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Effect of fluorine implantation dose on boron thermal diffusion in silicon
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This paper investigates how the thermal diffusion of boron in silicon is influenced by a high energy
fluorine implant with a dose in the range 531014–2.331015 cm−2. Secondary Ion Mass
Spectroscopy(SIMS) profiles of boron marker layers are presented for different fluorine doses and
compared with fluorine profiles to establish the conditions under which thermal boron diffusion is
suppressed. The(SIMS) profiles show significantly reduced boron thermal diffusion above a critical
F+ dose of 0.9–1.431015 cm−2. Fitting of the measured boron profiles gives suppressions of the
boron thermal diffusion coefficient by factors of 1.9 and 3.7 for F+ implantation doses of 1.4
31015 and 2.331015 cm−2, respectively. The suppression of boron thermal diffusion above the
critical fluorine dose correlates with the appearance of a shallow fluorine peak on the(SIMS) profile
in the vicinity of the boron marker layer. This shallow fluorine peak is present in samples with and
without boron marker layers, and hence it is not due to a chemical interaction between the boron and
the fluorine. Analysis of the(SIMS) profiles and cross-section Transmission Electron Microscope
micrographs suggests that it is due to the trapping of fluorine at vacancy-fluorine clusters, and that
the suppression of the boron thermal diffusion is due to the effect of the clusters in suppressing the
interstitial concentration in the vicinity of the boron profile. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1790063]
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I. INTRODUCTION

Over the past few years there has been considerab
terest in the effect of fluorine on boron diffusion
silicon.1–18 This research has been motivated by the req
ment in advanced CMOS technologies to minimize bo
diffusion for the formation of shallow source/drain junctio
and sharply defined halo profiles.19,20 The minimization o
boron diffusion is also important in bipolar transistors, wh
boron diffusion limits the achievable base width and he
the value of cutoff frequency that can be obtained.21 The
suppression of boron diffusion is difficult to achieve in pr
tice because of both boron thermal diffusion and boron
sient enhanced diffusion due to damage created durin
implantation.22

Work on the effects of fluorine from a BF2
+ implant

showed that shallower junctions could be obtained w
BF2

+ was implanted instead of B+.1,7,8 In later
work2–6,9–15,17,18fluorine was implanted separately to the
ron to characterize the effect of the fluorine on boron d
sion. This work showed that the fluorine implant redu
boron transient enhanced diffusion2–5,9,11,13,14,16–18and in-
creased boron activity.2 However, there have also been c
tradictory reports in the literature, which showed that fl

rine implants had little or no effect on boron transient
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enhanced diffusion10 and that fluorine enhanced boron dif
sion in preamorphized silicon6 using a silicon implant.15 Re-
cently El Mubarek and Ashburn18 showed that a deep+

implant significantly reduced boron thermal diffusion,
well as eliminating transient enhanced diffusion.

Several alternative mechanisms have been propos
explain the effect of the fluorine on both boron trans
enhanced diffusion and boron thermal diffusion
silicon.1–18 A chemical interaction between boron and fl
rine has been proposed to explain the suppression of
transient enhanced diffusion by fluorine,4,9,11,14,16in which
the fluorine combines with interstitial boron reducing
mobility4,11,14,16or reduces the probability of formation o
boron interstitial pair.9,11 Alternatively, the formation o
vacancy-fluorine complexes has been proposed,13,17,18,23–2

which act as a barrier for boron diffusion,13 or suppress th
interstitial concentration and hence reduce boron tran
enhanced diffusion17 and thermal diffusion.18 Finally the in-
teraction of fluorine with silicon interstitials has been wid
proposed as a mechanism of suppressing boron transie
hanced diffusion.2,4–10,18

In this paper, experiments are performed to investi
how the fluorine implantation dose influences the the

diffusion of boron marker layers in silicon. Boron secondary

© 2004 American Institute of Physics
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ion mass spectroscopy(SIMS) profiles are studied for diffe
ent fluorine implantation doses and compared with the
responding fluorine profiles. It is shown that a critical fl
rine dose exists, above which the fluorine suppresses b
thermal diffusion and below which it does not and that
critical fluorine dose correlates with the appearance of a
low fluorine peak on the fluorine SIMS profile in the vicin
of the boron marker layer. Explanations are proposed fo
origin of this shallow fluorine peak and its effect on bo
thermal diffusion.

II. EXPERIMENTAL PROCEDURE

Silicon layers with and without a buried boron-dop
marker layer were grown on(100) silicon wafers using mo
lecular beam epitaxy at 520 °C and low pressure chem
vapor deposition at 800°C, respectively. Samples from
same wafer were then given a 185 keV fluorine implant
a dose in the range 531014–2.331015 cm−2. By comparing
boron profiles on F+ implanted and unimplanted samples i
therefore possible to unambiguously determine the effe
the fluorine implantation dose on the boron thermal d
sion. The layers were annealed by rapid thermal anneali
nitrogen at 1000 °C for 30 s. Boron(B11) and fluorine(F19)
concentration depth profiles were obtained on all sample
SIMS using a 10 keV O2

+ beam. The annealed boron(SIMS)
profiles were fitted using the fully coupled diffusion mode
the Silvaco Athena simulation program and the diffusion
efficient was extracted from the best fit obtained. The la
were also analyzed by transmission electron micros
(TEM).

III. RESULTS

Figure 1 shows boron SIMS profiles in samples
planted with F+ at a dose in the range 531014–1.4
31015 cm−2 and annealed at 1000 °C. For the two lowes+

doses of 531014 and 931014 cm−2, there is no evidence
the F+ implant reducing the boron thermal diffusion. In co
trast, for a F+ dose of 1.431015 cm−2, the fluorine implante
sample shows a significant reduction of boron thermal d
sion compared with the unimplanted sample. Earlier wo18

on samples implanted with 2.331015 cm−2 F+ also showed
significant reduction of boron thermal diffusion compa
with an unimplanted sample. These results show that flu
significantly reduces boron thermal diffusion for F+ doses a
and above 1.431015 cm−2.

Figure 2 shows a comparison of simulated and meas
boron profiles of samples implanted with F+ at a dose in th
range 531014–1.431015 cm−2 and annealed at 1000 °C f
30 s. The as-grown boron profile is also included for re
ence. In all figures the fitted profiles coincide very well w
the measured profiles, indicating a good fit. Extracted va
of boron thermal diffusion coefficient, normalized to
value of diffusion coefficient of the unimplanted sam
s5.9310−14 cm2 s−1d, are summarized in Table I. Also sho
is a value for a 2.331015 cm−2 F+ implant obtained by fit

ting the profiles in Ref. 18. The results show a decrease in
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the boron diffusion coefficient by factors of 1.9 and 3.7
samples implanted with 1.431015 and 2.331015 cm−2 F+,
respectively.

Figure 3 shows fluorine(SIMS) profiles in samples im
planted with F+ at a dose in the range 531014–1.4
31015 cm−2 and annealed at 1000 °C. For all the implan
doses the as-implanted fluorine profile is approxima
Gaussian with an implantation range of 0.41mm. For the
lowest fluorine implantation dose of 531014 cm−2, negli-
gible fluorine is present(SIMS background level) in the vi-
cinity of the boron profile after anneal. The majority of

FIG. 1. Boron SIMS profiles in F+ implanted and unimplanted samples a
an anneal of 30 s at 1000 °C in dry N2. An as-grown boron profile is als
included for reference. Results are shown for fluorine implantation dos
(a) 531014 cm−2, (b) 931014 cm−2, and(c) 1.431015 cm−2.
fluorine is located in a broad double peak at a depth corre-
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sponding approximately with the range of the fluorine
plant s0.41mmd and extending from about 0.3 to 0.64mm.
For a fluorine implantation dose of 931014 cm−2 negligible
fluorine is again visible in the vicinity of the boron profi

FIG. 2. Simulated and measured boron profiles after an anneal of 3
1000 °C in dry N2 and for reference an as-grown boron profile;(a) unim-
planted sample, and samples implanted with F+ doses:(b) 531014 cm−2, (c)
931014 cm−2, (d) 1.431015 cm−2, and(e) 2.331015 cm−2.
but a small shoulder can be seen on the surface side of th
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deep fluorine peak between about 0.22 and 0.28mm. This
shoulder was not present for the lower fluorine dose
31014 cm−2 in Fig. 3(a). For the highest fluorine dose
1.431015 cm−2, an additional shallow, fluorine peak can
clearly seen in the vicinity of the boron marker layer, exte
ing from about 0.07 to 0.22mm. The shape of this shallo
fluorine peak is complex and comprises two small ripple
depths of 0.16 and 0.18mm. A substantial shoulder can a
be seen at a similar depth as the shoulder seen in Fig(b)
s<0.22–0.28mmd.

Figure 4 shows a comparison of fluorine SIMS profi
in samples with and without a boron marker layer aft
fluorine implant in the range 531014–2.331015 cm−2 and
annealed at 1000 °C. The corresponding as-implanted
rine profiles are also shown for reference. The fluorine
files in the samples without the boron marker layer show
same overall trends as those with the boron marker laye
all fluorine doses, a broad fluorine peak is seen at a d
corresponding approximately with the range of the fluo
implant. For the lowest F+ dose of 531014 cm−2, there is
negligible fluorine in the vicinity of the boron profile. Fo
fluorine dose of 931014 cm−2, there is again negligible flu
rine in the vicinity of the boron profile, but a shoulder can
seen between about 0.22 and 0.28mm. For the highest dos
of 1.431015 and 2.331015 cm−2, an additional shallow fluo
rine peak can he seen in the vicinity of the boron pro
extending from 0.07 to 0.22mm and 0.04 to 0.22mm, re-
spectively. A substantial shoulder can also be seen, exte
from about 0.22 to 0.28mm. The shallow fluorine peak
the samples with a boron marker layer shows the presen
ripples, whereas no ripples are present in the samples
out the boron marker layer. However, it should be noted
the samples with the boron marker layer were grown u
molecular beam epitaxy, whereas the samples withou
boron marker layer were grown using low pressure chem
vapor deposition. The small ripples may therefore be an
fact of the growth method, for example, due to the trap
of fluorine at interfaces created by short growth interr
during the molecular beam epitaxy.

Table II summarizes the integrated fluorine doses in
ferent regions of the profiles before and after anneal for
rine implanted silicon with boron marker layers. The in
grated fluorine doses after implant are in reason
agreement with the implanted dose. The total fluorine d
after anneal indicate that considerable fluorine is lost du
anneal, with less fluorine lost for higher implanted doses

t

TABLE I. Summary of values of normalized boron diffusion coefficient
unimplanted samples and samples implanted with F+ doses 531014–2.3
31015 cm−2. Values are normalized to the diffusion coefficient of
310−14 cm−2 s−1 for the unimplanted sample.

F+ Implant dose cm−2 Normalized boron diffusion coefficient

Unimplanted 1
531014 1.3
931014 0.90

1.431015 0.53
2.331015 0.27
eall implant doses the majority of the fluorine after anneal is
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located in the deep fluorine peak, which is defined as ex
ing from 0.28 to 0.70mm (a range encompassing the d
fluorine peak for all doses). For F+ doses of 1.431015 and
2.331015 cm−2, where suppression of boron thermal dif
sion is seen, 2.5% and 5.2%, respectively, of the fluo
resides in the shallow fluorine peak(0.04–0.22mm, and
1.6% and 2.9%, respectively, resides in the shoulder(0.22 to
0.28mm).

Figure 5 shows a graph of the peak fluorine conce
tion in the fluorine peaks and shoulders as a function o+

implantation dose. Results are shown for samples with
without the boron marker layer. For the shallow fluor

FIG. 3. Fluorine SIMS profiles before and after an anneal of 30
1000 °C in dry N2. Boron profiles after anneal are also included for re
ence. Results are shown for fluorine implantation doses of(a) 5
31014 cm−2, (b) 931014 cm−2, and(c) 1.431015 cm−2.
peak, the peak fluorine concentration rises from the SIMS
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background level to a value of around 131018 cm−3 at a F+

implantation dose of 1.431015 cm−2 and then rises further
the F+ dose is increased to 2.331015 cm−2. For the fluorine

FIG. 4. Fluorine SIMS profiles before and after an anneal of 30
1000 °C in dry N2 for samples with and without a boron marker layer.
samples with the boron marker layer were grown using MBE wherea
samples without the boron marker layer were grown using LPCVD. Re
are shown for fluorine implantation doses of(a) 531014 cm−2, (b) 9
31014 cm−2, and(c) 1.431015 cm−2, and(d) 2.331015 cm−2.
shoulder, the peak fluorine concentration rises from the
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SIMS background to a value of around 131018 cm−3 at a F+

dose of 931014 cm−2, and then increases further as the+

dose is increased to 2.331015 cm−2. Thus, the trend for th
fluorine shoulder is similar to that for the shallow fluor
peak with the difference that the rise in peak fluorine c
centration from the SIMS background occurs at a lower fl
rine dose. For the deep fluorine peak, a high concentrati
fluorine is present for all F+ doses and this value rises w
increasing F+ dose. A similar trend is seen in samples w
and without the boron marker layer, though the value
fluorine concentrations tend to be slightly higher in
former samples.

Figure 6(a) shows a light field, cross-section TEM m
crograph of a silicon layer with a buried boron marker la
grown by molecular beam epitaxy, implanted with
31015 cm−2 fluorine and annealed at 1000 °C. A band
defects can be seen extending from a depth of 0.2
0.73mm but no defects are seen at depths shallower
0.29mm. A comparison with the SIMS profile in Fig. 4(d)
shows that this band of defects corresponds approxim
with the position of the deep fluorine peak on the SI
profile. Figure 6(b) shows a higher magnification microgra
of the band of defects and indicates that the defects cons
dislocation loops with various shapes and sizes ranging
11 to 96 nm. TEM micographs(not shown here) of samples
implanted with 2.331015 cm−2 F+ show that the layers a
crystalline after implant and show no amorphization du
the fluorine implant.

FIG. 5. Fluorine concentrations at depths corresponding to the positio
the shallow fluorine peak the fluorine shoulder and the deep fluorine pe
a function of F+ implantation dose. Results are shown for samples with

TABLE II. Summary of integrated florine doses in different regions of

F implant dose cm−2 Total Shallow peaks0.04–

Implant SIMS scm−2d (%) scm−2d

531014 531014 2.2231014 44 1.431012

931014 8.831014 5.5531014 63 1.631012

1.431015 1.231015 6.1331014 51 1.531013

2.331015 2.331015 1.6131015 70 8.431013
without a boron marker layer.

Downloaded 15 Nov 2004 to 152.78.67.91. Redistribution subject to AIP 
f

n

y

f

IV. DISCUSSION

The results in Fig. 1 clearly show no reduction of bo
thermal diffusion at F+ doses of 531014 and 931014 cm−2,
but significant reduction at a F+ dose of 1.431015 cm−2. Fur-
thermore, the results in Fig. 3 show that a shallow fluo
peak is present in the vicinity of the boron marker layer f
F+ dose of 1.431015 cm−2, but is not present for lowe
doses. Thus there is a correlation between the appeara
the shallow fluorine peak in the vicinity of the boron mar
layer and the reduction of boron thermal diffusion. This
duction of boron thermal diffusion occurs above a critica+

dose of between 931014 and 1.431015 cm−2.
The shallow fluorine peak in Fig. 3(c) lies at a depth o

about 0.07–0.22mm, which corresponds to 0.17–0.53Rp,
whereRp is the range of the fluorine implant. Simulations
vacancy and interstitial profiles after implantation27,28 have
predicted a vacancy-rich region extending from the sur
to a depth approaching the implantation rangRp and a deepe
interstitial-rich region peaking at a depth just beyondRp.
This indicates that the shallow fluorine peak lies in
vacancy-rich region of the damage profile. Work on the
fusion of fluorine in silicon has shown that fluorine diffu
extremely rapidly in silicon with significant diffusion occu
ring at temperatures as low as 550 °C.29 Thus on the basis
diffusion alone we would not expect to see much fluo
remaining after the 30 s anneal at 1000 °C used in our w
The presence of large fluorine peaks in Fig. 3 after an
therefore, suggests that fluorine has been trapped at d
created by the fluorine implant. The TEM micrograph in
6 shows no evidence of extended defects down to a dep
0.29mm, and hence the trapping of fluorine at the sha
fluorine peak must be due to defects that are too sma
resolve by TEM.

f
s

rofiles before and after an anneal of 30 s at 1000°C in dry N2.

rine remaining after anneal

mmd Shoulders0.22–0.28mmd Deep peaks0.28–0.70mmd

) scm−2d (%) scm−2d (%)

.6 3.431011 0.2 2.1731014 98

.3 1.831012 0.3 5.4831014 99

.4 1.031013 1.6 5.8531014 95

.2 4.631013 2.9 1.4531015 90

FIG. 6. Cross-section transmission electron micrographs of a sample
boron marker layer, implanted with 2.331015 cm−2 fluorine and anneale
for 30 s at 1000 °C in dry N2; (a) low magnification image;(b) high mag-
the p

Fluo

0.22

(%

0
0
2
5

nification image.
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There is considerable evidence in the literature for
formation of vacancy-fluorine clusters.13,17,23–25For example
Shanoet al.13 proposed the presence F-V6 clusters on th
basis ofab initio calculations and Diebelet al.17,25 proposed
the presence of F-V3 clusters.17,25Positron annihilation spe
troscopy has also been used to directly show the presen
fluorine vacancy complexes close to the surface.23 Our re-
sults are consistent with this work, and hence we pro
that the shallow fluorine peak is due to the trapping of fl
rine at vacancy-fluorine clusters. Support for this conclu
comes from the results in Fig. 5, which show that a fluo
concentration after anneal of<131018 cm−3 is needed fo
the fluorine vacancy clusters to form and for boron ther
diffusion to be reduced. This value is in agreement with
results of Shanoet al.,13 who showed that a minimum flu
rine concentration of 131018 cm−3 was required after anne
to suppress boron transient enhanced diffusion.

A comparison of the SIMS profile in Fig. 4(d) with the
TEM micrograph in Fig. 6, shows that the deep fluorine p
correlates with the band of dislocation loops. The deep
rine peak extends from about 0.28 to 0.70mm, which com-
pares with the band of defects in Fig. 6 extending from a
0.29 to 0.73mm. Similar dislocation loops have been
ported by Wu, Fulks, and Mikkelsen30 for a BF2

+ implant and
by Pi, Burrows, and Coleman23 for a F+ implant. Wu, Fulks
and Mikkelsen reported that the loops were perfect
faulted partial interstitial loops, with sizes ranging fr
<20–80 nm.30 Given the similarity between these repor
loops and those in Fig. 6, and the location of the deep
rine peak in the interstitial-rich region of the fluorine dam
profile, we propose that the deep fluorine peak is du
fluorine clustering at interstitial dislocation loops.

As discussed in the introduction, several alterna
mechanisms have been proposed to explain the effe
fluorine in suppressing the transient enhanced diffusio
boron, including a chemical interaction between boron
fluorine,4,9,11,14,16 the presence of vacancy-fluorine cl
ter13,17,18,25 and the interaction of fluorine wi
interstitials.2,4–10,18The possibility of a chemical interactio
between boron and fluorine can be discounted, since
shallow fluorine peak is seen whether or not a boron ma
layer is present, as shown in Figs. 4(c) and 4(d), indicating
that the shallow fluorine peak is not caused by the pres
of the boron marker layer. Figure 4 also shows that the

+

TABLE III. Estimation of the fluorine concentrat
fluorine peak and the fluorine shoulder obtained
tration after anneal drops below the critical value

Shallow F peak

F implant dose
scm−2d

Depth at which
F conc. after

anneal is
131018 cm−3 smmd

F conce
after impla
given dep

931014
¯ ¯

1.431015 0.15 5.63
2.331015 0.07 3.63
fluorine peak is present at all Fdoses, while Fig. 1 shows

Downloaded 15 Nov 2004 to 152.78.67.91. Redistribution subject to AIP 
of

e

-

t

-

f
f

e
r

e
p

that suppression of boron thermal diffusion is only seen
the highest F+ dose of 1.431015 cm−2. Trapping of intersti
tials at dislocation loops in the deep fluorine peak can th
fore also be discounted as an explanation for the effe
fluorine on boron thermal diffusion. The strong correla
between the suppression of boron thermal diffusion and
appearance of the shallow fluorine peak in the vicinity of
boron marker layer at a fluorine implantation dose of
31015 cm−2 provides clear evidence that this peak is res
sible for the suppression of boron thermal diffusion.
presence of vacancy-fluorine clusters in the vicinity of
boron marker layer, as discussed above, would be exp
to give an undersaturation of the local interstitial concen
tion, since any interstitials in the vicinity would be able
recombine and annihilate with vacancies at or near
vacancy-fluorine clusters. Since boron diffusion in silico
mediated by interstitials, an undersaturation of the inters
concentration would give rise to a suppression of the b
thermal diffusion.

A comparison of the shapes of the shallow fluorine p
in Figs. 4(c) and 4(d) shows not only an increase in pe
fluorine concentration with F+ implantation dose, but also
broadening of the peak. Taking a fluorine concentration
anneal of 131018 cm−3 as a reference(the concentration re
quired for the shallow peak formation), the shallow fluorin
peak extends to within 0.15mm of the surface for a F+ dose
of 1.431015 cm−2 and within 0.07mm for a dose of 2.
31015 cm−2, as shown in Table III. Thus the shallow fluor
peak extends closer to the surface at the higher F+ dose. This
behavior can be understood if critical fluorine and vaca
concentrations after implant are required for the vaca
fluorine clusters to form. The as-implanted fluorine pro
in Fig. 4 show a rising fluorine concentration with increas
depth in the vicinity of the shallow fluorine peak. In contr
simulations of vacancy profiles after implant27 indicate tha
the vacancy concentration decreases with increasing d
which is the opposite trend to the fluorine concentration
the surface region where the shallow fluorine peak is loc
the fluorine concentration is low but the vacancy conce
tion is high, so the fluorine concentration would be expe
to limit the vacancy-fluorine cluster formation. This can
plain why the shallow fluorine peak extends towards the
face with increasing F+ dose, since the depth at which

fter implant required for the formation of the shallow
an analysis of the depths at which the fluorine concen-

018 cm−3.

F shoulder

ion
t the
−3d

Depth at which
F conc. after anneal

is 131018 cm−3 smmd

F concentration
after implant at the
given depthscm−3d

0.28 1.531019

0.23 1.531019

¯ ¯
ion a
from
of 131

ntrat
nt a

thscm

1018

1018
fluorine concentration after implant reaches the critical value
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required for cluster formation(value estimated below) lies
closer to the surface at higher fluorine doses.

The critical fluorine concentration after implant requi
for vacancy-fluorine cluster formation can be estimated
ther from the point on the shallow fluorine peak at which
fluorine concentration drops below 131018 cm−3 or from the
as-implanted fluorine concentration in the vicinity of
shallow fluorine peak at the critical F+ implant dose. Value
of critical fluorine concentration after implant are summ
rized in Table III for the first method and in Table IV for t
second method. Table III shows a critical fluorine concen
tion after implant of 5.631018 cm−3 for a F+ dose of 1.4
31015 cm−2 and of 3.631018 cm−3 for a F+ dose of 2.3
31015 cm−2. For comparison, Table IV shows that the sh
low fluorine peak appears at a critical F+ implant dose be
tween 931014 and 1.431015 cm−2, which gives a critica
fluorine concentration after implant between 4.031018 and
6.631018 cm−3. These values in Table IV are of the sa
order as those in Table III, which gives some confidenc
their validity. From this data it can therefore be conclu
that the critical fluorine concentration after implant for
formation of the vacancy-fluorine clusters in the shal
fluorine peak is in the range 3.631018–6.631018 cm−3.

Finally, it is interesting to speculate on the origin of
fluorine shoulder, which is present at a depth
0.22–0.28mm. This is equivalent to a depth
0.52–0.67Rp, which indicates that the shoulder is in
vacancy-rich region of the damage profile. The TEM res
in Fig. 6 show that there are no dislocation loops at
depth, and hence the shoulder is not due to trapping of
rine at dislocation loops. Furthermore, the results in Fi
show that the variation of peak fluorine concentration in
shoulder with implanted fluorine dose follows a similar tr
to that seen in the shallow fluorine peak, though with
critical fluorine dose shifted to a lower value. These con
erations point to the conclusion that the shoulder is du
some kind of vacancy-fluorine cluster. Following the t
approaches described above for estimating the critica+

dose after implant, Table III gives a value of
31019 cm−3 at a F+ dose of 931014 and 1.531019 cm−3 at a
F+ dose of 1.431015 cm−2, while Table IV gives a value i
the range 1.0–1.731019 cm−3. These two approaches a
again giving values of the same order, and all fall with
range of 1.0–1.731019 cm−3. This range is different tha
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TABLE IV. Estimation of the fluorine concentrat
fluorine peak and the fluorine shoulder obtained f
fluorine peak and fluorine shoulder at different F+ im

Shallow F peak

F implant dosescm−2d

F conc. after
implant at depth

of 0.16 nmscm−3d
Sh

peak

531014 2.531018

931014 4.031018

1.431015 6.631018

2.331015 1131018
that obtained for the shallow fluorine peaks3.6310 –6.6

Downloaded 15 Nov 2004 to 152.78.67.91. Redistribution subject to AIP 
-

31018 cm−3d, which suggests that the fluorine shoulder m
be due to a different type of vacancy-fluorine cluster than
shallow fluorine peak. Since the shoulder is in a re
where the fluorine concentration is high and the vac
concentration is low27 after implant, we speculate that t
clusters in this region may be fluorine rich. Similarly, si
the shallow fluorine peak is in a region where the fluo
concentration is low and the vacancy concentration h27

after implant, we speculate that the clusters in this re
may be vacancy rich. Support for this hypothesis comes
reports in the literature which showed that for a 0.5 M
531015 cm−2 F+ implant, V-dominated V-F complexes we
formed closer to the surface and, F-dominated V-F c
plexes were formed deeper closer to the implanta
range.23 Further work is needed to confirm this hypothes

V. CONCLUSIONS

A study has been carried out of the effect of fluo
implants with doses in the range 531014–2.331015 cm−2

on the thermal diffusion of boron marker layers in silic
For F+ doses of 1.431015 and 2.331015 cm−2 the fluorine
significantly reduces the boron thermal diffusion coeffic
by factors of 1.9 and 37, respectively. This reduction of
ron thermal diffusion correlates with the appearance
shallow fluorine peaksdepth=0.07–0.22mmd in the SIMS
profile at a F+ dose of 1.431015 cm−2. This peak is prese
in samples with and without the boron marker layer
hence is not due to a chemical interaction between the
rine and boron. The results suggest that the shallow flu
peak is due to vacancy-fluorine clusters and that the re
tion in boron thermal diffusion is due to a suppression o
excess interstitial concentration in the vicinity of the bo
marker layer due to the presence of the clusters. Analys
the SIMS profiles indicates that a fluorine concentration
implant in the range 3.6–6.631018 cm−3 is needed for th
vacancy-fluorine clusters to form.
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