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Luminescence fromb-FeSi2 precipitates in Si. I. Morphology and epitaxial relationship
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The goal of this paper is to investigate the morphology and the structure of ion-beam synthesizedb-FeSi2
precipitates and the defects in the Si matrix by using transmission electron microscopy~TEM! and, in a few
cases, conversion electron Mo¨ssbauer spectroscopy or Rutherford backscattering spectrometry. We shall point
out how the different process parameters affect the resulting structure and the optimum process window for
light emitting application ofb-FeSi2. In particular, we will also show that within the optimum process window
at least two different types of precipitates are obtained in separate regions: small ball-shaped precipitates in the
surface region and large disc-shaped precipitates deeper in the sample. The latter are shown to display a very
good interface to the Si matrix, as obtained by TEM analysis and dedicated molecular dynamics simulation. In
the second part of this paper@Martinelli et al., Phys. Rev. B66, 085320~2002!#, the nature and the origin of
the 1.54-mm photoluminescence signal obtained from our best samples will be analyzed in detail.
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I. INTRODUCTION

In the past 20 years, semiconductingb-FeSi2 has contin-
ued to attract attention due to its potential applications
silicon-based optoelectronic components.1 Optical measure-
ments of the absorption edge on continuousb-FeSi2 films in
and on Si have indicated a very promising energy gap
;0.85 eV (;1.5 mm), still the data analysis did not allow
a definitive indication whether the fundamental gap is dir
or not ~for a recent review, see Ref. 2!. Ab initio band-
structure calculations for the base-centered orthorhombic
with lattice constantsa59.86 Å, b57.79 Å, and c
57.83 Å predicted a direct gap of 0.6–0.8 eV, and an in
rect transition some tens of meV lower in energy.3–9 In con-
nection with the epitaxial relationship with the silicon m
trix, one additional issue to be taken into account is
strain: in fact, someab initio calculations have recentl
pointed out that the gap shape ofb-FeSi2 does depend on
strain, even if the nature is likely to remain indirect.6–8 A
weak photoluminescence~PL! signal from continuous
b-FeSi2 film was only observed at 5 K, despite the hig
quality of the crystalline material, still the origin was n
clear.1 It seemed, therefore, thatb-FeSi2 was an unsuitable
candidate for light emitting applications. However, the rec
observation of room temperature electroluminescence si
at about 1.6mm from ion-beam~IBS! synthesized10 and
molecular beam epitaxy~MBE! grown11 b-FeSi2 microcrys-
tals in Si has drastically renewed the interest of the scien
community in this material. In the former case, a Si wa
was previously implanted with Fe ions at high current and
doses between 131015 and 131017 cm22, then annealed a
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900 °C, and precipitates are formed. During implantation
substrate temperature rose to 500 °C because of the b
heating, so that amorphization of the Si substrate w
avoided. The resulting structure containedb-FeSi2 precipi-
tates of 40–60 nm in size, embedded in a highly defect
region of silicon just below the surface, and a dislocati
network at a depth corresponding to the end of range of
implant.12,13

In order to get a better understanding of the origin of t
1.54 mm light emission from iron-implanted Si, a few criti
cal issues, concerning the evolution of defects and prec
tates with processing parameters as well as the correla
between structural and optical properties, require furt
complementary investigations. Moreover, in a recent pap13

it has been shown that only one type of precipitates~disk-
shaped, with the diameter of 100–200 nm and the thickn
of 20–30 nm! exhibits PL signal.

Both morphology and structure of ion-beam synthesiz
precipitates depend, in a complex way, on several par
eters, such as the implantation temperature, flux and flue
and the annealing temperature. The effect of these par
eters on defect evolution must be taken into account in or
to optimize the process for light emission application
Moreover, the defect distribution may affect the size a
concentration profile of the precipitates. In fact, defects m
act as nucleation centers for precipitation and silicide p
cipitates may be a sink of interstitial silicon, because o
smaller volume per atom inb-FeSi2 (12.5 Å3) with respect
to the one in pure Si (20.01 Å3) ~for details see Sec. III A!.

It is known thatb-FeSi2 appears in two stable phase
nonstoichiometric~Fe deficient! tetragonal metallica phase
©2002 The American Physical Society19-1
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(a52.695 Å andc55.390 Å), stable at temperature abo
;950 °C, and orthorhombic semiconductingb phase, stable
at lower temperatures.14 The existence of two metallic meta
stable phases, not present in the bulk phase diagram, ha
the fluorite structure (g-FeSi2 , a55.389 Å) and the CsCl-
defective structure (a52.7 Å), respectively, has been ob
served in ultrathin epilayers on a Si substrate15–17 or small
coherent precipitates in a Si matrix18–20. Thea phase is bet-
ter lattice matched with Si than theb phase for symmetry
reasons, and the cubicg phase also has the smallest latti
mismatch to Si among the three FeSi2 phases. In small co
herent FeSi2 precipitates thea and g phases have bee
shown by many authors to be stabilized by the epitaxy w
the Si matrix,15–17 as long as the interface energy domina
over the volume energy. Therefore, the phase formed in
nometric precipitates cannot be simply predicted on the b
of the bulk phase diagram.

The goal of this paper is to investigate the morpholo
and the structure of ion-beam synthesizedb-FeSi2 precipi-
tates and the defects in the Si matrix by using transmiss
electron microscopy~TEM! and, in a few cases, conversio
electron Mössbauer spectroscopy~CEMS! or Rutherford
backscattering spectrometry~RBS!. We shall point out how
the different process parameters affect the resulting struc
and the optimum process window for light emitting applic
tion of b-FeSi2. In particular, we will also show that within
the optimum process window at least two different types
precipitates are obtained in separate regions: small b
shaped precipitates in the surface region and large d
shaped precipitates deeper in the sample. The latter
shown to display a very good interface to the Si matrix,
obtained by TEM analysis and dedicated molecular dyna
ics simulation. In the second part of this paper,21 the nature
and origin of the 1.54mm PL signal obtained from our bes
samples will be analyzed in detail.

II. EXPERIMENTAL DETAILS

Float zone Si~100!, with a n-type resistivity of 20V cm
was implanted with Fe ions at several energies in the ra
250–350 keV to doses in the range 1 –531015 cm22. In
most of the cases the substrate was maintained during
plantation at a moderate temperature~between 250 and
300 °C), in order to avoid amorphization. Actually, the bea
current was 0.25mA/cm2 to prevent unintentional beam
heating. The implanted samples were subsequently anne
at temperatures between 700 and 900 °C for different tim
~2–20 h! in a vacuum furnace at a pressure of 231027 torr,
so that formation of iron disilicide precipitates and remov
of the implantation damage were obtained. Some sam
were prepared by implantation at room temperature of
keV Fe ~dose 1.2531015, 2.531015, and 531015 cm22)
into a 700-nm-thick amorphous Si layer produced by
implantation at 77 K at multiple energies. These samp
were then annealed at 600 °C for 1 h to achieve epitaxial
regrowth of the amorphous layer, and at 800 °C for 20 h
promote the formation of the iron disilicide precipitate
Structural characterization of the samples was performed
RBS and channeling using a 2.0 MeV He1 beam and by
08531
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TEM in cross section and in plan view.
In order to analyze the local crystal symmetry or defo

mation of the precipitates, two sets of samples were
planted by57Fe ions to perform CEMS measurements. O
set is obtained at energy of 300 keV,TI5300 °C, and a dose
of 231015 cm22, and then annealed for 20 h at 800 °
Such a sample was analyzed before and after wet etchin
the superficial layer, approximately 200 nm, where sm
ball-shaped precipitates are located. Another set of sam
is prepared at room temperature, with an energy of 200 k
and a dose of 531015 cm22. It was then annealed in N2 for
18 h at 900 °C.

CEMS measurements have been performed at room t
perature using a 50 mCi57Co in a Rh matrix source, which
was moved by a standard constant-acceleration drive. All
spectra were taken with the angleu between the direction o
emission of theg quantum and the surface normal equal
0° or to 80° to check for possible texture and preferen
orientation of the precipitates. The isomer shiftsd are given
relative toa-Fe: a positive value ofd means that the iso
meric transition has a higher energy than ina-Fe. In view of
the negative calibration constant22 this also implies a lower
electron density than ina-Fe. The samples were incorpo
rated as electrodes in a parallel plate avalanche detect23

The detector probes a depthd of about 400 nm with a strong
attenuation ford>200 nm given by the ranges of variou
conversion, Auger and secondary photoelectrons emitted
ter the nuclear resonance absorption.24

Wet etching of the surface region has been carried ou
anodic oxidation and hydrofluoric acid~HF! removal of the
oxide.25 The oxidation is performed by a galvanostat usi
an ethylene glycol/H2O(3%)/KNO3 (0.04M ) solution. The
determination of the removed silicon layers is obtained
photometric measurement of Si concentration in the HF
lution. The estimation of our etching depth by the molybd
num blue method26 turns out to be within 10% in accuracy

III. RESULTS

A. High-temperature implantation

The damage topology in ion-beam synthesized silicid
depends on processing~implantation dose, current, and tem
perature!. However, as a general rule, if the substrate am
phization is avoided, the implantation damage consists
small interstitial clusters.27 These clusters evolve durin
postimplantation annealing and the final defect structure
pends on the annealing temperature. In Fig. 1~a! the cross-
section TEM analysis of as-implanted sample is shown. T
region close to the surface is featureless, free of observ
defects; and the dark spots located at a depth of;400 nm,
corresponding to the end of the range of implanted Fe,
assumed to be interstitial clusters. The micrographs after
nealing at different temperatures are presented in Figs. 1~b!,
1~c!, and 1~d!. A defect band buried at a depth close to t
end of the range is always observed while the type of de
depends on the annealing temperature. In particular, inte
tial clusters and small$311% stacking faults are formed afte
9-2
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LUMINESCENCE FROMb-FeSi2 PRECIPITATES IN Si. I. MORPHOLOGY . . . PHYSICAL REVIEW B 66, 085319 ~2002!
annealing at 700 °C@Fig. 1~b!#. By increasing the annealin
temperature the interstitial clusters dissolve, and at 800
@Fig. 1~c!# the residual defects are represented by small
location loops and$311% stacking faults. At 900 °C@Fig.
1~d!# the stacking faults evolve into dislocations, originati
a band of dislocation lines and loops. The density of resid
defects increases with fluence, nevertheless the formatio
dislocation lines is avoided if the implanted dose and
annealing temperature are kept lower than 431015 cm22

and 900 °C, respectively. The comparison among PL spe
and TEM images of differently treated samples has been
ready reported in Figs. 1 and 2 of Ref. 28 indicating t
800 °C annealing temperature to be the optimal one. We
found out, in agreement with Ref. 29, that annealing times
long as 20 h are needed in order to get maximum PL int
sity. For these reasons, in the following we limit our chara
terization to samples implanted at a dose lower than
31015 cm22 and annealed at 800 °C, where also lo
dislocation-loop density in silicon is formed.

The typical cross-section TEM image of such samples
shown in Fig. 2. The first micrograph@Fig. 2~a!# was taken in
bright field condition using the~220! Si reflection. Diffrac-
tion contrast allows us to detect crystallographic defects
iron silicide precipitates. A surface layer, as thick

FIG. 1. Cross-section TEM images of samples implanted
250 °C with 340 keV Fe 2.531015 cm22 as grown~a!, annealed at
700 °C for 3 h~b!, at 800 °C for 2 h~c!, and at 900 °C for 2 h~d!.
The surface of the samples is at the left side of the images.
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150–250 nm, is completely free of defects and contain
band of small spherical precipitates~top side!. Deeper inside,
up to 500 nm, we find a region of Si in which large dis
shaped iron disilicide precipitates are located, along with
tended defects. The damage is mainly constituted by di
cation loops with a maximum concentration at a depth cl
to the projected ion range, and the defect density slo
decreases with depth. A few dislocation loops are still visi
at 700 nm, well behind the end of range of ions. In order
enhance the visibility of precipitates, the micrograph in F
2~b! was taken after tilting the sample in such a way that
the reflections around to the silicon zone axes were far fr
the exact Bragg positions. This configuration strongly
duces the diffraction contrast arising from defects, which c
be barely distinguished in Fig. 2~b!. Conversely, the iron
silicide precipitates are well visible and appear dark in
micrograph. It is clearly seen that two types of precipitat
having well-defined epitaxial relationship with the substra
~as will be shown later!, are present: small ones, ball shape
with diameter of 15–30 nm in the outer layer, and lar
ones, disk-shaped, at a depth corresponding to the proje
ion range. The latter are essentially platelets with~101!
b-FeSi2 preferentially oriented parallel to the Si$111%
planes. Their diameter in the long side is 1004200 nm,
whereas their thickness is 20–30 nm. This issue indica

t

FIG. 2. Bright-field cross-section TEM micrograph of Si~100!
implanted with Fe at 340 keV Fe to a dose of 2.531015cm22, at
TI5300 °C and annealed at 800 °C for 23 h. The panel~a! is taken
in two-beam configuration using the~200! Si reflection. In panel~b!
the same region of the sample is analyzed far form the Bragg c
dition for any spots around the Si zone axis.
9-3
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M. G. GRIMALDI et al. PHYSICAL REVIEW B 66, 085319 ~2002!
pronounced anisotropic growth since the curved border
the rim of a plate are highly mobile,30 whilst the interfaces
along the direction perpendicular to theb-FeSi2 ~101! mi-
grate only by a ledge mechanism27.

The presence of the two types of precipitates located
different depth can be interpreted in terms of heterogene
nucleation of iron disilicide precipitates at the defects a
peared during implantation into the Si matrix. In fact, t
primary defects generated by the ion beam are point def
~interstitial and vacancies! which, at high temperatures, ar
mobile and do form clusters.31,32 Because of the differen
momentum transfer during collisions, the vacancy clust
are closer to the surface with respect to the interstitial on
Thus, the two types of precipitates could have origina
from nucleation occurring at the vacancy clusters~ball-
shaped precipitates! as well as at the interstitial cluster
~disk-shaped precipitates!. The larger size of the latters coul
also be due to an enhancement of the silicide growth rat
the presence of an excess of interstitial Si.

Selected area diffraction patterns show the existence
a well-defined epitaxial relationship between the subst
and the precipitates. The most common epitaxy is~110!
b-FeSi2i(11̄1) Si with @001# b-FeSi2i@110# Si or ~101!
b-FeSi2i(11̄1) with @010# b-FeSi2i@110# Si. It is difficult to
distinguish between the two because of the large simila
between theb and c lattice constants of theb-FeSi2. The
~110!, or ~101! planes are, with the same probability, paral
to the four equivalent$111% Si planes. Therefore, the pro
jected image of a large precipitate will be different depen
ing on the spatial orientation of the precipitate. In Fig. 2~b!,
for example, the rodlike precipitates are platelets with~110!
or ~101! b-FeSi2 parallel to the two~111! Si planes perpen
dicular to the image. The elliptical shapes correspond, on
contrary, to the other two~111! planes. The precipitates ex
hibit Moirè fringes~Figs. 3, 4, and 5! due to the interference
between Si andb-FeSi2 crystal planes of different spacing
In the general case, where the spacing of the relevant la
planes ared1 ~Si! and d2 (b-FeSi2) and the angle betwee
them isw, the MoirèspacingD is given by

FIG. 3. High magnification of the most common disc-shap
precipitate and the corresponding diffraction pattern.

FIG. 4. High magnification of a disc-shaped precipitate and
corresponding diffraction pattern.
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d1d2

Ad1
21d2

222d1d2cosw
.

The angleQ of the Moirè pattern relative to the planes o
spacing d1 is given by

Q5
d1sinw

Ad1
21d2

222d1d2cosw
.

We measured the Moire` fringes spacing with an accurac
DD/D52% and the angleQ with an errorDQ53°, from
which the interplanar distanced2 can be calculated to a goo
accuracy.

The micrographs of Figs. 3, 4, and 5 are taken in tw
beam conditions using the~220! silicon reflection under ki-
nematical contrast. They show the magnified structure
some large~Figs. 3 and 4! and small~Fig. 5! precipitates.
The weak extra spots superimposed on the pattern of
~110! Si pole in the diffraction of Fig. 3 derive from the
precipitate shown on the left. The fundamental pattern du
the silicide has been recognized and indexed although do
diffractions complicate the pattern. The Moire` fringes in the
precipitate of Fig. 3 arise from the interference of the bea
diffracted by the~220! Si and~040! b-FeSi2. Using the mea-
sured fringe spacingD58.32 nm andQ514° @with respect
to the ~110! Si# we have determinedd250.1963 nm andw
50.3°. In evaluating the error on the interplanar distance
calculated2 vs D andQ within the experimental indetermi
nation and we found thatDd2 /d2;0.2%. By considering the
bulk lattice parameters ofb-FeSi2, the expected interplana
distance is 0.1948 and 0.1958 nm~0.5% difference! for the
~004! and ~040! set of planes, respectively. Thus, the inte
planar distance calculated by the analysis of the Mo`
fringes is very close, within the error, to that one of~040!
b-FeSi2, and this suggests that in precipitates the epita
consists mainly of~101! b-FeSi2i~11̄1! Si. Most of the large
precipitates exhibit this type of epitaxy~in agreement with
literature data,1,2! with the exception of a few grains~about 1
over 20! in which the~011! b-FeSi2 are parallel to the~110!
Si planes with@211̄# b-FeSi2i@11̄0# Si ~Fig. 4!. The funda-
mental pattern due to the silicide has been recognized
indexed in the diffraction shown on the rigth side of th
figure. The Moire` fringes, deriving from the interference o
~066! b-FeSi2 with ~440! Si planes, have a spacing of 2.5
nm and are parallel to the~440! Si planes. Analysis of the
fringes indicates that the~066! b-FeSi2 are parallel to the
~440! Si planes and that the~066! distance is 0.0926
60.0001 nm to be compared with 0.0921 nm expected

d

e

FIG. 5. High magnification of a small ball-shaped precipita
and the corresponding diffraction pattern.
9-4
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LUMINESCENCE FROMb-FeSi2 PRECIPITATES IN Si. I. MORPHOLOGY . . . PHYSICAL REVIEW B 66, 085319 ~2002!
bulk b-FeSi2. For each one of the large precipitates that
considered, the Moire` parameters allowed for an accura
evaluation of the interplanar distance in theb-FeSi2 plate-
lets, and the obtained values match~within 0.5%! those ex-
pected of bulkb-FeSi2. We deduce that the large precipitat
are mostly relaxed.

The diffraction pattern of Fig. 5, which corresponds
nearly half of the small spherical grains, shows that su
particles areb-FeSi2 precipitates having the following epi
taxial relationship: ~100! b-FeSi2i~111! Si with @012̄#
b-FeSi2i@11̄0# Si. In particular, the~400!, ~421!, and ~44̄2̄!
precipitate spots are very close to the~111!, ~220!, and~004!
silicon spots and do produce Moire` fringes. By a detailed
analysis of the fringe spacing and angles we estimated
interplanar distances of thoseb-FeSi2 planes, obtaining the
following values: 0.25960.002,0.20160.002, and 0.136
60.004 nm, respectively. The interplanar distances obtai
by the analysis on small precipitates differ considerably fr
the ones calculated by using the bulk lattice paramet
0.247 nm, 0.201 nm, and 0.142 nm for the~400!, ~421!, and
~44̄2̄! b-FeSi2 planes, respectively. Such an issue sugge
that the small spherical precipitates are heavily strained, w
orthorhombic lattice parameters corresponding toa
51.036 nm, b50.736 nm, and c50.740 nm, which
means an increase ina by 4.8% and a decrease inb andc by
5.5% with respect to the bulk material.

B. Room-temperature implantation

The RBS spectra relative to the as-implanted~with 5
31015 cm22 at RT into a 700-nm-thick amorphous silicon!
and annealed samples are shown in Figs. 6 and 7, res
tively. The concentration profile of the as-implanted Fe
gaussian with a maximum concentration of 2
31020 cm23 at a depth of;250 nm. The amorphous S
completely recrystallizes after annealing at 600 °C~Fig. 7!,
and the Fe distribution is shifted toward the surface with
maximum concentration of 3.531020 cm23 at a depth of
;120 nm ~Fig. 6!. A small amount of Fe (;10% of the

FIG. 6. Fe concentration profile in as-implanted amorphous
~solid line!, after annealing at 600 °C for 2 h~dashed line! and
800 °C for 20 h~dot-dashed line! as detected by RBS of 2.0 MeV
He1 beam.
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implanted dose! is segregated at the sample surface. T
modifications of the Fe profile are prototypical for a proce
in which segregation of the impurities occurs at the mov
amorphous-crystalline interface during the solid-phase e
taxial regrowth of Si. In fact, it is known that the solid solu
bility of several transition metals in crystalline Si is lowe
than that in amorphous Si.33 Because of this difference, im
purity accumulates in the amorphous layer as
amorphous-cystalline interface moves toward the surf
during epitaxial crystallization. When the impurity conce
tration in the amorphous layer exceeds the amorphous s
solubility, precipitation of the impurity occurs. The resultin
impurity concentration profile after annealing cannot be
ted as a simple diffusion process driven by the concentra
gradient. TEM analysis, presented in Fig. 8, shows that
Fe retained inside the layer consists of very small iron s
cide clusters. The Fe peak at the sample surface disapp
after the successive annealing at 800 °C, because it is
tered into the growing iron disilicide precipitates. The cry

i

FIG. 7. Channeling RBS spectra of the sample in Fig. 6 for a
MeV He1 beam.

FIG. 8. Cross-section bright-field image of the Fe-implant
amorphous silicon after annealing at 600 °C for 2 h and then at
800 °C for 23 h.
9-5
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M. G. GRIMALDI et al. PHYSICAL REVIEW B 66, 085319 ~2002!
talline quality of regrown Si is excellent, as testified by t
reduction of the backscattering yield. The ratio of the ch
neled to the random yield~Fig. 7! just below the surface
peak is 4%, representative of a defect-free Si single crys
The very good quality of the sample is also confirmed
cross-section TEM analysis displayed in Fig. 8. Only sph
cal precipitates with a diameter of;20 nm are visible and
the layer is completely free of defects. Therefore, the cr
talline quality is better with respect to samples implanted
high temperature~Fig. 2!. The reason for this property relay
on the processing~a superior crystalline quality is general
achieved by solid-phase epitaxy of amorphous Si! and on the
absence of the strain field induced by the coherence betw
the silicon and the precipitates. The latter ones are in
randomly oriented, as it is clearly seen from the diffracti
pattern along the@110# Si pole shown in Fig. 9. Rings be
longing to b-FeSi2 are evident, and the dark field image
constructed on the different rings confirm a mainly rand
distribution of the precipitates. Still, these very nice samp
do not provide any PL signal suggesting that a good qua
b-FeSi2 structure in nanometric precipitates is not a su
cient issue to get light out of them. More indications w
come from CEMS measurements and molecular dynam
simulations.

C. CEMS measurements

The CEMS spectra, presented in Fig. 10, correspond
different samples: a reference polycrystallineb-FeSi2, and
two samples obtained at room- and high-temperature imp
tation. The Mössbauer parameters, isomer shiftsd, linewidth
G, quadrupole splittingD, and area ratioA2 /A1, between the
high- and low-energy quadrupole components, as well as
spectral fraction are summarized in Table I.

The polycrystalline sample reveals CEMS parameters
good agreement with those observed in epitaxial layers
b-FeSi2.34

The spectra of sample implanted at room temperature
consistent only to fully relaxedb-FeSi2 precipitates. The ob-
served angular dependence of the ratioA2 /A1 indicates par-
tial orientation of the precipitates.

The situation is more complicated for the sample i
planted at high temperature. The smaller effect~total area/
background! can be fully attributed to the lower dose and t
higher implantation energy. A fit with only two quadrupo

FIG. 9. Diffraction pattern along the@100# Si pole of the Fe
implanted amorphous Si after annealing at 600 °C for 2 h and then
800 °C for 20 h and dark field plan view image using the be
diffracted inside the ring.
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doublets was found to be inadequate. A fit with four quad
pole doublets, two of them related to the relaxedb-FeSi2
(FeI and FeII ) and the other two to a strainedb-FeSi2 phase
(FeIII and FeIV), as revealed by TEM, gives a reasonablex2

~1.09!. As expected, the population fraction of FeI and FeII
are identical, within the experimental error.

By taking into account the TEM results, indicating th
the relaxedb-FeSi2 precipitates are located at a depth f
larger than 250 nm, the spectral areas of FeI and FeII are
strongly attenuated, while those related to FeIII and FeIV ,
probably originated from strained spherical precipitates
the surface region, are less attenuated. A confirmation
such precipitates are located mainly in a region closer to
surface is provided by the reduction of the intensity of t
FeIII and FeIV lines after chemical etching@Fig. 10~d!#. Due
to the presence of several epitaxial relationships with
crystalline matrix~and of the corresponding strain value!, as
indicated by the TEM analysis, it is impossible to analyze
data with more complex fits, even by taking into account
possible occurrence of metastable phases.35 Actually, the
shoulder observed at lower energy~positive velocity! could
be related to the presence of thea-FeSi2. Still, the difficulty
in taking into account the presence of this phase is due to
complexity of its CEMS spectrum.35–37

FIG. 10. CEMS spectra of different samples:b-FeSi2 polycris-
talline sample~a!; sample implanted at room temperature~b!;
sample implanted at high temperature before~c! and after~d! etch-
ing. The spectra were taken with the angleQ between the direction
of emission of theg quantum and the surface normal equal to 0
9-6
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TABLE I. Mössbauer parameters of FeI and FeII in b-FeSi2 and for the investigated samples (d relative
to a-Fe at room temperature!. The error bars on the last digit are reported in parentheses.

Sample Site d(mm/s) G(mm/s) D(mm/s) Specral area % RatioA2/A1

Pollycrystalline FeI 0.079~8! 0.23~2! 0.537~8! 51~1! 1
FeII 0.088~8! 0.23~2! 0.288~8! 49~1! 1

Implanted at FeI 0.077~8! 0.23~1! 0.54~1! 50~1! 1.32~5!

room temperature FeII 0.098~5! 0.23~1! 0.31~1! 50~1! 0.77~5!

Implanted at FeI 0.080~8! 0.25~1! 0.53~1! 7~1! 1.0
high temperature FeII 0.099~5! 0.25~1! 0.35~1! 8~1! 1.0

FeIII 0.19~5! 0.27~1! 0.66~1! 39~1! 1.0
FeVI 0.18~5! 0.27~1! 0.28~1! 46~1! 1.0

Implanted at FeI 0.080~5! 0.25~1! 0.53~1! 24~4! 1.0
high temperature FeII 0.099~5! 0.25~1! 0.35~1! 39~5! 1.0
with etching of 200 nm FeIII 0.19~5! 0.27~1! 0.66~1! 24~1! 1.0

FeVI 0.18~5! 0.27~1! 0.28~1! 13~1! 1.0
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From these results we can conclude that the small sph
cal precipitates randomly oriented in a Si recrystallized m
trix ~RT implantation! are fully relaxedb-FeSi2, as the large
disk-shaped precipitates located between 250 and 500 n
the samples implanted at high temperature, whereas
small spherical precipitates in the surface region of the la
samples are different in strain and possibly in phase too

D. Molecular dynamics simulation

In order to understand the reasons why our large prec
tates display a disk-shaped morphology with big and
interfaceb-FeSi2~110! or ~101!iSi~111!, we have to conside
the crystallographic origin of the orthorhombic structure.
Fig. 11 the correspondence between four tetragonal cells~the
ones giving rise to the orthorhombic conventional cell af
the Jahn-Teller distortion! and eight cubic CaF2 cells of the
parentg-FeSi2 phase is shown. We note thatb-FeSi2 ~110!
or ~101! coincides withg-FeSi2 ~111! and thatb-FeSi2 ~100!
corresponds tog-FeSi2 ~100!, after a 45° rotation along the
vertical ^100& axis. Now, g-FeSi2 has only Si sites corre
sponding to the Si sites of silicon in the~111! plane, whereas
the ~100! plane ofg-FeSi2 displays a double Si density wit
respect to Si~100!. Therefore, we expectb-FeSi2~110! or
~101!iSi~111! to display a good correspondence of the silic
atoms in theb-FeSi2 plane to the ones in Si diamond, but fo
the limited variations in the atomic positions and the latt
parameters provided by the Jahn-Teller distortion. In Fig.
such a top view of interfaces is reported, displaying the
sitions of theb-FeSi2 silicon atoms~open circles! and the
positions of the Si-diamond atoms~full circles!, when the
relevant lattice mismatch of the formers~Fig. 12, bottom
side! is accommodated by strain. Actually, the elastic ene
provided by settingb-FeSi2 ~101! or ~110! on top of Si~111!
in a coherent growth is the largest one among most of
possible epitaxial relationships, both calculated by tig
binding potentials with a full molecular dynamic
relaxation38 and obtained byab initio optimization.6 Since
our TEM analysis indicates that theb-FeSi2 platelets are
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fully relaxed in bulk structure, it is a meaningful item t
understand how the silicon matrix@half of the bulk modulus
of b-FeSi2 ~Ref. 9!# rearranges near theb-FeSi2 ~101! or
~110!iSi~111! interface in order to accommodate the inte
face stress, by taking full advantage of the good matching
the atomic positions.

To this end we simulated by classical molecular dynam
with a Tersoff potential39 the structural relaxation of a silicon
slab on top of twob-FeSi2 ~110! silicon planes, which are
kept fixed in their bulk positions. The latter ones correspo
to nine surface cells alongb-FeSi2 ^110& and 50 cells along
b-FeSi2 ^001& whereas the Si slab, 28 atomic planes on t
of the two fixed Si planes (4.78 nm all together! with a free
surface, corresponds to 51 cells along Si^110& (39.17 nm)

FIG. 11. Correspondence between four ‘‘tetragonal’’b-FeSi2
conventional cells before the Jahn-Teller distortion~black lines! and
eight cubicg-FeSi2 cells ~gray lines!. The ~110! or ~101! plane of
former superimposes to the~111! plane of the latter~shaded areas!.
b-FeSi2 ~100! corresponds tog-FeSi2 ~100!, but for an in-plane
rotation by 45°.
9-7
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and 17 cells along Sî112& (11.31 nm), giving rise to a
different Si areal density and to a negligible lattice misma
~some 1023%).

Starting by the initial conditions where the structural m
match is uniformly distributed along the interface cell@Fig.
13~a!#, we performed a simulated annealing for 104 172
atoms by rising the temperature to 400 K for 0.3 ns, a
quenching it to 0 K for 10 ps. Figure 13~b! presents the
corresponding top view of the interface, which displays la
coherent areas separated by narrow regions where the la
misfit is accommodated. Such regions can be classifiedA
andB types@Fig. 13~c!#, corresponding to two stacking fau

FIG. 12. Top view of the atomic matching atb-FeSi2iSi inter-
faces. The projection of one orthorhombic cell of iron disilicide
shown, where the open and the solid circles correspond to Si a
in b-FeSi2 and in the silicon matrix, respectively. The strains in t
plane (e) are also reported.

FIG. 13. Top view of theb-FeSi2 ~110!iSi ~111! interface~as
thick as two atomic layers!, taken from theb-FeSi2 side, before~a!
and after~b! atomic relaxation. Open circles correspond to the fix
Si atoms inb-FeSi2, solid circles are the simulated Si atoms of t
silicon matrix. A map of the regions related to the different m
match conditions is reported in panel~c! ~see text!.
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configurations for diamond silicon, named SFA and SFB,
displayed in a cross section view in Fig. 14. Here it is se
that the coherent region corresponds to the us
AABBCCAA stacking (C8A8 label the b-FeSi2 planes!,
whereas a staking faultC8A8CAABB. . . corresponds to
SFA and a staking faultC8A8BCCAA. . . corresponds to
SFB.

Three nice results are obtained by such a rearrangem
First, the elastic energy by bond stretching at the interfac
minimized; second, no dangling bonds are produced at
interface ~that is not likely to be the case for the relaxe
ball-shaped precipitates in the recrystallized matrix!, since
the SFA and SFB regions display silicon overcoordinat
~Fig. 14!; third, the interface is mesoscopically flat~as it
appears in the TEM cross sections!, but for a slight deforma-
tion of the Si slab at the SFA and SFB regions. The lat
issue is barely visible in Fig. 15. There a full cross sect
including two SFA regions is reported, along with the ind
cation of the Burger circles around them, indicating the m
fit dislocations at the interface.

IV. CONCLUSIONS

In this paper we report an extensive investigation on m
phological and structural properties of FeSi2 precipitates in
silicon, produced by IBS process.

The samples obtained by implantation at RT in am
phous silicon give rise to the best structural properties. W
this process high-quality ball-shaped (;20 nm in diameter!
relaxedb-FeSi2 precipitates randomly oriented in a defec

s

FIG. 14. Cross section of theb-FeSi2 ~110!iSi ~111! interface
~as thick as two atomic layers!, corresponding to matched~coher-
ent!, A andB defected areas, as shown in Fig. 13.

FIG. 15. Cross section of the full simulation cell including tw
SFA regions, corresponding to a vertical line in Fig. 13. The Bur
circles around the SFA region indicate that one atomic plane is th
missing. Open and solid circles stand for Si atoms inb-FeSi2 and
the silicon matrix, respectively.
9-8
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free Si matrix are generated during the epitaxial regrowth
the amorphous Si. In spite of the excellent crystalline qua
of both precipitates and Si matrix, no PL signal was detec
in a preliminary characterization of the samples.

Many authors10–13,28,29have reported light emission from
b-FeSi2 nanocrystals enbedded in silicon. In order to clar
the correlation between morphology and structure of both
matrix and FeSi2 precipitates from one side and the possib
ity to observe a radiative recombination into the latters
the other side, we have extended our investigation to a se
samples that are known13,28 to provide a PL signal. In thes
samples two populations of precipitates different in mic
structure and performance are unavoidably obtained. Fo
nately, such populations are spatially far apart and can
characterized separately. Precipitates close to the Si su
are small (;20 nm), ball-shaped, and strained by the e
taxy inside a defect-free matrix. The ones close to the en
range of the implanted ion are fully relaxed, disc-shaped~as
large as;200 nm), and surrounded by the defects due
the accommodation of the lattice mismatch. Most of the
ter ones exhibit the epitaxial relationshipb-FeSi2 ~101! or
~110!iSi ~111! and despite the presence of some defects, t
originate a PL signal, as it is suggested in Refs. 21 and
,
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.
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We believe that the best morphology turns out to be
one of the disk-shaped precipitates, since the large interfa
areab-FeSi2 ~101! or ~110!iSi ~111! luckily displays a per-
fect atomic matching. Somehow a similar, still not so ef
cient, situation is provided byb-FeSi2 ~100!iSi ~100!, as it is
obtained by MBE reactive epitaxy of FeSi2 microcrystals on
Si ~100! performed by the authors of Refs. 11 and 29, wh
PL and electroluminescence signals are actually observe

The reason why both the small spherical precipitates
tained by RT implantation or the strained ones at the surf
layers of the high-temperature implanted samples~here the
presence of metallica-FeSi2 is not excluded! do not contrib-
ute to PL signal is probably the presence of dangling bo
at the interfaces, acting as nonradiative recombination c
ters. This issue will be also addressed in the second pa
this paper.
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