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Optical properties of b-FeSi2 under pressure
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We have investigated the high-pressure optical absorption of Iron disilicide,b-FeSi2, thin films~90 nm in
thickness! prepared from Si/Fe multilayers on Si~001! with template and SiO2 capping. It is found that the
experimental absorption coefficient in the range of photon energy of about 0.3 eV beyond the band gap is a few
orders of magnitude larger than the first-principles calculated absorption coefficient. A possible explanation for
this large absorption coefficient is the saddle-point exciton effect by the calculated band structure. No critical
points with negative hydrostatic pressure coefficients such as those of Si and GaAs are observed inb-FeSi2
near the band gap. The pressure coefficient for the direct band gap ofb-FeSi2 is determined to be 15.9
meV/GPa. This small coefficient is due to the negative deformation potential of the valence-band maximum,
and the large bulk modulus ofb-FeSi2.
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I. INTRODUCTION

Iron disilicide,b-FeSi2, has attracted much attention as
promising material for optoelectronic applications.1,2

b-FeSi2 emits light of 1.55 mm ~0.8 eV! suitable for SiO2
optical fiber communications and can be grown epitaxia
on Si.b-FeSi2 is also known to be a Kankyo semiconduct
~ecologically friendly semiconductor!.3 A well annealed thin-
film sample shows a highest hole mobility of 13 000cm2/Vs
at 50 K, which exceeds the electron mobility.4 Room-
temperature electroluminescence action has been alr
reported.5

There are a growing number of studies on the basic pr
erties ofb-FeSi2. For example, Filonovet al. calculated the
dielectric functions in a wide range of photon energies up
5 eV, and compared these with the ellipsomet
experiments.6 However, the nature of the band gap is still
dispute. Photoluminescence studies suggest thatb-FeSi2 is
direct ~for example, Ref. 1!, but absorption studies sugge
that it is indirect~for example, Ref. 2!. Theoretical studies
predict that the nature of the gap critically depends on
lattice strain ofb-FeSi2.7–9

Here, we performed a first-principles calculation of t
optical properties ofb-FeSi2 focusing on the near-edge ab
sorption coefficient, and report on the high-pressure m
surement of its absorption spectra up to 5 GPa. Note th
part of the experimental work has been reported elsewhe10

II. EXPERIMENTS

The samples used in the present experiment were con
ous and highly@100#-orientedb-FeSi2 films ~90 nm thick-
ness! prepared from Si/Fe multilayers on Si~001! with tem-
plate and SiO2 capping. The films were grown as follows
First, a 20-nm-thickb-FeSi2 epitaxial layer was grown by
reactive deposition epitaxy~Fe deposition on heated Si! at
470 °C as a template to control the crystal orientation
b-FeSi2. Then, 45 layers of the Si~1.6 nm!/Fe~0.5 nm!, cor-
0163-1829/2002/65~16!/165215~5!/$20.00 65 1652
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responding to ab-FeSi2 film of about 90 nm thickness, in
cluding the template, were deposited at room temperat
The Si and Fe were deposited by electron-beam~EB! evapo-
ration, and the deposition rates of Fe and Si were contro
at 0.02 nm/s and 0.1 nm/s, respectively, by an electr
impact emission spectroscopy sensor. After capping the S
multilayers with an EB-evaporated 100-nm-thick SiO2 layer
to prevent aggregation, the films were annealed at 900 °C
14 hrs in Ar to formb-FeSi2 films.11 The grown films were
fully relaxed and the lattice constants were shown to
equal to the values of bulkb-FeSi2 by x-ray measurement
The lattice constants werea50.986 nm,b50.779 nm, and
c50.783 nm, respectively. Thea axis of the grown film was
perpendicular to Si~001!.

High-pressure optical spectra were measured by us
a diamond anvil cell in conjunction with a sho
focal-length spectrometer attached with a 200-
tungsten lamp. Both the sample consisting
Sisub(50 mm)/b-FeSi2(0.09 mm)/SiO2(0.1 mm) and the
reference consisting of Sisub(50 mm)/SiO2(0.1 mm) were
shaped into (2003200-mm2 areas and put into a metal ga
ket with a 4:1 methanol-ethanol mixture as a pressure tra
mitting medium. The Si substrate was thinned to 50mm in
thickness. The transmission measurements were perfor
for both the sample and the reference at various pressu
with the temperature held constant at room temperature.
direction of the incident light was parallel to thea axis but
not polarized.

The absorption coefficients were calculated by the ratio
transmission light intensities between the sample and the
erence. In these experiments, no reflectivity correction w
made due to the difficulties in measuring the reflectivi
However, we employed an empirical method by taking t
baseline of the interference fringe below the absorption e
as the zero value of the absorption coefficient. The abso
tion edge of the Si substrate is around 1.1 eV and the abs
tion coefficient increases with increasing photon energy
©2002 The American Physical Society15-1
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it is only about 200 cm21 at 1.3 eV. This absorption coeffi
cient is fairly small compared with that ofb-FeSi2 in the
range of photon energy investigated, and the SiO2 cap is
more transparent than Si. Consequently, the determined
sorption coefficient ofb-FeSi2 under pressure is reasonab
accurate.

III. COMPUTATIONAL DETAIL

A full-potential linearized augmented plane-wa
~FLAPW! method implemented inWIEN97 code was em-
ployed to calculate the electronic and optical properties
b-FeSi2.12 The calculation was based on the densi
functional theory~DFT! and used a generalized gradient a
proximation. The base set was expanded to about 23103

plane waves outside the core region. A dense sampling u
346 k points in the irreducible Brillouin zone~BZ! was con-
ducted for the self-consistent cycle~SCF!, and the total en-
ergy was converged within 0.1 mRy. The BZ integration w
computed with the modified tetrahedron method13 and a con-
stant matrix element in the tetrahedron was assumed for
calculation of optical properties.

The crystal structure was base-centered orthorhom
(Cmca) and the primitive unit cell consisted of eight F
atoms and 16 Si atoms. The bulk lattice constants and in
nal positions for each atom were attained from previo
experiments.14 Geometry optimization was performed fo
only several structures with different internal free para
eters. This limitation was due to the time-consuming~SCF!
results cycle, i.e., three days for one cycle with a large nu
ber of electrons in the primitive unit cell ofb-FeSi2. All the
investigated structures, however, were higher in the total
ergy than that for the experimental structure.

IV. RESULTS AND DISCUSSION

A. Band structure under pressure

The calculated band structure is shown in Fig. 1. T
valence-band maximum~VBM ! is at Y,(2p/a,0,0), and is
more than 0.1 eV higher than the local maximum along
ZG (L) direction. The conduction-band minimum is alon
theZG (L) direction. Thus, theY-L indirect gap is 0.67 eV
and the direct gap at theY point is 0.73 eV. The next direc
band gap along theZG (L) direction is 0.81 eV. On the othe
hand, the experimental direct band gap is 0.873 eV at ro
temperature as discussed later. The theoretical band g
0.143 eV lower than the experimental result. It is well know
that the DFT theory underestimates the band gap. Compa
this with various different first-principles calculations,7–9,15,16

the topology near the gap is the same except for the qua
tative difference in energy. This topology is in contrast
that of Filonovet al.6 who reported that the VBM was alon
the L direction and theY point was lower than the VBM. It
is also in contrast with the result of Christensen, who s
gested that the VBM was at theG point.17 The scalar-
relativistic linear muffin-tin orbital~LMTO! method was
used for both of these calculations. The LMTO method
sumes the potential to be spherically symmetric in an ato
16521
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sphere, while the FLAPW method makes no shape appr
mation in the form of the potential. The FLAPW metho
accordingly becomes more accurate in all nonisotropic s
tems.

Figure 1 shows the band structure under compression
V/V050.983 together with that at an ambient pressure. T
VBM is taken as the reference, so the relative change of
band gap can be seen. There is no obvious change in
dispersion of the valence band and the conduction band
cept for the uniformly upward shift in energy. This contras
sharply with the band-gap pressure coefficients in comm
semiconductors such as Si and GaAs; in particular,
G andX conduction-band edges are opposite in sign in Si a
GaAs.

It is worth noting that the unit cell ofb-FeSi2 is large
compared with common semiconductors consisting of o
two atoms in the primitive unit cell. Consequently, the BZ
b-FeSi2 is much smaller, and many critical points appear
the BZ edges, which result in the critical-point exciton.18

B. High-pressure absorption experiment

The absorption spectra at various pressures are show
Fig. 2. The absorption edge is known to be around 0.8
and the change in the slopes is seen at around 0.9 eV a
ambient pressure. From the calculated band structure in
1, the first absorption edge is indirect and the second is
rect. To conclude that the first edge is indirect, it is necess

FIG. 1. Band structures atV/V051(d) and 0.983(•) along
high symmetry axes. The valence-band maximum at theY point is
taken as the reference energy.
5-2
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to observe a phonon replica of the absorption spectra
similar way to common semiconductors. However, t
sample here was too thin to observe the absorption co
cient below the indirect gap, where the interference fring
mask the detail of the absorption spectra. On the other h
a very similar result was reported by Henrionet al. for the
molecular beam epitaxy grown film of 750 nm thickness
Si.19 This is about eight times thicker than our sample. He
rion et al. claimed that they observed one phonon emiss
and absorption spectrum, and reported that the indirect e
was at 0.75 eV and the direct edge was at 0.87 eV. Altho
the measurement was limited to the photon energy up to 0
eV, the result of Henrionet al. shows the energy differenc
between the indirect and direct edges is about 0.12 eV. T
separation deviates about 0.06 eV from the calculated b
structure. By increasing pressure, the absorption spe
move in parallel to higher energies up to 5 GPa. There is
observable change in the spectral shape such as that se
GaAs when crossing from the direct to the indirect gap.
estimate the direct band gap at various pressures, an em
cal fit has been employed, as discussed below.

The absorption spectrum is usually analyzed by Eq.~4.1!,
where a single pair of valence and conduction bands
assumed to participate in the photon absorption.

a5
A

\v
~\v2Eg!b. ~4.1!

Here A is the constant including the square of the photo
energy independent optical dipole matrix element,\v is the
photon energy,Eg is the band gap, andb is the parameter
for the joint density of states.20

From the band structure in Fig. 1, it is known that
b-FeSi2 the physical picture of a single pair of valence a
conduction bands for the optical absorption is correct o

TABLE I. Parameter values used to calculate the best fit cur
by Eq. ~4.1! ~see the text!.

P(GPa) A(106 eV12b cm21) b Eg(eV)

1x1025 4.5 0.90 0.875
3.0 4.5 0.90 0.922

FIG. 2. Experimental absorption spectra at various pressures
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for an indirect absorption at a very narrow range of energ
Taking the parameterb as a free parameter, the above equ
tion was employed to fit the experimental spectra of the
rect absorption regime. The best-fit curves were obtai
with b50.90 and the parameter values used are compile
Table I. The best fit curves for 1025 GPa and 3 GPa are
shown in Fig. 3, where only the direct band-gap energyEg
was adjusted. The direct band-gap energy of 0.875 eV a
ambient pressure is in good agreement with the resul
Henrionet al.19 The disagreement between the best-fit cu
and the absorption spectrum at lower energy is due to
indirect absorption edge.

Based on the best-fit curves, the direct band-gap ene
was evaluated at various pressures. The evaluated d
band-gap energies are plotted up to 5 GPa in Fig. 4. We
employed an alternative simple method to evaluate the p
sure coefficient using the plot of the energy versus press
For example, we used a plot at the absorption coefficien
33104 cm21. These two methods give almost the sam
pressure coefficient within the error from the experimen
scatter. This result shows again that the spectra shifts mo
tonically with pressure.

s

FIG. 3. Experimental absorption spectra at two pressures w
the best-fit curves.

FIG. 4. Direct band gap vs pressure. The slope of the linea
line is 15.9 meV/GPa.
5-3
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The evaluated linear pressure coefficient of the dir
band gap is 15.9 meV/GPa. The pressure coefficient of thG
direct gap is, for example, 108 meV/GPa for GaAs.21 Con-
sequently, that ofb-FeSi2 is 6.8 times smaller than that o
GaAs. The bulk modulus ofb-FeSi2 is 180–200 GPa, being
2.4–2.7 times larger than the value 75 GPa for GaAs.16,17,22

This inherent hardness ofb-FeSi2 can account for only abou
40% of the ratio of the pressure coefficient of the direct ba
gap compared to GaAs. On the other hand, the band
deformation potential ofb-FeSi2 at theY point is calculated
to be -2.4 eV from three different volumes ofV/V0
51.0,0.983, and 0.967. The magnitude of this theoret
deformation potential is again 2.4 times smaller than
value -8.33 eV for GaAs.23 The main reason for this differ
ence is that the deformation potential of the VBM inb-FeSi2
is negative from our calculation, which shows that the VB
shifts to higher energy with increasing pressure. This beh
ior is in contrast to that for GaAs and other common se
conductors, for which the deformation potential is oppos
in sign, and therefore, the VBM is lowered in energy. T
chemical picture for this behavior in common semicond
tors is that the VBM is the bonding state.

C. Comparison of experimental and calculated
absorption spectra

The absorption spectra for direct transitions when an e
tric dipole is allowed were calculated along three princip
polarizations. It is known that the calculated band gap wit
the DFT is smaller than the experimental band gap, sim
because the DFT is a ground-state theory. Subsequent
scissor method is often applied, namely, the calculated
sorption spectra are shifted up by a suitable amount of
ergy. In the present case, the calculated spectra are shifte
by 0.143 eV, and shown in Fig. 5 along with the experime
tal absorption curve at an ambient pressure. The experim
tal spectra were measured fory(b) andz(c) polarizations.

The calculated direct absorption coefficient increases
two stages. For example, they component reache
1023 cm21 at around 1.1 eV, and then reaches 105 cm21 at

FIG. 5. Experimental absorption spectrum at ambient pres
and the calculated absorption spectra for three polarizations.
calculated spectra are shifted up by 0.143 eV.
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around 1.25 eV. This two-stage increase also appears fo
other two polarizations. Similarly, no qualitative and quan
tative differences appear in the absorption coefficient for
three polarizations when the energy exceeds about 1.5
The difference is only prominent near the band gap.

The experimental absorption coefficient reaches ab
105 cm21 at about 1.4 eV and is in good agreement with t
calculated result. From this we can see that the direct abs
tion process dominates in the higher-energy region. On
other hand, the experimental absorption coefficient exce
the calculated coefficient by more than two to three orders
magnitude in the range of a half electron volt from the a
sorption edge to the energy where both coefficients coinc
The indirect absorption is not included in this calculatio
although the contribution from this is expected to be sma
than the direct absorption at higher energy.

A possible cause for this strong direct absorption is
saddle-point exciton.18 As known from the calculated ban
structure in Fig. 1, many BZ edges appear, which are du
the low symmetry and the relatively large unit cell, in oth
words, a small BZ. The BZ edges form various saddle poin
On the other hand, the higher-energy saddle-point excito
not resolved into each structure due to a relatively short l
time, and results in a broadening of spectrum.18 This Cou-
lombic excitonic effect increases the absorption coefficien
the lower-energy region. However, the increase is charac
istic depending on the ratio of the exciton binding ener
(EB) to the measure of the bandwidth energy(E0).18 For ex-
ample,EB54.2 and 14.3 meV for GaAs and Si, respective
and E0'1 eV for both.24 For this case, the ratio is only
0.042 to 0.014 and so the absorption enhancement is wea
the continuous spectral region except for the discrete or q
sicontinuous region below the band gap. Inb-FeSi2, the ex-
citon binding energy was reported to be 16 meV by anal
ing the Rydberg series.25 For this case, the dispersion of th
electronic band is weak due to the localizedd electrons in the
electronic band andE0'0.1 eV from the calculated ban

FIG. 6. Calculated absorption spectra at three values
V/V0 :1,0.983, and 0.967.
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structure in Fig. 1. Then the ratio increases to 0.16. T
value is ten times larger than that of GaAs and Si and
sufficient for the enhancement of the absorption in the c
tinuous spectral region beyond the band gap. Thus a la
absorption coefficient beyond the band gap is character
in b-FeSi2.

The absorption spectra under compression were ca
lated for three principal polarizations. The resulting spec
are shown in Fig. 6. It is seen that under pressure the spe
shift in parallel to higher energies, which reproduces
characteristic behavior of the experimental spectra.

V. CONCLUSIONS

A high-pressure optical absorption experiment on epita
ally grown b-FeSi2 on Si ~001! substrate and the first
principles FLAPW calculations of band structure and opti
absorption coefficients have been reported. From the theo
ical band structure, the band gap of relaxed epitaxially gro
b-FeSi2 on Si ~001! substrate is shown to be indirect with
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direct gap lying several tenths of a mev higher. The indir
transition occurs along theZG (L) direction and the direc
transition occurs at theY point. The experimental absorptio
coefficient exceeds the calculated absorption coefficients
more than two orders of magniude particularly in the ran
of 0.3–0.4 eV beyond the direct band gap. We propose th
possible cause for this is the saddle-point excitons. Base
the empirical expression, the pressure coefficient of the
rect band gap is determined to be 15.9 meV/GPa. Two p
sible reasons for this small pressure coefficient compa
with common semiconductors are the negative deforma
potential of the valence-band maximum and the large b
modulus inb-FeSi2.
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