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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 rangex3.0'“-2.3x 10" cm?. Secondary lon Mass
SpectroscopySIMS) 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. Th&SIMS) profiles show significantly reduced boron thermal diffusion above a critical

F* dose of 0.9—1.4 10" cmi 2. Fitting of the measured boron profiles gives suppressions of the
boron thermal diffusion coefficient by factors of 1.9 and 3.7 fdrifplantation doses of 1.4

X 10'° and 2.3 10%° cm?, respectively. The suppression of boron thermal diffusion above the
critical fluorine dose correlates with the appearance of a shallow fluorine peak (31th®) 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 th€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: 10.1063/1.1790083

I. INTRODUCTION enhanced diffusiol? and that fluorine enhanced boron diffu-
sion in preamorphized silicSrusing a silicon implant® Re-
Over the past few years there has been considerable igently EI Mubarek and Ashbutf showed that a deep*F
terest in_the effect of fluorine on boron diffusion in implant significantly reduced boron thermal diffusion, as
ment in advanced CMOS technologies to minimize boron  geyeral alternative mechanisms have been proposed to
diffusion for the formation of shallow source/drain junctions explain the effect of the fluorine on both boron transient

and sharply defined halo profile$?° The minimization of o 4 disision and boron  thermal diffusion  in
boron diffusion is also important in bipolar transistors, where

b diffusion limits th hievable b idth and h silicon2™28 A chemical interaction between boron and fluo-
oron diffusion fiimits the achievable base widih and Nencg; . 5 peen proposed to explain the suppression of boron
the value of cutoff frequency that can be obtaiftdhe . e 49111416 )
. A, . ) transient enhanced diffusion by fluorifrd; in which
suppression of boron diffusion is difficult to achieve in prac-

tice because of both boron thermal diffusion and boron tranthe fluorine combines with interstitial boron reducing its

sient enhanced diffusion due to damage created during ioWObi"tyzlyll’m160r reduces the probability of formation of a
implantation22 boron interstitial pai?.’11 Alternatively, the formation of

Work on the effects of fluorine from a BFimplant ~vacancy-fluorine complexes has been propdded; ®#**°

showed that shallower junctions could be obtained wheivhich act as a barrier for boron diffusidhor suppress the
BF; was implanted instead of 'B® In later interstitial concentration and hence reduce boron transient

Work2_6*9_l5'17'18ﬂuorine was imp|anted Separate]y to the bo- enhanced d|foS|O:H and thermal dlﬁUS|Oﬁ8 Flna”y the in-

ron to characterize the effect of the fluorine on boron diffu-teraction of fluorine with silicon interstitials has been widely
sion. This work showed that the fluorine implant reducedproposed as a mechanism of suppressing boron transient en-
boron transient enhanced diffusfon®-131410-18nq jn- hanced diffusiorf.*'%*®

creased boron activiﬁ/However, there have also been con- In this paper, experiments are performed to investigate
tradictory reports in the literature, which showed that fluo-how the fluorine implantation dose influences the thermal
rine implants had little or no effect on boron transientdiffusion of boron marker layers in silicon. Boron secondary
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ion mass spectroscog$IMS) profiles are studied for differ- ) F* dose: 5210 hcr 2
ent fluorine implantation doses and compared with the cor- As groyn
responding fluorine profiles. It is shown that a critical fluo- @ 1o
rine dose exists, above which the fluorine suppresses boron 5 ‘:‘,"e"'e" (i anted)
thermal diffusion and below which it does not and that this £ (F" iplanted) 9%/‘
critical fluorine dose correlates with the appearance of a shal- 5 oo
low fluorine peak on the fluorine SIMS profile in the vicinity & 107 | e
of the boron marker layer. Explanations are proposed for the §
origin of this shallow fluorine peak and its effect on boron S
thermal diffusion.
101
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Il. EXPERIMENTAL PROCEDURE (a) Depth (um)
Silicon layers with and without a buried boron-doped P dose: oxtoMom
marker layer were grown ofiL00) silicon wafers using mo- As grown
lecular beam epitaxy at 520 °C and low pressure chemical 10

vapor deposition at 800°C, respectively. Samples from the
same wafer were then given a 185 keV fluorine implant with
a dose in the range>$10*—2.3x 10'° cmi 2. By comparing
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therefore possible to unambiguously determine the effect of

the fluorine implantation dose on the boron thermal diffu-
sion. The layers were annealed by rapid thermal annealing in
nitrogen at 1000 °C for 30 s. Bor@B®11) and fluoring(F19)
concentration depth profiles were obtained on all samples by 10 -
SIMS using a 10 keV @beam. The annealed bor¢8IMS) 0.08 040 048 020
profiles were fitted using the fully coupled diffusion model in ®) Depth (um)

the Silvaco Athena simulation program and the diffusion co-
efficient was extracted from the best fit obtained. The layers As grown
were also analyzed by transmission electron microscopy 10 |
(TEM).
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Ill. RESULTS
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Figure 1 shows boron SIMS profiles in samples im-
planted with F at a dose in the range >510'*-1.4
X 10" cm? and annealed at 1000 °C. For the two lowest F
doses of 5 10'* and 9x 10'4 cm™?, there is no evidence of
the F implant reducing the boron thermal diffusion. In con- 0.05 0.10 0.15 0.20
trast, for a F dose of 1.4< 10*® cm 2, the fluorine implanted (© Depth (um)
sample shows a significant reduction of boron thermal diffu-
sion compared with the unimplanted sample. Earlier Whork FIG. 1. Boron SIMS profile:soin!‘:implanted and unimplanted samp!es after

les i lanted with 2x310%5 cni2 E* also showed a an anneal of 30 s at 1000 °C in dry,NAn as-grown boron profile is also

0_” s.a.mp esimp . . i included for reference. Results are shown for fluorine implantation doses of
significant reduction of boron thermal diffusion compareda) 5x 101 cm?, (b) 9x 104 cmi 2, and(c) 1.4x 105 cn2,
with an unimplanted sample. These results show that fluorine

significantly reduces boron thermal diffusion fof &oses at - -
and above 1.% 10% cmi2. the boron diffusion coefficient by factors of 1.9 and 3.7 for

Figure 2 shows a comparison of simulated and measuresfmples implanted with 110" and 2.3< 10" cm? F,
boron profiles of samples implanted witti Bt a dose in the respectively.
range 5x 104—1.4x 10'®> cm2 and annealed at 1000 °C for Figure 3 shows fluoringSIMS) profiles in samples im-
30 s. The as-grown boron profile is also included for refer-planted with F at a dose in the range >610'-1.4
ence. In all figures the fitted profiles coincide very well with X 10" cm™? and annealed at 1000 °C. For all the implanted
the measured profiles, indicating a good fit. Extracted valuegoses the as-implanted fluorine profile is approximately
of boron thermal diffusion coefficient, normalized to the Gaussian with an implantation range of 04fn. For the
value of diffusion coefficient of the unimplanted samplelowest fluorine implantation dose of>610' cm 2, negli-
(5.9x 107 cn? s71), are summarized in Table I. Also shown gible fluorine is presentSIMS background levelin the vi-
is a value for a 2.% 10" cm™? F* implant obtained by fit- cinity of the boron profile after anneal. The majority of the
ting the profiles in Ref. 18. The results show a decrease ifluorine is located in a broad double peak at a depth corre-

Concentration (cm'3)
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FIG. 2. Simulated and measured boron profiles after an anneal of 30 s a
1000 °C in dry N and for reference an as-grown boron profil@; unim-
planted sample, and samples implanted witdBsesib) 5x 10 cm™2, (c)
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TABLE |. Summary of values of normalized boron diffusion coefficient for
unimplanted samples and samples implanted withdéses 5< 10**-2.3

X 10 cm2. Values are normalized to the diffusion coefficient of 5.9
X 10 cm? 571 for the unimplanted sample.

F* Implant dose cr? Normalized boron diffusion coefficient

Unimplanted 1
5x 104 1.3
9x 10% 0.90

1.4x 10 0.53
2.3x10% 0.27

deep fluorine peak between about 0.22 and &8 This
shoulder was not present for the lower fluorine dose of 5
X 10 cm 2 in Fig. 3@). For the highest fluorine dose of
1.4X 10 cm?, an additional shallow, fluorine peak can be
clearly seen in the vicinity of the boron marker layer, extend-
ing from about 0.07 to 0.2Zm. The shape of this shallow
fluorine peak is complex and comprises two small ripples at
depths of 0.16 and 0.18m. A substantial shoulder can also
be seen at a similar depth as the shoulder seen in Hxy. 3
(=0.22-0.28um).

Figure 4 shows a comparison of fluorine SIMS profiles
in samples with and without a boron marker layer after a
fluorine implant in the range % 10'4-2.3x 10'° cm™ and
annealed at 1000 °C. The corresponding as-implanted fluo-
rine profiles are also shown for reference. The fluorine pro-
files in the samples without the boron marker layer show the
same overall trends as those with the boron marker layer. For
all fluorine doses, a broad fluorine peak is seen at a depth
corresponding approximately with the range of the fluorine
implant. For the lowest Fdose of 5< 10'* cm?, there is
negligible fluorine in the vicinity of the boron profile. For a
fluorine dose of & 10'* cm?, there is again negligible fluo-
rine in the vicinity of the boron profile, but a shoulder can be
seen between about 0.22 and 028. For the highest doses
of 1.4x 10'® and 2.3x 10'® cm™2, an additional shallow fluo-
rine peak can he seen in the vicinity of the boron profile,
extending from 0.07 to 0.22m and 0.04 to 0.22um, re-
spectively. A substantial shoulder can also be seen, extending
from about 0.22 to 0.2&m. The shallow fluorine peak in
the samples with a boron marker layer shows the presence of
ripples, whereas no ripples are present in the samples with-
out the boron marker layer. However, it should be noted that
the samples with the boron marker layer were grown using
molecular beam epitaxy, whereas the samples without the
boron marker layer were grown using low pressure chemical
vapor deposition. The small ripples may therefore be an arte-
fact of the growth method, for example, due to the trapping
of fluorine at interfaces created by short growth interrupts
auring the molecular beam epitaxy.

Table Il summarizes the integrated fluorine doses in dif-
ferent regions of the profiles before and after anneal for fluo-
rine implanted silicon with boron marker layers. The inte-

sponding approximately with the range of the fluorine im-grated fluorine doses after implant are in reasonable

plant (0.41 um) and extending from about 0.3 to 0.4n.
For a fluorine implantation dose 0910 cmi? negligible

agreement with the implanted dose. The total fluorine doses
after anneal indicate that considerable fluorine is lost during

fluorine is again visible in the vicinity of the boron profile, anneal, with less fluorine lost for higher implanted doses. For
but a small shoulder can be seen on the surface side of thal implant doses the majority of the fluorine after anneal is
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FIG. 3. Fluorine SIMS profiles before and after an anneal of 30 s at = 3 ‘
1000 °C in dry N. Boron profiles after anneal are also included for refer- § F(LPCVD no B) &
ence. Results are shown for fluorine implantation doses (af 5 € 1017 4 Lok
X 104 cm?, (b) 9% 104 cm?, and(c) 1.4x 105 cm 2. S o )
. . S ' 101
located in the deep fluorine peak, which is defined as extend- 00 01 02 03 04 05 06 07 08
ing from 0.28 to 0.7Qum (a range encompassing the deep () Depth (um)

fluorine peak for all dos@sFor F* doses of 1.4 10'° and
2.3X 10" cmi?, where suppression of boron thermal diffu- FIG. 4. Fluorine SIMS profiles before and after an anneal of 30 s at

sion is seen, 2.5% and 5.2%, respectively, of the fluorinéooo C |nldry N for samples with and without a borqn marker layer. The
samples with the boron marker layer were grown using MBE whereas the

resides in the shallow .ﬂuorine .pee(B..04—O.22Mm, and samples without the boron marker layer were grown using LPCVD. Results
1.6% and 2.9%, respectively, resides in the should&2 to  are shown for fluorine implantation doses @) 5x10cm2 (b) 9
0.28 um). X 10" cm?, and(c) 1.4x 10" cm?, and(d) 2.3x 10'° cm™2.

Figure 5 shows a graph of the peak fluorine concentra-
tion in the fluorine peaks and shoulders as a functionof Fbackground level to a value of arounck110*® cm™2 at a F
implantation dose. Results are shown for samples with anamplantation dose of 1.4 10'® cm? and then rises further as
without the boron marker layer. For the shallow fluorinethe F* dose is increased to 2310 cm™. For the fluorine
peak, the peak fluorine concentration rises from the SIMS$houlder, the peak fluorine concentration rises from the
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TABLE II. Summary of integrated florine doses in different regions of the profiles before and after an anneal of 30 s at 1000°C,in dry N
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Fluorine remaining after anneal

F implant dose cn? Total Shallow peak0.04—0.22um) Shoulder(0.22—-0.28um) Deep peak0.28—0.70um)
Implant SIMS (cm™) (%) (cm™) (%) (cm™) (%) (cm™?) (%)
5x 104 5x 104 2.22x 10" 44 1.4x 1012 0.6 3.4x 101t 0.2 2.17x 10% 98
9x 10" 8.8x 10 5.55x 1014 63 1.6x 1012 0.3 1.8x 10" 0.3 5.48< 10* 99
1.4x 10% 1.2x 10% 6.13x 10" 51 1.5x 103 2.4 1.0x 10 1.6 5.85< 10* 95
2.3x10%  2.3x10%  1.61x10% 70 8.4x 108 5.2 4.6x 10 2.9 1.45< 101 90
SIMS background to a value of arounckll0®® cm3ata P IV. DISCUSSION

dose of 9 10 cm™2, and then increases further as the F
is i 5 o2
dose is increased to 2310'° cm™. Thus, the trend for the thermal diffusion at F doses of 5< 101 and 9x 104 cni™2,

fluorine shoulder is similar to that for the shallow fluorine but significant reduction at aFlose of 1.4< 105 cmr2. Fur-

peak with the difference that the rise in peak fluorine con- P :
. thermore, the results in Fig. 3 show that a shallow fluorine

centration from the SIMS background occurs at a lower fluo- . : S
eak is present in the vicinity of the boron marker layer for a

rine dose. For the deep fluorine peak, a high concentration qi; dose of 1.4 10 cm2, but is not present for lower

fluorine is present for all Fdoses and this value rises with . .
. . L : . .. doses. Thus there is a correlation between the appearance of
increasing F dose. A similar trend is seen in samples with . . L
. he shallow fluorine peak in the vicinity of the boron marker
and without the boron marker layer, though the values o . e .
. . . . : ayer and the reduction of boron thermal diffusion. This re-
fluorine concentrations tend to be slightly higher in the . e .
duction of boron thermal diffusion occurs above a critical F

former samples. _
; . . . . dose of between 8 10'* and 1.4x 10*° cm™2.
Figure Ga) shows a light field, cross-section TEM mi- The shallow fluorine peak in Fig.(8§) lies at a depth of

crograph of a silicon layer with a buried boron marker layerabout 0.07-0.22m, which corresponds to 0.17—0F3

i“l"gg c?r?‘z rﬁﬁgﬁf:;a;nzeggqneiﬁggxﬁ llrgg(l)a? éed Avglga dzj whereR, is the range of the fluorine implant. Simulations of
: vacancy and interstitial profiles after implantaﬁbﬁ8 have

defects can be seen extending from a depth of 0.29 toredicted a vacancy-rich region extending from the surface
0.73 um but no defects are seen at depths shallower thaB Y 9 9

. . - 0 a depth approaching the implantation rdjgand a deeper
029 um. A comparison with the SIMS profile in F|g.(@ interstitial-rich region peaking at a depth just beyoRgl
shows that this band of defects corresponds apprOX|mateI¥hiS indicates that the shallow fluorine peak lies in the

with the position of the deep fluorine peak on the SIMS . . , :
rofile. Figure 6b) shows a higher magnification micrograph vacancy-rich region of the damage profile. Work on the dif-
P : gfsion of fluorine in silicon has shown that fluorine diffuses

of the band of defects and indicates that the defects consist ST o e
. . ; . . : extremely rapidly in silicon with significant diffusion occur-
dislocation loops with various shapes and sizes ranging from

2 .
L110 96 rm. TEM micograpfet shown herpof samples (10 3 eTberauies a2 fow 08 550 T o1 he bede o
implanted with 2.3< 10 cm™ F* show that the layers are P

: . e remaining after the 30 s anneal at 1000 °C used in our work.
crystalline after implant and show no amorphization due tOThe presence of large fluorine peaks in Fig. 3 after anneal
the fluorine implant. ' '

therefore, suggests that fluorine has been trapped at defects
created by the fluorine implant. The TEM micrograph in Fig.

6 shows no evidence of extended defects down to a depth of
0.29 um, and hence the trapping of fluorine at the shallow
fluorine peak must be due to defects that are too small to
resolve by TEM.

The results in Fig. 1 clearly show no reduction of boron

102 .
Deep Peak :
(with B)

L — ith B)
101? (W'"\) -

Deep Peak  gpouder

(no B) (no B)
101 /\V

..O \Shallow Peak

{no B)
Shallow Peak
{with B)

1017 f
......SIMS Background

Peak F* Concentration after anneal (cm™)

1015

1015
implanted F* dose (cm?)

FIG. 5. Fluorine concentrations at depths corresponding to the positions dfIG. 6. Cross-section transmission electron micrographs of a sample with a
the shallow fluorine peak the fluorine shoulder and the deep fluorine peak a@soron marker layer, implanted with 2310 cmi? fluorine and annealed

a function of P implantation dose. Results are shown for samples with andfor 30 s at 1000 °C in dry N (a) low magnification image(b) high mag-
without a boron marker layer. nification image.
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TABLE Ill. Estimation of the fluorine concentration after implant required for the formation of the shallow
fluorine peak and the fluorine shoulder obtained from an analysis of the depths at which the fluorine concen-
tration after anneal drops below the critical value of 108 cm™.

Shallow F peak F shoulder
Depth at which
F conc. after F concentration Depth at which F concentration
F implant dose anneal is after implant at the F conc. after anneal after implant at the
(cm™) 1x10"® cm (um)  given depth(cm™)  is 1x 10 cm™ (um)  given depth(cm™)
9x 10 B e 0.28 1.5¢10%°
1.4x10% 0.15 5.6 101 0.23 1.5 10%
2.3x10% 0.07 3.6x10'8

There is considerable evidence in the literature for thehat suppression of boron thermal diffusion is only seen for
formation of vacancy-fluorine clustet$!”?*%For example, the highest F dose of 1.4< 10*5 cm2. Trapping of intersti-
Shanoet all® proposed the presence F-¥lusters on the tials at dislocation loops in the deep fluorine peak can there-
basis ofab initio calculations and Diebadt al*”* proposed  fore also be discounted as an explanation for the effect of
the presence of F-)clusters.”?*Positron annihilation spec- fluorine on boron thermal diffusion. The strong correlation
troscopy has also been used to directly show the presence bétween the suppression of boron thermal diffusion and the
fluorine vacancy complexes close to the surfdc@ur re-  appearance of the shallow fluorine peak in the vicinity of the
sults are consistent with this work, and hence we proposgoron marker layer at a fluorine implantation dose of 1.4
that the shallow fluorine peak is due to the trapping of fluo-x 105 cm2 provides clear evidence that this peak is respon-
rine at vacancy-fluorine clusters. Support for this conclusiorsiple for the suppression of boron thermal diffusion. The
comes from the results in Fig. 5, which show that a fluorinepresence of vacancy-fluorine clusters in the vicinity of the

i 8 -3 i .
concentration after anneal ef1x 10'® cm™ is needed for  poron marker layer, as discussed above, would be expected

the fluorine vacancy clusters to form and for boron thermalg give an undersaturation of the local interstitial concentra-
diffusion to be reducelg. This value is in agreement with thejon since any interstitials in the vicinity would be able to

results of Shanet al,™ who showed that a minimum fluo-  ecombine and annihilate with vacancies at or near the
rine concentration of k 10'® cm™® was required after anneal vacancy-fluorine clusters. Since boron diffusion in silicon is

to suppress boron transient enhanced diffusion. mediated by interstitials, an undersaturation of the interstitial

A cpmparison_ of _the SIMS profile in Fig.(é) With_ the concentration would give rise to a suppression of the boron
TEM micrograph in Fig. 6, shows that the deep fluorine peal?hermal diffusion

correlates with the band of dislocation loops. The deep fluo-
rine peak extends from about 0.28 to 046, which com-
pares with the band of defects in Fig. 6 extending from abou
0.29 to 0.73um. Similar dislocation loops have been re-
ported by Wu, Fulks, and Mikkels&hfor a BF; implant and
by Pi, Burrows, and Colem&hfor a F implant. Wu, Fulks,
and Mikkelsen reported that the loops were perfect an

faulted partial interstitial loops, with sizes ranging from o
b P ging of 1.4x10"® cm? and within 0.07um for a dose of 2.3

~20-80 nn° Given the similarity between these reported
y P X 10* cm2, as shown in Table Ill. Thus the shallow fluorine

loops and those in Fig. 6, and the location of the deep fluo- it .
rine peak in the interstitial-rich region of the fluorine damagepeak extends closer to the surface at the higheidse. This

profile, we propose that the deep fluorine peak is due thehavior can be undgrstood if critical -fluorine and vacancy
fluorine clustering at interstitial dislocation loops. concentrations after implant are required for the vacancy-

As discussed in the introduction, several alternativefluorine clusters to form. The as-implanted fluorine profiles
mechanisms have been proposed to explain the effect &R Fig. 4 show a rising fluorine concentration with increasing
fluorine in suppressing the transient enhanced diffusion oflepth in the vicinity of the shallow fluorine peak. In contrast,

boron, including a chemical interaction between boron andimulations of vacancy profiles after impl&htndicate that
fluorine 1418 the presence of vacancy-fluorine clus- the vacancy concentration decreases with increasing depth,

ter3171825 Jnd  the interaction of fluorine with Which is the opposite trend to the fluorine concentration. In
interstitials>*>**The possibility of a chemical interaction the surface region where the shallow fluorine peak is located,
between boron and fluorine can be discounted, since thée fluorine concentration is low but the vacancy concentra-
shallow fluorine peak is seen whether or not a boron marketion is high, so the fluorine concentration would be expected
layer is present, as shown in Figgciand 4d), indicating  to limit the vacancy-fluorine cluster formation. This can ex-

that the shallow fluorine peak is not caused by the presendgalain why the shallow fluorine peak extends towards the sur-
of the boron marker layer. Figure 4 also shows that the deeface with increasing Fdose, since the depth at which the

fluorine peak is present at all"Floses, while Fig. 1 shows fluorine concentration after implant reaches the critical value

A comparison of the shapes of the shallow fluorine peaks
in Figs. 4c) and 4d) shows not only an increase in peak
ﬁuorine concentration with Fimplantation dose, but also a
broadening of the peak. Taking a fluorine concentration after
anneal of x 10'8 cm as a referencéhe concentration re-
(guired for the shallow peak formatiprthe shallow fluorine
peak extends to within 0.1am of the surface for a Fdose
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TABLE |V. Estimation of the fluorine concentration after implant required for the formation of the shallow
fluorine peak and the fluorine shoulder obtained from analysis of the peak fluorine concentrations in the shallow
fluorine peak and fluorine shoulder at differeritifplant doses.

Shallow F peak F shoulder
F conc. after F conc. after
implant at depth Shallow implant at

F implant dosgcm™)  of 0.16 nm(cm™®)  peak present? depth of 0.29 nnicm™®)  Shoulder present?

5x 104 2.5x 108 1.0x 10°

9x 10" 4.0x 10'8 1.7x10% e
1.4x 10% 6.6x 10'8 e 2.5x 104 e
2.3x 101 11x 108 P 4.6x 101 e

required for cluster formatiovalue estimated belowlies X 10* cm™3), which suggests that the fluorine shoulder may
closer to the surface at higher fluorine doses. be due to a different type of vacancy-fluorine cluster than the
The critical fluorine concentration after implant required shallow fluorine peak. Since the shoulder is in a region
for vacancy-fluorine cluster formation can be estimated eiwhere the fluorine concentration is high and the vacancy
ther from the point on the shallow fluorine peak at which theconcentration is lo# after implant, we speculate that the
fluorine concentration drops below<110'® cmi 3 or from the  clusters in this region may be fluorine rich. Similarly, since
as-implanted fluorine concentration in the vicinity of the the shallow fluorine peak is in a region where the fluorine
shallow fluorine peak at the critical"Fmplant dose. Values concentration is low and the vacancy concentration High
of critical fluorine concentration after implant are summa-after implant, we speculate that the clusters in this region
rized in Table III for the first method and in Table IV for the may be vacancy rich. Support for this hypothesis comes from
second method. Table 11l shows a critical fluorine concentrafeports in the literature which showed that for a 0.5 MeV,
tion after implant of 5.6<10'® cm™3 for a F* dose of 1.4 5x 10" cm™ F* implant, V-dominated V-F complexes were
X 10% cm2 and of 3.6x 108 cm™3 for a F* dose of 2.3 formed closer to the surface and, F-dominated V-F com-
X 10* cm™. For comparison, Table IV shows that the shal-plexes were formed deeper closer to the implantation
low fluorine peak appears at a critical Fnplant dose be- range’® Further work is needed to confirm this hypothesis.
tween 9x 10" and 1.4x 10 cm?, which gives a critical
fluorine concentration after implant between 4%.00'® and V. CONCLUSIONS
6.6 10" cm®. These values in Table IV are of the same o study has been carried out of the effect of fluorine

order as those in Table lll, which gives some confidence irlmplants with doses in the rangexBL0—2.3x 105 cm2
their validity. From this data it can therefore be concludedy the thermal diffusion of boron marker layers in silicon.
that the critical fluorine concentration after implant for the por B doses of 1.4 10 and 2.3x 10 cni™2 the fluorine
formation of the vacancy-fluorine clusters in the shallowgjgnificantly reduces the boron thermal diffusion coefficient
fluorine peak is in the range 3:610'°~6.6x 10" cm™>. by factors of 1.9 and 37, respectively. This reduction of bo-
Finally, it is interesting to speculate on the origin of the 15y thermal diffusion correlates with the appearance of a
fluorine shoulder, which is present at a depth ofghallow fluorine peakdepth=0.07-0.22:m) in the SIMS
0.22-0.28um. This is equivalent to a depth of pofile at a P dose of 1.4< 10 cn 2. This peak is present
0.52-0.67R,, which indicates that the shoulder is in the j, samples with and without the boron marker layer and
vacancy-rich region of the damage profile. The TEM resultsyence is not due to a chemical interaction between the fluo-
in Fig. 6 show that there are no dislocation loops at thisine and boron. The results suggest that the shallow fluorine
depth, and hence the shoulder is not due to trapping of fluopeak is due to vacancy-fluorine clusters and that the reduc-
rine at dislocation loops. Furthermore, the results in Fig. %jon in boron thermal diffusion is due to a suppression of the
show that the variation of peak fluorine concentration in theaxcess interstitial concentration in the vicinity of the boron
shoulder with implanted fluorine dose follows a similar trend marker |ayer due to the presence of the clusters. Ana|ysis of

to that seen in the shallow fluorine peak, though with thethe SIMS profiles indicates that a fluorine concentration after
critical fluorine dose shifted to a lower value. These considimplant in the range 3.6—6:610' cm3 is needed for the

erations point to the conclusion that the shoulder is due tQ'acancy_ﬂuorine clusters to form.
some kind of vacancy-fluorine cluster. Following the two
approaches described above for estimating the critical FACKNOWLEDGMENT
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