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Ab initio calculations of the electronic structure of B3-FeSi, show that this material, in agreement
with experiment, is a semiconductor. The calculated hole and electron masses of the band-edge
states are ~0.8m,. A particularly strong coupling of the band-edge states to the lattice is suggest-
ed. This may cause the mobilities, even in pure B-FeSi, samples, to be very low at ambient tempera-

ture.

I. INTRODUCTION

Transition-metal disilicides, MSi,, attract an increasing
interest as potential constituents in microelectronic and
optoelectronic devices. Several of the MSi, compounds
can be grown' epitaxially on Si. For example, NiSi, and
CoSi,, which assume the fluorite structure, have lattice
constants that almost match that of Si, and since they are
metallic they are well suited in forming structurally very
perfect! metal-semiconductor contacts (Schottky junc-
tions) with Si. A considerable experimental' and theoreti-
cal® effort has lately been devoted to the study of these
systems. FeSi, would also, as will be shown below, have
been metallic if its crystal structure had been the same as
that of CoSi, and NiSi,. As will be shown, this hypothet-
ical FeSi, phase is highly unstable, and an energy-
lowering distortion drives the system into the complex f3
structure,’ in which FeSi, develops a gap in the electronic
spectrum.* Very few MSi, that are semiconductors are
known; apart from FeSi,, only OsSi, and CrSi,, to our
knowledge, are known to exhibit a forbidden gap. Due to
its semiconducting property, it has been suggested that
B-FeSi, will be well suited to combine the benefits of
silicon-based digital technology with new optoelectronic
devices, optical fiber links, electro-optic interconnects,
and infrared detector arrays. Consequently, studies of
epitaxy of B-FeSi, on Si surfaces have been undertaken.’

II. BAND STRUCTURES

The band-structure calculations are performed within
the density-functional theory,® and we use the local-
density approximation (LDA). The LDA parametriza-
tion by von Barth and Hedin’ is applied. The one-
particle wave equation is solved self-consistently by
means of the scalar-relativistic® linear muffin-tin orbital
(LMTO) method.’

A. Fluorite structure

The fluorite structure can be viewed as a fcc Bravais
lattice with four basis atoms (e.g., for NiSi,), one Ni in
(0,0,0), two Si in (+,1,4)a and (4,4, 3 )a, and one “empty
sphere” (E) in (4,1,1)a. The E sphere is introduced in
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order to optimize the LMTO method.!® We have repeat-
ed the calculation of Ref. 10 for NiSi, and CoSi, in order
to compare to the band structure for FeSi, in the (hy-
pothetical) fluorite structure. Figure 1 shows the density
of states (DOS) for the three compounds. As one would
expect, the general shapes of these DOS functions are
very similar. The major difference relates to the Fermi-
level (Ef) position. In NiSi, and CoSi,, E is above or
close to the top of the M-d regime, but in FeSi,, E falls
right in a very sharp and strong peak of the Fe-d-DOS.
A projection onto cubic harmonics shows that it has E
character (x2-y2, 3z%-1). At first it was puzzling that the
origin in k space of this peak could not be estimated by
plotting the band structure as done in Fig. 2 along select-
ed symmetry lines. No region of flat bands near E is
found (Fig. 2). If, however, we consider the bands along
lines lying in the hexagonal Brillouin-zone face as in Fig.
3, a completely different picture emerges. In large re-
gions very flat bands of Fe d(E,) character are found
near E, and in the regime above E the band structure
along these lines exhibits a large gap (which does not ex-
tend throughout the zone, cf. Fig. 2).

The fact that E is located in the strong DOS peak
[Fig. 1(c)] indicates that the fluorite form of FeSi, is high-
ly unstable; the system can lower its energy by undergo-
ing a transition that causes this peak to split. A splitting
could be obtained if FeSi, would spin polarize. We there-
fore allowed for spin polarization but forced first the
crystal structure to remain as that of CaF,. Indeed, a fer-
romagnetic moment, 0.3u;/f.u. (fu. being the formula
unit), develops and the total energy is lowered.

The ferromagnetic fluorite form of FeSi, is still metal-
lic, and nature prefers to split the strong DOS peak by
distorting the crystal structure in such a way that the E,
peak splits into two, one above Ep and one below. This
distortion may be viewed as a solid-state analogue to the
Jahn-Teller effect. The stable crystal structure, the S
phase, is easily seen® to deviate from the CaF, only
through small deformations and rotations of the cubic
cages in the fluorite structure.

B. Band Structure of B-FeSi,

The band structure of FeSi, is orthorhombic,
a=7.791 A, b=7.883 A, and ¢ =9.863 A (in contrast
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to Ref. 3, Dusausoy et al. we take 2 along the longest
edge and X along a). The primitive cell contains 16 Fe
atoms, grouped in two sets of 8 Fe (1) and 8 Fe(2), i.e.,
there are only two different types of Fe sites. There are
also only two kinds of Si atoms, Si(1) and Si(2), but there
are 16 atoms of each type. The primitive cell thus con-
tains 48 atoms, 16 Fe and 32 Si. The coordinates of these
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FIG. 4. Calculated variation of the pressure FeSi, with lat-
tice spacing expressed via the average atomic-sphere radius, S,,
(in units of bohrs). [(64)(47/3)S3, =abc, the volume of the
primitive cell]l. S§°F and S§®* are the values corresponding to
the theoretical and experimental equilibrium volumes, respec-
tively, for the B-phase. The theoretical equation of state for the
fluorite structure is shown for comparison. The bulk moduli
calculated at the indicated volumes are denoted B,. Those with
superscripts theor are evaluated at the theoretical equilibrium
volumes.

576X 576. In spite of the fact that we need to introduce
the E spheres, standard diagonalization procedures can
easily be used because the LMTO uses a minimal basis
set, resulting in this moderate size of the matrices.

Initial iterations were made by using only three special
k points, but the last 10 iterations used k space sampling
over 22 special points. The calculations were performed
for six different volumes, specified through the average
atomic-sphere radius, S,,, and Fig. 4 shows the calculat-
ed volume variation of the pressure as derived from the
total energy. The minimum of the total energy is found
for §,,=2.45 a.u., which deviates by less than 1% from
the experimental value, 2.4715 a.u.

Figure 5 shows the total density of states, and it is seen
that (even) the LDA band structure predicts 3-FeSi, to be
a semiconductor. The gap has opened as a consequence
of splitting of the E, peak in the fluorite-type DOS, and it
is therefore not surprising that the band-edge states in -
FeSi, are mainly of Fe d character. It would then also be
natural to assume that the bands at the valence-band
maximum (VBM) and conduction-band maximum (CBM)
should be quite flat, corresponding to a large (Fe d)
effective mass.!! The detailed band-structure calculation,
though, shows (see Fig. 6) that there is some Si p admix-
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ture at the VBM and CBM, and that the band edges
disperse corresponding to rather low effective-mass
values. For the VBM and CBM states at I' we get
m, =0.85m, and m,=0.80m,, m, being the free-
electron mass. The nature of the gap in the band struc-
ture shown in Fig. 6 is indirect but the difference between
the calculated direct (I") and indirect gaps is very small.
Although an indirect gap, as found here, could explain a
part of the absorption found for energies below the
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FIG. 5. Density-of-states (DOS) and number of states (NOS)
functions for 3-FeSi,; (a) total, (b) Fe(1) d, (c) Si(1) p. In (a) the
units are (electrons/eV)/cell and (electrons/cell), respectively.
Those of (b) and (c) are similar, but per spin.
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FIG. 6. Band structure (LDA) of 3-FeSi, for energies close to
the band gap. The I'X line is along { 100), 'R along {111).

direct-gap transition energy, the accuracy of the present
LDA calculation does not permit an unambiguous
specification of the relative position of the ' CBM and
that at the RT line.

The direct gap found experimentally'? is 0.85 eV. The
LDA calculation, Fig. 6, yields 0.80 eV. Usually the
LDA band structures for semiconductors exhibit gaps
that are 50—-100 % too small (see, e.g., Ref. 13 and refer-
ences given therein). Therefore the close agreement be-
tween the calculated LDA gap and experiment found
here is very surprising. Although Ref. 14 might be
relevant, the explanation is more likely to be related to a
technical detail. During the preparation of the present
paper, the author was informed that Eppenga'® has also
performed ab initio LDA calculations for B-FeSi,. His
DOS functions are similar to those presented here, except
for the fact that a smaller gap, 0.44 eV, is found. The cal-
culations of Ref. 15 are made by means of the
augmented-spherical-wave (ASW) method, and since the
ASW and LMTO schemes are very similar, one should
expect the results to be identical. However, our LMTO
calculations are made strictly within the atomic-spheres
approximation (ASA), and do not include the so-called
“combined-correction” term.® The ASW method as used
by Eppenga does include this. In the case of GaAs, it
was shown!® that the combined correction reduces the
gap, and this has also been observed for other sp3-bonded
zinc-blende-type semiconductors (the indirect gap of Si,
though, is essentially unchanged). The important result,
however, is that, whatever the level of sophistication of
the band-structure scheme is, the LDA yields a gap of a
significant width (0.5-0.8 eV), and the calculations allow
us to describe the nature of the gap formation. The
present calculation may differ from the best “true” LDA
results, but since the gap is closer to the observed value,
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TABLE 1. B-FeSi,; the dominating occupancies (in %) of the
valence-band maximum (VBM) and conduction-band minimum
(CBM) states at k=0(T").

VBM CBM
Fe(l) p 11.2 1.4
Fe(1) d 8.8 23.6
Fe(2) p 4.2
Fe(2) d 429 60.6
Si(1) p 18.0 2.5
Si(1) d 4.7
Si(2) s 4.2
Si(2) p 3.1
Si(2) d 4.3

it may be more useful for calculations of effective band-
edge masses and optical properties.

Experimental optical-absorption measurements'? are
claimed to yield the direct gap. If it were true (somewhat
in conflict with the low mass values given above) that the
CBM and VBM both were of Fe d character, then the
transitions would be dipole forbidden. In order to exam-
ine this question, the wave functions at the band edges at
I" have been analyzed, and the site and projected occupa-
tion numbers are given in Table I. Note that the VBM
has 11.2% Fe(1) p character and the CBM 23.6% Fe(1) d.
Consequently, optical transitions are not forbidden, and
in this respect the present LDA calculation also agrees
with experiment.

So far, we have taken the experimental gap value to be
0.85 eV, but values up to 1.0 eV are also found in the
literature.'® In view of the spread in the experimental
data it is not obvious which value one should associate
with the T =0 gap, but presumably the room-
temperature value of E, is close to 0.9 eV. The magni-
tude of  the linear temperature coefficient
dE, /dT =—0.45 meV K™, as measured by Waldecker
et al.!” is large, surprisingly large, as will be seen in Sec.
III. If we assume that this value (measured for
700 < T <1200 K) also applies to the low-temperature re-
gime, then E, would extrapolate to 1.0-1.1 eV for
T —0. Thus, this thermal effect on E, implies that even
if our LMTO-ASA calculation is considered, room is left
for “LDA-errors.” But it may be more important to note
that [dE, /dT|~0.45 meV K~ !is even larger than what
is found for Si and Ge (0.3-0.4 meV K !). This points
to a strong interaction between the band-edge states and
the phonon system in [3-FeSi,. The following section
discusses this suggestion.

III. MOBILITY AND ELECTRON-PHONON
INTERACTION IN GAP-EDGE STATES

The mobilities measured (see Ref. 16) for holes (u,) and
electrons (u,) in FeSi, are of the same order of magni-
tude. The values of (u,) and (p,) are small,'>1¢ 0.3-4
em?V~ls7! e, much lower than the best values
(several thousand) found in intrinsic conventional semi-
conductors (Si,Ge). The poor mobilities in FeSi, are not
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only due to the fact that band-edge masses are higher
than in Si and Ge; we calculated the masses in FeSi, to be
~0.8, i.e., large, but not a value which itself is ‘“‘disas-
trously” high. It is often assumed that the mobility in
FeSi, is predominantly limited by impurity scattering.
One could then hope that improved sample preparation
could increase the mobilities. There are reasons to be-
lieve, though, that this may not be the case, and it might
well happen that FeSi, is characterized by an unusually
strong electron-phonon scattering in the band-edge
states. This suspicion naturally emerges when it is re-
called that the formation itself of the gap is caused by a
slight lattice distortion.

Assuming that the mobility (u) is determined by
scattering against acoustic phonons, and that the elec-
tronic band considered can be described by a parabola
characterized by an effective mass m *, p is given by'®

S2

p=const X — kpT) 732, (1)

* )5/2 (
where const is a prefactor depending on the mass density
and natural constants, s is the saund velocity, @ the
band-edge acoustic-phonon deformation potential,'® and
kg is Boltzmann’s constant.

In Eq. (1), only @ and m * are state dependent, i.e., their
values @,,a, and m;,m} may be different at the valence-
and conduction-band edges. Since these deformation po-
tentials and effective masses also enter in the linear tem-
perature coefficient of the gap, we can connect Eq. (1) to
dE,/dT. This thermal effect was described realistically
by Fan?® and more recently by Cardona et al.?' For our
purpose it is sufficient to consider dE, /dT as consisting
of the two terms

dE oE

g g

dT oT

oE

g
Vib+ aanB ’ (2)

where the first term, caused by lattice vibrations, has the
form

oE,
aT

=—constX(mXal+mpa?), (3)
vib

[i.e., as Eq. (23) of Ref. 20], and the second describes the
effect of the (static) thermal lattice expansion (3 being the
expansion coefficient). In Eq. (3), const denotes a positive
quantity depending on natural and material parameters
(cf. Ref. 20). The gap deformation potential is

0E, _  _

Sy e - 4)
For Si and Ge, Fan’s calculations®® suggest that the two
terms in Eq. (2) are of similar magnitude. The last term
is easily estimated, also for 3-FeSi,. We have calculated
the gap for six different volumes, and it follows that, over
the range considered, E, varies almost linearly with
volume, corresponding to 8Eg /0InV~—1.4 eV when
evaluated at equilibrium. Taking 8 to be ~11X107¢ K
(the order of magnitude of the CoSi, value), the lattice ex-
pansion term in Eq. (2) is ~—15 ueVK ™!, This is ~10
times smaller than the Si value,”® —178 ueVK !, Nev-
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ertheless, the measured (total) value of dEg /dT is larger
in magnitude for FeSi, than for Si. If the correct experi-
mental value is —0.45 meV K !, it then follows that the
electron-phonon scattering by far dominates over the
thermal expansion term, and further that is “large.” The
gap deformation potential dE,/dInV=—1.4 €V is
smaller in magnitude than found for direct gaps in many
III-VI semiconductors (dE,/d InV=—7 eV). Conse-
quently, @, and @, in FeSi have almost the same values.
Now this, together with the fact that we find m; ~m},
then implies that one should expect, according to Eq. (1),
that the mobilities p, and p, are of similar magnitude,
provided that we assume that lattice scattering dominates
[i.e., that Eq. (1) is relevant]. As mentioned earlier, ex-
periments do indeed show that u,>~p,. Since the sam-
ples actually used are considered to be rather impure, the
electron-phonon scattering in FeSi, must, in order to be
dominating as suggested here, be unusually strong.

Recent measurements,'? carried out on samples with
impurity concentrations so high that one normally should
expect phonon scattering to be masked, have shown that,
for T down to ~60 K, the mobilities in FeSi, vary with
temperatures as 7 /2, an observation which appeared
very puzzling since this is the T dependence expected for
phonon scattering [Eq. (1)]. The result however, is, fully
consistent with the suggestions made above.

The idea of a particularly strong coupling of the band-
edge states to the lattice in B-FeSi, is further substantiat-
ed by calculating the shifts in the energies induced by
small changes in the atomic positions. A distortion,
chosen such that the point-group symmetry is not al-
tered, has been made by moving the Fe(2) atoms pairwise
by equal amounts in opposite directions along $ (in our
coordinate system). Taking this displacement to be
0.01a /2, i.e,, =0.4 A, and using the same potentials as
for the undistorted case (“frozen-potential approxima-
tion”), we find that the three highest valence-band states
shift by less than 0.3 mRy, whereas the conduction-band
minimum (CBM) moves down by 31.1 mRy (0.423 eV),
i.e., the gap is reduced by 0.42 eV or ~50%. This illus-
trates the strong coupling to the lattice. Further, the re-
sult also shows that the atomic position must be extreme-
ly well defined if reliable calculations of the band-edge
states are required. More interesting, it also illustrates
that band-gap “tuning” can be made by doping in such a
way that the lattice is distorted conveniently. Thus, in
addition to the direct chemical tuning, a strong effect
caused by the generation of internal strains is expected.

IV. DISCUSSION AND SUMMARY

The present LDA calculation shows, in agreement with
experiment, that B-FeSi, is a semiconductor. The gap is
found to be close to the measured value, 0.85 ¢V. Calcu-
lations were also performed for a hypothetical fluorite
structure, and it was natural to describe the gap forma-
tion in 3-FeSi, as being related to a crystal-structure dis-
tortion, i.e., a Jahn-Teller-type effect. Thus, we do not
consider -FeSi, as a Mott insulator like, for example,
NiO. We have not here considered the a phase of FeSi,,
which is stable at high temperatures. This phase is me-
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tallic, and the crystal structure is tetragonal. Thus, FeSi,
exhibits an insulator-metal transition when temperature
is increased. The mechanism of this was discussed by
Birkholz et al.?> They argue that the transition upon
cooling to the insulating phase of FeSi, is not a Mott
transition, but that it is more appropriately described
within the lattice-distortion model of Adler and Brooks.?
This is consistent with the picture of the gap formation in
B-FeSi,, suggested by our calculations.

For the purpose of examining in more detail the prop-
erties of FeSi,, in particular those important for device
applications, we plan to consider the effects of doping.
This is, for example, done by replacing a few of the Fe
atoms by Co, but the calculations are complicated by the
fact that the crystal structure relaxes, and the new equi-
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librium atomic coordinates must be determined by accu-
rate (cf. Sec. III) force or total-energy calculations. As a
first step in the direction towards such a more-complete
description, we?* have first studied Fe, Co, _, Si, alloys in
the simpler fluorite structure and derived theoretical
phase diagrams. These calculations are most realistic for
the Co-rich range; the Fe-rich regime must be based on
the B-type structure.
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