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Fluorine in Silicon: Diffusion, Trapping, and Precipitation
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The effect of vacancies on the behavior of F in crystalline Si has been elucidated experimentally for
the first time. With positron annihilation spectroscopy and secondary ion mass spectroscopy, we find
that F retards recombination between vacancies (V) and interstitials (I) because V and I trap F to form
complexes. F diffuses in the V-rich region via a vacancy mechanism with an activation energy of 2:12�
0:08 eV. After a long annealing time at 700 �C, F precipitates have been observed by cross-section
transmission electron microscopy which are developed from the V-type defects around the implantation
range and the I-type defects at the end of range.
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and heated samples. The as-implanted sample and that
heated at 700 �C for 125 h were examined by cross-

FIG. 1. PAS results for the samples annealed at (a) 400 �C for
up to 67 h and (b) 700 �C for up to 125 h.
An incomplete picture of the basic behavior of F in Si
blocks the realization of its full potential in micro-
electronic technology, although it has been incorporated
in Si in several device processes [1–3]. The incorporation
of F is usually realized by ion implantation. The threshold
dose of F to amorphize Si is 1015 cm�2. F is mobile only
above 550 �C in both crystalline and amorphized Si. A
strong surface-oriented diffusion has been observed in
the former and, in the latter, F additionally accumulates at
the amorphous-crystalline interface and in the extended
interstitial(I)-type defects beyond the amorphous layer
[4,5]. By implanting high-dose BF2 to obtain a region
of high-density interstitials at the end of range (EOR) of
implantation, Park et al. [6] proposed an interstitialcy
mechanism of F diffusion with an activation energy
(Em) of 0.16 eV; this small Em implies transient diffusion
of simple I-F complexes. However, to date no unambigu-
ous evidence has been gathered to demonstrate the effect
on F diffusion of the other kind of damage induced by
implantation, the vacancy (V). Szeles et al. [7] studied
this using positron annihilation spectroscopy (PAS) [8].
However, no convincing model was presented because the
low densities of F in their samples gave no measurable
PAS signature.

In this Letter, implantation of F at high energy
(0.5 MeV) and dose (5� 1015 cm�2) produced a large
number of vacancies in a wide region below the surface,
separated from the I-rich region at EOR [9,10], so that the
effect of implantation-induced defects on F could be
studied. Implantation of h100i Czochralski (Cz) Si (P
doped, 2–4  cm) was carried out at a tilt of 7� at
room temperature at the University of Surrey Ion Beam
Center. The implanted samples were heated in vacuum by
electron beam bombardment at 400 and 700 �C, being
below and above the previously suggested critical tem-
perature for F diffusion, for times ranging from 30 s to
125 h. Beam-based PAS and secondary ion mass spec-
troscopy (SIMS) were used to measure the as-implanted
0031-9007=03=90(15)=155901(4)$20.00 
section transmission electron microscopy (XTEM).
XTEM showed that the as-implanted sample remained
crystalline although the dose was higher than the thresh-
old value previously reported; this is due to the high
implantation energy used here.

Figure 1 shows the PAS results for the as-implanted
sample and those annealed at (a) 400 �C for up to 67 h
and (b) 700 �C for up to 125 h. The trapping of positrons
2003 The American Physical Society 155901-1



P H Y S I C A L R E V I E W L E T T E R S week ending
18 APRIL 2003VOLUME 90, NUMBER 15
at V-type defects leads to a higher Doppler-broadened
line-shape parameter S defined as the central fraction of
the annihilation line, compared with that for the defect-
free lattice sites. The S values presented here have been
normalized with respect to that for a bulk virgin Si
sample for which S is thus 1. The mean depth sampled
by implanted positrons is determined by their incident
energy E (keV) and is �17E1:6 (nm). Figure 2 shows the
F profiles in the as-implanted and annealed samples
measured by SIMS. The implantation range (Rp) of
0.5 MeV F is �0:9 
m. By fitting the PAS data using
VEPFIT [11], we find that the vacancy distribution ends at
around 2:3 
m; such an abnormally deep distribution of
vacancies has been observed previously [12]. It is believed
that F atoms react with interstitials effectively during ion
implantation; this allows the survival of most of the
vacancies, which can then migrate over long distances.

The peak value of S in the as-implanted sample is
1.042, characteristic of the divacancy (V2) with our PAS
setup [13]. It is reproducibly found that a dip appears
around 11 keV (Fig. 1) in the S curve for the as-implanted
sample, which corresponds to the region close to Rp. It is
well known that F and O reduce S when they are asso-
ciated with vacancies because of the large momenta of
their outermost-shell electrons [14–16]. We also find that
the gamma ray spectrum of our F as-implanted Si mea-
sured at �11 keV is unique compared with other ion
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FIG. 2. F profiles measured by SIMS in the as-implanted
sample and those annealed at (a) 400 and (b) 700 �C.
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implantations including O (not presented here). There-
fore, we conclude that F has already decorated some
vacancies around Rp because of the high F concentra-
tion there.

Figure 3 shows the changes in general S obtained by
fitting the data of Fig. 1(a) in regions I (0–0:5 
m), II
(0:5–1:1 
m), and III (1:1–1:8 
m) with time at 400 �C
until equilibrium is reached after 43 h. It is interesting
that there are still vacancies in the region beyond Rp
although there is shrinkage from 2.3 to 1:8 
m during
heating. SIMS shows that the F concentration is much
less than 1018 cm�3 beyond 1:8 
m in the as-implanted
sample [Fig. 2(a)]. This low concentration facilitates V-I
recombination (I being mainly in the form of I-F com-
plexes) rather than the formation of V-F complexes.

The formation of V-F complexes in region II is evi-
denced by the clear decrease of S (Fig. 3). In contrast, the
S values in regions I and III increase to be between 1.046
and 1.057, characteristic of trivacancy (V3) and quadri-
vacancy (V4), respectively, in the first 8.5 min. The domi-
nance of vacancy agglomeration up to the size of V4 is
a consequence of the lower F concentration in these
two regions [Fig. 2(a)]. After 8.5 min, the S values in re-
gions I and III begin to decrease. It is known that defect
agglomeration usually proceeds via Ostwald ripening
[17], in which dissociated components from small defects
move to big ones to make them bigger. We believe that
some of the dissociated vacancies can be lost to the sur-
face from region I and to the bulk from region III. The
effect of the loss of vacancies outweighs that of the
increase of defect size, and so S decreases in these two
regions after 8.5 min. Because of the high implantation
energy, the vacancy distribution can be regarded as uni-
form in the V-rich region [18], and a V2 concentration of
�8:5� 1018 cm�3 in the region � 1:1 
m can be esti-
mated with VEPFIT from PAS in the as-implanted sample.
It is clear that the F concentration is higher than the
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FIG. 3. The change of general S values obtained from VEPFIT

in different regions during annealing at 400 �C. The error bars
are smaller than the symbols. The solid lines are used to guide
the eye.
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FIG. 4. XTEM image of the annealed F-implanted Si
(700 �C, 125 h). The upper limit of F precipitates is at
0:75 
m depth.
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vacancy concentration in region II. We believe that
F-dominated V-F complexes are produced so that the
S value becomes smaller than 1 after a long annealing
time. In region I, however, V-dominated V-F complexes
are formed. Hence, the S value in this region is always
larger than 1. Region III is I rich because it is well beyond
Rp; it is supposed that some isolated F is left after the
formation of I-F complexes in this region in the as-
implanted sample and that this initiates the formation
of V-dominated V-F complexes, outcompeting the V-I
reaction (I being mainly in I-F complexes) at 400 �C.
S is thus still larger than 1 even after a long annealing
time. The existence of V-F complexes in region III again
implies that F can prevent V-I recombination by forming
complexes.

Figure 2(a) shows that after 67 h annealing at 400 �C
the F concentration below �1:1 
m is appreciably un-
changed, consistent with the earlier observations that
implanted F does not diffuse below 550 �C. This appar-
ently contradicts the PAS results described above, i.e., that
F migrates to form V-F complexes. Em values of
0.6–1.6 eV for interstitial F [19] and 1.3 eV for V2 [20]
mean that they both can diffuse at 400 �C. However, they
trap each other to form V-F complexes once they meet. In
region II, for example, the F concentration is �1020 cm�3

and the mean distance between F and V2 is estimated as
2.4 nm. It is considered that F travels less than this
distance to react with V2. This is a quick stage, illustrated
by the significant decrease in S after the first 30 s anneal-
ing at 400 �C [Figs. 1(a) and 3]. After that, the agglom-
eration of V-F complexes takes place slowly via Ostwald
ripening, and S changes very slowly with time in region II.
The distance traveled by the simple V-F complex lies
between 2 and 5 nm. The best depth resolution of modern
SIMS is �3 nm (more generally 10 nm) [21], and so it is
not able in this case to demonstrate F migration at 400 �C.
Assuming a random walk mechanism, we estimate that
Em for simple V-F complexes is 2:12� 0:08 eV with the
expression N 	 �t exp
�Em=kT�, where N is the jump
number given by 
R=d�2 (R is the diffusion distance and
d is 0.23 nm, the nearest neighbor distance in Si), � is the
Debye frequency ( � 1013 Hz), and t is the migration time
(43 h). It is clear that F diffuses in the V-rich region in the
form of simple V-F complexes, i.e., via a vacancy mecha-
nism, although the higher Em of these V-F complexes
makes F less mobile than in the interstitial state.

It is seen in Fig. 2(a) that the F concentration beyond
�1:1 
m decreases somewhat after 67 h annealing at
400 �C. In region III simple I-F complexes, which are
formed either in the as-implanted sample or during the
Ostwald ripening of I-type defects, diffuse into the bulk
to cause the F concentration to decrease.

The PAS results for annealing at 700 �C for up to 125 h
are shown in Fig. 1(b). After 30 s it is found from VEPFIT

that the V-type defects disappear in the region beyond
�1 
m. This is a more significant shrinkage than at
400 �C, suggesting that V-I recombination is signifi-
155901-3
cantly enhanced at 700 �C even though a comparatively
high F concentration exists.

After 30 s annealing, a large decrease of S appears at
about 11 keV. VEPFIT shows that the general S in the region
from 0.5 to 1 
m becomes smaller than its equilibrium
value in this region after annealing at 400 �C. This im-
plies significant formation of advanced F-dominated V-F
complexes in this region. F can travel farther at 700 �C
than at 400 �C, and the change of F profile is clearly seen
by SIMS. In the region shallower than 0:5 
m, however,
S increases and, as in the initial stage of annealing at
400 �C, V2 agglomerate up to the size of V4.

After 8.5 min annealing at 700 �C, the shallow region
is shown by VEPFIT to contract to �0:4 
m and its S
increases to between 1.057 and 1.068, characteristic of
V4 and V5, respectively, suggesting that the defects up to
the size of V5 are formed. With time the agglomerates
grow and the vacancy density decreases in an Ostwald
ripening process. S in the shallow region decreases
although there is no change in F concentration after 1 h
annealing. The S value for the shallow region would not
become smaller than 1 if only vacancies were lost. F
migrating from around Rp introduces a further decrease
in S. Therefore, the widening of the region with a low S is
observed, which is illustrated by the motion of the dip of
S curve from the original �11 to �8 keV after 43 h
annealing [Fig. 1(b)]. It is seen in Fig. 1(b) that after
90 h there is no more change in the S curve and F ceases to
migrate (otherwise, S would continue to decrease to be at
least the value seen at E� 7 keV). The Ostwald ripening
of agglomerates in the shallow region is also thought to be
completed at 90 h. The flat part of S curve after 90 h
corresponds to the first �0:4 
m in the sample. This is
consistent with the rather uniform distribution of vacan-
cies in the shallow region and the small F concentration
gradient there after a long annealing time [Fig. 2(b)].

Figure 4 shows the XTEM image of the sample an-
nealed at 700 �C for 125 h. It is clear that there are two
bands of F precipitates formed in this sample whose
locations are consistent with those of two main SIMS F
155901-3
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peaks shown in Fig. 2(b). F precipitates can be developed
from both V- and I-type defects. V-F complexes formed
around Rp (0:75–1 
m) can act as the nuclei of F pre-
cipitates. The other F peak, in the I-rich region from
1–1:3 
m, appears after only 1 h annealing. Extended
I-type defects such as f311g are generated at EOR at
700 �C [22], and these serve as the nuclei of F precipitates.
Between the two bands of F precipitates, the numbers of
V and I are closely matched, so that during annealing
mutual annihilation leaves very few V- or I-type defects
to act as the nuclei of F precipitates.

The F concentration beyond �1 
m decreases with
time during annealing at 700 �C [Fig. 2(b)]. f311g defect
formation is also a process of Ostwald ripening, in
which dissociated simple I-F complexes diffuse quickly
into the bulk. The extended I-type defects act as nuclei for
F precipitates. Fast-diffusing I-F complexes can also be
released during the formation of F precipitates to relax the
stress, analogous to the formation of O precipitates [23].

Compared with the decrease of F concentration in the
area where F precipitates are developed from I-type de-
fects, the increase of F concentration around 0:95 
m
after 125 h annealing [Fig. 2(b)] indicates that V-type
defects attract F atoms much more effectively than I-type
defects as nuclei of F precipitates. Vacancies can reduce
the stress induced by the formation of F precipitates so
that it is easier for them to grow from V-type defects. This
also explains why, in addition to the initially higher
F concentration, there is a much higher density of F pre-
cipitates in the band between 0.75 and 1 
m (Fig. 4).

Although vacancies can help relax stress during F
precipitation, interstitials may still be emitted in this
process. It is found in Fig. 2(b) that there is a loss of F
(e.g., �20% after 4 h) in the V-rich region before 90 h at
700 �C. The increase of F concentration in the formation
area of F precipitates cannot account for all of the loss.We
consider that a part of the lost F diffuses out of the
surface in the form of simple I-F complexes, in which
interstitials are emitted from F precipitates developed
from V-type defects. Owing to the transient diffusion of
simple I-F complexes, no change of F concentration is
induced in the near-surface region.

The story of F diffusion in the V-rich region at 700 �C
is clearly different from that described above. It is seen in
Fig. 2(b) that, in addition to migrating to F precipitates at
�0:95 
m, F diffuses from the high-concentration region
near Rp towards the surface, consistent with the change
of S shown in Fig. 1(b). As at 400 �C, we obtain that Em of
F in the V-rich region is 2.19 eV, assuming F at 0:9 
m
takes 90 h to reach the surface; this falls into the range
obtained before, leading to the conclusion that F also
diffuses via a vacancy mechanism here.

The absence of defects seen by XTEM at <0:75 
m
means that the defects inducing the low S values in this
region are V-F clusters whose sizes are below the thresh-
old of XTEM visibility.
155901-4
In summary, F retards V-I recombination in Si. F
diffuses in the V-rich region via a vacancy mechanism.
The loss of F in the I-rich region and a part of that in the
V-rich region can be explained by the transient diffusion
of simple I-F complexes. After a long annealing time at
700 �C, F precipitates are developed from both V- and
I-type defects. It is hoped that the basic insights gained
here will contribute materially to the development of
useful F-related structures.
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