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ABSTRACT

The effect of fluorine (F) on diffusion of boron (B) in silicon (Si) is investigated by secondary ion mass spectrometry of Si, B, and F
diffusion using pre-amorphized natSi/28Si isotope multilayers that are co-implanted with B and F. By the presence of F, diffusion of B is
suppressed while that of Si is enhanced. A quantitative analysis of the experimental results based on our diffusion model shows that the
suppression of B diffusion is due to (1) Si interstitial undersaturation caused by the time-dependent formation and dissolution of F-vacancy
(FV) clusters and (2) direct interaction between B and FV clusters. The model developed in this study enables an accurate simulation of
B and Si diffusion in the presence of F in Si.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015405

I. INTRODUCTION

Boron (B) implantation and post-annealing processes are widely
used for the formation of p-type shallow junctions in silicon (Si)
electronic devices, and the suppression of the transient enhanced dif-
fusion (TED) of B is a crucial issue for continuous scaling down of
device processing. Fluorine (F) has been reported to suppress the
TED of B, and, therefore, co-doping of F is a promising method for
the formation of ultra-shallow junctions.1–13 Boron fluoride (BF2) is
an important implantation species not only because it includes both
B and F but also because it has the smaller projected range than
atomic B and is able to induce amorphization of Si.1,3,4,6,7 The
advantage of amorphization is that dopant channeling is reduced
and that the damage in the amorphized region is almost totally elim-
inated through solid-phase epitaxial regrowth during post-implant
annealing. During the regrowth, however, end-of-range (EOR)
defects are formed, which are interstitial-type dislocation loops and
become a source of TED. For these reasons, the effect of F on B dif-
fusion in pre-amorphized Si has been studied extensively.1,4,5,7,8,10,12

Several works demonstrated that the presence of F reduced the
supersaturation of self-interstitials (I’s) that led to TED of B.1,4,8–13

The experimental results suggested that the reduction of I concen-
tration was caused by dissolution of F-vacancy (FV) clusters.9–13

The presence of FV clusters in F-doped Si was predicted by
theoretical calculations14–15 and confirmed experimentally by posi-
tron annihilation spectroscopy16–18 and electron paramagnetic

resonance19 of F-implanted Si. Another set of experiments argued
that the suppression of B diffusion was caused mainly by direct
chemical interaction between B and F.2,3,7 The experiment using a
buried B layer suggested that there was little direct interaction
between F and I but there was a F–B interaction causing suppres-
sion of B diffusion.7 The experiments conducted to probe the effect
of F on the depth-dependent behaviors of point defects (I and V)
using B delta-doped multilayers were not able to separate conclu-
sively the effects between the FV clusters and F–B interaction.5,13

Quantitative understanding of such competing mechanisms leading
to the establishment of a model that can be implemented in
technology computer-aided design (TCAD) semiconductor process
simulators20–22 is important.

The present work shows conclusively that the effects of FV
clusters and F–B interaction co-exist. A unified model has been
developed to describe experimental results quantitatively. Our
experiments using silicon isotope multilayers are designed not only
to show the importance of the two mechanisms but also to extract
important parameters in the model to provide solid understanding
of the physics behind the suppression of B diffusion by F. We
simultaneously observe Si self-, B, and F diffusion using pre-
amorphized Si isotope multilayers that are co-implanted with B
and F. Using the Si isotope multilayers, the effect of F on the
behaviors of point defects can be investigated via direct observation
of Si self-diffusion23–25 and so can be the effect of EOR defects on
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point defects.26,27 Implantation of F instead of BF2 allows for obser-
vation of the effect of isolated F. We show that, by the presence of
F, Si self-diffusion is enhanced, while B diffusion is suppressed,
indicating the increase of V concentration. The shape and the time-
dependent behavior of F profiles suggest the contribution of FV
clusters, where the increase of V concentration is attributable to V
emission upon the cluster dissolution. Moreover, B atoms at the F
peak region are almost immobile, and the decrease of F concentra-
tion is suppressed only around the B high concentration region,
suggesting a direct interaction between B and F, which suppresses
B diffusion and the dissolution of FV clusters. Therefore, the sup-
pression of B diffusion by the presence of F is attributed to both
the I undersaturation caused by FV clusters and the direct F–B
interaction. From these results, unlike the previous model that took
only FV clusters into account,20–22 we develop a model that takes
both FV clusters and F–B interaction into account and achieve
quantitative agreement with experimental results. For FV clusters,
F3V and F6V2 with a configuration change from F3V to F6V2 are
considered in order to model the reduction of dissolution rates
with annealing time. In addition, the characteristic concentration,
above which the dissolution rate of FV clusters decreases with the
concentration, is introduced to reproduce the distinctive F profiles.
For F–B interaction, the suppression of B diffusivities with higher
concentration of FV clusters and that of the dissolution rates of FV
clusters with higher B concentration are introduced.

It is demonstrated that the diffusion calculation based on
these models agrees with the experimental profiles taken with
various samples and under different annealing conditions. The cal-
culations reproduce the time-dependent changes of the characteris-
tic F profiles and immobile B profiles in the F peak region. Our
model can be implemented in TCAD simulators for the process
simulation of the ultra-shallow source–drain formation by
co-implantation of B and F.

II. EXPERIMENTS

Isotopically enriched 28Si and natural Si (92.2% 28Si, 4.7% 29Si,
and 3.1% 30Si) multilayers were grown by molecular beam epitaxy
on a (100)-oriented Si wafer.28 The multilayers consisted of nine
periods of pairs of a 17 nm-thick natSi and a 28 nm-thick 28Si layer.
The natSi layers had the natural abundance with 3.1% of 30Si,
whereas 28Si layers were depleted of 30Si. Si self-diffusion was evalu-
ated by observing the change of the 30Si depth profiles after anneal-
ing. The Si isotope multilayers were first amorphized by 74Ge+

ion implantation with an energy of 150 keV and a dose of
2 × 1015 cm−2. Due to the implantation, amorphization occurred
between the surface and 175 nm in depth, while the deeper region
(x > 175 nm) remained single crystalline, as was shown in Fig. 2(a)
of our previous study for the same implantation conditions.26

After pre-amorphization, 19F+ and/or 11B+ were implanted, respec-
tively, with 25 keV and 1 × 1015 cm−2, and with 15 keV and 1 × 1014

cm−2. The implantation energies of F and B were selected such that
the peak of the F profile situated close to that of B and that the two
profiles stayed within the pre-amorphized region. All the implanta-
tions were performed at room temperature. Four types of samples
were prepared in this study; F and B implantation (F + B sample), F
only (F), B only (B), and no F or B (control). The samples were

annealed at 800–950 °C for 30 s–2 h in a rapid-thermal annealer or
a resistive furnace under the continuous flow of pure Ar gas
(99.99%) without prior deposition of a capping layer. The process
flow is schematically shown in Fig. 1. The depth profiles of 30Si, 11B,
19F, and 74Ge were measured by secondary ion mass spectrometry
(SIMS). Primary ions used in SIMS were O2+ with an energy of 1.0
keV for 30Si and 11B, and Cs+ with 3.0 keV for 19F and 74Ge.

III. RESULTS AND DISCUSSION

A. Effect of F on Si self- and B diffusion

Figure 2 shows the depth profiles of 30Si, F, and B in F + B
samples after Ge implantation (before annealing) together with the
30Si profile before Ge implantation (as-grown). The periodic 30Si
profile was perturbed after Ge implantation, as shown in Fig. 2.
The Ge depth profile is also presented. This perturbation of the
profile is due to the Si displacement induced by Ge implantation.29

The pre-amorphized regions of all the samples employed in this
study should be fully recrystallized after annealing at 800–950 °C
for 30 s–2 h because annealing temperatures used in this study
are well above the temperature used to recrystallize F-implanted
pre-amorphized Si and recrystallization takes place rather
instantaneously.8

Figure 3(a) shows the depth profiles after annealing at 950 °C
for 30 min. The diffusion of F and B in F + B samples and that in B
only and F only samples are observed in the same annealing. The
profiles after annealing can be directly compared because
as-implanted profiles in these three types of samples are practically
identical. As expected, the B profile in F + B samples shows the
suppression of B diffusion, compared with that in B only samples.
This clearly shows the effect of F on the suppression of B diffusion.
In addition, Si self-diffusion is observed in all the Si isotope
multilayers located between the surface and 450 nm in depth. In
Fig. 3(b), the appreciable enhancement of Si self-diffusion at

FIG. 1. A schematic flow chart of preparation of four groups of samples
employed in this study.
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∼200 nm in depth can be attributed to the effect of tensile strain
induced by EOR defects, which are formed just beneath where
the amorphous/crystalline interface existed, i.e., at the depth of
175–225 nm, as was observed in our previous study.26 In order to
investigate the effect of F on Si self-diffusion, the ratio of the time-
averaged self-diffusivities in the sample with F (F only) to that
without F (control) at the positions of each valley in the 30Si profile
of the isotope multilayers is obtained numerically as shown in
Fig. 3(c). The ratio obtained indicates that Si self-diffusion is
enhanced by the presence of F in the region shallower than where
the EOR defects exist. Note that the largest enhancement of Si self-
diffusion is observed in the second layer from the surface, where
the F-implanted peak (∼70 nm) is located. On the other hand, no
significant enhancement by the presence of F is observed in the
region deeper than where EOR defects exist (x > 175 nm). This can
be ascribed to the contribution of EOR defects acting as a sink for
V. The same trend of Si self-diffusion is observed in F + B samples.

Si self-diffusion occurs via interstitial and vacancy mecha-
nisms.23,24,30 Therefore, the enhanced Si self-diffusion observed in
the present experiment indicates the increase in the concentration
of either I or V. In addition, the suppression of B diffusion
observed in F + B samples [Fig. 3(a)] indicates that the I concentra-
tion is reduced by the presence of F because B diffuses by the inter-
stitial mechanism.31 Therefore, the enhanced Si self-diffusion
observed in the F-implanted region can be attributed to the

FIG. 3. (a) SIMS profiles of F and B after annealing at 950 °C for 30 min in F
only, B only, and F + B samples. As-implanted profiles of F (open triangles) and
B (open circles) that are practically identical for the three groups of samples are
also shown. (b) SIMS profiles of 30Si before (broken line) and after annealing at
950 °C for 30 min (solid line) in F only samples. (c) Ratio of the time-averaged
Si self-diffusivities at 950 °C for 30 min in the sample with F (F only) to that
without F (control) at the positions of each valley in the 30Si profile of the
isotope multilayers. The solid line is a guide to the eye.

FIG. 2. SIMS profiles of 30Si, Ge, F, and B in the F + B sample before anneal-
ing. The Si isotope multilayers were amorphized by Ge implantation prior to
implantation by F and B. The solid line represents the profile of 30Si in the
natSi/28Si isotope multilayers after Ge implantation, and the dotted line repre-
sents the 30Si profile before Ge implantation (as-grown). Open diamonds, trian-
gles, and circles are the as-implanted profiles of Ge (150 keV, 2 × 1015 cm−2), F
(25 keV, 1 × 1015 cm−2), and B (15 keV, 1 × 1014 cm−2), respectively.
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increase of V concentration owing to the presence of F. In the past,
the formation of FV clusters, such as F3V, in F-implanted and
annealed Si has been reported.14–19,21 Indeed, the shape and the
time-dependent behavior of F profiles observed in the present
study strongly suggest the formation and dissolution of F-related
clusters. In addition, the suppressed B diffusion by the presence of
F has been explained by the I undersaturation owing to FV
clusters.9,11–13 Therefore, the enhanced Si self-diffusion observed in
the present experiment can be explained by the increase in the con-
centration of V that are emitted upon the dissolution of FV clus-
ters, while B diffusion is reduced by I undersaturation due to the
increase in V concentration (V supersaturation).

Another noticeable feature of the results in Fig. 3(a) is that the
peak concentration of F in F + B samples is about three times
larger than that in F only samples after annealing. A similar trend
is also seen in Fig. 4, where the depth profiles of F and B in F + B,
F only, and B only samples after annealing at 900 °C for 30 min are
shown. These results indicate that the dissolution of FV clusters
was suppressed by the presence of B. In addition, not only the
effect of B on F behaviors but also the effect of F on B diffusion in
the B peak region is observed in Fig. 4. B atoms are found to be
almost immobile around the B peak in F + B samples, whose region
coincides with the peak of F. This characteristic pinning of B diffu-
sion at around ∼50 nm in depth is so strong that it cannot be
accounted for by the V emission from FV clusters. These results
suggest that there is a direct interaction between F and B especially
when F and B atoms coexist at high concentrations.2,3,7 Therefore,
the overall picture of suppression of B diffusion by F is that the
direct F–B interaction plays the key role in the region of high F
concentration (>1017 cm−3), while the V emission from FV clusters
becomes dominant in the low F concentration region.

Having established the importance of both F–B interaction
and V originating from dissolution of FV clusters, let us analyze
why previous experimental results were able to be modeled by
taking into account only one of the two mechanisms. In Ref. 7, it
was shown that F did not affect the diffusion of a buried B layer,
which was located away from the F region; F were placed in the
region shallower than the EOR defect region, while the buried B
layer was placed deeper than where the EOR defects were.7 Our
results of Si self-diffusion using isotope multilayers shown in
Fig. 2(c) reveal that the presence of F in the region shallower than
EOR defects does not change significantly the I concentration in
the deeper region. Therefore, our finding that B diffusion being
suppressed by both the V emission and the F–B interaction agrees
with the experimental results of Ref. 7. No direct F–B interaction
was observed in the experiment performed in Ref. 12, but as the
present experiment shows, the direct F–B interaction occurs only
when F and B atoms coexist at high concentrations; the concentra-
tions of F and B in Ref. 12 were only about 1/10 and 1/2 of those
in ours, respectively.

Summarizing this section, Si self-, F, and B diffusions are
simultaneously observed using Si isotope multilayers that are
co-implanted with F and B. We have shown that B diffusion is sup-
pressed by both the direct F–B interaction and the I undersatura-
tion caused by dissolution of FV clusters.

B. Modeling of V emission upon FV cluster dissolution

Figures 5(a) and 5(b) show the F profiles in F only samples
after annealing at 800 and 950 °C, respectively. It is seen that, even
without a capping layer on the top, out-diffusion of F to the surface
is rather limited. Similar to the F profiles shown in Figs. 3(a) and 4,
notable features of the F behaviors are (i) substantial dose loss and
(ii) non-Fickian diffusion profiles. These characteristics were
observed in all the annealing conditions employed in the study.
The dose loss of F is attributed to the combination of fast diffusion
and continuous evaporation of F from the surface during the
thermal treatment.32,33 The retained F dose decreases with the
annealing time but the shape of the F profile does not broaden.
Such a characteristic behavior suggests that F impurities are
forming clusters such as FV for there is supersaturation of V as
described in Sec. III A. FV clusters are formed to retain the F dose
in the very early stage of annealing, that is, during the solid-phase
epitaxial regrowth of the amorphous region.12,34 The decrease is
due to the dissolution of FV clusters, and F atoms that are released
diffuse out to the surface to evaporate.

A closer look at the change of F profiles with time reveals that
the dissolution rate of the FV clusters decreases with the annealing
time. In Fig. 5(a), the dissolution rate of FV clusters obtained from
the F profile for 30 min annealing is larger than that obtained for
2 h annealing. The same trend holds for Fig. 5(b). Such time
dependence of the dissolution rate of FV clusters implies that the
FV clusters are stabilized by annealing.

In order to construct a model to fit our experimental F diffu-
sion profiles, we first consider the formation and dissolution of FV
clusters. According to first-principles calculations, the dominant
configurations of FV clusters are F3V and F6V2, the latter being
more stable.14 The contribution of F3V and F6V2 is also supported

FIG. 4. SIMS profiles of F and B after annealing at 900 °C for 30 min in F only,
B only, and F + B samples. The SIMS profiles before annealing (as-implanted)
are also shown by open symbols.
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by the analysis based on positron annihilation spectroscopy and
SIMS.18 These results let us assume a rapid formation of F3V in the
very early stage of annealing during the regrowth process of the
amorphized layer and a configuration change from F3V to F6V2

during annealing, where F6V2 is more stable having a smaller disso-
lution rate. Among various possible structures, our model takes
into account the most stable F3V and F6V2 clusters to simplify the
model calculation.

Our model of FV clusters consists of the following four reactions:

(i) Formation of F3V: three F interstitial atoms (Fi) form one
F3V cluster during the regrowth of the amorphized layer.

(ii) Dissolution of F3V: three Fi and one V are emitted (released)
upon dissolution of one F3V cluster. Fi out-diffuse to evapo-
rate from the surface.

(iii) Formation of F6V2: two F3V clusters form one F6V2 cluster.
(iv) Dissolution of F6V2: six Fi and two V are emitted upon the

dissolution of one F6V2 cluster. Fi out-diffuse to evaporate
from the surface.

The reaction pathway is shown in Fig. 6. These reactions lead to
the following set of coupled partial differential equations:

@CFi

@t
¼ @

@x
DFi

@CFi

@x

� �
� 3Gf

F3V þ 3Gd
F3V þ 6Gd

F6V2
, (1)

@CF3V

@t
¼ Gf

F3V � Gd
F3V � 2Gf

F6V2
, (2)

@CF6V2

@t
¼ Gf

F6V2
� Gd

F6V2
, (3)

@CI

@t
¼ @

@x
DI

@CI

@x

� �
� G311 � GEOR � GTypeIII þ GRe, (4)

@CV

@t
¼ @

@x
DV

@CV

@x

� �
þ Gd

F3V þ 2Gd
F6V2

þ GRe, (5)

where DX is the diffusivity of X [X = Fi, I, V], CX is the concentra-
tion of X [X = Fi, F3V, F6V2, I, V], and Gf

X and Gd
X are the terms of

formation and dissolution of X [X = F3V, F6V2], respectively,

Gf
F3V ¼ kfF3VC

3
Fi , (6)

Gd
F3V ¼ kdF3VCF3V

CFF
F3V

(CF3V þ CFF
F3V)

, (7)

Gf
F6V2

¼ kfF6V2
C2
F3V, (8)

Gd
F6V2

¼ kdF6V2
CF6V2

CFF
F6V2

(CF6V2
þ CFF

F6V2
)
, (9)

FIG. 5. SIMS and simulated profiles of F in F only samples after annealing (a)
at 800 °C for 30 min and 2 h and (b) at 950 °C for 30 s and 30 min. The
as-implanted profile of F (before annealing) is also shown. Symbols and solid
lines represent SIMS and simulated profiles, respectively. In addition, the depth
profiles of V deduced from the simulation, together with those for 1 min, are
shown.

FIG. 6. A reaction pathway for the formation and dissolution of FV clusters in
our model. Reaction (iii) means formation of one F6V2 cluster from two F3V
clusters.
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where Eqs. (6)–(9) denote reactions (i), (ii), (iii), and (iv) in Fig. 6,
respectively.

GRe is the generation term for I–V generation–recombination
(g–r) described by the following reaction:

GRe ¼ kRe(C
eq
I Ceq

V � CICV), (10)

where kRe is the g–r rate, and Ceq
I and Ceq

V represent the equilib-
rium concentrations of I and V, respectively. In order to describe I
emission from the implantation-induced defects, we use the diffu-
sion model involving the time evolution of {311} clusters (G311)
and that of EOR defects (GEOR) that has been used in our previous
study.26 In addition, the effect of type III defects35 formed upon
the regrowth of the amorphized layer (GTypeIII) is taken into
account in the same way as in the previous study.36 In reaction (i)
and Eq. (6), the contribution of V is not included, because the
supply of V from the surface is negligibly small compared to that
of Fi out-diffusion. It is supposed that V are supplied from the pre-
amorphized layer during the regrowth process to form F3V.

In Eqs. (6)–(9), kfX and kdX are the formation and the dissolu-
tion rate constants of X, respectively. CFF

X , in which the superscript
of FF stands for the effect of F on FV clusters, represents the char-
acteristic concentration of X that determines the degree of reduc-
tion of the reaction parameter kdX with CX. In Eq. (7), the
dissolution rate of F3V decreases in proportion to the concentration
of F3V, when the concentration of F3V is higher than CFF

F3V, and the
same for F6V2 in Eq. (9). This characteristic concentration is intro-
duced to reproduce the distinctive F profiles, whose dose decreases
with time while keeping its overall shape. The diffusivity of Fi,
DFi ¼ 10�9 cm2 s�1, was set high enough to reproduce the dose loss
of F. In order to simulate the evaporation of F from the surface, the
out-diffusion flux is assumed to be proportional to CFi . The equi-
librium concentrations of I and V are used at the Si surface. The
contributions of I and V to Si self-diffusion are taken into account
in the same way as in our previous study.26 Using all the models
mentioned above, diffusion equations are solved numerically by the
partial differential equation solver ZOMBIE.37

Solid lines in Figs. 5(a) and 5(b) show the calculated profiles of
F after annealing at 800 °C (for 30 min and 2 h) and 950 °C (for 30 s
and 30 min), respectively. Here, the F profiles are obtained from the
sum of the calculated results of CFi , 3� CF3V, and 6� CF6V2 . The
calculation reproduces very well the SIMS profiles in Figs. 5(a)
and 5(b). The F profiles in F only samples observed in the other
experimental conditions can also be fitted. In addition, the simulated
result of 30Si in F only samples after annealing at 950 °C for 30 min
reproduces well the SIMS profile, as shown in Fig. 7. The values of
parameters in Eqs. (6)–(9) are determined in this study from
the fitting of these profiles. Figure 8 shows some of these values in

the Arrhenius format yielding kdF3V ¼ 6:17� 109 exp � 2:63 eV
kBT

� �
s�1,

kfF6V2
¼ 8:81� 10�10exp � 2:77 eV

kBT

� �
cm3 s�1, and kdF6V2

¼ 1:34�
109exp � 2: 78 eV

kBT

� �
s�1 from the fitting to the data. For the other

parameters, the best fitting is obtained when temperature-independent
values of kfF3V ¼ 1:0� 10�37 cm6 s�1, CFF

F3V ¼ 3:0� 1019 cm�3, and
CFF
F6V2

¼ 8:0� 1018 cm�3 are used.

The obtained value of kdF6V2
is about one order of magnitude

smaller than that of kdF3V, which is consistent with the assumption
that F6V2 is more stable than F3V. CFF

F6V2
is smaller than CFF

F3V
showing that the effect of F6V2 on the suppression of the dissolu-
tion rate at the high concentration region is more pronounced than
that of F3V. This suggests that the larger cluster, F6V2, interacts
more strongly with neighbors than the smaller F3V.

The depth profiles of V deduced from the simulation during
annealing at 800 °C (950 °C) for 1 min, 30 min, and 2 h (30 s, 1

FIG. 7. SIMS and simulated profiles of 30Si in F only samples after annealing at
950 °C for 30 min. Filled circles and solid lines represent SIMS and simulated
profiles, respectively. The SIMS profile before annealing is also shown by a
dashed line.

FIG. 8. Temperature dependence of the reaction rate constants deduced from
the calculation for kdF3V (open squares), kdF6V2 (open circles), and kfF6V2 (open
triangles). The solid lines represent Arrhenius fittings to the data.
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min, and 30 min) are shown in Fig. 5(a) [Fig. 5(b)]. For the equilib-
rium concentration of V, we use the values from Ref. 23. The con-
centration profiles of V show the supersaturation of V, especially in
the region shallower than the region of the EOR defects, which act
as a sink for V. At 950 °C for 30 min, when only a small amount of
FV clusters to emit V remains, the V concentration approaches its
equilibrium value throughout the investigated region. Note that the
concentration profile of V at 950 °C for 1 min shows the supersatu-
ration of V at ∼70 nm in depth, where the F-implanted peak is
located. This profile is consistent with the time-averaged and nor-
malized Si self-diffusivity in Fig. 3(c), which shows the largest
enhancement of Si self-diffusion in the second layer from the
surface, while no significant enhancement occurs in the region
deeper than the EOR defect region.

In Figs. 3(a), 4, and 5, the F profiles exhibit a peak at a depth
of ∼200 nm indicating F trapping by EOR defects. Such trapping
was observed in the previous study.38 However, the present study
does not model such trapping because trapped F do not affect dif-
fusion of B. Similar trapping of carbon (C) by EOR defects was
observed in C-implanted and annealed Si, and, in this case, Si self-
diffusion was enhanced.27 In contrast, in the present case, simula-
tion of Si self-diffusion is possible without including the effect of F
being trapped at EOR defects (Fig. 7). In addition, the stability of
EOR defects do not change by the trapping of low concentration
of F.10 Although it can be modeled in a similar way as was done for
C trapping,27 additional model for this F trapping by EOR defects is
not taken into account in the present simulation, since our purpose
is to model the effect of F on the suppression of B diffusion.

C. Simulation of B diffusion suppressed by F

Simulation of B diffusion suppressed by the presence of F is
performed by adding the B diffusion model in the same way as in
the previous study.25 The formation of BI clusters is not taken into
account because BI clustering is unlikely in the pre-amorphized Si.
The simulation of B diffusion reproduces very well the experimen-
tally obtained B profiles in B only samples for all the annealing
conditions employed in this study.

As described in Sec. III A, the suppression of B diffusion by
the presence of F is attributed to both the V supersaturation
induced by FV clusters and direct F–B interaction. Our simulation
takes into account the V emission from FV clusters, as described in
Sec. III B, but neglects F–B interaction at this point. In order to
investigate the effect of F–B interaction, we first fit the profiles of B
and F by using the simulation that does not take F–B interaction
into account. Figure 9 shows the SIMS profiles of B and F in F + B
samples after annealing in various conditions: (a) 950 °C for 30
min, (b) 950 °C for 30 s, (c) 900 °C for 30 min, (d) 850 °C for 1 h,
and (e) 800 °C for 2 h. The SIMS profiles in Figs. 9(a) and 9(c) are
from those in Figs. 3(a) and 4, respectively. Broken lines in Fig. 9
show the calculated profiles of B without F-B interaction (as indi-
cated by “No F-B” in the figure), which clearly overestimate the
experimental B diffusion, especially at higher temperatures of 900
and 950 °C. For comparison, dotted lines in Fig. 9 represent the
calculated B profiles without V emission from FV clusters or F–B
interaction (“No FVcl or F-B”), which, as expected, fit only the B
profiles in B only samples. These comparisons clearly show the

suppression by the V supersaturation, that is, I undersaturation
induced by FV clusters. Such suppression by the V emission alone,
however, cannot satisfactorily account for the suppression of B dif-
fusion around the B peak, where B atoms are almost immobile.
Figure 9 also shows the calculated profiles of F without F–B inter-
action (“No F-B”), which certainly fit the experimental F profiles in
F only samples, but overestimate the decrease of the F concentra-
tion. Let us mention here that two separated F peaks due to FV
clusters and F–B interaction would have been observed if the F and
B profiles were spatially separated. Such an observation was
reported in the previous study.38 In our work, the peak of F profile
situates close to that of B, and, therefore, the two F peaks from FV
clusters and F–B interaction overlap.

In order to complete the model, we include the F–B interac-
tion to improve the simulation for the region that contains high
concentrations of B and F. The retardation factors are introduced
into B diffusion and the dissolution of FV clusters as follows:

D0
Bi
¼ DBi

� CFB
F3V

CF3V þ CFB
F3V

� CFB
F6V2

CF6V2
þ CFB

F6V2

, (11)

Kd
F3V ¼ kdF3V � CBF1

B

CB þ CBF1
B

, (12)

Kd
F6V2

¼ kdF6V2
� CBF2

B

CB þ CBF2
B

, (13)

where D0
Bi
is the retarded diffusivity of B interstitials (Bi), which is

substituted for DBi
in the B diffusion equation [see Eq. (8) in

Ref. 25]. Kd
F3V and Kd

F6V2
are the suppressed dissolution rates of FV

clusters, which are substituted for kdF3V and kdF6V2
in Eqs. (7)

and (9), respectively. In Eqs. (11)–(13), the superscript FB stands
for the effect of F on B diffusion, and BF1 and BF2 for that of B on
F3V and F6V2, respectively. The retardation effects are modeled in
the same manner as in Eqs. (7) and (9), where Eq. (11) indicates
the retardation of B diffusion as a function of CF3V and CF6V2 , and
Eqs. (12) and (13) represent that of the dissolution of F3V and
F6V2 as a function of B concentration (CB), respectively. In
Eq. (11), the B diffusivity decreases proportionally to CF3V, when
CF3V is higher than CFB

F3V, and the same holds for F6V2. In Eq. (12),
the dissolution rate of F3V decreases proportionally to CB, when
CB is higher than CBF1

B , and the same for F6V2 in Eq. (13).
Equations (11)–(13) are added to the simulation used above, and
the characteristic concentrations CFB

F3V, CFB
F6V2

, CBF1
B , and CBF2

B are
the fitting parameters in the simulation. The solid lines denoted by
“FVcl + F-B” in Fig. 9 represent the simulated B and F profiles after
the annealing. The calculated results reproduce very well the SIMS
profiles in F + B samples observed in the entire experimental condi-
tions. The best fitting is obtained when temperature-independent
values of CFB

F3V ¼ 4:0� 1019 cm�3, CFB
F6V2

¼ 1:0� 1017 cm�3,
CBF1
B ¼ 7:0� 1019 cm�3, and CBF2

B ¼ 7:0� 1019 cm�3 are selected.
Our model reproduces important features of experimental profiles
in the literature, e.g., the decrease of F dose while keeping its
overall shape1 and the increase of F concentration when F and B
coexist.39 In the previous models,20–22 the effect of FV clusters was
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FIG. 9. SIMS and simulated profiles of F and B in F + B samples after annealing: (a) 950 °C for 30 min, (b) 950 °C for 30 s, (c) 900 °C for 30 min, (d) 850 °C for 1 h, and
(e) 800 °C for 2 h. The as-implanted profiles of B and F (before annealing) are also shown. Filled symbols represent SIMS profiles. Solid lines represent the simulated pro-
files of F and B based on our model that takes into account the V emission from FV clusters and F–B interaction (FVcl + F-B). Light purple dashed lines are the calculated
results of F without F–B interaction (No F-B), and orange dashed and dotted lines are those of B without F–B interaction (No F-B) and without V emission from FV clusters
nor F–B interaction (No FVcl or F-B). FVcl and F-B stand for V emission from FV clusters and F–B interaction, respectively.
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taken into account while that of F–B interaction was not. Such
models would work well for the prediction of B diffusion when F
and B concentration peaks were spatially separated. In the case of
the overlapping F and B peaks, the previous models fail to predict
the immobile B profiles at the F peak region. The model for the
overlapping F and B profiles is needed to model BF2 implantation
that is widely employed in the industry.

It was suggested that F atoms were to form chemical bonding
with B atoms to retard B diffusion.7 In our experiments, the retar-
dation of B diffusion is quite striking at the F peak region for the
annealing at 950 °C for 30 s [Fig. 9(b)] but becomes much less for
30 min [Fig. 9(a)]. Such time dependence suggests that F–B interac-
tion to retard B diffusion is less of the chemical bonding type.
Here, the F–B interaction we consider is trapping of B atoms by FV
clusters. Due to the F–B interaction, diffusing B are attracted and
trapped by F that form FV clusters. Because of this trapping, the
F–B interaction leads to the reduction in B diffusion. In the simula-
tion, the value of CFB

F6V2
is found to be smaller than that of CFB

F3V,
indicating that B trapping by F6V2 is stronger than that by F3V,
consistent with the already mentioned trend that F6V2 interacts
more strongly with the clusters in the neighborhood than F3V. In
contrast, no apparent difference is obtained between the value of
CBF1
B for F3V and that of CBF2

B for F6V2; suppression of the cluster
dissolution by trapped B does not depend significantly on the size
of FV clusters. Not the strength of the interaction between B and
FV clusters but the release of B atoms from the trapping upon the
dissolution of FV clusters determines the characteristic concentra-
tion of CBF1

B and CBF2
B .

Finally, let us point out that the concentration of Ge used for
pre-amorphization is very small, much less than 0.5% of the matrix
silicon, and the presence of Ge does not affect the diffusion of B,
Si, and F as can be seen in Fig. 2. Here, the Ge peak (depth
∼100 nm) is shifted from that of F and B (depth ∼50 nm) and a
steep gradient in the Ge concentration exists in the pre-amorphized
region (Fig. 2). However, even with this rapid background spatial
change in Ge density, the diffusion profiles of B and Si can be
modeled quantitatively very well by the well-known models of B
and self-diffusion in pure Si. The diffusion of F in this region can
also be modeled well assuming a pure silicon matrix without the
effect of background Ge.

IV. CONCLUSIONS

We have simultaneously observed Si self-, B, and F diffusion
using pre-amorphized natSi/28Si isotope multilayers that are
co-implanted with B and F. The behaviors of I and V are directly
observed through 30Si diffusion. Because of the presence of F, Si
self-diffusion is enhanced in the region shallower than the region
of EOR defects due to the increase in the concentration of V that is
emitted upon the dissolution of FV clusters. Moreover, the B and F
profiles show that B diffusion is reduced at the F peak region,
where B atoms are almost immobile, and that the dissolution of FV
clusters is suppressed by the presence of B, which suggests a direct
interaction between F and B. These results lead us to conclude
that B diffusion is retarded by both the V supersaturation caused
by FV clusters and the direct F–B interaction.

From such experimental results, we established models for the
formation and dissolution of FV clusters and for the F–B interac-
tion. The effects of F3V and F6V2 clusters are included to describe
the decrease in the dissolution rates with annealing time. In addi-
tion, the characteristic concentration, above which the dissolution
rate of FV clusters decreases, is introduced to reproduce the distinc-
tive experimental profiles of F. F atoms released upon the dissolu-
tion of FV clusters out-diffuse to evaporate from the surface during
the annealing, resulting in a significant loss of the dose of F. F–B
interaction is also included to account for the retardation of B dif-
fusion and suppression of dissolution of FV clusters when F and B
atoms coexist at high concentrations. The diffusion calculation
based on the model developed in this study agrees with the experi-
mental profiles taken under various sample and annealing condi-
tions. Therefore, the present model is directly applicable in the
process simulation of B and F behaviors for the production of Si
transistors.
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