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Valence-band offset of the lattice-matchedb-FeSi2„100…ÕSi„001… heterostructure

Haider M. Al-Allak and Stewart J. Clark
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~Received 31 March 2000; revised manuscript received 27 September 2000; published 2 January 2001!

Ab initio pseudopotential calculations have been carried out to determine the valence-band offset across the
interface of FeSi2 grown on a silicon substrate. The structure of theb-FeSi2@010#iSî 110& matching interface
is also obtained. The lattice parameters of theb-FeSi2 epilayer defining the interfacial plane were constrained
to those of silicon. The valence-band offset was found to be about 0.39 eV with the Si side of the interface
having the higher potential.
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I. INTRODUCTION

b-FeSi2 has recently received considerable attention d
to the fact that it is a semiconductor with band gap
;0.83–0.87 eV,1 which corresponds to the minimum ab
sorption window of silica based fibers, and also becaus
can be grown epitaxially on Si.2 This clearly indicates tha
b-FeSi2 is a potential material for integrating optoelectron
devices such as light-emitting diodes and near IR detec
within silicon technology. In fact, a light-emitting device op
erating at a wavelength of 1.5mm that incorporatesb-FeSi2
into a conventional silicon bipolar junction, by growing
barrier b-FeSi2 epilayer on a Si~001! substrate, has bee
successfully fabricated.3

Until recently, there was controversy over the nature
the semiconducting band gap in FeSi2 . Photoluminescence
experiments4,5 suggested that the material is a direct ba
gap semiconductor while theoretical calculations6,7 on bulk
b-FeSi2 have generally shown the presence of an indir
band gap a few hundredths of an eV below the dir
gap. However, in a more recent publication8 we have
shown that the band gap ofb-FeSi2 in the heteroepitaxia
relationship b-FeSi2(100)/Si(001), which has two lattice
matchings, ~type-A! b-FeSi2@010#iSî 110& and ~type-B!
b-FeSi2@010#iSî 100&,9 is highly sensitive to its lattice pa
rameters and therefore to the orientation at which the m
rial is grown on silicon, with the type-A orientation mor
favorable to a direct band gap.

The properties of interfaces between semiconductor
electric or optoelectronic devices govern characteristics s
as charge transport through the devices. Within the dev
the electronic band gap plays a crucial rule, but the valen
band offset is also critical. Therefore, whenb-FeSi2 grown
on a silicon substrate is used in the construction of semic
ductor devices, as in all heterostructures, it is importan
know the band alignment at the interface. We have b
motivated to study the band alignment for th
b-FeSi2(100)/Si(001) heterostructure due to its potent
importance for devices. We have chosen the type-A orie
tion since, energetically, it is a more favorable structure th
type-B,8 and it also has a direct gap and consequently
more interesting for optical applications.

In this paper we present results ofab initio plane wave
calculations of the structure of theb-FeSi2(100)/Si(001)
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e
f

it

rs

f

d

t
t

e-

in
ch
e,
e-

n-
o
n

l
a-
n
is

heterostructure and its valence-band offset. Theb-FeSi2 ep-
ilayer is constrained to the Si substrate. We have used
model developed by Baldereschi, Baroni, and Resta,10 which
works extremely well for matched interfaces such as this

II. DETAILS OF THE CALCULATION

Knowledge of the band structures of the two bulk ma
rials forming a heterostructure~as obtained from separat
band structure calculations! is not sufficient information to
obtain the difference in the band edges across the interf
This is because the band energies are determined with
spect to a macroscopic average potential in the solid (V% tot

bulk),
the absolute value of which can be considered arbitary
bulk pseudopotential calculations. To determine how the
erage potentials of the two semiconductors are positio
with respect to each other at an interface, it is therefore n
essary to perform a supercell calculation in which both m
terials are present. To this end we define first a microsco
planar potential along the perpendicular direction~we choose
this to be thez axis! to the interface,V̄tot(z), by averaging
the sum of the Hartree, exchange-correlation, and ionic
tentials in the plane parallel to the interface. ClearlyV̄tot(z)
is a one-dimensional quantity, which still exhibits period
variations in the direction perpendicular to the interface. T
macroscopic averageV% tot(z) is accomplished by averagin
this function using a moving slab technique:

V% tot~z!5
1

ll8
E

z2l/2

z1l/2E
z82l8/2

z81l8/2
V̄tot~z9!dz9dz8, ~1!

where l and l8 are the lengths of a single period of th
microscopic average on each side of the interface that
normal to thez axis. Full details of the microscopic an
macroscopic averages can be found in Ref. 11. The dif
ence in potential line up across the junction,DV% tot , is cal-
culated from the difference in macroscopic averages of
potentials of the two sides of the interface that was not
fected by the junction.

As illustrated in Fig. 1, the valence-band offsetDEv is
then given by

DEv5~V% totL1EVBML!2~V% totR1EVBMR! ~2!
©2001 The American Physical Society11-1
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or

DEv5DV% tot1DEVBM , ~3!

where we have added a subscriptL andR to indicate the left
or right side of the junction.DEVBM is the difference in the
energies of the valence-band maxima of the two bulk ma
rials measured with respect to their respective bulk poten
V% tot

bulk defined above.
In the construction of an infinite interface, period

boundary conditions in the directions parallel to the interfa
(a andb directions in this case! are used. However, the plan
wave basis set calculations that will be used here~described
below! require periodic boundary conditions in all three d
rections. Therefore in thec direction perpendicular to the
interface we require a unit cell sufficiently large that t
interface is isolated from its periodic images through
bulk Si and FeSi2 . It was found that a large supercell~de-
scribed below! containing 80 Si atoms and 20 Fe atoms~cor-
responding to eight atomic layers on the Si side and
atomic layers on the FeSi2 side! results in converged calcu
lations. This ensured that the electronic distribution in
center of the two sides of the supercell could be conside
as ‘‘bulklike.’’ 12,13

Following the notation of Ref. 8, the type-A interface
b-FeSi2@010#uuSî 110& matching in a heteroepitaxial rela
tionship b-FeSi2(100)/Si(001) is the subject of the prese
investigation. To build the supercell for this system, we fi
defined a new larger Si tetragonal cell of the diamond str
ture with crystal translational vectorsa8, b8, and c8 such
thata85(1,21,0)a, b85(1,1,0)a, andc85(0,0,2)a (a be-
ing the conventional cubic axis of Si and equal to 5.43 Å
For the other side of the supercell we usedb-FeSi2 unit cells,
which have theCmca space group and lattice paramete
a59.863 Å, b57.884 Å, c57.791 Å.8,14 The two unit
cells were then joined together at the Si~001! and

FIG. 1. Schematic representation of a band structure line
problem at heterojunctions.L and R represent the bulk material
forming the left and right hand sides of the interface, respectiv
EVBMR andEVBML ~the maximum valence-bands ofR andL cells,
respectively!, which are obtained from separate calculations of
two materials, are measured relative to an arbitrarily defined m
roscopic average of the potential. The average potential of
whole supercell obtained fromab initio calculations ensures that th
total potentials of both materials are expressed with respect to

same reference, and allows direct extraction ofDV% . The separation
between the relativeEVBMR and EVBML then determines the
valence-band offset.
03331
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b-FeSi2(100) interfacial planes. They are very well match
when theb-FeSi2 cleavage plane that leaves a layer of eig
Si atoms on the surface is used~see Fig. 2!. The b and c
lattice parameters of theb-FeSi2 unit cell ~the overlayer!
were both constrained at 7.7692 Å, equal to the Si cella8
andb8 parameters. An illustration of the interface used in t
calculations is given in Fig. 2. The type-B interface is al
shown in the figure, for comparison.

Details of the computational technique are as follows. T
CASTEPcode15 has been used for our calculations. They ha
been carried out within the density functional formalism u
ing the local density approximation for the exchange a
correlation potential. The electron-ion interaction was d
scribed using Vanderbilt’s ultrasoft pseudopotentials16 for
both Si and Fe. In the case of the Fe atoms, thed electrons
were not frozen in the ionic core, but were instead treated
valence electrons, which we found necessary to obtain r

p

.

e
c-
e

he

FIG. 2. The diagram shows two of the possible orientations
the heteroepitaxial relationshipb-FeSi2(100)/Si(001). The circles
indicate the Si atoms in the~001! plane~the larger circles are the
layer of Si atoms at the interface and the smaller circles show th
layer below!. The type-A (b-FeSi2@010#iSî 110&) matching is il-
lustrated in the top diagram. Theb-FeSi2 cell ~dashed lines! is
chosen to coincide with the Si conventional cell, given a 45° ro
tion around the direction perpendicular to the substrate. For c
pleteness we also illustrate, in the bottom diagram, the typ
(b-FeSi2@010#iSî 100&) interface~Ref. 8!. The full lines represent
232 conventionalb-FeSi2(100) surface cells. The lattice param
etersb8 and c8 of the smallerb-FeSi2(100) common unit mesh
~dashed line! are given byb85(0,1,1)b andc85(0,21,1)c.
1-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 033311
able lattice parameters. The valence electronic wave fu
tions were expanded in a plane wave basis set up to a kin
energy cutoff of 560 eV. This was large enough to conve
the total energy of the unit cell to better than 1 meV/ato
The Brillouin zone integrations were performed by sampl
on regular Monkhorst-Pack meshes at a density of 0.05 Å21

for the Si,b-FeSi2 , and supercell structures, which we al
found converges the total energy to approximately 1 m
atom. The total energy was minimized using a precon
tioned conjugate gradient algorithm and a charge den
mixing scheme. The forces on the atoms were calcula
using the Hellmann-Feynman theorem and a conjugate
dient scheme was used to relax the geometric structure o
material.

For the band structure calculations~for the two materials
forming the supercell, i.e., Si andb-FeSi2) that were carried
out following the geometrical optimization, we used the se
consistent charge density obtained from the relaxed calc
tions to construct the Hamiltonian of the system. This w
then diagonalized at various points in the Brillouin zone
obtain the energy eigenvalues.

III. RESULTS AND DISCUSSIONS

We first optimized the structure of the Si/b-FeSi2 inter-
face by calculating the energy of the cell for different valu
of the supercellc lattice parameter, optimizing the position
of the atoms within the supercell each time. Thea lattice
parameter was fixed at the relaxed value of bulk silicon
this is the substrate material. The results of total ene
againstc lattice parameter are shown in Fig. 3, where it w
found that the energy has a minimum value atc525.4 Å.

It was found that the relaxed atomic positions in the h
erojunction interface show a substantial deformation fr
the bulk structure geometry in both materials. At the cen
of each material within the supercell~furthest from the inter-

FIG. 3. The dependence of the total energy of the heterojunc
system on thec axis of the b-FeSi2@010#uuSî 110& supercell is
shown. The minumum energy gives the relaxed supercell lat
parameter.
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face! there is no significant difference in structure betwe
that and the individual bulk structures, which was our cri
rion for convergence of the calculation with respect to t
size of the supercell. In the silicon part of the supercell,
find that the bond lengths at the interface~closest monolayer
to the junction! are 2.506 Å compared to the natural Si bo
length of 2.345 Å. In the next layer below the interface t
Si bond lengths are 2.332 Å, followed by 2.354 Å an
2.339 Å, finally relaxing to 2.345 Å at the center of th
silicon part of the simulation cell. At the interface, the silico
bond angles are also deformed away from the natural te
hedral angle (109.5°) varying from 105.8° to 114.7°. In t
silicon layer below the interface the bond angles range fr
107.5° to 111.8°. In the third layer from the interface, t
perfect tetrahedral angle is obtained to within 0.2°.

On the FeSi2 side of the interface, we also observe sm
deviations from the bulk values which occur as sligh
strained bonds are formed between the two materials.
inspection of the valence electronic charge density at
interface shows that the material is covalently bonded
tween silicon atoms at the interface.

To examine the electronic structure of the material acr
the interface, the total potential and the electronic cha
density have been microscopically averaged~in a manner
analogous to obtaining the average potential descri
above! in the directions parallel to the interface. These
sults for the planar averaged charge densityn̄ and the aver-
aged total potentialV̄tot , are shown in Fig. 4. It is seen tha
both V̄tot and the charge densityn̄ ~calculated in a manne
analogous toV̄tot) rapidly recover their bulk behavior in
each of the two materials comprising the junction as o
moves away from the interface. However, the positions

n

e

FIG. 4. The planar averages of the charge density~dotted line!
and of the total potential~solid line! along thec axis, which is
perpendicular to the interfacial plane of the supercell. To aid
interpretation of the diagram we also show the positions of pla
of atoms. The filled symbols indicate the positions of planes
silicon atoms and the open symbols indicate the positions of pla
of iron atoms.
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 033311
the macroscopic averages of the potentials in the bulk
regions are shifted with respect to one another, providing
potential line-upDV% tot, which is found to be about 0.64 eV
with Si being lower.

We have also carried out the necessaryab initio calcula-
tions on the bulk Si andb-FeSi2 unit cells, to obtain infor-
mation about the top of the valence-bands in the two m
rials and the macroscopically averaged potential with resp
to which the band structure energies are measured. We
tain 6.464 eV and 5.43 eV for the Si andb-FeSi2 respec-
tively. Using Eq.~3!, the maximum of the valence-band o
the b-FeSi2 side was found to be lower by about 0.39 e
than that on the Si side of the supercell. This is much hig
than the value of the experimentally measured valence-b
offset of 0.05 eV for theb-FeSi2 /Si(111) interface, which
was obtained from the diode properties.17 However, this is
not unexpected as the interface was made using a diffe
silicon surface. This difference is because the origin of
band offset is primarily the absolute relation of the ba
structure of the materials concerned and the surf
dipole,18,19which in turn is determined by the interface stru
ture. Obviously, the structure of the Si~001! and Si~111! in-
s.
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terfaces withb-FeSi2 will differ greatly, and hence the ban
offset will also differ.

IV. CONCLUSIONS

In summary, the band offset in the lattice-match
FeSi2@010#uuSî 110& heterostructure has been calculated
ab initio density functional techniques. A supercell meth
was employed so that an unbiased plane wave basis set c
be used, but required careful checking of convergence c
ria with respect to interactions between periodically repe
ing interfaces. These calculations are necessary due to
experimental difficulties in obtaining electronic properti
such as band offsets in complicated heterojunctions. In
present case we find that the band potential is 0.39 eV hig
in Si than in FeSi2 . The results of such calculations will b
extremely useful for integratedb-FeSi2 optoelectronic de-
vices used within standard silicon technology.
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