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We investigated the optical absorption of the fundamental band edge and the origin of the emission
from B-FeSi, nanoparticles synthesized by ion-beam-induced epitaxial crystallization of Fe*
implanted SiO,/Si(100) followed by thermal annealing. From micro-Raman scattering and
transmission electron microscopy measurements it was possible to attest the formation of strained
B-FeSi, nanoparticles and its structural quality. The optical absorption near the fundamental gap
edge of B-FeSi, nanoparticles evaluated by spectroscopic ellipsometry showed a step structure
characteristic of an indirect fundamental gap material. Photoluminescence spectroscopy
measurements at each synthesis stage revealed complex emissions in the 0.7-0.9 eV spectral region,
with different intensities and morphologies strongly dependent on thermal treatment temperature.
Spectral deconvolution into four transition lines at 0.795, 0.809, 0.851, and 0.873 eV was
performed. We concluded that the emission at 0.795 eV may be related to a radiative direct transition
from the direct conduction band to an acceptor level and that the emission at 0.809 eV derives from
a recombination of an indirect bound exciton to this acceptor level of B-FeSi,. Emissions 0.851 and
0.873 eV were confirmed to be typical dislocation-related photoluminescence centers in Si. From
the energy balance we determined the fundamental indirect and direct band gap energies to be 0.856
and 0.867 eV, respectively. An illustrative energy band diagram derived from a proposed model to
explain the possible transition processes involved is presented. © 2010 American Institute of

Physics. [doi:10.1063/1.3391977]

I. INTRODUCTION

Semiconducting silicides are of significant interest as a
possible route to obtain novel silicon-based technologies in
optoelectronics and optical interconnects." Among the
transition-metal silicides, semiconductor S-FeSi, has re-
ceived considerable attention as a promising material for ap-
plication in photodetectors,2 solar cells,” and light emission
devices,” due to its photoresponse properties in the near-
infrared region at about 1.55 um (Ref. 5) a relevant wave-
length to optical communication.

In the last two decades, the nature of the band gap of this
compound was a matter of debate, as well as the origin of the
photoluminescence (PL) related to the radiative complex for-
mation observed at ~ 0.8 eV, which is still questionable in
some cases due to the concomitant presence of extended de-
fects in the Si matrix. This is especially important when it
involves synthesis by ion beam implantation. These defects
show a few luminescence peaks (the well known lines D1—
0.812 eV, D2-0.875 eV, D3-0.934 eV, and D4-1.000 e¢V)® in
the same spectral range where the recombination emission
from the silicide is expected to be.

Band structure calculations for 3-FeSi, have indicated
that there is a minimum indirect band gap (~ 0.8 eV) a few
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tens of milli-electron-volt below the direct band gap.7 More-
over, this band gap has a high sensitiveness to lattice distor-
tions and it is expected that the presence of suitable strain
fields will make it possible to transform it into a direct one
with a strong oscillator strength.g’9 From this point of view,
the study of the formation of isolated nanoparticles will be of
interest to explore that prediction and additionally to comple-
ment low-dimensional structure knowledge for optoelec-
tronic applications.

Previous experiments by Grimaldi et al. 12 and Martinelli
et al."" showed that elastically strained ball-shaped particles
(formed by ion-beam synthesis) surrounded by a defect-free
matrix do not have luminescence properties, whereas un-
strained disk-shaped particles in a matrix with a large num-
ber of defects emit around 0.805 eV. Absorbance measure-
ments of the latter have suggested the existence of a direct
band gap. Nevertheless, this result is incompatible with the
PL structure they observed. A large number of the experi-
mental results on optical properties of S-FeSi,, available in
the literature, are contradictory or vary considerably under
the same synthesizing techniques, and do not provide a con-
sistent picture of luminescence and fundamental gap deter-
minations.

This work aims to explain the origin of the radiative
transitions at 0.795 and 0.809 eV observed in the PL spectra
at low temperatures of 3-FeSi, nanoparticles synthesized by

© 2010 American Institute of Physics
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an alternative method, ion implantation followed by ion-
beam-induced epitaxial crystallization (IBIEC) and post-
thermal annealing.

The goal is not only to demonstrate that these transitions
come from this material, but also to explain and quantify the
formation of complexes that originate the emission of pho-
tons with such energies. In the process we tested the band
gap conversion-indirect to direct when the nanoparticles are
under strain.>’

In Sec. II we describe the experimental procedures. In
Sec. III we present the obtained experimental results and an
extensive analysis of them. Here, we come to the conclusion
that the emission at 0.795 eV originates from the recombina-
tion of electrons in the direct conduction band with holes in
an acceptor level, and that the emission at 0.809 eV derives
from recombination of indirect bound exciton to the neutral
acceptor mentioned above. We present here a schematic en-
ergy band diagram showing the possible transitions.

Il. EXPERIMENTAL

We used an n-type Czochralski Si (001) wafer (thickness
500 wmm, resistivity 10-20 ) cm) covered with a 30 nm
SiO, (thin film formed by dry-oxidation) as a starting mate-
rial. It has been suggested that the SiO,/Si interface could
reduce considerably the nucleation barrier for ,B—FeSiz.12 To
that purpose Fe* ions were implanted at cryogenic tempera-
ture (~ 90 K) in two steps with different implantation ener-
gies: (i) 70 keV at the fluence of 5X 10" cm™ and (ii) 40
keV at the fluence of 3 X 10" cm™, in order to produce
broad ion distribution near the SiO,/Si interface. The Ruth-
erford backscattering spectrometry concentration-depth pro-
file indicated a peak concentration of ~ 3.5 at. % at 52 nm
from the surface. Previous IBIEC experiments for an ap-
proximate peak concentration have determined the existence
of a single y-FeSi, cubic phase.13 Subsequently, the Fe-
implanted amorphous layer (=105 nm thickness) was re-
crystallized by high energy irradiation with Si* ions at 600
keV (®=6X10' cm™2) with the target kept at 350 °C
(IBIEC process - for a review of this method, see Ref. 14).
After the induced recrystallization, some samples were ther-
mally annealed in a gaseous atmosphere (95% N,
—5% H,:0.5 1/min) at temperatures between 700-900 °C
to ensure complete phase transition and coarsening of the
nanoparticles.

The formation and phase transition were identified
through the micro-Raman scattering spectroscopy (uRSS)
experiments, which also allowed us to obtain information
about the microstructural quality and the strain state of the
nanoparticles. The uRSS measurements were performed at
room temperature using a JY-T64000 Raman system (three
coupled 640 mm monochromators with 1800 grooves/mm
holographic gratings). The spectra were obtained in a back-
scattering geometry with the polarization configuration
z(x,x)Z, being z[I[001]g; and x[I[100]g;— 001(100,100)001
(Porto’s notation). This polarization configuration was cho-
sen according to the Raman selection rules for Si in order to
allow the signals from the synthesized material to be distin-
guished from those of the substrate. The Raman lines were
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excited by the 514.5 nm line of an Ar* ion laser. The average
laser power on the sample surface was 5 mW and the spot
diameter estimated as ~ 0.8 wum. The scattered light was
detected by a liquid nitrogen cooled charge-coupled device
back illuminated detector, with a spectral resolution higher
than 2 cm™!, whereas the accuracy of the peak center was
about +0.05 cm™'. The accumulation time was 1200 s.

The B-FeSi, microstructure of the samples was observed
and characterized by transmission electron microscopy
(TEM) (JEOL 2010 operating at 200 kV). Plan-view and
cross-sectional specimens were prepared using a combina-
tion of mechanical thinning (polished to ~ 30 um) and Ar*
ion milling (the glancing angle of argon ions at 2.5 keV was
as low as 4°).

The optical absorption near the fundamental gap edge of
B-FeSi, nanoparticles was analyzed by spectroscopic ellip-
sometry (SE). Ellipsometry data were acquired with a
variable-angle ellipsometer SOPRA GES-5E equipped with a
high pressure Xe discharge lamp source, a rotating polarizer,
an analysis polarizer (fixed) and a microspot accessory (nu-
merical aperture of 3°) that focuses the light beam into a
small region of the sample surface (365X270 um?). The
near infrared ellipsometric measurements (1—-1.7 um spec-
tral range with step of 0.004 wm) were made at an angle of
incidence of 75° (best measurement sensitivity) at room tem-
perature.

A PL spectroscopy detailed investigation at low tempera-
tures was carried out in a continuous flow variable-
temperature optical He cryostat. The same 514.5 nm line of
Ar* ion laser used in micro-Raman measurements was em-
ployed as a photoexcitation source, with an estimated exci-
tation power density of 45 mW/mm?. The light emission
was dispersed using a single-grating monochromator (SPEX
0.5 m focal length with 600 I/mm grating and 32 A/mm
resolution) and detected by a liquid-N, cooled Ge p—i—n
photodiode in the wavelength region of 1.1-1.8 wum. Stan-
dard lock-in technique was used to improve the signal to
noise ratio. The PL spectra were corrected for the overall
spectral response of the experimental set up.

lll. RESULTS AND DISCUSSION

The Raman spectra in the wave number range between
170 and 270 cm™' are shown in Fig. 1. The spectrum corre-
sponding to the as-IBIEC sample does not show, as expected,
any characteristic Raman peaks for the 3-FeSi, phase. How-
ever, after annealing the sample at 700 °C/1 h, additional
lines are observed at about 194 cm™' (~ 24 meV) and
249 cm™' (~ 31 meV) attributed to Ag-mode-related Ra-
man active'® and at about 177, 200, and 255 cm™! assigned
as contributions of the Raman active B, mode'® of the B
orthorhombic structure. We also observed the Raman inten-
sity enhancement and line narrowing with increasing anneal-
ing temperature, which is caused by the volume increase of
the S-FeSi, nanoparticles via the inhomogeneous Ostwald
ripening process and by the crystallinity improvement of the
material. As evidenced by the very narrow Raman lines, the
sample annealed at 900 °C/7 h has an excellent crystalline
quality. The full width at half maximum (FWHM) of the
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FIG. 1. (Color online) Micro-Raman scattering spectra of samples recrys-
tallized by IBIEC process and subsequently annealed in a gaseous atmo-
sphere at different temperatures and times. The prominent Raman lines at
194 and 249 cm™ are features from active A, modes of the orthorhombic
B-FeSi, phase.

249 cm™' main peak is estimated as 2.3 cm™!, which is
comparable to the values reported for [-FeSi, bulk
crystals.17 The scattering (step) at ~ 226 cm™! comes from
two-phonon scattering transverse acoustic at the critical point
L of the Brillouin zone 2TA(L) of the Si substrate.'® Further-
more, a shoulder at ~ 243 cm™! is better defined as the an-
nealing temperature increases. This peak was also observed
in other 3-FeSi, samples reported previously produced by
several methods,'”*° but it has not been detected in B-FeSi,
single crystals (even under different polarization
conﬁguration).m17 Hence, these observations suggest that
the peak at 243.4 cm™' as shown in Fig. 1 may be associated
to disorder-induced Raman scattering related to Si vacancies
at the matrix/nanoparticles interfacial region.21

The signal intensity at 248.9 cm™! seems to saturate for
samples thermally treated at 900 °C, indicating that anneal-
ing at 900 °C/1 h is sufficient to achieve complete transi-
tion from 7y phase to 8 one. The TEM observations show that
B-FeSi, nanoparticles are formed after thermal annealing and
are localized at the SiO,/Si interface within the Si matrix,
without any preferential orientation. It was also noted that
the increasing treatment temperature leads to an increase in
the nanoparticle size, from 20 =3 nm (for the 700 °C/1 h
treated sample) to 40 =4 nm diameter (after 900 °C treat-
ment for 1 or 7 h) and, at the same time, leads to a decrease
in the nanoparticle density, in agreement with Raman scat-
tering results described above. The Fig. 2 exhibits represen-
tative bright-field TEM micrographs of the 900 °C/7 h an-
nealed sample. The plan-view image, such as Fig. 2(a), taken
along the [001]g; pole reveals that the isolated nanoparticles
produced are dispersed into the substrate. The high-
resolution cross-sectional image [Fig. 2(b)] taken at nearly
[110]s; zone axis, shows in detail an B-FeSi, nanoparticle at
the SiO,/Si interface with a typical hemispherical-like struc-
ture, and according to the plan-view image the base (top
view) of these nanoparticles are approximately circular or
oval.

Moreover, slight Raman shift toward higher energies are
observed for all the lines from iron disilicide [Fig. 1]. This
blueshift can be related to stress effect. In general, for com-
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FIG. 2. Bright-field contrast TEM images of the 900 °C/7 h annealed
sample. (a) Plan-view taken along the [001]g pole, (b) high-resolution
cross-section taken at nearly [110]g; zone axis.

pressive strain, a decrease of the lattice parameter increases
the frequency of the vibrational modes.”> However, it is
known that the increase of the annealing temperature leads to
the nanoparticles+matrix system relaxation (elastic equilib-
rium). In our case, the detected blue shifts of the lines, which
tend to the fully relaxed bulk mode, can be a consequence of
the decreasing of the stress (in both nanoparticles and em-
bedding matrix) after the treatment at higher temperatures.
During the relaxation process, the stress/strain is mostly re-
lieved by the generation of structural disorder (misfit dislo-
cation, lattice mismatch, distorted bonds, etc.); certain types
of defects are created in the host matrix while others are
confined to the SiO,/ B-FeSi,/Si interfaces. These defects, as
will be mentioned later, might act as radiative recombination
centers at low temperature. In summary, the uRSS and TEM
characterization attests the formation of strained [3-FeSi,
nanoparticles and the structural quality of the synthesized
material.

The optical absorption near the fundamental gap edge
was evaluated by the optical parameter-extinction coefficient
(k) obtained by SE. Due to the small amount of silicide
present in the samples (low dose implantation), it was im-
possible to obtain reliable information about the nature of the
band gap through conventional methods such as optical
transmittance/reflectance measurements. In contrast, SE is a
highly sensitive nondestructive technique and has been em-
ployed lately for optical characterization of nanocrystalline
semiconductors materials-providing for surface information
as desired in our study.23 The real (n-refractive index) and
imaginary (k-extinction coefficient) parts of complex refrac-
tive index (N=n-ik) were directly calculated from the mea-
sured ellipsometric angle Psi (i) and phase difference Delta
(A) as a function of wavelength, by fitting of the modeled Psi
and Delta spectra to the experimental spectra. The n and k
values are obtained using the -ellipsometer’s analysis-
modeling software, where the appropriate sample structure
model SiO,(30 nm)/FeSi,(25 nm)/Si(bulk) is utilized. The
analysis-modeling software assumes an isotropic medium
and a homogeneous behavior. With this procedure, the ex-
tinction coefficient obtained represents a mixture of the ex-
tinction coefficients of the constituents of the adjacent re-
gions. Hence, the photon energy dependent optical-
absorption coefficient a(hv), of the sample as a whole, can
be obtained by the following expression:



103508-4 Lang, Amaral, and Meneses

Wavelength [ um ]

1.6 1.55 15 1.45 1.4
© Experimental data - 300 K ,oe
= === Theoretical fitting - Eq. 2 Jo
2.12 /

— Eph ~30.8 meV

1S E ~0.811eV f

O 2.104 9
<r\ a e O]

o Eph Eph 00

Al : ] o

X 2087 61.6 meV )

" ; g

2.06

082 084 08 08 090
Photon Energy [ eV ]

078  0.80

FIG. 3. (Color online) Room temperature optical absorption coefficient (&)
vs photon energy (hv) from sample annealed at 900 °C/7 h. The dashed
lines represent theoretical fitting by Eq. (2) assuming E,,=30.8 meV as the
energy of one phonon.

)
alhv)=4m N (1)

Figure 3 shows the spectral dependence of the optical ab-
sorption coefficient at room temperature of the sample an-
nealed at 900 °C for 7 h, specifically in the energy range
between 0.77 and 0.91 eV (edge-absorption). As shown in
Fig. 3, the optical absorption coefficient magnitude is as high
as 10* ecm™! around 0.8 eV, a typical value of « found for
B-FeSi2.24 The spectrum on the low energy side suggests a
step behavior (with phonons), characteristic of an indirect
fundamental gap material.” In this figure, the points corre-
sponding to E;* (absorption, 0.7802 V) and E ;° (emission,
0.8418 eV) refer to the thresholds of the step of phonon-
assisted indirect transition. Their energy difference, 61.6
meV represents exactly two phonons replicas with energies
equal to 0.0308 eV, which has also been identified as active
by micro-Raman experiments (the highest-intensity peak, see
Fig. 1). This phonon energy value is very close to other
experimentally measured phonons at 31 (Ref. 25) and 30
meV.*® A theoretical calculated value for this energy was
estimated to be 35 meV.”

We have adjusted theoretical curves to the experimental
data (in a process similar to the one used by Udono)”
through the following approximate expression for optical ab-
sorption, assuming indirect allowed optical transition:>®

A(hv-E,+E)? . B(hv-E,—E)*

alh) = 2 e
exp(—Lh> -1 1- exp(— —Lh)
ks T ks T

where E, is the phonon energy involved, and E, is the band-
gap energy. The quantities A and B are parameters containing
the density-of-state effective masses of electrons and holes,
and kg is Boltzmann’s constant. Considering only one pho-
non energy (E,,=30.8 meV) in Eq. (2), we obtained the
value of 0.811 eV for the indirect fundamental gap energy
from the best fitting result (represented by dashed curves in
Fig. 3). The ellipsometry optical data do not show a renor-
malized band gap for the 3-FeSi, nanoparticles, but only an
indirect band gap. In addition, all Raman scattering lines
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FIG. 4. (Color online) Photoluminescence evolution of the thermally treated
samples after the IBIEC process. The PL was excited by an Ar* ion laser
with a 514.5 nm line (~ 45 mW/mm?) and measured at 2 K. The inset
shows the deconvolution of the PL spectrum (for the sample annealed at
900 °C/7 h, circles) into four peaks. The solid lines show the fit results.

from nanoparticles (for this sample 900 °C/7 h) are compa-
rable to 3-FeSi, bulk crystals17 and polycrystalline films'®
regarding both intensity and energy position. Therefore, tak-
ing into consideration the optical properties observed for the
B-FeSi, nanoparticles under both aforementioned experi-
ments we will consider the system under study behaving like
crystalline particles.

Figure 4 shows the PL spectra taken at 2 K for each
synthesis stage. As can be noticed, the evolution of PL emis-
sion spectra is accompanied by the formation process of the
B-FeSi, phase. In accordance with the information obtained
by wuRSS measurements, the stabilization and complete
coarsening of the material occur with thermal treatments at
900 °C. No detectable PL signal was found for the as-
implanted sample. A likely reason for the absence of lumi-
nescence in this sample is the high density of nonradiative
recombination centers produced by the generation of point
defects in the course of implantation (amorphization). The
as-IBIEC sample presented no significant PL emission; just a
very weak peak at 1.00 eV coinciding with the energy of the
D4 line (defects-related) and three excitonic complex emis-
sions from Si substrate. These are indicated in Fig. 4 by
electron-hole droplet EHD™0*I" (1.019 ¢V), EHD™ (1.081
eV), and free exciton FET© (1.096 eV).°

After thermal treatment at 700 °C/1 h, a broad band
appears centered at ~ 0.79 eV. Annealing at 800 °C/1 h,
however, causes a dramatic change in the intensity and in the
morphology of the PL. An intense emission at ~ 0.81 eV
superimposed by a broad shoulder centered at ~ 0.85 eV is
detected. Furthermore, it is also observed the evolution of a
band at ~ 0.79 eV, which contributes enormously to the
spectrum. Upon annealing at higher temperature, such as
900 °C/1 h, the peak (~ 0.81 eV) reaches a maximum in-
tensity, and a new narrow line at ~ 0.87 eV is defined. For
the annealings at 900 °C for 1h and at 900 °C for 7h, the
line-shapes of the emissions and the most intense peak en-
ergy position (at ~ 0.8 eV) are similar and comparable to
those observed in polycrystalline B-FeSi, films.**° We did
not observe any evidence of quantum-confinement effects in
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the nanoparticles. This effect has been observed for this kind
of material when the crystal size is smaller than the exciton
Bohr radius of 3-FeSiy, az (5-6 nm).”'

In order to make a more meaningful distinction, and in
seeking to define and interpret the intrinsic lines from the
B-FeSi, nanoparticles, we considered for analytical purposes
the annealed sample at 900 °C for 7 h (from now on called
S1). The inset of Fig. 4 shows a spectral deconvolution of the
PL spectrum performed for the S1 sample. Gaussian fitting
has determined four well defined emissions centered at 0.795
eV peak 1, at 0.809 eV peak 2, at 0.851 eV peak 3, and at
0.873 eV peak 4. It shall be mentioned that the energy posi-
tions of peaks 2 and 4 coincide exactly with the dislocation-
related PL peaks D1 and D2, respectively. However, there is
a relative consensus among some authors that, in specific
configurations, emissions observed around 0.8 eV are attrib-
uted to optical radiative transitions in the semiconducting
B-FeSi,. >+

For the reasons abovementioned we want to explore the
soundness of the statement that peak 2 originates from the
recombination of [B-FeSi,, and additionally show that the
new line peak 1 is also an intrinsic emission, derived from
the same material. In order to accomplish this, we have un-
dertaken comparative PL experiments using nickel disilicide
to disentangle the B-FeSi, intrinsic luminescence and D1 de-
fects contribution. A new set of samples was synthesized in
the same conditions (implantation/IBIEC/annealing) of the
Fe samples, except that the Fe ions were exchanged by Ni
ions. For comparative analysis, Fig. 5(a) shows two PL spec-
tra (taken at 2 K) from Fe and Ni containing samples which
were thermally treated at 700 °C for 1 h.

One observes that the PL spectra of these two samples
are significantly different. First of all, the detected lumines-
cence from Ni containing sample is fundamentally originated
from radiative recombination of carriers at defects in the Si
matrix (the broad band around 0.85 ¢V and the narrow peak
at 0.9 eV which is attributed to a transition involving a
radiation-damage-produced center).** The introduction of Ni
in the Si substrate does not result in a semiconducting phase.
In contrast, the Fe-implanted sample presents a prominent
band at 0.795 eV, besides the contributions already observed
in the Ni containing sample. Figure 5(b) shows the S1 and Ni
containing samples emission spectra which were synthesized
under equivalent conditions. Comparing them, we can see
that the band at 0.795 eV of the S1 sample disappears in the
Ni-implanted sample spectrum, while the emissions associ-
ated to typical dislocations in Si, including the D1 active
defect around 0.8 eV whose intensity and linewidth
(~ 2.3 mV; ~ 21 meV) differ from the emission at 0.809
eV of sample S1 (~ 4.8 mV; ~ 10 meV) remain in both
samples. These differences both in intensity and linewidth
suggest that the transition 0.809 eV originates from the
B-FeSi, nanoparticles, and that the D1 defect contributes to
the overall 0.809 eV emission observed from the S1 sample.
In Ref. 33, this matter was studied through the implantation
of other elements, with the purpose of distinguishing the in-
trinsic B8-FeSi, PL from the extrinsic Si-substrate PL. As to
the 0.795 eV emission, Figs. 5(a) and 5(b) clearly demon-
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FIG. 5. (Color online) Comparative PL spectra of Fe and Ni samples syn-
thesized in the same conditions (implantation/IBIEC/annealing). (a)
Samples annealed at 700 °C/1 h and (b) samples annealed at 900 °C/7 h.

strate that it emerges only from Fe-implanted samples, thus
also originating from an optical radiative transition intrinsic
to the silicide.

In what follows, we will explain the origin of the com-
plex formation mechanism which results in the above emis-
sions as we understand it. Reporting to the inset of Fig. 4, the
FWHM of the lines 0.795 eV and 0.809 eV are 49 meV and
10 meV, respectively. These values show that the formation
processes of the involved complexes are different. The band
at 0.795 eV has a broad distribution, with a short lifetime
possibly in the nanosecond range, while the band at 0.809 eV
has a much more localized energy and a long lifetime possi-
bly on the order of microseconds. Recombination processes
of these transitions involve in the first case, band-to-band or
band to impurity band, and in the second case, an excitonic
process. In order to discuss the recombination processes, we
show in Fig. 6 the variation of PL with temperature, between
10 and 130 K for S1 sample. Figure 6 shows that as the
temperature increases, the PL associated to exciton process
(0.809 eV) decreases in intensity, in relation to the alleged
band-to-band transition or impurity-band transition (0.795
eV). This trend suggests that at higher temperatures, the
complex involved will ionize and the spectrum will display
only a PL around 0.795 eV or around 0.747 eV at room
temperature. These energy values correspond to the same
transition at 2 K and 300 K, respectively. Both are lower than
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FIG. 6. (Color online) Temperature dependence of the PL intensity of the
sample annealed at 900 °C for 7h. The spectra were acquired in the range
T=10-130 K, with an estimated excitation power density of 45 mW/mm?.
The inset displays the behavior of thermal quenching above 100 K.

the indirect fundamental energy gap at 300 K (0.811 eV)
hence characterizing a transition from the conduction band to
an acceptor impurity level. An acceptor level in B-FeSi, is
reported by several authors.”>”® Quantitative details of the
energy balance will follow after the interpretation of the ex-
citonic transition 0.809 eV (2 K). The transition at 0.809 eV,
as mentioned above, has a linewidth of 10 meV (2 K) and, as
we have seen in Fig. 6, this line practically disappears at 130
K (kgT=11 meV), due to the ionization of the involved qua-
siparticles with the increase of the temperature. Therefore,
we believe that this transition at 0.809 eV is the result of the
recombination of a bound exciton to a neutral acceptor level.

In order to quantitatively demonstrate the complex for-
mation mechanism, we carried out a temperature correction
for the indirect fundamental gap (0.811 eV obtained by el-
lipsometry). Through the analysis of the experimental depen-
dence of the peak energy 0.809 eV as a function of the tem-
perature, and using the semiempirical Varshni relation,”” we
determined the value of the indirect gap energy to be E,
=0.856 eV, at 2 K. The binding energy of the bound exciton
to the neutral acceptor Egg can be calculated by the follow-
ing expression:

EBE(binding) = Eg — Erg — EgE(ansition) — Eph =72 meV,

3)

where, E,=0.856 eV is the fundamental indirect band gap
energy, Egz=9 meV is the free exciton binding energy (of
the bulk B-FeSi, single crystal, in according to Ref. 38),
Epe=0.809 eV is the transition associated to this model and
E;7,=30.8 meV is the phonon energy involved in the indirect
transition - as estimated from data of Fig. 3. Using the ex-
pression of Haynes39 for the binding energy of bound exciton
to a neutral acceptor level E,, we obtain

EgE(binding) = 0-1EA = E5 =72 meV. (4)

This E, value is comparable to those reported for the acti-
vation energy of the deep acceptor level in ,8-FeSi2.40’4]
Thus, the 0.795 eV transition corresponds to a recombination
of an electron in the conduction band to a hole in the deep
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FIG. 7. (Color online) Schematic illustration of energy band structure for
the indirect and direct fundamental gaps and the possible transition pro-
cesses involved in B-FeSi, nanoparticles. Further details of the transitions
are provided in the text.

acceptor level, with binding energy of 72 meV on top of the
valence band. Therefore, the 0.795 eV corresponds to a di-
rect transition, being the direct fundamental gap given by

Egirecl =0.795 eV+0.072 eV =0.867 eV, (5)

which is in good agreement with previous results.'"** The
difference between direct and indirect band gap energies is
11 meV for the average of our [-FeSi, nanoparticles.
Christensen’ reported in a theoretical calculation (for a
defect-free system/fully relaxed) an energy difference of ap-
proximately 35 meV (at T=0 K) between the indirect gap
and the first direct transition. This prediction has been sup-
ported by some other experimental results which showed the
existence of an indirect band gap only a few milli-electron-
volt below a direct gap.43 Figure 7 is a schematic energy
band diagram for the indirect and direct fundamental gaps
and the transition processes involved, constructed by utiliz-
ing the experimental energy measurements (0.809 and 0.795
eV) and the quantification resulted when using the proposed
model. This estimated quasidirect band gap can be explained
by the excellent crystalline quality of the nanoparticles and
by the presence of slight strains derived from lattice distor-
tion effects such as lattice mismatch between -FeSi, and Si
matrix during the growth via thermal annealing which were
detected by stress effect (wRSS experiments).

IV. CONCLUSION

An illustrative energy band diagram derived from a pro-
posed model to explain the possible transition processes in-
volved in 3-FeSi, nanoparticles embedded in SiO,/Si sub-
strate was presented. Explanations concerning the nature of
emissions observed for the S-FeSi, nanoparticles (synthe-
sized by ion implantation followed by IBIEC and post-
thermal annealing) were possible by the analysis of measure-
ments obtained utilizing several spectroscopic optical
techniques. The results were as follows: we concluded that
the transition at 0.795 eV might be an emission from S-FeSi,
nanoparticles as a result of the direct recombination of elec-
trons from a conduction band to holes in an acceptor impu-
rity band. We confirmed that the 0.809 eV transition is also
intrinsic to the 8-FeSi, nanoparticles and might be associated
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to the recombination of indirect bound exciton to the neutral
acceptor whose binding energy is about 72 meV relative to
the valence band top. Emissions at 0.851 and at 0.873 eV
were assigned to be typical dislocation-related PL centers in
Si. From the energy balance we determined the fundamental
indirect band gap to be 0.856 eV and the direct band gap to
be 0.867 eV. The small estimated difference (11 meV) be-
tween the band gaps is probably due to both the excellent
crystalline quality of the 8-FeSi, nanoparticles and the lattice
distortions between iron disilicide and silicon that were com-
pensated by strain in the silicide, which led the gap to be-
come quasidirect.
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