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Fluorine-vacancy complexes in Si-SiGe-Si structures
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Fluorine-vacancy (FV) complexes have been directly observed in the Sijg,Gegge layer in a
Si-SiGe-Si structure, using variable-energy positron annihilation spectroscopy (VEPAS). These
complexes are linked to the significant reduction of boron diffusion in the SiGe layer via interstitial
trapping. Vacancies were introduced into the samples by ion implantation with 185 keV F* at doses
in the range 9 X 10" to 1 X 10'® ¢cm™2; the samples were subsequently subjected to rapid annealing
in nitrogen ambient at 950 °C for 30 s. The VEPAS results, in combination with F profiles obtained
by secondary ion mass spectrometry, are consistent with F,,V,, complexes being associated with the
SiGe layer and that they preferentially accumulate at the Si/SiGe interfaces. Their concentration is
critically dependent on annealing temperature, decreasing significantly after annealing at 1000 °C.
© 2007 American Institute of Physics. [DOI: 10.1063/1.2753573]

I. INTRODUCTION

Fluorine as an implant in Si has been the subject of
extensive studies recently,l_4 because of its effectiveness in
retarding the transient-enhanced diffusion (TED) of boron,
the key to achieving ultra-shallow junctions and conse-
quently miniature Si-based devices. The formation of
fluorine-vacancy (FV) complexes has been proposed as a
likely candidate for the physical mechanism through which
boron TED is reduced, acting as traps for the Si interstitials,
which enhance the diffusion. Recent FV studies have in-
cluded experimental positron annihilation spectroscopy
(PAS)*” and secondary ion mass spectrometry (SIMS) of
solid phase, epitaxially regrown Si® as well as ab initio
calculations.”'’ Models of ~2—3 F atoms in FV clusters™®
or F3,V, with n most probably 1 and/or 2 (Ref. 7) were
found to be plausible assumptions in explaining experimental
results, while various F,V,, (for n=2m+2, with up to four
vacancies and an F:V ratio between 4 and 2) energetically
favorable configurations were proposed theoretically.g’10

In contrast, there is little knowledge to date on the be-
havior of F in SiGe. SiGe is a promising material in micro-
electronic technology, especially in the fabrication of hetero-
junction bipolar transistors (HBTs). While some studies have
been performed using PAS to investigate vacancy-type de-
fects and their complexes in SiGe 1ayers,ll none have fo-
cused on F in SiGe structures. In this work we report results
on the use of variable-energy PAS (VEPAS) to investigate
the behavior of F in a layered structure of Si-SiGe-Si analo-
gous to that used in HBTs.

Il. EXPERIMENTAL PROCEDURE

Low pressure chemical vapor deposition at 850 °C
(growth A) and 800 °C (growth B) was used to grow boron
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marker layers for monitoring boron diffusion. The growth
temperatures were chosen as being typical of those used in
device epitaxy. The growth A samples comprised a 400 nm
undoped silicon layer, a 50 nm Si; 94Ge o layer with a peak
boron concentration of 5X10'"® ¢m™3, and a 130 nm un-
doped silicon cap layer; the substrate was a very-low-doped
(100) Si wafer. The growth B samples comprised a 400 nm
n-type silicon layer (10'® P cm™), a 40 nm Si ¢,Ge, ; layer
with a peak boron concentration of 1.2 X 10" ¢cm™, and a
130 nm n-type silicon cap layer (10'® P cm™). Thus the type
A samples form an i-p-i structure, whereas the type B
samples form an n-p-n structure. Some of the type A and
type B samples were then implanted with P* ions at 288 keV
and 6 X 10" cm™2. Type A samples were implanted with 185
keV F* ions at a dose of either 9Xx 10 or 1.85
X 10" cm™? and type B samples were implanted with 185
keV F* ions at a dose of either 2.3 10" or 1 X 10'® cm™2.
All samples were then subjected to rapid thermal annealing
in a nitrogen ambient at 950 °C for 30 s. As-implanted and
as-grown samples were also produced as controls.

In VEPAS, positrons in the energy range 0.5-24 keV
were implanted into the samples to enable depth profiling
from the surface to ~2.5 um. As positrons enter the mate-
rial they rapidly thermalize, then diffuse until they either
annihilate freely with electrons or are trapped by vacancy-
type defects and eventually annihilate via two y rays in ap-
proximately opposite directions and 511 keV energy. Dop-
pler broadening of the 511 keV annihilation line, resulting
from the momentum of the annihilated electrons, is measured
with a high-purity Ge detector and characterized by the
simple line-shape S parameter, defined as the fraction of
counts in a central region of the annihilation line.

The concentration depth profiles of "*Ge and '°F were
measured using secondary ion mass spectroscopy (SIMS).
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FIG. 1. S parameter versus incident positron energy for samples implanted
with 185 keV F* at 1 X 10!, 2.3 10', 1.85X 105, and 9 X 10'* ¢m™2, and
annealed at 950 °C for 30 s. The data for an as-grown sample are also
shown. The solid lines are fits obtained using VEPFIT.

lll. RESULTS

Figure 1 presents the variation of the S parameter, nor-
malized to a value of unity for the bulk material, with the
incident positron energy E for the four samples implanted
with 185 keV F* ions at 1 X 10'® (n-p-n), 2.3 X 10" (n-p-n),
1.85X 10" (i-p-i), and 9 X 10" cm™2 (i-p-i) after annealing
at 950 °C for 30 s. None of the samples had P* implants.
The behavior of the as-grown sample (type B) is also shown
as a reference. The mean depth (z) probed by the positrons
with energy E (keV) is also shown in the figure, where z
~17.2 E'® nm. S(E) for the as-implanted samples (see,
e.g., Figs. 2 and 3) show no enhanced vacancy response in
the SiGe layer. After annealing, S parameters below the bulk
value, Sp, were measured in all samples for a mean depth up
to ~0.9 um, being most marked between ~0.06-0.2 um in
the samples implanted with the two highest F doses and
deeper (between ~0.2-0.6 wm) in the two lowest-dose
samples (9 X 10'* and 1.85 X 103 ¢cm™2). The survival of va-
cancies after annealing, and the observation of S values be-
low unity, is attributed to the accumulation of F,V, com-
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FIG. 2. Comparison between the behavior of the n-p-n sample implanted
with 2.3X 10" F* cm™2 with and without P* implants. Data for the as-
implanted sample (with F and P) are also shown as a reference.
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FIG. 3. Comparison between the behavior of the i-p-i sample implanted
with 1.85X 10" F* cm™ with and without P* implants. Data for the as-
implanted sample (with F and P) are also shown as a reference.

plexes in specific regions. This behavior was observed earlier
by Pi et al.® and was attributed to the presence of F in the
vicinity of the vacancies; it is well known that annihilation
with F electrons leads to a reduction in the vacancy S
parameter.12 El Mubarek et al. linked F,V, complexes with
the mechanism underlying B thermal diffusion reduction in
similar samples.]3

The difference in the position of the dip in S(E)—3.5
and 6 keV for the samples implanted with the highest and
lowest two F doses, respectively—can be understood in
terms of the presence of electric fields in the highest-dose
samples (both n-p-n structures) and the relatively negligible
fields in the two lowest-dose samples (i-p-i). In the former
case the field drifts the diffusing positrons to the SiGe layer
from both sides, thereby enhancing the sensitivity of VEPAS
to the FV complexes formed there. In the latter case a greater
fraction of the implanted positrons sense the damage beneath
the SiGe layer and, therefore, a broader response is observed
centered at around 6 keV, corresponding to depths close to
the peak of damage caused by 185 keV F* (~0.3 wm, as
calculated by TRIM'). In a study of similar samples using
SIMS and transmission electron microscopy (TEM), El
Mubarek et al. observed deep F peaks in the same range in
SIMS profiles and concluded that these were due to F trap-
ping at dislocation loops together with defects at the growth
interface.'”> Therefore, in summary, the dip in S(E) at
~3.5 keV corresponds to F,V, complexes in the SiGe layer,
and the broader dip at ~6 keV to F,V, complexes princi-
pally in the Si beneath the SiGe layer.

S(E) data for two of the samples are shown in Figs. 2
and 3 with F* implants only and with F* and P* implants.
The n-p-n samples in Fig. 2 were implanted with 2.3
X 10" F*cm™ and the i-p-i samples in Fig. 3 with 1.85
X 10" F*cm™. In Fig. 2 positrons can detect more FV
complexes in the SiGe layer when both F* and P* are im-
planted, a lower § parameter being measured in the latter
case. The extra complexes are formed because
P-implantation introduces additional vacancies and, as there
is excess F at this dose, F can associate with them. The fitted
layer S parameters for the two data sets shown in Fig. 2
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suggest an increase in vacancy concentration in the SiGe
layer of approximately 20% when P* ions are implanted, a
figure which matches well the increase in F concentration in
the layer according to SIMS.

For the i-p-i sample implanted with P* and 1.85
X 101 F* cm™2 (Fig. 3), the P-implantation overdopes the
intrinsic regions in the i-p-i structure, converting it to an
n-p-n structure. This introduces an electric field acting over a
distance of ~10? nm, which makes the positrons less sensi-
tive to the defects in the Si layer beneath the SiGe and con-
sequently more sensitive to those in the SiGe layer, where
again the slightly lower S value implies that more FV com-
plexes are formed there if P is implanted. Accordingly, it can
be inferred that P-implantation increases FV clustering in the
SiGe region as well as positron sensitivity to the clusters.

VEPAS data were also recorded for the 1
X 10'® F* cm™2 sample with and without P-implantation (not
shown here). Exactly the same S parameter was measured,
implying saturation positron trapping in the FV defects in
both cases, so that the extra vacancies introduced by P* im-
plantation resulted in no change in VEPAS response.

IV. DISCUSSION

The S(E) data for the as-grown n-p-n sample in Fig. 1
exhibit an increase from its surface value to the bulk with a
notably short diffusion length. This is attributed to electric
fields drifting positrons toward the SiGe layer, which thus
greatly reduce positron diffusion to the surface.

The solid lines behind the data points in the figures are
fits obtained using VEPFIT." The samples are modeled as
layered structures; electric fields in the near-surface region
resulting from band bending and of +2X10° and
—1Xx10* Vecm™ in the Si layers on each side of the SiGe
layer were incorporated in the model to fit the P-doped
samples. While the fitting was relatively insensitive to posi-
tron diffusion lengths, sensible self-consistent fits were al-
ways achieved. As the F dose increases the S parameter as-
sociated with the SiGe layer, Sg;g., decreases from 0.995 to
0.878, as more FV clusters reside there; saturation trapping is
believed to be reached for the F dose of 1 X 10 cm™2, so
that the S parameter characteristic of the FV complex, Sp, is
~0.88. This is consistent with the authors’ and others’ earlier
measurements in Si.” While the cap Si layer could be fitted
with bulk (defect-free) Si parameters, the Si layer beneath
the SiGe, extending to 0.6 um could not; a region centered
at ~Rp exhibits fitted S values, which imply a combination
of F-related defects, which could include FV complexes in
the vacancy-rich zone, F-interstitial (FI) defects in the I-rich
zone beyond Rp, and F agglomerates and precipitates around
Rp (as seen in Si in Ref. 6). In the i-p-i samples, positrons
are not drifted to the SiGe layer and are thus more sensitive
to the F-related defects in the underlying Si layer; this ex-
plains the observation of a lower S parameter in the raw data
for 1.85X 10" cm™ F dose than in the data for the higher F
dose of 2.35X 10" cm™ at ~10 keV.

In an attempt to achieve an insight into the nature of the
FV complexes the vacancy concentration C,, derived from
the VEPAS data, has been compared with the F concentra-
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FIG. 4. SIMS profile of F for the sample implanted with 185 keV F* at
2.3X 10" cm™ and annealed at 950 °C for 30 s. The shaded region indi-
cates the full-width-at-half-maximum of the Ge SIMS profile, corresponding
to the SiGe layer.

tion Cf, derived from SIMS data. C, (in cm™) in the SiGe
layer was calculated from the fitted S parameter in the layer,
SSiGe’ as

C, =5 X 107[\p(Ssice — 1)/¥(Sp — Ssice) ], (1)

where Ap is the positron annihilation rate in perfect Si
(=4.54x10° s7') % and v is the specific trapping rate for
positrons (=3n X 10" s71) in clusters of n vacancies.'’

Let us first consider a model in which the positron trap-
ping sites in the SiGe layer are uniformly distributed
throughout the layer. The average Cr over the layer, as ob-
tained by SIMS, is between 20 and 50 times higher than C,.
This implies that either (a) some of the F may be forming FV
complexes, such as the F3,V, seen in Si,” and that the rest
(perhaps 85% —95%) are left isolated or form F agglomerates
or precipitates, or (b) all the F in the SiGe layer form pre-
cipitates and the positrons are trapped in vacancylike defects
on their surfaces. If all the positron trapping sites formed in
the layer were precipitates, then trapping of positrons would
become limited by their diffusion to the defect sites, in which
case diffusion-limited trapping model would become
important.18 Using this model the concentration of precipi-
tates, N, can be estimated; for example, for our sample that is
implanted with 2.3 10" F*/cm?, N=~10° cm™, implying
=10'" F per precipitate. These precipitates would be a few
pm in diameter, which is unreasonably large.

As uniform trapping throughout the SiGe layer seems
unlikely, we turn to an alternative model. Interrogation of the
F SIMS profiles such as that shown in Fig. 4 reveals that F
could be accumulating at the two heterojunction interfaces
between the SiGe and the Si layers (Fig. 4). The shallow F
peaks were shown to be correlated with the reduction of
boron thermal diffusion by El-Mubarek et al. " The influence
of defects on F profiles after annealing at temperatures above
500 °C was observed in an early study of Si implanted with
BF;’.19 In this work, gettering of F was observed in damaged
regions and at the interfaces between crystalline and amor-
phous regions.

In light of these observations, VEPFIT was employed to
fit the VEPAS data with the assumption that all of the FV
defects associated with the SiGe layer are at the two hetero-
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FIG. 5. S(E) curves for Si-SiGe-Si samples implanted with 185 keV F* at
2.3X 10" ¢cm™ and 288 keV P* at 6 X 10'3 ¢cm™ annealed at 950 °C and
1000 °C for 30 s. Data for an as-grown sample are shown as a reference.

interfaces on each side of the layer, of widths consistent with
the SIMS profiles for F. For the sample implanted with
1.85X 10" Fcm™, VEPFIT gave interface S parameters
corresponding to a total C, of 7.5X10'® cm™, approxi-
mately one quarter of the total Cg in the two interfaces from
SIMS. This is consistent with F,,V,, complexes, not far from
the F3,V, complexes (with n most probably 1 and/or 2) pro-
posed by the authors’ and other researchers™ in Si struc-
tures.

VEPAS and SIMS data for the region above the SiGe
layer, and in F-implanted epitaxial Si control samples, sug-
gest preferential migration of F toward the surface. This has
been observed by Pi et al.® and also earlier by Jeng et al® in
samples implanted with 30 keV F* at doses of 10'? and
10" c¢cm™? and annealed for 30 min at temperatures between
300 °C and 1050 °C. Jeng et al.*® noticed anomalous rapid
diffusion of F at temperatures higher than 550 °C, and they
suggested that this behavior could be associated with
temperature-dependent F complex formation.

Finally, two samples with SiGe layers (not identical to
those used above) were implanted with 185 keV F* at 2.3
X 10" cm™ and 288 keV P* at 6 X 10" cm™, then rapid
thermal annealed for 30 s at (a) 950 °C and (b) 1000 °C.
S(E) is shown in Fig. 5 for these samples as well as, for
reference, an as-grown sample. FV complex formation is
again evidenced by the low S up to ~0.7 um. The increase
in § after the higher-temperature anneal suggests a reduction
in the concentration and/or size of the FV complexes; if one
assumes only the former, then this corresponds to a 40%
reduction in defect concentration.

V. CONCLUSION

This work has confirmed that VEPAS can be used di-
rectly to observe the formation of FV complexes in SiGe
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structures where F implantation has been shown to eliminate
boron TED and reduce boron thermal diffusion—here, in Si-
SiGe-Si structures implanted with F ions (at an energy cho-
sen so that the SiGe layer lies within the vacancy-rich region
of the fluorine damage profile) and rapidly thermal annealed.
The present results, together with SIMS evidence, are con-
sistent with the accumulation of F,,V, complexes at the het-
erojunction interfaces. The VEPAS response to the FV com-
plexes decreases if the annealing temperature is increased
from 950 °C to 1000 °C, suggesting that the efficacy of this
method for boron diffusion reduction depends critically on
annealing temperature.
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