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Electronic structure and optical properties of B-FeSi
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We have investigated the optical properties®FeSp experimentally and theoretically. The measured
optical functions were compared with those calculated using the local-density-functional theory and the linear
muffin-tin orbital method. The calculated electronic structure is analyzed using orbital-projected densities of
states and the optical functions are interpreted in terms of interband transitions. We find generally excellent
agreement between theory and experimg®0163-182608)00116-7

[. INTRODUCTION ture and soft-x-ray-emission and -absorption spectrg-of
FeSh were calculated by the full-potential linearized aug-
A " . mented plane-wave method by Eiselsittal® An indirect
due to their high-temperature stability, resistance to degradeb—and gap of 0.78 eV and a direct band gap of 0.82 eV were
tion, and high electrical conductivity, which make them yetermined. Band-structure calculations by the linear muffin-
suited as Schottky barriers, Ohmic contacts, and interfacg orpital method in the local-density approximatiitDA )
diffusion barriers in microelectronic devicé#n the past few including exchange and correlation by Filoncat al?

years, extensive work on the electronic structure and phys'yielded an indirect gap between 0.738 and 0.75 eV and a
cal properties of TMS has been perfornfed The attention direct gap of 0.825 eV.
in this field has been concentrated on the epitaxial growth of |n this paper we present the optical spectrafeFeSj
high-quality samples of some specific compounds consideredhe reflectivity R ), the conductivityo (), the real
particularly interesting and promising in their applicatiéns. g,(hw), and the imaginang,(Zw) part of the dielectric
While most of the silicides studied so far are metallic andfunction], obtained by reflectance and ellipsometric measure-
thus interesting for the production of connections and highments. We compare these with first principles
quality Schottky barriers to Sj3-FeS} is a semiconductor. local-density-functiondf (LDA) calculations using the
FeSj exists in two thermodynamically stable phases: aLMTO method in the ASA??We find good detailed agree-
tetragonal, metallica-FeSj, phase and an orthorhombic ment between all these experiments and the calculated spec-
semiconducting3-FeS) phase The phase-transition tem- tra, which leads us to the conclusion that the LDA gives a
perature is 937 °C°% where 8-FeSj, is the low-temperature consistent picture of the electronic structure@sFeSs.
stable phases-FeSj has an indirect band gap of about 0.78
eV and a slightly larger direct gap of about 0.83-0.89
eV~ matching the transmission window of Sj@ptical
fibers at 1.55um quite well. This feature, added to the pos- The B-FeSj layers studied were grown in a ultrahigh
sibility of growing B-FeSj films epitaxially on both(111)  vacuum molecular-beam epitaxWIBE) growth chamber on
and (100 Si substrated® opens interesting perspectives for Si(100) substrates using the template techniti@he tem-
application in optoelectronic devices based on silicon techplate layer formation was carried out by two deposition
nology. steps. In a first step Fe and Si were coevaporated with a
The band-structure calculation giFeSi, has been done small Fe excess onto the unheated substrate and subse-
by Christenself using the linear muffin-tin orbitalLMTO) quently annealed at 420 °C. The thickness of this first layer
atomic sphere approximatighSA) method. The formation was around 0.9 nm. Reflection high-energy electron-
of the band gap in3-FeSp was described in terms of a diffraction observations now show the knov#iFeS} pat-
Jahn-Teller-like transition from a metallic FeSphase in a tern for the epitaxial relationshig-FeSp(100/Si(100 with
hypothetical Cak structure to the orthorhombi@ phase. mostly typeA orientation?® After cooling down Fe and Si
The gap was found to be equal to 0.8 eV, in good agreementere then coevaporated in stochiometric proportion onto the
with experimental data. The LMTO calculations in this work unheated substrate and annealed at 660 °C to increase the
were performed strictly within the ASA and did not include template layer thickness. The total layer thickness was now
the so-called combined-correction term, which reduces tharound 4.7 nm. During further epitaxial growth to the desired
gap in semiconductors.In the electronic-structure calcula- film thickness of approximately 200 nm the substrate tem-
tions of Eppeng® using the augmented-spherical-wave perature was kept close to 660 °C.
method and including the combined-correction term, an in- Optical reflection spectra from 0.5 to 6.2 eV were mea-
direct gap of 0.44 eV was obtained. The energy-band strucsured with a Perkin-Elmer UV-VIS-NIR Lambda 19 spec-

The current interest in transition-metal silicid@aMS) is
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0163-1829/98/5(1.5)/89345)/$15.00 57 8934 © 1998 The American Physical Society



ELECTRONIC STRUCTURE AN

from ellipsometry
0.6 * p — directly measured 1
i
Rostif \
04 7
1 2 3 4 5 6

Photon energy [eV]

FIG. 1. Directly measured reflectan@ashed lingin compari-
son with the reflectivity calculated from the ellipsometrically mea-
sured optical constantsolid line) for B-FeSj, epitaxial film.
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trometer. The specularly and diffusively reflected light was

recorded by an integrating sphere. Spectroscopic ellipsom-
etry measurements were carried out on a Woollam VASE
ellipsometer over the energy range 0.75-5.1 eV.

In a first run ellipsometric measurements were done im-
mediately after having removed the sample from the MBE
apparatus in order to minimize oxide layer formation on the
surface, using a rough mesh of measuring points. In later

measurements a decrease in the magnitude of the pseudo-

optical constants was preferentially noticed(&p) above 3
eV due to oxide layer formation. The final values for the
optical constants of thg-FeSj film were then obtained with

a closer spacing of points by removing the grown gl@yer
numerically using a three-layer modéSi-substrate|s-
FeSp|Si0,).
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FIG. 3. Self-consistent total density of staté6E) and Fes, p,

In order to verify the consistency of optical data record-andd and Sis andp partial densities of states. Units are staftes!
ing, Fig. 1 shows a comparison of the directly measuredtV) or stategatom e\j.

reflectance with the reflectivity calculated on the basis of the
ellipsometrically determined optical constants. As may be
seen, there is good agreement between 1 and 5 eV. Towards

IIl. COMPUTATIONAL DETAILS

lower energies interference patterns appear in the directly We have performed first-principles self-consistBinbA
measured reflectance due to light passage through the layéiRef. 23] calculations of the electronic structure using the
because of decreasing absorption and its reflection from theMTO ASA method. The combined-correction term was in-

back surface.

Energy (eV)

TC P

Uy Z

FIG. 2. Self-consistent energy-band structurg3efeSp.

cluded in the band-structure calculations as well as in the
matrix elements in the optical functiof$?® A detailed de-
scription of the LMTO ASA method, including its applica-
tion to the electronic structure of compounds, has been given
elsewheré® 2 We shall therefore give only some details of
the calculations here. The calculations fFeSi, were per-
formed using the crystallographic data from Ref. 29. The
orthorhombic unit cell 4=9.863 A, b=7.791 A, andc
=7.883 A contains 48 atoms with only four inequivalent
atomic sites: two Fe sites and two Si sites. The self-
consistent band-structure calculations were semirelativistic,
i.e., all relativistic effects were taken into account except for
the spin-orbit coupling. The angular-momentum expansion
of the basis functions includeld=3 for iron andl=2 for
silicon. The Fef orbitals have a minor effect on the energy
bandsEY ; however, it is necessary to include them because
usually thed— f oscillator strength is much larger than that
for the p—d or s—p transitions. The integrated functions
were evaluated by the tetrahedron metflodn a grid of
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FIG. 4. Comparison between the experimeficaicles and cal-
culated(solid line) optical conductivityo (% w), reflectivity R, real
parte;(hw), and imaginary part,(% w) of the dielectric function
of B-FeSp.
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FIG. 5. Calculated real and imaginary parts of the dielectric
function for two different polarizations.

and a point located &(I'-Z) that agrees with the calculation
of Eppengd® but is about 0.4 eV smaller than the experi-
mental value quoted in Refs. 11-14. Rtthe direct gap is
0.52 eV. The band structure @-FeSj, is rather compli-
cated; however, it may be understood from the total and
partial DOS’s presented in Fig. 3. The bands in the lowest
region between—13.5 and—5 eV (relative to the Fermi
energy Er=0 eV) have mostly Sis character with some
amount of Fesp character mixed in. Between5 and —1

eV the Sip states hybridized with the Fe states witht,
character, thus forming strong bonding orbitals in the Fe-Si
directions. The remaining Fe states withey character are
located above and belo®w; and they are also strongly hy-
bridized with the Sip states.

V. CALCULATED OPTICAL PROPERTIES
AND COMPARISON WITH EXPERIMENTAL DATA

The linear response of a system to an external electromag-
netic field in the long-wavelength limit is determined by the
imaginary parte,(#w) of the complex dielectric function.
We have calculated the dielectric function for frequencies
well above those of the phonons and therefore only consid-

1183k points in the irreducible part of the Brillouin zone. €réd electronic excitations. We used the random-phase ap-
From the energy bands and the LMTO eigenvectors, we Caproxmgnon and neglected local-field and finite lifetime
culated the total and orbita¥() projected density of states effects3! We first calculated directly the imaginary part of

(DOS) and the optical functionsR, o, €4, and e,). The

the dielectric function in a wide energy range from 0 to 36

method of calculation of the optical properties used here i§V: A Simple average over polarizations was then performed

described in detail in Ref. 2.

IV. ENERGY BANDS AND DENSITY OF STATES

The energy-band structure gfFeSj is shown in Fig. 2.
We found an indirect gap of 0.44 eV between fhepoint

before the real part of the dielectric function was calculated
from the Kramers-Kronig relatiofln Fig. 4 we compare the
calculated optical conductivityo(fhw), the reflectivity
R(Aw), €1(hw), and e,(h w) with the experiments for thin
films. As may be seen, theory and experiment agree in detail
with each other. There is a small shift of 0.2 eV of the main
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peak ofe; (% w) andR(% w) between theory and experiment. orthorhombic ce)landEL a. It should be mentioned that the
The measurements on a thin film directly from the anisotropy of the optical functions iA-FeSj in the energy

vacuum chamber, i.e., without any oxide, are in better agreerange 1-3.5 eV is not as strong as in W3Ref. 2 and

ment with theoretical calculations than previously publishedPd,Si.® Preliminary measurements orgaFeSj single crys-

data. The experimental optical constants foFeS} epitax-  tal also show a weak anisotropic resporise.

ial layers published in Ref. 32 are in very good correspon-

dence with our data if a SiQoxide film of 2 nm thickness is VI. CONCLUSION

assumed on the surface of their layers. . .
Strong optical absorption started at 0.8 eV. The small We have presented reflectance and spectroscopic ellip-

: sometry measurements on high-quality epitaxial films and
value of the oscillator strength from the gap enel@$2 eV 0%DA calculations with the LMTO method of the reflectivity,

to 0.8 eV is due to the fact that the states at the top of th . L . . )
valence bands and at the bottom of the conduction band$.¢ optical cor'wducuwt.y,_ and t.he complex dielectric funptlon
consist mainly of Fal states with only a small admixture of of ort_horhomblcﬁ-FeS;z in a wide energy range and for light
Fep and Sip states. poIan;aﬂons_ parallel and perpendlpular to the crystallo-

Linear extrapolation of the2(E) values toe2=0 yields a graphica axis. Excellent agreement is found between mea-
value of 0.89 eV for the Io%/vest direct tr;nsitii?ﬁ].This §urement§ and the I.‘DA theory. We observe some anisotropy
direct-gap value was verified by reflection and transmissior}. the_opt|ca_l fur? ct|o?]s, the spe?tra werr]e, howe_v_e & muchl
measurements. The high level of extrinsic absorptionml(.)r.?j Isotropic than the spectra from other transition-meta
(10°~10" cm~1) below this photon energy would mask any > 'c'0c>"
transitions of low oscillator strength. Single-crystal samples
of high quality would be needed to clear up this point.

Figure 5 showse;(hw) and e;(hw) of B-FeSjp for the This work was supported by Deutsche Forschungsge-
two light polarizationsE || a (a is the longest edge of the meinschaft under Contract No. La 914/1-2.

ACKNOWLEDGMENT

“Permanent address: Institute of Metal Physics, 36 Vernadskit®J. Derrien, J. Chevrier, V. Le Than, T.E. Crumbaker, J.Y. Natoli,
Street, 252142 Kiev, Ukraine. and |. Berbezier, Appl. Surf. Scr0/71 546 (1993.
IK.N. Tu and J.W. Mayer, ihin Films Interdiffusion and Inter- ®N.E. Christensen, Phys. Rev.22, 7148(1990.
actions edited by J.M. Poate, K.N. Tu, and J.W. May@iley,  1’G.B. Bachelet and N.E. Christensen, Phys. Rev3B 879
New York, 1978. (1985.
2V.N. Antonov, VI.N. Antonov, O. Jepsen, O.K. Andersen, A. '®R. Eppenga, J. Appl. Phy&8, 3027(1990.
Borghesi, C. Bosio, F. Marabelli, A. Piaggi, G. Guizzetti, and F. 193, Eisebitt, J.-E. Rubensson, M. Nicodemus, T. Boske, S. Blugel,
Nava, Phys. Rev. B4, 8437(1991. W. Eberhardt, K. Radermacher, S. Mantl, and G. Bihimayer,
3M. Amiotti, G. Guizzetti, F. Marabelli, A. Piaggi, V.N. Antonov, Phys. Rev. B50, 18 330(1994).
VLN. Antonov, O. Jepsen, O.K. Andersen, A. Borghesi, F.2°A.B. Filonov, D.B. Migas, V.L. Shaposhnikov, N.N. Dorozhkin,
Nava, V.V. Nemoshkalenko, R. Madar, and A. Rouault, Phys. G.V. Petrov, V.E. Borisenko, W. Henrion, and H. Lange, J.
Rev. B45, 13 285(1992. Appl. Phys.79, 7708(1996.
4V. Bellani, G. Guizzetti, F. Marabelli, A. Piaggi, A. Borghesi, F. 21y, von Barth and L. Hedin, J. Phys. € 2064 (1972.
Nava, V.N. Antonov, VI.N. Antonov, O. Jepsen, O.K. Andersen, 220 K. Andersen and O. Jepsen, Phys. Rev. 58.2571(1984);
and V.V. Nemoshkalenko, Phys. Rev.48, 9380(1992. O.K. Andersen, Z. Pawlowska, and O. Jepsen, Phys. R&4, B
5V.N. Antonov, B.Yu. Yavorsky, V.V. Nemoshkalenko, VI.N. An- 5253(1986.
tonov, O. Jepsen, O.K. Anersen, E.G. Haanapel, M. Vosgeraif>0.K. Andersen, O. Jepsen, and D. @fl, in Highlights of

W. Joss, P. Wyder, R. Madar, and A. Rouault, Phys. Re49B Condensed-Matter Thearedited by F. Bassani, F. Fumi, and
17 022(1994. M.P. Tosi(North-Holland, New York, 19856

60.K. Andersen, O. Jepsen, VI.N. Antonov, V.N. Antonov, B.Yu. 2*H. von Kanel, U. Kafader, P. Sutter, N. Onda, H. Sirringhaus, E.
Yavorsky, A.Ya. Perlov, and A.P. Shpak, Physica2B4, 65 Mdller, U. Kroll, C. Schwarz, and S. Goncalves-Conto Siti-
(1995. cides, Germanides, and Their Interfagcesdited by R.W.

7V.N. Antonov, B.Yu. Yavorsky, A.P. Shpak, VI.N. Antonov, O. Fathauer, S. Mantl, L.J. Schowalter, and K.N. Tu, MRS Sympo-
Jepsen, G. Guizetti, and F. Marabelli, Phys. Re\v63 15 631 sia Proceedings No. 32(Materials Research Society, Pitts-
(1996. burgh, 1994, p. 73.

8.J. Chen and K.N. Tu, Mater. Sci. Re§. 53 (1991). 253 E. Mahan, V. Le Thanh, J. Chevrier, |. Berbezier, J. Derrien,

9Y. Dusausoy, J. Protas, R. Wandji, and B. Roques, Acta Crystal- and R.G. Long, J. Appl. Phy§4, 1747(1993.
logr., Sect. B: Struct. Crystallogr. Cryst. Che27, 1209(197J. 260.K. Andersen, Phys. Rev. B2, 3060(1975.

1O0Mm.E. Schlesinger, Chem. Re@0, 607 (1990. 27H.L. Skriver, The LMTO MethodSpringer, Berlin, 198/
11K, Radermacher, R. Carius, and S. Mantl, Nucl. Instrum. Meth-28V.V. Nemoshkalenko and V.N. Antonovihe Computational
ods Phys. Res. B4, 163(1994). Methods of Physics in the Solid State The@aukova Dumka,
12¢. Giannini, S. Lagomarsino, F. Scarinici, and P. Castrucci, Phys. Kiev, 1985.
Rev. B45, 8822(1992. 29y Dusausoy, J. Protas, R. Wandji, and B. Roques, Acta Crystal-
13y, Henrion, St. Brehme, I. Sieber, H. von Kaenel, Y. Tomm, and logr., Sect. B: Struct. Crystallogr. Cryst. Che®7, 1209(1979.
H. Lange, Solid State Phenors1/52 341(1996. 300, Jepsen and O.K. Andersen, Solid State Comn@nl763

H. Lange, Phys. Status Solidi 01, 3 (1997). (1972).



8938 V. N. ANTONOV et al. 57

31H. Ehrenreich and M.H. Cohen, Phys. Ré&l5 786 (1959. 343, Bocelli, G. Guizetti, F. Marabelli, G. Paravincini, M. Patrini,
32y. Bellani, G. Guizzetti, F. Marabelli, M. Patrini, S. Lagomar- W. Henrion, and H. Lange, iBilicide Thin Films—Fabrication,
sino, and H. von Kanel, Solid State Comm@®, 751 (1995. Properties and Applicationsedited by R.T. Tung, K. Maex,

33M. Rebien, Diploma thesis, Humboldt University Berlin, 1997 P.W. Pellegrini, and L.H. Allen, MRS Symposia Proceedings
(unpublished No. 402 (Materials Research Society, Pittsburgh, 1996 349.



