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The lattice location of F atoms in Si was experimentally studied. Si single crystals were amorphized,
implanted with F, and afterwards the amorphous layer was recrystallized. Some of the samples prepared in this
way were also annealed at 750 °C for 60 min. The 19F�p ,���16O resonant nuclear reaction at 340.5 keV was
employed to measure the probability of a close encounter between protons and F nuclei as a function of the
incident angle with respect to six major crystalline directions. The predictions of several ab initio calculations
proved to be incompatible with the present experimental findings.
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The miniaturization of complementary metal-oxide-
semiconductor �CMOS� devices requires the confinement of
dopants very close to the surface. In the microelectronics
industry, the dopants are introduced through ion implanta-
tion. This technique is widely used because the depth and
concentration of the dopant are easily controlled and repro-
duced. However, the implantation process generates point
defects �self-interstitials and vacancies� in the target at a con-
centration well above the thermodynamical equilibrium
level.1 These defects undesirably accelerate the dopant diffu-
sion. This phenomenon is called transient-enhanced diffusion
�TED�, and it may be several orders of magnitude faster than
normal thermal diffusion. TED is particularly dramatic for
boron,2 the most frequently used p dopant, hindering thus the
further miniaturization of CMOS devices.

In order to reduce the boron TED, coimplantation of F is
currently used in the microelectronics industry, although the
role F plays in the reduction of boron TED has not yet been
entirely understood. To better understand the mechanism
whereby F leads to a decrease of boron TED, substantial
experimental and theoretical work has been carried out. Up
to now, it is known that the slowing down of boron TED
occurs by the interaction between F and point defects, and it
has been suggested that F atoms form complexes with these
defects.3–9

By ab initio calculations, several authors5,7,8,10 have found
that the lowest-energy state for a single interstitial F in Si is
at the bond-centered the �BC� site in the +1 charge state or at
the tetrahedral �T� site in the −1 charge state, depending on
the Fermi energy. However, in Refs. 5 and 7 it was obtained
that fluorine-vacancy �FV� complexes are highly favored
over the interstitial configuration. From the experimental
standpoint, the detection of FV complexes by positron anni-
hilation spectroscopy has been reported in Refs. 3, 4, and 9
and also through sheet resistance measurement in Ref. 6. On
the other hand, electric quadrupole hyperfine interaction and
preliminary channeling experiments have indicated that F
might occupy either bond or antibonding �AB� interstitial
sites.11,12

In the present work, the lattice location of F atoms in Si

was experimentally investigated. Czochralski n-type �P-
doped� �100�-Si single crystals with 10–20 � cm resistivity
were amorphized from the surface down to a depth of about
440 nm with 200 keV 3�1015 Si+ cm−2 irradiation at liquid
nitrogen temperature. Afterwards, the samples were im-
planted with 4�1014 F+ cm−2 at 80 keV. The Si irradiation
was carried out at the 3-MV Tandetron accelerator of the
Physics Institute of the Federal University of Rio Grande do
Sul �IF-UFRGS� in a vacuum better than 10−6 mbar. The F
implantation was performed at the 500-kV ion implanter of
the same laboratory also in a vacuum better than 10−6 mbar.
The F implantation energy was selected to place the F depth
profile entirely within the amorphous region. Moreover, the
implantation conditions were similar to those used in Ref.
13. After F implantation, the samples were recrystallized by
solid-phase epitaxy �SPE� through annealing at 450 °C for
30 min plus 700 °C for 80 s in an N2 ambient. The recrys-
tallization of the amorphized layer was verified by Ruther-
ford backscattering spectrometry �RBS� measurements under
channeling conditions. Some of the samples prepared in this
way were then annealed at 750 °C for 60 min in an N2 am-
bient. The 750 °C/60 min annealing was performed in order
to promote the interaction of F with self-interstitials released
from the end-of-range region, as in Ref. 13. A subsequent
site investigation should verify whether the interaction
changes the F configuration.

The lattice location of F atoms in Si was then studied both
post-SPE and post-SPE+annealing at 750 °C for 60 min.
The close-encounter probability between protons and F nu-
clei was measured as a function of orientation around the
axial directions �100�, �110�, �111�, and �211� as well as
across the planar directions �100� and �110�. The sample was
placed on a three-axis goniometer with 0.005° precision in a
chamber under a pressure less than 10−7 mbar, and the align-
ment of the crystal was performed using a 350-keV proton
beam with a current of 10 nA and a divergence of about
0.03°. The backscattered protons were detected by a Si bar-
rier detector with a resolution of 7 keV.

Next, the F angular scans were measured through the
19F�p ,���16O resonant nuclear reaction at 340.5 keV with
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natural width of �2.4±0.2� keV �Ref. 14� and cross section
of about 162 mbarn �Ref. 15�. For a given proton-beam flu-
ence, the 6.4-MeV � rays emitted by the 19F nuclei were
detected by a BGO �bismuth germanate �Bi4Ge3O12�� scin-
tillator as a function of the tilt angle between the beam and
the crystal axis or plane. The axial scans were carried out
along a plane of reference: namely, the plane �100� for the
�100� and �110� axial scans and the plane �110� for the �111�
and �211� axial scans. On the other hand, the planar scans
were measured with the angle between the beam and the
�100� axis fixed at 5°.

In the nuclear reaction analysis �NRA�, the proton beam
impinged onto the target at 350 keV. This energy was chosen
so that the channeled proton beam can reach statistical equi-
librium at the depth of the reaction16 with the consequent
flux peaking at the channel center. A proton beam with a
typical current of the order of 0.5 �A was produced using
the 500-kV ion implanter of the IF-UFRGS. In order to mini-
mize beam-induced radiation damage, several measures were
adopted. First, the value of the divergence was increased to
about 0.08°. Second, each branch �going from zero degree
until the largest tilt angle in absolute value� of every angular
scan curve was always measured on a fresh spot of the target.
Third, some scans were recorded in only one direction.
Fourth, the points measured at tilt angles near zero were
taken with a higher statistics, as they are more important to
define the curve structure and result in less radiation damage.

Furthermore, RBS spectra in the channeling condition re-
corded after angular scan measurements revealed no signifi-
cant increase in the proton-backscattered minimum yield
��min� with respect to the initial condition. Finally, for each
crystallographic direction, at least five independent F scans
were performed, and the results were reproducible within the
experimental errors.

In the attempt to reproduce the experimental angular dis-
tributions, the most probable sites were used as input in the
computational code CASSIS �channeling adapted simulation
of swift ions in solids�.17 It was assumed that the fluorine
concentration was constant within the range where the
nuclear reaction takes place, which is supported by a depth-
profile measurement �not shown� performed through the
same resonant nuclear reaction mentioned above. The one-
dimensional thermal vibration amplitude of F was taken
equal to the Si standard value of 0.07 Å.

Experimental RBS and NRA results for the angular yield
scans of Si and F, respectively, are shown in Fig. 1 for the
case of post-SPE samples+annealing at 750 °C for 60 min.
After the 750 °C/60 min annealing, the shape of the angular
distributions does not show any appreciable change with re-
spect to the post-SPE case.

In Fig. 1, simulated curves are also displayed for the con-
figurations most likely to be present in our experimental
conditions,18 which are, in decreasing order, the configura-
tions F6V2, F4V, and interstitial fluorine. The most stable
interstitial locations for a single F atom in Si, according to
theory5,7,8,10 and previous experiments,11,12 should be the BC,
T, and AB sites. Yet it was not possible to fit the whole set of
experimental yield curves with the AB, BC, and T sites, nei-
ther individually nor in a linear combination.

For the T site, F atoms should be hidden by the row of Si
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FIG. 1. Angular scans measured for the samples submitted to
SPE+annealing at 750 °C for 60 min ��� shown together with the
simulated curves for the BC �solid line�, T �dashed line�, and AB
�solid line� interstitial sites, as well as for the F4V �dotted line� and
F6V2 �dash-dotted line� complexes. Si experimental angular scans
��� are also shown as reference.

FIG. 2. Projection of the silicon unit cell ��� with the fluorine
�•� symmetrically equivalent positions onto the plane perpendicular
to the �211� axis, in the case of the F4V complex.
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atoms along the channels �100�, �111�, �100�, and �110�, be-
ing, therefore, in apparent incongruity with the experimental
curves.

Regarding the simulations with FnVm �n�4,m�1�
complexes,5,7 when one takes into account all the symmetry
operations of the Si unit cell, there is a huge number of
equivalent positions in the Si cell for each F atom of the
complex, which is similar to a random dispersion of atoms.
This situation can be clearly seen in Fig. 2, for projections of
fluorine symmetrically equivalent positions onto the plane
perpendicular to the �211� axis, in the case of the F4V com-
plex. Such a situation would produce an angular yield curve
roughly constant �Fig. 1� around the respective axis, whereas
the present experimental curves do show structures. The
larger n, the larger the total number of F positions in the Si
unit cell and the closer to constant all the simulated curves
will be. Nonetheless, from the present experimental results,
one cannot rule out the existence of other types of FV com-
plexes than those discussed above.

In summary, the lattice location of F implanted into
preamorphized Si has been studied both after recrystalliza-
tion and after recrystallization plus annealing at 750 °C for
60 min. Channeling studies using the 19F�p ,���16O resonant
nuclear reaction for the detection of the F site have been
performed for six crystallographic directions. The experi-
mental angular yield curves are incompatible with bond-
centered and tetrahedral sites, which were found by ab initio
calculations to be the most likely interstitial sites for F atoms
in Si. Furthermore, the presence at a detectable concentration
of the FnVm �n�4,m�1� clusters theoretically found in
Refs. 5 and 7 is not consistent with the present experimental
results. Finally, it seems that however F acts to decrease the
boron TED in Si, its configuration does not change in the
process.
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