as the distance from the
Si/SiO2 interface decreased. This dependence on the distance from the interface was caused by SiO molecules, which are
generated at the interface and diffuse into SiO2. The simulated results, taking into account the role of SiO molecules, showed
good agreement with each experimental profile of 30Si and B. [DOI: 10.1143/JJAP.43.7837]
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1. Introduction

The diffusion phenomena in SiO2 become important
issues as the SiO2 thickness decreases with the scaling down
of Si metal oxide semiconductor (MOS) devices. For high-k
gate dielectrics, diffusion in SiO2 is important since a thin
SiO2 layer still exists between the Si and high-k materials. Si
self-diffusion in SiO2 is a fundamental phenomenon for the
study of the oxide growth mechanism.1–3) In addition, B
diffusion in SiO2 is an important issue because B penetrates
through the thin gate oxide from the pþ-polysilicon gate.4–6)

Many studies on Si self-diffusion in SiO2 have been
conducted.7–14) However, there is more than a one order of
magnitude difference among the reported values of Si self-
diffusivity (DSD

Si ).
8,9,11–14) The origin of the difference could

be the existence of a silicon nitride (SiN) layer on the sample
surface. It was considered that oxygen in an annealing
ambient retards Si self-diffusion in SiO2 without a SiN
layer,13) however, no experimental proof for that has been
reported. We have investigated Si self-diffusion in SiO2 as a
function of oxygen concentration in an annealing ambient,
using the natSiO2/

28SiO2 isotope heterostructures without
SiN (natSi refers to Si with natural isotopic abundance) and
found that the oxygen molecules do not have an effect on Si
self-diffusion. In §3, we discuss in detail the influence of
oxygen in an annealing ambient on Si self-diffusion.

Moreover, we have investigated Si self-diffusion in
28SiO2 in which 30Si were implanted as a function of the
thickness of 28SiO2 using both a sample with a SiN layer and
without it.7) Surprisingly, we found that Si self-diffusion
significantly depends on the thickness of 28SiO2 with the SiN
layer but not on the thickness of the 28SiO2 without the SiN.
Specifically, the diffusion profiles of Si became broader as
the thickness of the 28SiO2 layers decreased, since Si self-
diffusion is enhanced near the interface by SiO molecules
generated at the interface.7,10) From ref. 7, it is clear that this
tendency is not caused by implantation damage and stress at
the SiN/SiO2 interface. A diffusion model that involves SiO

molecules has been constructed.10) From the model, 30Si
diffusion profiles were simulated, and the results show good
agreement with experimental profiles.10) Moreover, the
discrepancies among the reported values of Si self-diffusiv-
ity can be explained by taking into account the dependence
of Si self-diffusion on the distance from the interface.7) In
§4, using the natSiO2/

28SiO2 isotope heterostructures, which
are different from the sample of ref. 7, we investigate Si
self-diffusion as a function of the distance from the interface.

The question that we have to consider next is whether SiO
molecules have an influence on B diffusion in SiO2. B
diffusion in SiO2 has been investigated extensively with
respect to the high concentration effect,15) the effect of
fluorine on B diffusion,16) time dependence of B diffusion,17)

and mechanisms of B diffusion.18–20) For thin gate oxides, it
has been reported that B diffusion depends on the thickness
of the oxide.21) The dependence is probably caused by SiO
molecules. In §5, we consider whether SiO molecules have
an influence on B diffusion, using 200-, 300-, and 650-nm-
thick 28SiO2 layers in which 30Si and B were implanted.

2. Experimental

In this study, all samples were cut into into 5� 5mm2

pieces and annealed in a resistance furnace under an
appropriate condition, and the diffusion profiles of Si and
B were measured by secondary ion mass spectroscopy
(SIMS) using Oþ

2 ions as a primary ion beam with
acceleration energy of 5 keV. The electron beam was
irradiated on the sample during SIMS measurement to
prevent the sample charging-up.

The samples used in the present work were prepared as
follows. An isotopically enriched 28Si epilayer of 800 nm
thickness grown by chemical vapor deposition (CVD) was
provided by Isonics Corp., Colorado, USA. The isotope
composition measured with SIMS was 28Si (99.924%), 29Si
(0.073%), and 30Si (0.003%). The surface of the 28Si
epilayer was thermally oxidized in dry O2 at 1100

�C to form
28SiO2 of 200, 300, and 650 nm thicknesses. A simple
natSiO2/

28SiO2 isotope heterostructure was completed by
deposition of natSiO2 of 50 nm thickness on the surface of
28SiO2 of 650 nm thickness by low-pressure chemical vapor
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deposition (LPCVD) using tetraethoxysilane (TEOS) at
700�C, and the structure is shown in Fig. 1(a). The simple
isotope heterostructure was cut and annealed at 1200 and
1250�C under flowing Ar with 1, 10, 50, 100% oxygen
fractions in order to investigate the influence of the partial
pressure of oxygen in an annealing ambient on Si self-
diffusion in SiO2. The results of this experiment are
discussed in §3.

natSiO2 of 550, 450, and 100 nm thicknesses were
deposited on the surfaces of 28SiO2 of 200, 300, and
650 nm thicknesses, respectively, by LPCVD using TEOS at
700�C. The samples had the same total SiO2 thickness
(�750 nm). Finally, a 30-nm-thick silicon nitride layer was
deposited on top of the samples by means of rf magnetron
sputtering as shown in Fig. 1(b). The samples were annealed
at 1200 and 1250�C under flowing Ar with a 1% oxygen
fraction. In §4, we discuss the results of this experiment.

The thermally grown 28SiO2 layers of 200, 300, and
650 nm thicknesses were implanted with 30Si at 50 keV to a
dose of 2� 1015 cm�2 and capped with a �30-nm-thick
silicon nitride layer. Subsequently, the samples were
implanted with 11B at 25 keV to a dose of 5� 1013 cm�2.
The final structure is shown in Fig. 1(c). The samples were
pre-annealed at 1000�C for 30min to eliminate implantation
damages, and annealed at various temperatures in the range
of 1150–1250�C. In §5, we discuss the results of this
experiment.

3. Influence of Partial Pressure of Oxygen on Self-
Diffusion of Si in SiO2

At high temperature and low oxygen partial pressure,
SiO2 tends to decompose. In order to prevent decomposition
of SiO2, Ar gas with 1% oxygen added has been used as the
annealing ambient.7,8) Mathiot et al. argued that annealing in
an oxygen-containing ambient leads to lower self-diffusivity
of Si.13) In the present work, we investigated Si self-
diffusion in SiO2 as a function of the partial pressure of
oxygen in the annealing ambient and found that Si self-
diffusion does not depend on the partial pressure of
oxygen.9)

The SIMS profiles of 30Si are shown in Fig. 2. The results
of various partial pressures of oxygen in the annealing
ambient have almost the same profiles. This tendency was
observed for the annealing at 1250�C. The solution of the
diffusion equation for the isotope heterostructure is describ-
ed by

CðxÞ ¼ C28SiO2
þ

CnatSiO2
� C28SiO2

2

� erf
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where x ¼ 0 is the surface of the samples, C28SiO2
and CnatSiO2

are the concentrations of 30Si in the 28SiO2 layer and
natSiO2

layer, and h and t are the depth of the natSiO2/
28SiO2

interface and time, respectively. DSD
Si (th), which is only a

fitting parameter, is the Si self-diffusivity in SiO2 under
thermal equilibrium. Solid curves in Fig. 2 are the calculated
30Si profiles. As shown in Fig. 3, the obtained values of
DSD

Si (th) after annealing in various partial pressures of oxygen
were almost the same, and agreed with the values in ref. 8.
The results indicate that the self-diffusivity of Si in SiO2

does not depend on the partial pressure of oxygen in the
annealing ambient. This is because diffusing oxygen in SiO2

interacts minimally with silicon atoms forming the oxide
network, and does not have an effect on Si self-diffusion in
SiO2.

9)
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Fig. 1. Sample structures employed in this study: (a) isotope hetero-

structure without a SiN layer, (b) isotope heterostructures with a constant

total oxide thickness, and (c) 30Si- and 11B- implanted 28SiO2.
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Fig. 2. SIMS results of isotope heterostructures without a SiN layer after

annealing at 1200�C for 48 h with oxygen fractions of 1, 10, 50, and

100% in argon ambient. Solid curves are the fits of eq. (1).
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The results are consistent with the theoretical prediction
that oxygen diffuses rapidly through predominantly the
interstitial sites without interacting with Si atoms forming
the SiO2 network.22) Our experimental results, which
contradict Mathiot’s argument, indicated that oxygen in an
annealing ambient does not have an influence on Si self-
diffusion in SiO2. The reason behind the contradiction is that
Mathiot et al. did not take into account the effect of the Si/
SiO2 interface on Si self-diffusion. With a SiN cap, which
acts as a diffusion barrier, on the SiO2 surface, Si self-
diffusion in the thin SiO2 layer, in which the Si diffusers are
near the Si/SiO2 interface, is enhanced by SiO molecules
which are generated at the interface.7) On the other hand,
without a SiN cap, Si self-diffusion in the thin SiO2 is not
enhanced by SiO molecules because few SiO molecules
reach the 30Si diffusers due to diffusing oxygen. Without the
SiN cap, oxygen species incorporated into the SiO2 from the
oxygen containing annealing ambient diffuse across the
SiO2. When oxygen molecules arrive at the Si/SiO2 inter-
face region, they recombine with the SiO molecules
generated from the interface to form the additional SiO2.

17)

Therefore, the SiO molecules do not reach the 30Si diffusers,
and there is no enhancement of Si self-diffusion when SiO2

is not capped with the SiN layer.
Our experiment clearly shows that the oxygen diffusion

does not have a direct influence on Si self-diffusion in SiO2.
Si self-diffusion in the thin SiO2 layer is slower without the
SiN cap than that with it. Containing oxygen in the
annealing ambient does not retard Si self-diffusion but
prevents the enhancement of Si self-diffusion.

4. Effect of the Si/SiO2 Interface on Si Self-Diffusion in
SiO2

We have experimentally shown the dependence of Si self-
diffusion in SiO2 capped with SiN on the distance from the
Si/SiO2 interface using the 30Si-implanted 28SiO2 layer of

200, 300, and 650 nm thicknesses.7) The dependence is as
follows. With the SiN layer on the surface, the Si self-
diffusivity increases as the 28SiO2 thickness decreases. On
the other hand, without the SiN layer, the Si self-diffusivity
does not depend on the thickness, and the values of the
diffusivity agree with the thermal Si self-diffusivity
(DSD

Si (th)).
8) Specifically, with the SiN layer, the values

obtained using the samples with the 650-nm-thick 28SiO2

layer also showed good agreement with the DSD
Si (th).

In the present work, using the natSiO2/
28SiO2 isotope

heterostructures, as shown in Fig. 1(b), the effect of the Si/
SiO2 interface was investigated. The objective of this
experiment is to experimentally confirm that Si self-
diffusion in SiO2 does not depend on the oxide thickness
but on the distance between 30Si diffusers and the Si/SiO2

interface. In the previous study,7) the oxide thickness was
changed in order to vary the distance, while in the isotope
heterostructures used in the present study, the total oxide
thicknesses were the same (�750 nm), as shown in Fig. 1(b).

Figures 4(a) and 4(b) show the SIMS profiles of 30Si in
the isotope heterostructures after diffusion annealing. In
these isotope heterostructures, the total oxide thickness of
each sample was almost the same, while the thickness of the
28SiO2 layer of each sample was varied: the distance
between the natSiO2/

28SiO2 interface, at which Si self-
diffusion was observed, and the 28Si/28SiO2 interface was
different. In Fig. 4(b), the profiles were shifted along the
x-axis in order that each natSiO2/

28SiO2 interface would
agree at x ¼ 0. Figure 4(b) indicates that the diffusion length
of the sample with the 200-nm-thick 28SiO2 layer, the
thinnest 28SiO2 layer in this work, was longer than that of
other samples. This tendency was observed at other temper-
atures, and is consistent with the finding that Si self-
diffusivity increases as the distance between the Si/SiO2

interface and the natSiO2/
28SiO2 interface decreases.7,10) As

mentioned above, these samples have the same total oxide
thickness; therefore, Si self-diffusivity in SiO2 does not
depend on the oxide thickness but on the distance between
the diffusers and the Si/SiO2 interface, as mentioned in
refs. 7 and 10.

The mechanism of the dependence of Si self-diffusion is
interpreted as follows.10) SiO molecules are generated at the
interface via Siþ SiO2 ! 2SiO23,24) and diffuse into oxide,
which has been predicted by various studies.2,23–26) SiO
diffusion is not so fast that the concentration of SiO
molecules becomes uniform in the 200-nm-thick oxide but is
much faster than Si self-diffusion.10,23,27) Therefore, the
diffusion of Si atoms via SiO is faster than the thermal Si
self-diffusion where Si atoms do not diffuse via SiO, and the
higher the SiO concentration, the faster the diffusion of Si
atoms. The concentration of SiO increases as the distance
from the interface at which SiO molecules are generated
decreases. As a result, Si self-diffusion is enhanced near the
interface, where the concentration of SiO molecules is high.

An analysis of Si self-diffusion was conducted in a
manner similar to that in ref. 10. The diffusion equations for
30Si, 30SiO, and 28SiO were solved numerically.10) In the
simulation, SiO molecules were taken into account as:

30Si(sub)þ 28SiO(int) , 28Si(sub)þ 30SiO(int): ð2Þ

Equation 2 indicates that Si atoms substituted into Si sites of
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SiO2 [denoted as (sub)] diffuse via the kick-out mechanism,
reacting with diffusing SiO molecules in interstitial sites
[denoted as (int)]. In addition, Si atoms diffuse via a
mechanism which does not involve SiO. The Si self-
diffusivity is therefore described by

DSD
Si ¼ DSD

Si (th) þ DSD
SiOC28SiO=C

�
SiO; ð3Þ

where C�
SiO is the maximum concentration of SiO in SiO2

and is described as C�
SiO ¼ 3:6� 1024 expð�1:07 eV=kTÞ.10)

DSD
SiO ¼ DSiOC

�
SiO=No is the self-diffusivity of silicon via SiO

molecules, where No denotes the number of SiO2 molecules
in a unit volume of SiO2. D

SD
Si (th) is the Si self-diffusivity via

the mechanism which does not involve SiO molecules, and
DSD

Si (th) ¼ 0:8 expð�5:2 eV=kTÞ cm2/s8,9) was used in the
present study. The boundary condition for 28SiO(int) at the
28Si/28SiO2 interface is given by C28SiO ¼ C�

SiO to describe
the generation of SiO at the interface. The amount of
30SiO(int) arriving at the 28Si/28SiO2 interface is so small
that the mixing of 28Si with 30Si at the interface can be
neglected. The boundary condition at the nitride-capped
surface is represented by a zero-flux condition because the
caps act as barriers. It is reasonable to assume that reaction
(2) is so fast that the local equilibrium of the reaction is
established, and hence, the rate constants are set to be
sufficiently large. The only parameter obtained from the
simulation to fit the experimental profiles of 30Si is DSiO. In
addition, in our calculation, the broadening of SIMS profiles
caused by surface roughness and mixing by SIMS sputtering
was taken into account using the method developed by
Hoffman.28)

Simulated results show good agreement with the exper-
imental profiles, as shown in Figs. 4(a) and 4(b). Therefore,
the dependence of Si self-diffusion in the isotope hetero-
structures on the distance can be explained by taking into
account SiO molecules. The diffusivity of SiO (DSiO)
obtained in the present work agrees with DSiO ¼ 3:4�
102 expð�5:2 eV=kTÞ cm2/s of ref. 10, as shown in Fig. 5. Si
self-diffusion in the isotope heterostructures and in the 30Si-
implanted 28SiO2 layers can be simulated by using the same
values of DSiO. The samples used in the present work had
almost the same total oxide thickness; the only difference

among the samples was the distance from the 28Si/28SiO2

interface. Therefore, the distance has a significant effect on
Si self-diffusion, as mentioned.7,10) Experimentally, we have
confirmed that Si self-diffusion in SiO2 does not depend on
the total oxide thickness but on the distance between 30Si
diffusers and the Si/SiO2 interface.

The calculated profiles of 28SiO are also shown in
Fig. 4(a). After the annealing at 1200�C for 72 h, the
concentration of SiO molecules arriving from the Si/SiO2

interface was �1020 cm�3 at the natSiO2/
28SiO2 interface of

the sample with the 200-nm-thick 28SiO2 layer. As a result,
Si self-diffusion was enhanced in the sample by the high
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concentration of SiO molecules. For the samples with the
650-nm-thick 28SiO2 layer, few SiO molecules arrived at the
natSiO2/

28SiO2 interface. Since enhancement of Si self-
diffusion by SiO molecules is negligible, the analysis
assuming a constant Si self-diffusivity is valid for the
samples. The diffusivity obtained for the samples agrees
with the DSD

Si ¼ 0:8 expð�5:2 eV=kTÞ cm2/s of Takahashi et
al.8) as shown in Fig. 5. The results were obtained with the
SiN layer, which acts as barrier to oxygen diffusion, and the
diffusivity agrees with the value of Si self-diffusivity
reported in refs. 8 and 9. Therefore, the residual oxygen in
an ambient does not have an influence on Si self-diffusion in
SiO2, as mentioned above.

As we argued in ref. 7, it is confirmed here that there is no
effect of the stress between the SiN layer and SiO2 on Si
self-diffusion since the same value of DSD

SiO can be used for
the simulation of all the samples with various distances
between the SiN/SiO2 interface and the natSiO2/

28SiO2

interface.

5. Effect of the Si/SiO2 Interface on Boron Diffusion in
SiO2

In this section, we have investigated the effect of the Si/
SiO2 interface on B diffusion using the B-implanted samples
shown in Fig. 1(c). Originally, we have coimplanted 30Si
with B in order to investigate the effect of B diffusion on Si
self-diffusion in SiO2. However, we have found recently that
Si self-diffusion is affected only by B of concentration larger
than 1020 cm�3.31) Therefore, we employed 30Si with less
than 1019 cm�3 as an additional marker to ensure the
accuracy of our experiments. Figure 6 shows the depth
profiles of 11B before and after annealing at 1200�C for 24 h.
The profiles after the pre-annealing agree with the as-
implanted profiles within the experimental error of our SIMS
measurements.

The profiles of 11B became broader with decreasing
28SiO2 layer thickness, i.e., B diffusivity increased with
decreasing distance from the Si/SiO2 interface, as shown in
Fig. 6. This tendency was observed for other temperatures

probed in this study. The dependence of B diffusion in SiO2

on the distance from the Si/SiO2 interface is similar to that
of Si self-diffusion in SiO2.

7) As mentioned above, Si self-
diffusion is enhanced by SiO molecules generated at the
interface and diffusing into the oxide. The shorter the
distance between implanted B and the interface, at which the
SiO concentration is high, becomes, the broader the B
diffusion profiles become. In order to confirm whether the
origin of B diffusion enhancement is the effect of SiO
molecules, we have constructed the model of B diffusion
taking into account SiO molecules, and compared the results
of the simulation based on the model with SIMS profiles.

The B diffusion model was proposed as a natural
extension of a previously proposed model of Si self-
diffusion.10) The results in Fig. 6 indicate that B diffuses
via a mechanism that involves SiO in addition to one that
does not involve SiO. An evidence for the existence of two
mechanisms is that very few SiO molecules arrived from the
interface in the 650-nm-thick samples. B diffusion via SiO
can be described as

B(sub)þ SiO(int) , Si(sub)þ BO(int); ð4Þ

in a similar manner to B diffusion in Si via the kick-out
mechanism, where BO(int) may be a complex of Si-B-O.18)

The SiO concentration is high near the interface during
annealing, therefore, the large contribution of relatively
rapid B diffusion via SiO leads to higher total B diffusivity.

From the model, the diffusion equations were constructed
and numerically solved by the partial differential equation
solver ZOMBIE.29) Taking into account the two mecha-
nisms, the total effective B diffusivity is described by

Deff
B ¼ Deff

B (th) þ Deff
i CSiO=C

�
SiO; ð5Þ

where Deff
B (th) and Deff

i are the effective diffusivity of thermal
B diffusion and the effective diffusivity of B diffusion via
the mechanism that involves SiO molecules. The experi-
mentally obtained effective diffusivity of thermal B diffu-
sion, Deff

B (th) ¼ 3:12� 10�3 expð�3:93 eV=kTÞ cm2/s30) was
used. DSD

SiO ¼ 4� 104 expð�6:2 eV=kTÞ cm2/s10) was applied
in this simulation. As a result, the parameter to be obtained
by fitting is Deff

i .
Figure 6 shows that the simulation results for the all

28SiO2 thicknesses agree with the experimental results.
Therefore, the dependence of B diffusion on the distance
from the Si/SiO2 interface can be explained by taking into
account SiO molecules. However, the experimentally ob-
tained B profiles near the SiN/SiO2 interface in SiO2 do not
agree perfectly with the simulated profiles. This may be due
to boron segregation at the SiN/28SiO2 interface as reported
previously.32)

In the present work, 30Si diffusion profiles in the
B-implanted 28SiO2 layers agreed fairly with that of the
28SiO2 layers without B implantation,7) as shown in Fig. 7.
Implanted B and B diffusion do not have an influence on Si
self-diffusion at the concentration employed in the present
work since the B concentration was lower than 1020 cm�3.31)

6. Conclusion

First, we have shown that Si self-diffusion in SiO2 without
SiN does not depend on the partial pressure of oxygen in the
annealing ambient. Next, the effect of the Si/SiO2 interface
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on Si self-diffusion in SiO2 was investigated using isotope
heterostructures with a constant total oxide thickness. With
the SiN layer, Si self-diffusion was enhanced near the
interface in a manner similar to that in 30Si-implanted
samples. For both samples, Si self-diffusion can be simulat-
ed using the same value of the diffusivity of SiO. Therefore,
we have confirmed that the enhancement of Si self-diffusion
depends on the distance between the 30Si diffusers and the
Si/SiO2 interface, as argued in refs. 7 and 10. Moreover, we
have shown that B diffusion in SiO2 is also enhanced near
the interface. By taking into account SiO molecules, a
simulation was performed for Si and B diffusion, and the
results showed good agreement with the experimental
profiles. Therefore, the enhancement mechanism is that
SiO molecules generated at the interface and diffusing into
SiO2 enhance B diffusion as well as Si self-diffusion. SiO
diffusion is faster than Si self-diffusion in SiO2, but is not so
fast that the SiO concentration becomes constant all over the
SiO2 layer. Since the concentration of SiO molecules is
higher near the interface, the enhancements of Si self-
diffusion and B diffusion in SiO2 are larger near the
interface.
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Fig. 7. Diffusion profiles of 30Si in the 28SiO2 layers with B implantation

(open circles) and without B implantation (open triangles).
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