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Point defect injection studies are performed to investigate how fluorine implantation influences the
diffusion of boron marker layers in both the vacancy-rich and interstitial-rich regions of the fluorine
damage profile. A 185 keV, 2.3�1015 cm−2 F+ implant is made into silicon samples containing
multiple boron marker layers and rapid thermal annealing is performed at 1000 °C for times of
15–120 s. The boron and fluorine profiles are characterized by secondary ion mass spectroscopy
and the defect structures by transmission electron microscopy �TEM�. Fluorine implanted samples
surprisingly show less boron diffusion under interstitial injection than those under inert anneal. This
effect is particularly noticeable for boron marker layers located in the interstitial-rich region of the
fluorine damage profile and for short anneal times �15 s�. TEM images show a band of dislocation
loops around the range of the fluorine implant and the density of dislocation loops is lower under
interstitial injection than under inert anneal. It is proposed that interstitial injection accelerates the
evolution of interstitial defects into dislocation loops, thereby giving transient enhanced boron
diffusion over a shorter period of time. The effect of the fluorine implant on boron diffusion is found
to be the opposite for boron marker layers in the interstitial-rich and vacancy-rich regions of the
fluorine damage profile. For marker layers in the interstitial-rich region of the fluorine damage
profile, the boron diffusion coefficient decreases with anneal time, as is typically seen for transient
enhanced diffusion. The boron diffusion under interstitial injection is enhanced by the fluorine
implant at short anneal times but suppressed at longer anneal times. It is proposed that this behavior
is due to trapping of interstitials at the dislocation loops introduced by the fluorine implant. For
boron marker layers in the vacancy-rich region of the fluorine damage profile, suppression of boron
diffusion is seen for short anneals and then increased diffusion after a critical time, which is longer
for inert anneal than interstitial injection. This behavior is explained by the annealing of
vacancy-fluorine clusters, which anneal quicker under interstitial injection because the injected
interstitials annihilate vacancies in the clusters. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2822465�

INTRODUCTION

Over the past few years, there has been considerable
interest in the behavior of fluorine in silicon for application
in bipolar and metal-oxide-semiconductor �MOS� devices.
This interest has been motivated by the effect of fluorine in
totally suppressing boron transient enhanced diffusion1–9

�TED� and also in reducing boron thermal diffusion7,8 in sili-
con. When applied to complementary MOS technology, fluo-
rine implantation has been shown to improve the threshold
voltage roll-off in p-channel transistors10 and has been used
to produce a supersharp halo profile in n-channel
transistors.11 The recent application of fluorine implantation
to silicon bipolar technology has delivered a record fT of
110 GHz.12

Although the effect of fluorine is well documented in the
literature, its mechanism in suppressing boron diffusion is
still under research. Initial work5 suggested that the suppres-
sion of boron diffusion by fluorine was due to chemical ef-

fect of the fluorine. However, later work on fluorine implan-
tation into crystalline silicon showed that the suppression of
boron thermal diffusion by fluorine correlated with the pres-
ence of a shallow fluorine secondary ion mass spectroscopy
�SIMS� peak at approximately half the range of the fluorine
implant.7,8 The shallow fluorine peak was attributed to
vacancy-fluorine �V-F� clusters7,8 and point defect injection
experiments have since been performed that confirm this
interpretation.13,14 Positron annihilation spectroscopy has
also directly confirmed the presence of V-F clusters in fluo-
rine implanted silicon.15 Recent work on fluorine implanta-
tion into preamorphized silicon has also suggested that V-F
clusters are responsible for the suppression of boron transient
enhanced diffusion.9 However, contradictory results have
also been reported,16 which indicate that for fluorine im-
plants into crystalline SiGe, suppression of boron TED is
also obtained even when the shallow SIMS peak due to V-F
clusters is not present. These results suggest that mechanisms
other than V-F clusters can contribute to the suppression of
boron diffusion in Si and SiGe.

In this paper, point defect injection studies are performed
to investigate how fluorine implantation influences the diffu-
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sion of boron marker layers in both the vacancy-rich and
interstitial-rich regions of the fluorine damage profile. Fluo-
rine implanted samples show less boron diffusion under in-
terstitial injection than under inert anneal, particularly when
boron marker layers are located in the interstitial-rich region
of the fluorine damage profile and when the anneal time is
short. This is a surprising result as it is opposite to the ac-
cepted effect of interstitials on boron diffusion. Furthermore,
the effect of fluorine on boron diffusion is found to be the
opposite for boron marker layers in the interstitial-rich and
vacancy-rich regions of the fluorine damage profile. For bo-
ron marker layers in the interstitial-rich region, boron diffu-
sion suppression is seen for long anneals under interstitial
injection, whereas for marker layers in the vacancy-rich re-
gion, it is seen for short anneals. The results of detailed
SIMS and transmission electron microscopy �TEM� experi-
ments are reported and the results are explained by the effect
of dislocation loops on the boron diffusion in the interstitial-
rich region of the fluorine damage profile and by vacancy-
fluorine clusters in the vacancy-rich region.

EXPERIMENTAL PROCEDURE

Boron diffusion in different regions of the fluorine im-
plant damage profile was investigated using four boron
marker layers grown using low pressure chemical vapour
deposition �LPCVD�. The four boron marker layers were lo-
cated at depths of 0.12, 0.24, 0.45, and 0.67 �m as shown in
Fig. 1. Each marker layer has a peak boron concentration of
approximately 3�1018 cm−3 and width of �30 nm at a con-
centration of 1�1018 cm−3. Peak 1 was chosen to lie in the
vacancy-rich region of the fluorine damage profile and peaks
3 and 4 in the interstitial-rich region.

A 185 keV, 2.3�1015 cm−2 F+ was implanted into half
of each wafer using a photoresist half-mask. Both the im-
planted and nonimplanted sections were divided again into
three parts for defect injection study. The first part was cov-
ered with LPCVD SiO2 and Si3N4 layers for inert anneal and
the second part was uncovered for interstitial injection �I-
inj�. The SiO2 layer was �100 nm thick and was deposited

at 400 °C and the Si3N4 layer was �130 nm thick and was
deposited at 300 °C. This method of selective point defect
injection has been successfully applied to boron and arsenic
diffusions in Si and SiGe,17,18 and further details can be
found in Ref. 13. The wafers were then cut into 1�1 cm2

pieces and annealed at 1000 °C for 10–120 s in an oxygen
atmosphere. The SiO2 and Si3N4 layers were stripped before
the SIMS analysis was performed. TEM analysis was also
performed on some samples. The thin foils were prepared
using a classical preparation method including first a me-
chanical polishing followed by ion milling. The TEM obser-
vations have been performed on JEM 2010 �200 kV� and
JEM 3010 �300 kV� electron microscopes.

RESULTS

Figure 2�a� shows the effect of point defect injection on
boron diffusion in unimplanted samples. Boron SIMS pro-
files are shown for samples annealed for 15 s at 1000 °C
under inert and interstitial injection conditions. The as-grown
boron profile is also shown for reference. It can be seen that
boron diffusion under interstitial injection is greater than that
under inert anneal for all four peaks. This result is as ex-
pected, since it is well known that boron diffusion is medi-
ated by interstitials and hence interstitial injection from the
surface should enhance boron diffusion. Similar behavior is
also observed for longer anneal times, as illustrated in Fig.
2�b� for a 45 s anneal at 1000 °C.

Figure 3�a� shows the effect of point defect injection on
boron diffusion for samples given a prior 185 keV, 2.3
�1015 cm−2 F+ implant. Boron SIMS profiles are shown for
fluorine implanted samples annealed at 1000 °C under inert
and interstitial injection conditions for 15 s. The as-grown

FIG. 1. SIMS profiles of boron marker layers after growth showing the
location of the four boron peaks with respect to the fluorine profiles after
implant and anneal.

FIG. 2. SIMS profiles of boron marker layers after anneal at 1000 °C under
interstitial injection and inert conditions. The as-grown boron profile is
shown for comparison. �a� Shows the boron profiles after a 15 s anneal and
�b� shows the profiles after a 45 s anneal.
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boron profile is also shown for reference. Interestingly for
the two deepest peaks, the boron diffusion under interstitial
injection is significantly less than that under inert anneal.
This is the opposite result to that obtained for the unim-
planted samples in Fig. 2 and is very surprising, since boron
diffusion is mediated by interstitials and hence it would be
expected that the boron diffusion would be greater under
interstitial injection than under inert anneal. For the two shal-
lowest peaks, the boron diffusion under interstitial injection
is again less than that seen under inert anneal, but the differ-
ence is small.

Figure 3�b� shows the effect of point defect injection on
boron diffusion for F+ implanted samples annealed for 120 s
at 1000 °C under inert and interstitial injection conditions.
The amount of diffusion in this case is much larger than that
in Fig. 3�a� but, nevertheless, for the two deepest peaks, the
amount of boron diffusion under interstitial injection is
slightly less than that under inert anneal. However, for the
shallowest peak, the opposite trend is seen, with less diffu-
sion under inert anneal than under interstitial injection.

Figure 4�a� shows the effect of a fluorine implant on
boron diffusion after an anneal of 15 s at 1000 °C under
interstitial injection. For peak 1, the fluorine implant has
given a significant reduction in the boron diffusion, whereas
for peaks 3 and 4, the fluorine implant has given a small
increase in the amount of boron diffusion. For peak 2, the
behavior is intermediate and the fluorine implant has had
little effect on the boron profile. For comparison, Fig. 4�b�
shows the effect of a fluorine implant on boron diffusion
after a longer anneal of 120 s at 1000 °C under interstitial

injection. In this case the boron diffusion is similar in the
fluorine implanted and unimplanted samples for all four bo-
ron peaks.

To fully characterize the boron diffusion under inert an-
neal and interstitial injections for all anneal times, the boron
profiles were simulated and values of diffusion coefficient
extracted. Figure 5 shows the values of boron diffusion co-
efficient as a function of anneal time for boron peaks 1 and 3,
which are typical of the behavior in the vacancy-rich and
interstitial-rich regions of the fluorine damage profiles, re-
spectively. Results are shown for the time intervals 0–15,
15–45, and 45–120 s. For the unimplanted samples given an
inert anneal �no F, Inert�, the average diffusion coefficient is
constant for all three boron marker layers, with a value of
3.1�10−14 cm2 /s which is slightly larger than the value of
1.53�10−14 cm2 /s reported by Fair for intrinsic boron
diffusion.19 The diffusion coefficient under interstitial injec-
tion �no F, I-Inj� also shows a constant value of 1.1
�10−13 cm2 /s for all four boron marker layers and for all
anneal times. This indicates that interstitials are injected into
the silicon at a constant rate for oxidation times up to 120 s.

For the fluorine implanted samples, Fig. 5�a� shows the
boron diffusion coefficient as a function of time for peak 1,
which is located in the vacancy-rich region of the fluorine
damage profile. Under interstitial injection, the boron diffu-
sion coefficient in the fluorine implanted samples �F, I-Inj� is
small in the 0–15 s time interval and equal to that for the
unimplanted sample given an inert anneal �no F, Inert�. A
similar low value of boron diffusion coefficient is obtained
for fluorine implanted samples annealed under inert condi-
tions �F, Inert�. This indicates that for short anneals, the fluo-
rine implant suppresses the enhanced boron diffusion arising

FIG. 3. SIMS profiles of boron marker layers after a 185 keV, 2.3
�1015 cm−2 F+ implant and an anneal at 1000 °C under interstitial injection
and inert conditions. The as-grown boron profile is shown for comparison.
�a� Shows the boron profiles after a 15 s anneal and �b� shows the profiles
after a 120 s anneal.

FIG. 4. Comparison of boron SIMS profiles in fluorine implanted �185 keV,
2.3�1015 cm−2� and unimplanted samples annealed at 1000 °C under inter-
stitial injection. The as-grown boron profile is shown for comparison. �a�
Shows the boron profiles after a 15 s anneal and �b� shows the profiles after
a 120 s anneal.
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from interstitials injected from the surface. For the 45–120 s
time interval, a high value of boron diffusion coefficient is
obtained in the fluorine implanted samples annealed under
interstitial injection �F, I-Inj� and this value is close to that
for the unimplanted sample �no F, I-Inj�. This indicates that
for long anneals, the fluorine implant is not effective in sup-
pressing the enhanced boron diffusion due to interstitials in-
jected from the surface. In contrast, for the fluorine im-
planted sample annealed under inert conditions �F, Inert�, a
low value of boron diffusion coefficient is obtained, slightly
larger than that obtained for the equivalent unimplanted
sample �no F, Inert�.

For the fluorine implanted samples, Fig. 5�b� shows the
boron diffusion coefficient as a function of time for peak 3,
which is located in the interstitial-rich region of the fluorine
damage profile. For the 0–15 s time period, very high values
of boron diffusion coefficient are obtained for the fluorine
implanted samples under both interstitial injection and inert
anneal. For the 45–120 s time interval, lower values of bo-
ron diffusion coefficient are obtained and the value under
interstitial injection, is similar to that under inert anneal.
However, under interstitial injection, the fluorine implanted
sample �F, I-Inj� has a significantly lower diffusion coeffi-
cient than the unimplanted control �no F, I-Inj�. This indi-
cates that fluorine suppresses enhanced boron diffusion aris-
ing from interstitial injection even when the boron marker
layer is in the interstitial rich region of the fluorine damage
profile.

To investigate the cause of the different boron diffusion
behaviors under interstitial injection and inert anneal, Fig. 6

shows fluorine SIMS profiles for a range of anneal times �15,
45, and 120 s� for each injection condition. For the sample
given a 15 s anneal under interstitial injection, Fig. 6�a�
shows that a shallow double fluorine peak is present at a
depth of about 0.03–0.2 �m. The position of the dip be-
tween the two fluorine peaks coincides with the position of
the peak 1 boron marker layer. This shallow fluorine peak
has largely disappeared after interstitial injection for 45 s.
Figure 6�a� also shows the presence of a deep fluorine peak
at a depth of approximately 0.41 �m. The peak concentra-
tion of this deep fluorine peak decreases slightly with in-
creasing anneal time under interstitial injection and also be-
comes narrower.

For comparison, Fig. 6�b� shows the evolution of the
fluorine profiles under inert anneal for anneals of 15, 45, and
120 s at 1000 °C. The major difference between this fluorine
profile and that in Fig. 6�a� is that the shallow fluorine peak
is present after a 45 s inert anneal but is absent after a 45 s
anneal under interstitial injection, as can be seen by compar-
ing Figs. 6�a� and 6�b�. Furthermore for the 15 s anneal, the
fluorine concentration in the shallow peak at the depth of
0.1 �m is higher under inert anneal �7�1018 cm−3� than that
under interstitial injection �3.5�1018 cm−3�. The behavior of
the deep fluorine peak under inert anneal is similar to that
under interstitial injection.

To better understand the fluorine profiles, Fig. 7 com-
pares cross-section TEM images of samples annealed at
1000 °C for 120 s under inert anneal �a� and interstitial in-
jection �b�. For the sample given an inert anneal, Fig. 7�a�
shows a dense band of dislocation loops extending from a
depth of about 0.34–0.7 �m �0.9Rp to 1.8Rp�. A comparison
with the SIMS profile in Fig. 6�b� shows that this band of

FIG. 5. Boron diffusion coefficient as a function of anneal time for fluorine
implanted �185 keV, 2.3�1015 cm−2� and unimplanted samples annealed at
1000 °C under interstitial injection and inert conditions. �a� Shows the val-
ues of boron diffusion coefficient for a boron marker layer located in the
vacancy-rich region of the fluorine damage profile and �b� for a marker layer
located in the interstitial-rich region of the damage profile.

FIG. 6. Fluorine SIMS profiles for samples implanted with 185 keV, 2.3
�1015 cm−2 F+ and annealed for different times at 1000 °C under �a� inter-
stitial injection conditions and �b� inert conditions. An as-implanted fluorine
profile is shown for comparison.
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loops corresponds approximately to the deep fluorine peak
on the SIMS profile �0.7Rp to 2Rp�. There is no evidence of
defects shallower than 0.34 �m, which corresponds to the
depth of the shallow fluorine peak �0–0.2 �m�. For the
sample heated under interstitial injection, Fig. 7�b� shows a
sparse band of dislocation loops at a similar depth to those in
Fig. 7�a�. Again there is no evidence of defects in the vicinity
of the shallow fluorine peak. The typical size of the disloca-
tion loops ranges between 15 and 100 nm.

Figure 8 shows plan-view TEM images of samples an-
nealed at 1000 °C for 120 s under inert anneal �a� and inter-
stitial injection �b�. These plan-view images show a similar
trend to the cross-section images in Fig. 7, namely, a dense
network of dislocation loops in the sample given an inert
anneal and a sparser network in the sample given an anneal
under interstitial injection.

From the various TEM observations, it is possible to
show that the loop density per area unit in the inert anneal
sample is close to 2.0�1010 cm−2. In the sample annealed
under interstitial injection, the loop density is approximately
30% lower.

DISCUSSION

It is now well established that boron TED is caused by
implantation damage and occurs during the initial phase of
annealing when a large supersaturation of interstitials is
present.20 The interstitials evolve into interstitial clusters,
�311� defects, and eventually dislocation loops,21 at which
point the transient enhanced diffusion stops. The decrease in
boron diffusion coefficient with increasing anneal time seen
for boron peak 3 in Fig. 5�b� can therefore be explained by
TED arising from damage created by the fluorine implant.
Peak 3 is in the interstitial-rich region of the fluorine damage
profile, where the defects responsible for TED are located
and hence these defects would directly affect the diffusion of

boron peak 3. Figure 5�b� shows that the enhanced boron
diffusion is primarily seen in the 0–15 s time period, which
implies that majority of the TED occurs in the first 15 s of
the anneal. This conclusion is consistent with the results of a
study by Michel et al.,22 who showed that boron TED ends
after �15 s at 950 °C.

The injection of interstitials from the surface has a simi-
lar effect in enhancing boron diffusion as implantation-
induced interstitials. This can be clearly seen in the results
for the unimplanted samples in Fig. 5, where the boron-
diffusion coefficient under interstitial injection �1.1
�10−13 cm2 /s� is a factor of 3.5 larger than that under inert
anneal �3.1�10−14 cm2 /s�. Our results are in accordance
with the linear oxidation expected for short oxidation times,
since the surface reaction is the rate-limiting factor.23 This
enhancement, which is independent of the anneal time, is in
agreement with previous reports by Skarlatos et al.24 and
Park et al.25 who used boron marker layers and dry oxidation
at 900 °C for times of 30 min to 4 h. The boron diffusion
coefficient under interstitial injection was a factor of 3.3
higher than that under inert anneal.

In the fluorine implanted samples, the lower value of
boron diffusion coefficient seen in the 0–15 s time interval
under interstitial injection than that under inert anneal �Figs.
3�a� and 5�b�� is a surprising result. Boron diffusion is me-
diated by interstitials and, hence, at first sight, it would be
expected that the boron diffusion would be greater under
interstitial injection than under inert anneal. This result can
be interpreted using the TEM images in Figs. 7 and 8, which
show fewer dislocation loops under interstitial injection than
under inert anneal. As discussed above, the evolution of free
interstitials during anneal follows the sequence of cluster for-
mation, transformation into �311� defects and, finally, dislo-
cation loop formation. The TEM images in Figs. 7 and 8
suggest that this sequence is accelerated under interstitial in-
jection. Once formed, dislocation loops follow an Ostwald
ripening process,26 in which small dislocation loops lose in-
terstitials to larger loops. This leads to a decrease in the
density of dislocation loops with increasing anneal time and
an increase in the loop size. The lower dislocation loop den-
sity in Figs. 7 and 8 under interstitial injection therefore pro-
vides evidence for accelerated Ostwald ripening. This accel-
eration of defect evolution would be expected to give earlier
transformation of �311� defects into dislocation loops and
hence enhanced boron diffusion would be seen over a shorter
period of time. This mechanism would explain the smaller
value of boron diffusion coefficient in Fig. 5�b� under inter-
stitial injection than under inert anneal in the 0–15 s time
interval.

In the fluorine implanted samples annealed for 45–120 s
under interstitial injection, Fig. 5�b� shows that the boron
diffusion coefficient in the F implanted sample �5
�10−14 cm−2� is significantly lower than that in the unim-
planted control sample �1.1�10−13 cm−2�. This indicates that
fluorine suppresses boron diffusion even when the boron
marker layer is located in the interstitial-rich region of the
fluorine damage profile. There are no dislocation loops in the
unimplanted samples, so this result implies that the disloca-
tion loops in the fluorine implanted samples soak up free

FIG. 7. Cross-section TEM micrographs �bright field� of samples implanted
with 185 keV, 2.3�1015 cm−2 F+ and annealed for 120 s at 1000 °C under
�a� inert conditions and �b� interstitial injection from the surface. The mag-
nification bar is 100 nm in both cases.

FIG. 8. Plan-view TEM micrographs �weak beam dark field, B= �0 0 1�,
g= �400	� of samples implanted with 185 keV, 2.3�1015 cm−2 F+ and an-
nealed for 120 s at 1000 °C under �a� inert conditions and �b� interstitial
injection from the surface. The magnification bar is 100 nm in both cases.
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interstitials injected from the surface. If the majority of in-
terstitials were tied up in the dislocation loops so that the
interstitial flux in the dislocation band was small, then the
boron diffusion in the fluorine implanted samples might well
be lower than that in the unimplanted control samples, where
there would be considerable flux of interstitials from the sur-
face. Dislocation loops are well known to be good sinks for
interstitials.24,25 For example, Park et al.25 reported an �50%
suppression of boron oxidation enhanced diffusion by dislo-
cation loops during oxidizing anneal at 900 °C for 30 min.
This mechanism is also consistent with the results of El
Mubarek et al.,8 who attributed suppression of boron tran-
sient enhanced diffusion to the retention of interstitials in
dislocation loops.

The results for peak 1, which lies in the vacancy-rich
region of the fluorine damage profile, show the opposite
trend to those for peak 3, which lies in the interstitial-rich
region of the damage profile. This can be clearly seen in Fig.
5, where the boron diffusion coefficient increases with an-
neal time for peak 1 but decreases for peak 3. It is now
generally agreed that following an implant, vacancies are the
dominating defect species in a layer between the surface and
approximately Rp, while self-interstitials are mainly observed
around Rp and beyond. El Mubarek et al.7 proposed that the
shallow fluorine peak, which is responsible for a reduction in
boron thermal diffusion, was due to vacancy-fluorine clus-
ters. The behavior of the shallow peak observed in Fig. 6
supports this idea. An excellent correlation is obtained be-
tween the fluorine SIMS profiles in Fig. 6 and the boron
diffusion coefficients for boron peak 1 in Fig. 5�a�. For the
fluorine implanted sample under interstitial injection, the rise
of the boron diffusion coefficient for the 15–45 s time period
coincides with the elimination of the shallow fluorine peak in
Fig. 6�a� after a 45 s anneal. Similarly, for the fluorine im-
planted sample under inert anneal, the rise of the boron dif-
fusion coefficient for the 45–120 s time period coincides
with the elimination of the shallow fluorine peak after a
120 s anneal in Fig. 6�b�. The earlier elimination of the shal-
low fluorine peak under interstitial injection is consistent
with the annihilation of V-F clusters by the interstitials in-
jected from the surface.

CONCLUSIONS

Point defect injection studies have been performed to
investigate how fluorine implantation influences the diffusion
of boron marker layers in both the vacancy-rich and
interstitial-rich regions of a fluorine damage profile. Contrary
to the generally accepted behavior, fluorine implanted
samples show less boron diffusion under interstitial injection
than under inert anneal. This surprising result is explained by
the accelerated Ostwald ripening of dislocation loops under
interstitial injection, as confirmed by TEM images. The ef-
fect of the fluorine implant on boron diffusion is found to be
the opposite for boron marker layers in the interstitial-rich
and vacancy-rich regions of the fluorine damage profile. For
boron marker layers in the interstitial-rich region, the boron
diffusion coefficient decreases with increasing anneal time.
This trend is explained by TED arising from damage created

by the fluorine implant. For long anneals under interstitial
injection, suppression of boron diffusion is observed in fluo-
rine implanted samples compared with unimplanted controls.
This indicates that fluorine is able to suppress boron diffu-
sion even when the boron marker layer is in the interstitial-
rich region of the fluorine damage profile and is explained by
the capture of injected interstitials by the dislocation loops.
For boron marker layers in the vacancy-rich region, suppres-
sion of the boron diffusion coefficient is observed for short
anneals, followed by an increase at longer anneal times. This
behavior is explained by the suppression of boron diffusion
by vacancy-fluorine clusters at short anneal times, followed
by the dissolution of the clusters at longer anneal times. The
vacancy-fluorine clusters survive longer during inert anneal
than during interstitial injection because the injected intersti-
tials tend to annihilate vacancies in the clusters.
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