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Luminescence fromb-FeSi2 precipitates in Si. II: Origin and nature of the photoluminescence
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In this paper we present photoluminescence, photoreflectance, and absorbance measurements on silicon
samples withb-FeSi2 precipitates, as structurally characterized in the first part of this paper@M. G. Grimaldi
et al., Phys. Rev. B66, 085319~2002!#. By comparing the photoluminescence measurements in different
experimental conditions and with excitation energy above and below the silicon threshold, by considering the
direct gap estimations by photoreflectance and absorption, we argue that the 1.54mm photoluminescence peak
in the spectra is produced by an indirect transition in the disc-shaped precipitates. However, the latter ones are
predicted to be the most efficient configuration, acting as a trapping well for carriers generated in the silicon
matrix, and displaying a high structural quality with no dangling bonds at theb-FeSi2 /Si interface. Our simple
model, based on band lineup at the interface, is also able to explain the temperature quenching of the photo-
luminescence peak.

DOI: 10.1103/PhysRevB.66.085320 PACS number~s!: 78.55.Hx, 78.30.Hv, 61.72.Hh
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I. INTRODUCTION

The aim of this second paper is to show that photolu
nescence from the samples described in the first part of
paper1 does originate from the particular disc-shaped prec
tates~platelets! of b-FeSi2 obtained at the end of range o
the implanted iron. Actually we will show that it arises ne
ther from other smaller and ball-shaped precipitates, wh
are also present nearby the surface, nor from defects in
con ~the well knownD1 band2!. In addition to that, we in-
vestigate the nature of the fundamental gap, which is stil
open question.

According to absorbance, reflectance, and photorefl
tance measurements,b-FeSi2 single crystals and thin films
~both poly and mono, prepared by different techniques! were
shown to have a direct gap ranging at room temperature f
0.80 to 0.89 eV@Refs. 3–16~Table I!#. A few papers4,6,11also
report an indirect gap some tens of meV lower than the di
one, in agreement with most of the calculations.17–23 How-
ever, previous photoluminescence measurements on sam
with b-FeSi2 precipitates24–28 have demonstrated a signal
1.54 mm ~0.805 eV! which rapidly quenches with tempera
ture. Moreover, it appears in literature25–28 ~and by our pre-
liminary data, quoted in the first part of this paper1! that the
luminescence crucially depends on the microstructure of
b-FeSi2 particles and on the interface structure betwe
them and the silicon matrix. Assessing the relationship
tween the direct and the indirect gaps in this material
0163-1829/2002/66~8!/085320~9!/$20.00 66 0853
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already been attempted by several papers for epitaxial
films.11,29Still defects and the microstructural changes occ
ring in case of precipitates need a full structural charac
ization of the samples~which has been outlined in Ref. 1!
and a combined investigation with different optical tec
niques, such as photoluminescence~PL!, photoreflectance
~PR!, and absorbance, along with a theoretical interpretat
This is what will be described in the following sections, en
ing up with a model which, in our opinion, is able to expla
also the quenching with temperature of the PL signal, and
very puzzling question why PL arises from suitable preci
tates and not from good-quality epitaxial films.

II. EXPERIMENTAL DETAILS

In order to focus our investigation on the most efficie
samples analyzed in Ref. 1, here we consider two sets w
have been maintained at 300 °C during the implantation
300 keV Fe ions into float zone Si~100! (n-type resistivity
of 20 V cm). The implantation doses of iron were 2 an
431015 at/cm2 in order to compare the competitive actio
of implantation defects vs FeSi2 amount. At each implanta
tion run silicon samples both polished on one and two fa
are simultaneously loaded. The beam current is kept
0.25 mA/cm2 to prevent unintentional beam heating. Th
implanted samples are suitably annealed at 800 °C for 2
©2002 The American Physical Society20-1
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TABLE I. Reported literature data on the value and the nature of the gap inb-FeSi2. Room temperature is intended if it is not specifie

Sample type Preparation technique Analysis technique Direct gap
~eV!

Indirect gap1Eph

~eV!
Ref.

Thin film IBS and solid state react. R&T inversion 0.80 3
Thin film 100 nm ion implantation Photothermal deflection 0.83 0.78 4
Polycrystalline thin film evapotarion1 RTA Absorbance 0.84 5
Polycrystalline thin film sputtering Absorbance 0.84 — 0.90~80 K! 0.83 ~80 K! 6
Polycrystalline thin film IBS on Si~001! Transmittance 0.847 — 0.901~10 K! 7
Thin film EB deposition Absorbance 0.85 8
Bulk polycristal melting Photothermal deflection 0.85 10
Thin film 18 and 35 nm sublimation on Si~111! R&T inversion 0.85 9
Epitaxial thin film MBE deposition Absorbance 0.87 0.765a 11
Thin film 670 nm IBS on Si~001! R&T inversion 0.87 12
Thin film reactive deposition — SPE Photoreflectance 0.871 1
Epitaxial thin film MBE deposition R&T inversion 0.89 — 0.93~10 K! 14
Thin film IBS on Si~100! R&T inversion 0.89 15
Single crystal flux transport Photoconductivity 0.894~80 K! 16

aBare gap; the reported value forEph is 35 meV.
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in a vacuum furnace at a pressure of 231027 Torr in order
to form iron disilicide precipitates and to remove the impla
tation damage.

One set of unimplanted samples is also thermally
nealed in the same conditions to get a reference for op
investigations. In order to discriminate between the contri
tion of small ball-shaped precipitates formed nearby the s
face and the larger platelets located at a depth between
and 500 nm~as described in Ref. 1!, we etched both the
samples prepared for photoluminescence and photore
tance measurements~one-face polished!, and for absorption
measurements~two-face polished!.

The etching was performed by anodic oxidation of t
surface and hydrofluoric acid~HF! removal of the oxide up
to 550 nm.30 The oxidation is carried out by a galvanost
using an ethylene glycol/H20 ~3%!/KNO3 ~0.04 M! solution,
and the determination of the removed silicon layers is
tained by photometric measurement of Si concentration
the HF solution. The estimation of our etching depth by
molybdenum blue method31 turns out to be within 10% in
accuracy.

We perform PL measurements exciting the samples
a 805 nm~1.54 eV! GaAs quantum well laser in the rang
131024–5 W cm22 and by a 1300 nm~0.953 eV, below
the silicon gap! InGaAs laser diode at 0.5 Wcm22, with a
spot of 1 mm2. The 805 nm laser is used to excite carrie
both in b-FeSi2 and Si ~the penetration length is 10mm)
while the 1300 nm photons are absorbed only by theb-FeSi2
precipitates. The sample temperature was varied betwee
and 200 K by a closed cycle cryocooler. Luminescence w
analyzed by a 25 cm focal length single monochromator~Jar-
rel Ash 82/410 model!, detected by a thermoelectricall
cooled InGaAs photodiode with built-in preamplifie
@Hamamatsu G6122S~BD2077 model!# and amplified by the
lock-in technique. The reported spectra are 7 nm in res
tion and 2 nm in accuracy. The reproducibility of the inte
sity is within 5%.
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PR measurements at room temperature are performe
near-normal incidence in the 0.75–0.95 eV range, with
ergy steps and spectral resolution of 1 meV. A 100 W ha
gen lamp is used as a probe source in conjunction wit
double grating monochromator. The excitation source wa
20 mW He-Ne laser and, during a second run of measu
ments, a 200 mW frequency doubled Nd:YAG laser, m
chanically chopped at a frequency of 30 and 70 Hz, resp
tively. The size of the spot on the sample is about 1 m2

and the detector was a thermoelectrically cooled InGa
photodiode. We find that the selected values of the mod
tion frequency and excitation source power optimize
signal-to-noise ratio, according to the results of Ref. 12.

We have investigated PR response of one face polis
samples, in order to reduce secondary reflection from
backside. The penetration depth of both the probe source
the laser beam is high enough to reach theb-FeSi2 precipi-
tates, which lay not more than 500 nm from the surface.
this reason measurements are affected by a high offset s
because of the photoluminescence originated by precipit
and silicon. The PR background was electronically bleac
by lock-in acquisition system.

Transmittance of two face polished samples implanted
different doses is measured by using two different equ
ment, in order to compare the results and verify any poss
instrumental source of error, a double-beam, doub
monochromator photospectrometer model Varian Cary 5,
a Fourier Transform Step-scan instrument model Bru
IFS66s, with a nitrogen cooled InSb detector. Low tempe
ture measurements down to 15 K are performed with
means of a closed-circuit gas-flow cryostat. In each sam
the unimplanted substrate is taken as a reference and
absorbancies are determined with a spectral resolution
nm.

Particular attention is paid to positioning the sample a
to focusing the light on it, in order to obtain a high repr
ducibility and to avoid spurious contributions to the transm
0-2
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LUMINESCENCE FROMb-FeSi2 PRECIPITATES IN Si. II. ORIGIN . . . PHYSICAL REVIEW B 66, 085320 ~2002!
tance; the measurements are repeated several times to c
the effect of any change in the configuration. The shape
the spectra is always well reproduced, but for an error
0.5% due to the uncertainty in the baseline, giving rise t
rigid shift of the whole spectrum~see below!.

III. RESULTS

A. Photoluminescence

In Fig. 1 the PL spectra of the samples at 13 K are
ported. It should be mentioned here that the intensity of
intrinsic luminescence of silicon in the regio
1.09–1.20mm ~1.03–1.14 eV! is not significantly modified
with respect to the one of the unimplanted sample, indica
that the crystalline quality of the implanted samples is rat
good. The presented PL spectra~from 1.3 to 1.7 mm) pos-
sess four well-resolved peaks at 1.54, 1.47, 1.42,
1.35 mm ~0.805, 0.844, 0.873, and 0.918 eV, respectively! at
low temperature. The most intense one is at 1.54mm, which
can be attributed to a recombination in iron disilicide preci
tates and to theD1 band in silicon~this point will be dis-
cussed more in detail later on!. The weak peaks at 1.42 an
1.35 mm are related to theD2 band in silicon and to a
radiation damage center involving carbon, respectively.2 The
origin of the 1.47 mm peak is a donor-acceptor transition
silicon: it can be confirmed by a shift of the peak towar
smaller wavelengths with increasing the pump power,32 as is
shown in Fig. 2.

As reported in a recent paper by some of us,24 by using a
low-energy Ar beam to etch the sample and by measuring
photoluminescence spectra after a progressive removal o
surface layers, it has been shown that the luminescence
at 1.54 mm derives from the region of the sample whe
large platelet precipitates are located, at a depth close to
end of range of the implanted ions. However, the Ar bo
bardment induces structural defects in the sample, resulte

FIG. 1. PL spectra (T513 K) of samples with different implan
tation dose of Fe. The intensity of silicon intrinsic luminescence
the same for the implanted samples.
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a broad PL band in the 1.2–1.6mm range~0.77–1.03 eV!.
In order to avoid such a damage we have repeated this
periment by using anodic oxidation and removing first 1
nm of silicon. The corresponding PL spectrum after th
etching is compared to that one of the as-prepared samp
Fig. 3, demonstrating an enhancement of the 1.54mm peak.
This issue can be attributed to a greater density of free
riers reaching the platelets, because of the disappearan
the ball-shaped precipitates along with a reduction of
nonradiative recombination centers, as confirmed by the
hancement of the intrinsic silicon luminescence. After ad
tional etching up to 380 nm~note that our sample still con
tains a small part of the platelets! the intensity of the peak a
1.54 mm is strongly reduced~Fig. 3!, in agreement with the
result obtained with the ion etching.24 The peak finally dis-
appears after removing up to 550 nm, the entire region wh
the disc-shaped precipitates are located. The residual PL
nal nearby 1.54mm can be due to dislocations (D1 band! in
Si, as confirmed by the presence of a peak at the energ
the D2 band.2

s

FIG. 2. Position of the luminescence peak (T513 K) at about
1.47 mm as function of the excitation power for the sample im
planted with 231015 at/cm2.

FIG. 3. PL spectra (T513 K) of the sample implanted with
231015 at/cm2 after etching~see text!.
0-3
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L. MARTINELLI et al. PHYSICAL REVIEW B 66, 085320 ~2002!
Moreover, in order to distinguish between theD1 band
and a recombination inb-FeSi2, we have measured PL spe
tra of a sample containingb-FeSi2 precipitates and of a plas
tically deformed silicon sample by exciting with a 805 n
~1.54 eV! and a 1300 nm~0.954 eV! laser ~Fig. 4!. The
photons at 805 nm should be absorbed both from Si
b-FeSi2, whereas only theb-FeSi2 precipitates are suppose
to absorb the 1300 nm photons, as suggested by Le
et al.33 By 1.54 eV excitation@Fig. 4~a!# both the samples
show a similar intensity in the PL signal at about 1.54mm:
in the iron implanted sample is due to a recombination
b-FeSi2 or to dislocations (D1 band2!, in the plastically de-
formed sample is due to dislocations.

The situation is different in the case of excitation at 0.9
eV, below silicon gap@Fig. 4~b!#. These photons, lager i
energy than theb-FeSi2 direct gap~Table I! excite carriers
into the precipitates, whereas they are possibly absorbe
dislocations through a process involving localized states
the defect core. However, a weak PL signal is visible
1.54 mm only is the case of sample containingb-FeSi2 pre-
cipitates, whereas no signal is detectable from the plastic
deformed sample, indicating than the excitation below s
con gap of theD1 band is a very inefficient process.

This issue evidences that the 1.54mm band is mainly due
to a radiative recombination inb-FeSi2 precipitates~in par-
ticular, the platelets! even if we cannot exclude the presen
of some contribution also from dislocations.

We have also fitted the experimental dependence of
1.54 mm peak position on temperature~from 13 to 215 K!,
by applying the semiempirical Varshni’s law32 ~Fig. 5!. There
is no indication of any ionization of localized states in th
plot and we can conclude that this emission is originated
a band to band transition in the disilicide, even at low te
perature.

FIG. 4. PL spectra (T513 K) of the sample containingb-FeSi2
precipitates~solid line! and the plastically deformed silicon samp
~dashed line! exciting with 805 nm~a! and 1300 nm~b! laser. In the
panel b the baseline of the spectra is shifted up by the stray ligh
the excitation laser.
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In order to distinguish the contribution of the excitation
b-FeSi2 precipitates by direct photon absorption and by ca
ture of free carriers generated in Si we have compared in
6 the PL spectra at 13 K obtained either by exciting t
sample with the 805 nm laser incident from the front or fro
the back surface. Since the thickness of the sam
(330 mm) is about 30 times larger than the penetrati
length of the 805 nm radiation in Si, no photons are direc
absorbed by the silicide when it is excited from the ba
side. In this case, the PL signal at 1.54mm is only due to
carriers diffused tob-FeSi2 precipitates.

It is also interesting to trace how the behavior of t
1.54 mm peak depends on the temperature and pump po
By increasing the temperature the intensity drastically lo
ers. The activation energy of the thermal quenching of
luminescence~Fig. 7! is estimated to be 0.2360.02 eV.
Such a value is in a good agreement to the ones reporte
Ref. 25 ~0.2 eV! and Ref. 24~0.26 eV!. The energy of the

of

FIG. 5. Position of 1.54mm luminescence peak as a function
temperature.

FIG. 6. PL spectra (T513 K) of the sample implanted with
231015 at/cm2 exciting on the front or back side.
0-4
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LUMINESCENCE FROMb-FeSi2 PRECIPITATES IN Si. II. ORIGIN . . . PHYSICAL REVIEW B 66, 085320 ~2002!
maximum and the width of the PL band at 1.54mm are
reported as a function of the pump power in Fig. 8, show
a moderate increase only for power density greater tha
few W cm22 as a consequence of band filling. The width
the PL peak at low excitation density at 15 K~11 meV! can
be attributed to the variation in the energy gap for differe
platelets, because of confinement along the small width
these precipitates~some 20 nm!. In order to estimate this
issue, we have calculated the effective mass of electrons
holes34,35 ~summarized in Table II! in the framework of the
full-potential ab initio method outlined in Ref. 21. An ex
ceedingly large value for the electrons at theL* point was
predicted due to the very flat nature of thed bands. However,
in the valence band maximum at the Y point, where la
p-state contributions are found,11 we havemh50.25me and
the confinement energy for holes in a platelet as thick as
nm is about 6 meV, and it turns to 2 meV for a thickness
20 nm. The confinement is obviously negligible in case
electrons~due to the large effective mass, Table II! and for
the holes along the disc facesb-FeSi2 ~101! or ~110!.

FIG. 7. PL intensity of the 1.54mm peak as a function o
temperature.

FIG. 8. Position and FWHM of the luminescence peakT
513 K) at 1.54 mm as a function of the excitation power for th
sample implanted with 231015 at/cm2.
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B. Photoreflectance

Photoreflectance is very useful in assessing the direct
of the precipitates,36 and in considering its relation to th
different microstructure. In Fig. 9 the PR spectrum is
ported before and after the removal of 190 nm thick surfa
layer. According to Aspnes37 we have fitted the line shape o
the modulated reflectance signal (D R/R) around any critical
point ~CP! with the usual expression

D R

R
5Re@Ceif~E2Ec1 iG!2n#,

where C and f are an amplitude coefficient and a pha
factor, respectively. They are related to the experimen
setup and to the electrooptic modulation mechanism of
native electric field at the surface of the sample. The ex
nent n is determined by the type of CP. Following Ref. 1
we assume a valuen52.5, which is valid for three-
dimensional CP describing~direct! band to band transitions
in bulk samples.37,38 Ec and G are the physical parameter
related to the transition energy and the line broadening,
spectively.

In order to fit the first of our spectra@Fig. 9~a!#, taken at a
modulation frequency of 30 Hz, we need a two line mod
which yields the values Ec150.8160.005 eV, G1
531 meV, Ec250.8760.005 eV, andG2517 meV. The

TABLE II. The principle-axis components of the effective-ma
tensor~given in units of the free-electron mass! for holes and elec-
trons inb-FeSi2.

L* Y
mxx myy mzz mxx myy mzz

Hole 1.11 0.83 0.81 0.21 0.27 0.27
Electrons @1 1.27 0.83 8.83

FIG. 9. Photoreflectance spectra at room temperature of sam
implanted with 231015 at/cm2: ~a! using a He-Ne laser chopped a
20 Hz; ~b! using a Nd:YAG laser chopped at 70 Hz before and~c!
after the removing of a 190 nm layer from the sample surface.
0-5
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L. MARTINELLI et al. PHYSICAL REVIEW B 66, 085320 ~2002!
second structure corresponds to the one observed by W
et al.13 on ab-FeSi2 thin film.

A further measurement on a second sample obtained
the same preparation parameters, by a more powerful l
~modulated at 70 Hz!, produces the spectrum displayed
Fig. 9~b!. The result is very similar to the precedent one, b
for a phase change due to the different experimental co
tions, and a small blueshift of the first PR feature. Finally,
measurement performed on a sample where the first 190
have been removed from the surface by wet etching, sh
the spectrum reported in Fig. 9~c!. The first structure at abou
0.81–0.83 eV disappears, whereas the one at 0.87 eV
creases in intensity. As a conclusion, one can ascribe
low-energy structure to small ball shaped precipitates n
the surface, giving rise to a relatively big contribution
photoreflectance because of the more efficient modula
mechanism. The contribution corresponding to the large~lu-
minescent! platelets is modulated around 0.87 eV~at room
temperature!, in agreement to the results obtained for th
films.13

C. Absorption

A complementary investigation is provided by absorban
measurements, which are, in fact, very sensitive to the
fects present in the sample. Thus, it is clearly seen that
shape of the absorbance curves of the two samples with
ferent implantation doses is not the same@Fig. 10~a!#. In this

FIG. 10. Absorbance spectra (T5300 K) of samples with dif-
ferent implantation dose~a! and after etching~b!, along with their
difference. For sake of comparison, the absorbance spectrum
implant-damaged sample~c! is reported from Ref. 39.
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case it is also interesting to plot the difference between
two spectra@Fig. 10~a!# and compare it with the results re
ported in the literature concerning the implantation-rela
defects in silicon. The spectral features of the differen
curve closely resemble those of a damaged sample by
implantation presented in Fig. 10~c!. In particular, the broad
structure centered at about 0.7 eV has been ascribed to d
levels produced by implant and its strength has been co
lated to the implantation doses.39 Another defect componen
~such as dislocations! could also affect the absorption in
crease near 1 eV. Actually, some very small anomalies w
observed in the low temperature absorbance spectra ar
0.88 and 0.92 eV, which could be related to the detected 1
and 1.35 mm PL peaks. Contributions from defects shou
be responsible for the nonzero absorbance values betw
0.5 eV and the absorption edge of iron disilicide~0.7–0.8
eV!; this is particularly evident for the sample with high
implantation dose@Fig. 10~a!#.

Moreover, as already observed in the PR measureme
the small ball-shaped precipitates ofb-FeSi2 close to the
surface also affect our results. Actually, after etching ab
190 nm the spectrum, which is mainly stemming from t
large disk-shaped precipitates, has a sizeable increase i
tensity just after 0.8 eV@Fig. 10~b!#. The difference curve
here contains both defect and strained precipitate contr
tions, and it is slightly different with respect to the one pr
sented in Fig. 10~a!. We also note that such spurious cont
butions give rise to a smooth, almost constant upward shi
the absorbance at the 0.7–0.9 eV spectral region@Fig. 10~b!#.

Still, as observed before, a lack of proportionality see
to exist between the absorbance intensities and the impla
tion dose. We found a better quantitative agreement by c
sidering the phase and interface effects, implying a contri
tion to the optical response, as related to the real part of
complex refraction index and to the spatial distribution of t
iron disilicide precipitates inside the substrate. By using
appropriate model of the samples~as deduced from TEM
images presented in Ref. 1! and the optical functions re
ported in the literature40 one can fairly well reproduce ou
experimental results with an iron content corresponding
the implantation doses.

Absorbance provides a characterization of the gap nat
still in our case we have to pay attention to the defect c
tribution. We decided~1! to take the sample implanted wit
the lowest dose to be the reference one, having the low
defect density;~2! to assume that a defect-related absorba
background is affecting the results below 0.7 eV and to s
our baseline up to the value measured at 0.7 eV. The sec
point is essentially given ‘‘ad hoc’’ and can be justified on
the basis of the defect spectrum shown in Fig. 10~c! and
observation given in Fig. 10~b!. The plot of the square ab
sorbance vs. frequency corrected by taking the baselin
shown in Fig. 11. A similar result was obtained for th
sample with the larger dose. The plot points to a direct g
value ~at RT! close to the energy of the first structure o
served in PR at 0.81–0.83 eV. One has to consider that
strained precipitates~as well as the defects near the surfac!
are also affecting the absorbance by adding a smooth co
bution to it @Fig. 10~b!#. As a matter of fact, the absorbanc

an
0-6



o

d

a
th
it

ct

a
s

s
ec
t t
e

l,

s-
e

o be
e

t or
mi-
ip
o-

-
th
im
tu

a

nted
00

LUMINESCENCE FROMb-FeSi2 PRECIPITATES IN Si. II. ORIGIN . . . PHYSICAL REVIEW B 66, 085320 ~2002!
of the etched sample at RT indicates a larger value of ab
0.85 eV~Fig. 11!. The most reliable evaluation of the~direct!
gap of the large, disk-shaped precipitates is then obtaine
finding the change in the slope of the absorbance~the peak of
the first derivative36!. Thus, in Fig. 12 the absorbancies me
sured on the nonetched sample are shown together with
derivatives demonstrating the evolution of the spectra w
the temperature and the shift of the main structure conne
with the absorption edge ofb-FeSi2.

The direct gap is evaluated to be 0.83560.010 eV at
room temperature, increasing up to 0.90060.005 eV at low
temperature. For the sake of comparison our gap values
plotted in Fig. 13 together with some results on thin film
from literature.

We also tried to extend the analysis of our absorbancie
the indirect gap. Some qualitative indications of an indir
gap behavior exist, but the intensity is so low with respec
noise that any quantitative evaluation is completely hinder

IV. MODEL AND CONCLUSIONS

Despite many data~both experimental and theoretica
several of them contradictory one with another! have been

FIG. 11. Square of the absorbance spectra measured on
sample implanted with 231015 at/cm2 at several temperatures be
tween 15 and 300 K. The crossing of the linear behavior at
highest energies with the baseline is shown to indicate one est
tion of the direct gap energy. For comparison, the room tempera
spectrum of the sample implanted with 431015 at/cm2 after the
etching of the first 190 nm from the surface is also shown~dotted
line!. These data have been reduced by a factor 0.5 to be comp
to the data of a different implant dose.
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collected in literature on the origin and nature of lumine
cence fromb-FeSi2, three basic questions still remain to b
assessed in the most efficient situation, which appears t
the one of the iron disilicide precipitates in silicon. Is th
1.54 mm luminescence originated byb-FeSi2 precipitates or
it comes from nearby defects? Is it generated by a direc
an indirect recombination of the carriers? How does the
crostructure~size, morphology, and epitaxial relationsh
with silicon! affect the efficiency of the luminescence pr
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re

red

FIG. 12. Absorbance spectra measured on the sample impla
with 231015 at/cm2 at several temperatures between 15 and 3
K. The corresponding derivatives are also shown~lines are drawn as
a guide to eye!.

FIG. 13. Temperature dependence of direct transition~as in-
ferred from Figs. 11 and 12! in comparison with some literature
data.
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cess? Here we present our interpretation and a model, w
explains the activation energy of the PL thermal quench
and the rather good efficiency of the platelet configuratio

The first and the last questions are fairly well settled
many concurring experimental evidences reported in this
per: by the analysis of the TEM images and the prediction
the molecular dynamics simulation in Ref. 1, where our lo
dose samples are predicted to have very few defects ne
the platelets~just behind them!; by the decrease of the P
signal intensity in progressively removing the region whe
the platelets are located; by the PL excitation at the energ
between the gap of Si and the estimated one ofb-FeSi2,
showing luminescence in the case of our samples, not in
case of mechanically induced dislocations in unimplan
silicon ~see discussion of Fig. 4!. Moreover, one additiona
proof will be provided by our interpretation of the activatio
energy for the temperature quenching in the following:
this end a good estimation of the gap size is first necess
In fact, a wide spread of values is reported in the literat
and a tentative summary of the situation is presented
Table I.

Some papers report a direct gap around 0.8 eV; so
others~few ones! suggest a value larger than 0.87 eV at roo
temperature, whereas the most part of the references ind
a value ranging from 0.83 to 0.85 eV for the direct gap a
an indirect gap 50 to 70 meV below. Actually, it is difficult t
disentangle the spectral shape at the absorption edge
interference effects, impurity, and defects absorption. Mo
over, the material properties themselves can also be affe
by strain and orientation of the crystalline grains. The o
three papers reporting the temperature evolution of the di
gap agree~despite the different sample form and measu
ment techniques! in finding a value around 0.9 eV at lowe
temperatures, decreasing down to 0.84–0.85 eV at ro
temperature. Such results are reported in Fig. 13 toge
with our data.

The position of the slope change in our absorbance s
tra for precipitates~Fig. 12! almost perfectly agrees with th
literature data~thin films or single crystals!. The extrapola-
tion from the plots of our results in Fig. 11 suggests a low
value for the direct gap. This is because of the contribut
coming from different type of precipitates. Some of the
~small and ballshaped1! are under stress and a variation
their gap value is expected. In particular, for the strain
configuration reported in Ref. 1 we estimated by pseudo
tentials calculations that the gap, still indirect, is sizea
reduced.17 In fact, the results of photoreflectance measu
ments, which is a technique selectively sensitive to a dir
gap related transition@band-band or exciton41# exhibit two
structures: the one at 0.87 eV~RT! is the same as reported i
the literature for this experiment on thin films; the other on
at 0.81–0.83 eV~RT!, seems to be compatible with the lo
gap value suggested by Fig. 11. As a matter of fact
samples contain small ball-shaped nanocrystals near the
face and larger relaxed platelets at a deeper distance from
surface~as described in Ref. 1!. The measurements after re
moving the first ones~etching 190 nm! showed the low en-
ergy structure to be related to such strained nanocrys
@Figs. 9~c! and 10~b!#. Therefore, we believe the more rel
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able direct gap value of theb-FeSi2 platelets has to be
around 0.85–0.86 eV at room temperature, as obtained
the etched sample, increasing up to 0.90 eV at the low
temperature.

Anyway is clear that the value obtained for direct gap
incompatible with the PL structure observed at 1.54mm
~0.805 eV! at lower temperatures. From absorption measu
ments on our samples, becouse of the small amount of
cide present, is impossible to obtain information about
indirect gap. However, by considering the response to
1300 nm exciting radiation and an average absorbanc
331023 at the same wavelength, as deduced by the ab
bance data, we have estimated the efficiency at 13 K of
radiative transition at 1.54mm to be of the order of 1026,
very close to the one measured for silicon intrinsic lumin
cence. Therefore, by assuming the 1.54mm peak to refer to
an indirect transition, also on the basis of the small PL e
ciency and the long lifetime (60ms, as reported in Ref. 24!,
we estimate its energy at RT by summingEphonon

@;0.035 eV~Ref. 11!# to the PL peack at low temperatur
~0.802 eV! and extrapolating the value at RT by the Varsh
fit of Fig. 5. We obtainEg

ind50.776 eV at RT, which is in
good agreement with the value obtained by an absorp
measurement on a epitaxialb-FeSi2 film on Si,11 when the
contribution of the excitons at the absorbance is subtrac

This picture is also consistent to the very recent full p
tential calculations by some of us21 and to most of the pre-
viousab initio calculations,17–20,22,23reporting a direct gap a
the Y point and an indirect gap between the valence ba
maximum atY and the conduction band minimum, approx
mately midway alongG-Z, some 50 meV smaller. Moreove
the low value of the oscillator strength of these indirect a
direct transitions has been estimated and it is shown to b
intrinsic feature ofb-FeSi2.21–23 Therefore, for what con-
cerns the second question, it is very likely that the fundam
tal gap nature is indirect and that it corresponds to the
estimated by PL at 0.776 eV in RT measurements.

In case of platelets an indirect transition could be efficie
only if nonradiative centers are avoided and the electron-h
pairs are confined into the precipitates. In fact, the interf
defects are minimized by the very good structural match
at theb-FeSi2(110) or~101! interface with Si~111! on rather
big area, and no dangling bonds are also predicted the1

Moreover, by considering the value of conduction band o
set reported in Refs. 42 and 43DECB50.22 eV and the gap
size at low temperatures of silicon~1.17 eV! and b-FeSi2
~0.84 eV, as deduced from PL measurements! we obtain
DEVB50.11 eV. This picture is consistent to a trapping
electron-hole pairs~mostly produced in the silicon matrix!
into the disilicide~see discussion to Fig. 6!, and to an acti-
vation energy of the temperature quenching~Fig. 7! equal to
the energy required for the escape from the platelets of b
carriers.

In conclusion we believe the poor efficiency of good qu
ity epitaxial films to be partially related to the absence
trapping regions for the electron-hole pairs, partially to t
presence of surface recombination centers. From the o
0-8
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side, the low oscillator strength for interband transitio
across the gap, as predicted byab initio calculations21–23and
the very limited quantity ofb-FeSi2 material with the suit-
able epitaxial relationship in the best implanted samples
restrict the applicationb-FeSi2-diode to the case of a larg
injection of carriers, as it has been very recently reported
Suemasuet al.44
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