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Reduction of boron thermal diffusion in silicon by high energy
fluorine implantation
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This letter investigates the effect of a deep F1 implant on the diffusion of boron in silicon. The
effects on boron thermal diffusion and transient enhanced diffusion are separately studied by
characterizing the diffusion of a buried boron marker layer in wafers with and without a 185 keV,
2.3 31015 cm22 F1 implant, and with and without a 288 keV, 631013 cm22 P1 implant. In
samples given both P1 and F1 implants, the fluorine completely eliminates the transient, enhanced
boron diffusion caused by the P1 implant, and in samples implanted with F1 only, the fluorine
suppresses the boron thermal diffusion by 65%. These results are explained by the effect of the
fluorine on the vacancy concentration in the vicinity of the boron profile. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1622434#
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The minimization of boron diffusion is vitally importan
in metal-oxide-semiconductor~MOS! transistors for the con
trol of short channel effects,1 and in bipolar transistors fo
achieving narrow base widths and hence high values of
off frequency.2,3 However, this is difficult to achieve in prac
tice because of both boron thermal diffusion and transie
enhanced diffusion due to damage created during
implantation.4

Recently, there has been considerable interest in the
of fluorine to suppress transient enhanced boron diffus
~TEBD! in silicon.5–11 Early work showed that reduce
TEBD was obtained when BF2

1 was implanted instead o
B1.5 In a later work, Ohyuet al.6 implanted F1 separately
and showed that the fluorine implant reduced TEBD and
creased the boron activity. However, there have also b
contradictory reports in the literature, which showed th
fluorine implants had little or no effect on boron diffusion12

and even enhanced boron diffusion in amorphous silicon13

While there has been considerable research on the e
of fluorine on TEBD, little has been published on the effe
of fluorine on the thermal diffusion of boron. In this letter,
study is made of the effect of fluorine on the diffusion
boron in buried marker layers. Samples with and withou
P1 implant are studied so that the effect of fluorine on bo
TEBD and thermal diffusion can be separately characteriz
It is shown that fluorine not only eliminates TEBD, but al
dramatically reduces boron thermal diffusion.

Molecular-beam epitaxy~MBE! at 520 °C was used to
grow buried boron-doped marker layers on~100! silicon wa-
fers. Samples of the same epitaxial layer were separated
four different groups, the first having no implants~unim-
planted!, the second having a phosphorus implant only (1

implanted!, the third a phosphorus and a fluorine impla
(P1 and F1 implanted!, and the fourth a fluorine implan
only (F1 implanted!. A 288 keV, 631013 cm22 phosphorus
implant was used and was chosen to be similar to those
for a selective implanted collector in a bipolar process.14 A
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185 keV, 2.331015 cm22 F1 implant was used and the en
ergy was selected such that the fluorine range was the s
as that of the phosphorus implant. The layers were anne
by rapid thermal annealing in nitrogen at 1000 °C for 30
Boron ~B11! and fluorine~F19! concentration depth profile
were obtained on all samples by secondary ion mass s
troscopy~SIMS! using a 5 keV oxygen beam with oxyge
flooding.

Figure 1~a! shows the effect of a P1 implant on the
boron diffusion in the absence of a F1 implant. It can be seen
that the P1 implant causes significant extra diffusion of th
boron marker layer compared with the unimplanted con
sample. Comparing the boron profiles at a concentration
1 31017 cm23, we find that the width of the P1 implanted
boron profile is 138 nm, compared with 108 nm for the u
implanted boron profile and 48 nm for the as-grown bor
profile. These results indicate that the phosphorus imp
gives rise to TEBD. We also notice that the boron profile
the P1 implanted sample is asymmetrical, with more diff
sion into the substrate. This is due to the backflow of exc
interstitials, as has been reported previously for TEB
caused by a silicon implant.4

Figure 1~b! shows the effect of a F1 implant on TEBD
in samples implanted with P1. It is clear that there is dra
matically less boron diffusion in the sample implanted w
F1. Comparing the boron profiles at a concentration
1 31017 cm23, we observe that the diffusion of boron int
the substrate in the P1 and F1 implanted sample~14 nm! is
42 nm less than that in the P1 implanted sample~56 nm!,
which indicates that the F1 implant has reduced the boro
diffusion by 75%. Comparing Figs. 1~a! and 1~b!, we notice
that the boron diffusion for the P1 and F1 implanted sample
is less than that for the unimplanted sample in Fig. 1~a!. This
indicates that the F1 implant has not only totally suppresse
the boron transient enhanced diffusion caused by the P1 im-
plant, but has also greatly reduced the thermal diffusion.

Figure 1~c! shows the effect of a F1 implant on boron
thermal diffusion in samples not given a P1 implant. It
can be seen that there is considerably less diffusion in
4 © 2003 American Institute of Physics
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sample implanted with F1 than in the unimplanted sample
Comparing the boron profiles at a concentration
1 31017 cm23, we find that the diffusion of boron into th
substrate for the F1 implanted sample~11 nm! is 20 nm less
than that in the unimplanted sample~31 nm!, which indicates
that the F1 implant has reduced the thermal boron diffusi
by 65%.

Figure 2 compares the as-implanted fluorine profile w

FIG. 1. Boron SIMS profiles of a buried boron marker layer after MB
growth and anneal for 30 s at 1000 °C.~a! An unimplanted sample and a
sample implanted with P1 prior to anneal;~b! samples implanted with P1

only and with both P1 and F1 prior to anneal;~c! an unimplanted sample
and a sample implanted with F1 only prior to anneal.
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the annealed fluorine and boron profiles of the F1 implanted
sample discussed in Fig. 1~c!. The annealed fluorine profile
is considerably different than the as-implanted profile a
shows two broad peaks. The deeper peak lies at a dep
0.43 mm, with a peak concentration of 9.1131019 cm23.
This peak concentration is slightly higher than the a
implanted peak concentration of 8.3231019 cm23, and
slightly deeper than the as-implanted range of 0.42mm. The
shallower peak lies between 0.05 and 0.22mm and shows
three small peaks at depths of 0.13, 0.17, and 0.20mm. The
integrated dose of the as-implanted fluorine SIMS profile
2.331015 cm22. The integrated fluorine dose after anneal
1.631015 cm22, indicating that 30% of the implanted fluo
rine has been lost during the anneal. The majority of
fluorine lost comes from the surface side of the fluorine pe
but there is also some loss of fluorine from the substrate s
The fluorine profile after anneal in the sample implanted w
both P1 and F1 is not shown but was broadly similar to tha
shown in Fig. 2.

The results in Figs. 1~b! and 1~c! show that the high
energy F1 implant has not only completely eliminate
TEBD, but has also given a substantial 65% reduction in
thermal diffusion of boron. Reductions in the transient e
hanced diffusion of boron by fluorine have been repor
previously in the literature,5–11 and our results are compa
rable with the largest suppressions reported.10 Suppression of
boron thermal diffusion has not been reported previou
and possible explanations are discussed subsequently.

Boron thermal diffusion is mediated by interstitials, an
hence our results suggest that the fluorine implant is s
pressing the interstitial concentration in the vicinity of th
boron profile. Simulations of vacancy and interstitial profil
following a P1 implant,15 have predicted a shallow, vacanc
rich region extending from the surface to a depth of ab
Rp/2 (Rp5implantation range! and a deeper, interstitial-rich
region beginning at a depth just beyondRp . The correlation
between these simulations and the fluorine peaks in Fig
are very strong, suggesting that the deep F peak may be
to fluorine trapped at interstitial-type defects and the shal
F peak due to fluorine trapped at vacancy-type defects. Th
is considerable evidence in the literature for the formation
vacancy-fluorine clusters16 and complexes,11,17 and for the
formation of fluorine-interstitial clusters close to the impla

FIG. 2. Comparison of fluorine profiles after implant and after anneal for
s at 1000 °C. A boron profile after F1 implant and anneal is also shown fo
comparison.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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tation range.18 The trapping of fluorine at interstitial typ
defects at the deep fluorine peak would prevent the back
of excess interstitials and hence eliminate TEBD. The pr
ence of fluorine-vacancy complexes in the vicinity of t
boron profile would explain both the presence of the shal
fluorine peak and the suppression of the boron thermal
fusion due to the presence of a local excess vacancy con
tration resulting in an undersaturation of the interstitial co
centration. Another possibility is a chemical interacti
between the boron and the fluorine, which would explain
presence of the shallow fluorine peak. If this chemical int
action prevented the interaction of boron with interstitials9,10

or reduced the mobility of interstitial boron,19 it could also
explain the suppression of boron thermal diffusion.Ab initio
calculations have suggested the existence of a stable
cluster in which the fluorine intrudes into the B–Si bond a
pushes the subsitutional boron away from its init
position.11 However, ab initio calculations have also bee
reported to show no significant binding energies between
ron and fluorine.16 These considerations suggest that
most likely explanation for the suppression of boron therm
diffusion by fluorine is an excess vacancy concentration
the vicinity of the boron profile due to the formation o
vacancy-fluorine clusters and hence an undersaturation in
interstitial concentration. However, a chemical interact
between boron and fluorine cannot be completely discoun
at the present time without further experimental work.

In conclusion, a study has been made of the effect o
high energy F1 implant on the thermal diffusion of boro
from a shallow marker layer grown by MBE and annea
for 30 s at 1000 °C. In samples implanted with F1 only, the
fluorine reduces the boron thermal diffusion in comparison
annealed unimplanted samples by 65%, and in samples
planted with P1 and F1, the fluorine completely suppresse
transient enhanced boron diffusion. Fluorine SIMS profi
show a broad fluorine peak in the vicinity of the boron pr
file, and a deeper peak just beyond the range of the fluo
implant. An explanation for the boron thermal diffusio
suppression is proposed in which the fluorine increases
excess vacancy concentration in the vicinity of the bo
Downloaded 05 May 2006 to 152.78.190.153. Redistribution subject to A
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profile due to the formation of fluorine-vacancy cluste
and hence creates an undersaturation in the interstitial
centration.
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