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Structure and electronic properties of FeSj
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The nature of the band gap in the semiconducting mat@+BeS) is still under some dispute. Although
most experimental results indicate the band gap to be dababitio work generally reports the material to be
an indirect semiconductor with the direct transition a few tens of millielectron volts higher than the indirect
gap. However 8-FeSj is commonly grown epitaxially on a diamond-structure Si substrate, and as a conse-
guence, theg8-FeSj unit cell is strained. Here we report the resultsabfinitio density-functional calculations,
which we have performed of-FeSj where its lattice parameters are constrained according to the heteroepi-
taxial systemB-FeSp(100)/Si(001). This forms two types of lattice matchifg) g-FeSp[010]||Si110 and
(B) B-FeSp[010]||Si001). We find that theB-FeSj band gap is highly sensitive to its lattice parameters and
therefore to the orientation at which the material is grown on silicon. We find that type A favors a more direct
band gap, while type B has an indirect ghp0163-18208)05039-5

[. INTRODUCTION mented plane wave calculations carried out by Eisebitt
et al,!! revealed a direct gap of 0.78 eV at a point of low
B-FeSp is a semiconductor with a band gap of symmetry(along theZI line) and a slightly larger direct gap
~0.83-0.87 eV at room temperatiife(corresponding to  of 0.82 eV at theY point. The work of Filonowet al? using
the minimum-absorption window of silica-based fibersak-  the LMTO method with different atomic sphere radii on dif-
ing it a potential candidate for the use in near infrared detecferent sites, showed a direct band gap of 0.74 eV. However,
tors and light emitters. The crystal structure®@feS) (Ref.  their experimental measurements of the absorption coeffi-
3) is base-centered orthorhomldgpace groufCmcag hav-  cients of 8-FeSj revealed the presence of both direct and
ing 48 atoms per unit cell and lattice parameteas indirect gaps and concluded that the material is a quasidirect
=9.863 A, b=7.884 A, andc=7.791 A. The unit cell semiconductor, where the direct gap does not occur at a point
has two inequivalent Fe sites, each occupied by 8 atoms af high symmetry. Electronic structure calculations per-
well as two inequivalent Si sites with 16 atoms in each. Everformed by van Ek, Turchi, and Sterfewith the LMTO
though there is no simple lattice parameter match, epitaxianethod in the atomic-sphere approximation resulted in an
layers of B-FeSjp can be grown easily on @01 and indirect gap of 0.44 eV and a direct gap of 0.51 eV. A
Si(111) substrates using a variety of techniques such as, maecent* LMTO calculation using the atomic-sphere approxi-
lecular beam epitax§,chemical vapor depositichelectron  mation again resulted in an indirect band gap of 0.44 eV
beam depositiof,and metal-organic vapor phase epitdxy. followed by a slightly larger direct gap of 0.52 eV. On the
Buried epilayer of the material have also been successfullpther hand, their reflectivity measurements revealed the on-
realized by ion beam synthe$idhe possible compatibility ~set of absorption only at 0.8 eV. This was attributed to a low
of B-FeS} with standard silicon processing technology andoscillator strength due to thitlike nature of the states in the
its potential optoelectronic capabilities, has recently generregion of the direct gap.
ated considerable interest in the properties of this material. Only few experimental resuft3!® seem to indicate the
However, despite the large amount of work reported inexistence of an indirect transition. Photoluminescence emis-
the literature, the nature of the band gap@feS; is still  sion, which indicates a direct gap transition, has been re-
controversial Ab initio calculations performed by a number ported by a number of workers f@-FeS} layers grown by
of workers, suggested that there exists an indirect band gapaa variety of technique%.>” More recently Leonget al®
few millielectron volts less than the direct one at point  have successfully fabricated a light emitting device operating
in the Brillouin zone. Augmented spherical wave calcula-at a wavelength of 1.5um that incorporate@-FeS} into a
tions performed by Eppengaave a direct band gap of 0.46 conventional silicon bipolar junction, by growing a buried
eV and an indirect gap of 0.44 eV. The oscillator strengths3-FeS} epilayer on a §D01) substrate. One possible expla-
for optical transitions across the gaplatwere found to be nation why the experimental results generally indicate the
small but become significant for photon energies aroundxistence of a direct band gap may be related to the fact that
0.77 eV, which is close to the experimental band gap. Fronthe material investigated is usually in the form of a thin film
linear muffin-tin orbital(LMTO) calculations, Christens&h  grown on a silicon substrate. In this case the degree of strain
obtained a direct band gap of 0.8 eV and an indirect gap aifh the film will also play an important role in the apparently
~0.77 eV(as deduced from his band diagrarithe work direct nature of the optical transitions.
also demonstrated the sensitivity of the states at the band In this paper we have calculated the electronic structures
edge to the atomic positions, as minor displacement of the Fef bulk and straineds-FeS} epilayers grown on $001)
atoms in the unit cell was found to lead to significantsurfaces, using a plane-wave density-functional method. The
changes in the calculated band gap. Full-potential linear augsse of a Si001) substrate was found to restllin the het-
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eroepitaxial relationship3-FeSp(100)/S(001) with two Si[001] FeSi,[100]
types of lattice matchingA) B-FeSp[010](|Si110) and(B)
B-FeSp[010](Si001). Consequently, two strained unit cells a
corresponding to type A and type B matching were consid- <010>
ered. As a result of this work, we show that the type-A ori- > —>
entation favors a more direct band gap. cA
a
Il. DETAILS OF THE CALCULATIONS —r—

For each structure oB-FeSj considered here we have Y
performedab initio density-functional calculations within .D\
the pseudopotential and generalized gradient approximations O g C\ a
(GGA).22 The GGA for the exchange and correlation poten- \QQ /. N
tial is used here in preference to the more commonly used éwb o o a
local-density approximatiofiLDA) (Ref. 24 since it does ol AN
not underestimate band gaps to the same extent as the LDA. ®: Q ‘@
However, with both the LDA and the GGA, the trends in gap . ,
properties tend to be reliable. ‘a o

We construct the primitive unit cell and expand the va- a s R
lence electronic wave functions in a plane-wave basis set up O \®’ O

to an energy cutoff of 560 eV, which converges the total

energy of the unit cell to better than 1 meV/atom. In the kG, 1. The type-A B-FeSi[010]|Si(110 heteroepitaxial re-
total-energy calculations, integrations over the Brillouin zongationship. The top diagram shows plan views of the conventional
were performed by using a>d44x 4 Monkhurst-Pack® set,  Bravais lattices of Si ang@-FeSp. In the bottom diagram the top
which gives 8 symmetrizeH points, again converging total layer of atoms in the Si cell are shown as open circles and a
energies to better than 1 meV/atom. A preconditioned cong-FeSj, cell (dashed lingsis chosen to coincide with the Si con-
jugate gradients routif@ was used to minimize the energy ventional cell, given ar/4 rotation around the direction perpendicu-
of the electronic system. Electron-ion interactions are delar to the substrate.

scribed by aQ.-tuned pseudopotentfdlin the Kleinman-

Bylander form?* The Hellmann-Feynman theorem was em-slightly compressed with respect to the bulk lattice. This is
ployed to calculate the forces on the atoms and we also useHe type-A heteroepitaxial relationship and is illustrated in
a conjugate gradients routine to relax the atomic positionsrig. 1 where schematics of th&FeSj, and Si unit cells are
The lattice parameters of the structure were also optimizedhown at the top of the diagram. The cells are rotated by 45°
(under the given constraints for each calculatiovhen a  and theg-FeS} cell (dashed squayés placed on top of the
plane-wave basis set is used to calculate the stresses on 8ecell where the top layer of atoms are indicated by the open
cell, a Pulay correction is included in the stress and totakijrcles.

energy, which compensates for the changing basis set as the The second possible3-FeSp(100)/Si(001) interface
unit cell changes shape. (type B) lies at 45° to the orientation of type A. This is

Following the relaxation of the electronic and geometricshown in Fig. 2. We redefine the-FeSj crystal translation
structure, the band structures of the varigiseS, cells are  yectors ash’ =2b, ¢’'=2c, anda’=a and also for Si by

calculated. For this we use the self-consistent charge densitye tetragonal cela’ =3a andc’=c. We can see that the
obtained from the relaxation calculations to construct thehew surface unit cells in the interfacial plandse.,

Hamiltonian of the system and diagonalize it at variousg-FeSj(100 and S{001)] coincide with a maximum lattice
points in the Brillouin zone to obtain the energy eigenvaluesmismatch of 4% where th@-FeSh unit cell is expanded
along theb andc directions. A smaller common surface unit
Ill. STRUCTURE OF THE pB-FeSi,/Si INTERFACES cell can also be defined as shown by the dashed line in Fig.

. . . . 2, which lies at 45° to the original cell. Since theand c
The B-FeSp(100)/Si(001) interface exhibits two types of | ica parameters are not equal faFeSj there is also a

azimuthal orientations which we shall label as type A andsmall angular mismatch of 0.3%. Since this cell and the

type B. The lattice parameter of Si &=5.43 A, so we one described above are equivalent, we use the smaller of
define a tetragonal unit cell of the diamond structure withthese in the calculations.

crystal-translation vectora’, b’, andc’ such thata’=(1, We have performed calculations orBaFeSj cell, which
—1,0)a (which is 7.6792 A at 45° to the conventional cubic is constrained to the Si lattice parametésince it is the
axes and b'=(1,1,0)a. The perpendicular axisc’  overlayej defined by the interfaces described above. For the
=(0,0,1)a is unchanged with respect to the original cell. It type-A interface, we constrained titreand c lattice param-
can be seen that the surface unit cell in the interfag@l) eters of B-FeSj to the experimental value for the Si sub-
plane of the new Si cell gives a good match to that ofstrate, namely, 7.6792 Rve shall refer to this as type(B].
B-FeSp in the [100] plane since, for B-FeSp, b However, for consistency, we also performed an identical
=7.791 A andc=7.833 A. This gives a maximum-lattice calculation at the lattice paramete=5.39 A for Si, which
mismatch of 1.8% for thegg-FeSj [100] plane against the was determined by owab initio calculations using the same
Si [001] plane in the(110 direction where the3-FeS} is  pseudopotential that was used in tgeFeS) calculations
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/@ () Q which the band structures shown in later figures were calculated.
N
4 N
Q{\ e ¥ ,") consistent with our total-energy convergence criteria. The
\Q () Q lattice parameters of the bujR-FeSjp cell and thea lattice
N . parameter of the constrained cefighich lies perpendicular
h a’ ‘o Q,’ ) to the interfacgwere also optimized in our calculations such
N L that the uniaxial stress was less than 0.01 &yMhich is
- ‘O O consistent with the tolerance in the total energy of the sys-

tem. The results of these calculations are summarized in
FIG. 2. lllustration of the type-Bg-FeSp[010]|Si001)) inter- ~ Table I.

face. The % 2 conventionaj3-FeSi(100) surface cells are shown The structural parameters are in excellent agreement with

as full lines on top of the open circles indicating the top layer ofavailable experimental results. It can be seen that the internal

atoms in the Si substrate. The lattice parametérandc’ of the  parameters remain fairly insensitive to changes in the lattice

B-FeSp(100) common unit mesh are given by=(0,1,1b and  parameters as the fractional coordinate varies only in the

¢'=(0,—-1,1)c. third or fourth significant figure.

[this will be referred to as type M)]. For the type-B inter-
face lattice constantsh and c, of the new constrained
B-FeSjp overlayer cell were made equal to the side of the Si  For each structure oB-FeS} considered here, we have
common unit mesh, 11.5188 A. calculated the electronic band structure along the lines indi-
In all cases the atomic positions were relaxed until thecated in Fig. 3. We show in Fig. 4 the calculated band struc-
forces on the atoms were less than 0.001 eV/A, which wasure of bulk 3-FeSj where all structural parameters have

IV. ELECTRONIC STRUCTURE

TABLE I. The calculated and experimentéRef. 3 structural parameters fg8-FeS} (space group
Cmca are given. The lattice parametassand ¢ (in A) marked with * are constrained to the underlying
silicon lattice whilea (in A) is relaxed. The relaxed internal parameters are given in fractional coordinates of

the unit cell.

Structural parameters Experimental Bulk system Type-A  Type-A(ll) Type-B

a 9.863 9.8245 9.8643 9.9117 9.7933
b 7.791 7.7360 7.6792 7.6084 8.1450

c 7.833 7.9196 7.6792 7.6084 8.1450
Fe(a)-x 0.2146 0.2181 0.2197 0.2141 0.2203
Fe(a)-y 0.0 0.0 0.0 0.0 0.0
Fe(a)-z 0.0 0.0 0.0 0.0 0.0
Fe(b)-x 0.5 0.5 0.5 0.5 0.5
Fe(b)-y 0.3086 0.3072 0.3101 0.3121 0.3062
Fe(b)-z 0.1851 0.1846 0.1847 0.1819 0.3120
Si(a)-x 0.1282 0.1285 0.1281 0.1285 0.1292
Si(a)-y 0.2746 0.2742 0.2737 0.2762 0.2727
Si(a)-z 0.0516 0.0523 0.0528 0.0529 0.0514
Si(b)-x 0.3727 0.3730 0.3732 0.3735 0.3708
Si(b)-y 0.0450 0.0456 0.0468 0.0480 0.0445

Si(b)-z 0.2261 0.2270 0.2264 0.2242 0.2281
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FIG. 4. The band structure of the fully relaxed bulk structure of

B-FeSp is shown along several lines of high symmetry. Arrows 3_%«\/\:\\\ mi\/
indicate the lowest-energy electronic band gaps. It can be seen —X \/E; \/
(solid arrow that the smallest band gap in this case is indirect 2_\¥/~\ X\/’
between ther point and thezT line. < /\Q 1
@ Do %f\
been relaxed. It can be seen that the material is predicted to % 17 99, A_
be semiconducting with an indirect band gap of 0.73 eV S 18 | Y |z
between theY point in the valence band and 0.4 of the way 0 = N
along theZI' line. This is in agreement with othab initio ,4\ NS ~
. S . - N s
calculations where an indirect gap was also reported, as dis- NN %< ]
w ’\ =
cussed above. (b)'1 B ]
. ) f r z T Y r s R z
However, most experimental measurements seem to indi-
cate that the band gap should be direct. In praciiz&eSp FIG. 6. (a) Band structure of type-48-FeSj, constrained to the

is commonly made on a silicon substrate, therefore a direaixperimental lattice parameter of Sib) type-A B-FeSi con-
comparison between the initio electronic structure calcu- strained to theb initio lattice parameter of Si. The arrows indicate
lated from the bulk structure where all structural parametershe smallest possible electronic band gaps, with the solid arrow
are allowed to relax and these experimental results is nathowing the fundamental gap in each case. It can be seen that in the
strictly the correct comparison to make. Since the material i¢ype-All) model the gap is direct whereas in typéhAand type-B
epitaxially grown on Si(usually for use in light emitting (shown in Fig. 3, the gap is indirect, similar to the bulk uncon-
devices$, theb andc lattice parameters are constrained. Westrained material.

have therefore also calculated the electronic structure

B-FeS) for a range of c_onstrained structures. For the type-A models, the andc B-FeS lattice pa-
For the type-Bj-FeS} where theb andc lattice param-  rameters are reduced by 1.4% and 1.8%, respectively to fit
eters are expanded by approximately 4% with respect to thg,e s;j supstrate. The principle effect of this is to lower the

bulk case to fit the Si substrate, the band gap closes slightlgnergy of the top valence band at tfgoint which signifi-
as indicated in Fig. 5. The top valence band at Yhpoint

rises in energy reducing the indirect gap to 0.53 eV and also

reducing the direct gap at thé point from 0.82 eV in the 1577
fully relaxed case to 0.62 eV. The quasidirect gap indicated 1
by the dashed arrow in Fig. 5 along tizd" line remains ]
relatively unchanged at 0.83 eV. 1.0
2 > i A - - -[Bulk
P A e -
) :\/ KN fy/\ 5 i \‘;’»\ -+ Type ACII)
S _§/J§7‘5Q & _ ’ --|Type B
() = —
- ] ™| [ 0.0
5 ==y ]
TR X % |
:% \_/ | 05T z T Y T s R z
_@‘/\k% Y FIG. 7. The top valence band and bottom conduction band for
_r 2 Pa— - S/‘R o each structure considered is shown here. We also plot the lowest

energy gap for each case. It can be clearly seen that as the energy of
FIG. 5. The band structure of type-B-FeSj is shown here. the top band at th¥ decreases, it favors the quasi-direct gap along
The arrows indicate the smallest direct and indirect band gaps. theZI line.
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cantly changes the electronic properties of the material. FofFig. 7). The arrows in the figure indicate the lowest-energy
the type-Al) model, shown in Fig. @), the direct and indi- transition, which is indirect fronY to ZI" for the largerb and
rect gaps are 0.85 eV(point) and 0.82 eV ¥Y—ZI'), re- ¢ cell parameters. As the unit cell is compressed the energy
spectively. More importantly, the difference in energy be-of the top valence band trapidly decreases until it drops
tween the smallest direct and indirect band gaps is now onlpelow the energy along thél" line. At this point the transi-
30 meV compared to 90 meV for the bulk structure. Thetions become quasi-direct.
type-A(ll) model, which corresponds to the purel initio In conclusion, we have calculated the electronic structure
simulation where the lattice parameter is constrained to thef 8-FeSj, as a function of the lattice parameters as deter-
ab initio Si lattice parameter as opposed to the experimentahined by the constraints of the substrate on which it is usu-
value, the trend in the energy changes of the bands continuedly grown. We find that the electronic band gap depends
in the same directiofFig. 6(b)]. TheY point energy reduces sensitively on these parameters. The type-A material was
further going below the top of the valence band alongahe  found to favor a direct band gap while type-B and also the
line giving an almost direct gap of 0.93 eV. Similar to pre- bulk material results in an indirect band gap 90 meV below
vious reports, we label this transition geasidirectsince it  the closest direct gap. Previous calculations on this material
does not occur at a point of high symmetry. At the samedid not include the effect of strain on the lattice parameters
time, the direct gap aY has opened up to 1.04 eV and the which results in the range of behavior that have been re-
indirectY—ZI" gap becomes 0.98 eV. ported. In some experimental studies@feSi, both direct

To demonstrate the effect that the lattice parameter has cand indirect gaps have also been reported but, again, this will
the band gap of the material, we show the top valence bandiepend critically on the methods used to prepare the material
and bottom conduction bands together in the same diagraend the resultant state of strain.
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