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Valence-band offset of the lattice-matched3-FeSi(100)/Si(001) heterostructure
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Ab initio pseudopotential calculations have been carried out to determine the valence-band offset across the
interface of FeSigrown on a silicon substrate. The structure of g¥€eSp[ 010]||Si(110) matching interface
is also obtained. The lattice parameters of fhEeS} 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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. INTRODUCTION heterostructure and its valence-band offset. BHEeS) ep-
ilayer is constrained to the Si substrate. We have used the

B-FeSp has recently received considerable attention duenodel developed by Baldereschi, Baroni, and R&tehich
to the fact that it is a semiconductor with band gap ofworks extremely well for matched interfaces such as this.
~0.83-0.87 e\t which corresponds to the minimum ab-
sorption window of silica based fibers, and also because it Il. DETAILS OF THE CALCULATION
can be grown epitaxially on $iThis clearly indicates that
B-FeSj is a potential material for integrating optoelectronic ~ Knowledge of the band structures of the two bulk mate-
devices such as light-emitting diodes and near IR detectord@ls forming a heterostructureas obtained from separate
within silicon technology. In fact, a light-emitting device op- band structure calculationss not sufficient information to

erating at a wavelength of 1..wm that incorporateg-FeSj _?_E]Fa"’.‘ tfge d|fferent(1:e Ln ﬂ:je band.edges a(tjcross Fhe(;ntgr;‘]ace.
into a conventional silicon bipolar junction, by growing a IS Is because the band energies are determined with re-

barrier 8-FeSj, epilayer on a $DO01) substrate, has been SPeCt to @ macroscopic average potential in the S&iﬁ’tlba _
successfully fabricated. the absolute value of which can be considered arbitary in

Until recently, there was controversy over the nature ofoulk pseudopotential calculations. To determine how the av-

the semiconducting band gap in FeSPhotoluminescence erage potentials of the two Se”_“CO”dUCt‘?f? are positioned
experiment® suggested that the material is a direct bandW'th respect to each other at an interface, it is therefore nec-

gap semiconductor while theoretical calculatfohen bulk essary to perform a supgrcell calculati_on ir) which.both ma-
erials are present. To this end we define first a microscopic

p-FeSp have generally shown the presence of an 'nd'recf)lanar potential along the perpendicular directiae choose

band gap a few hundredths of an eV below the direc
gap W W ! this to be thez axis) to the interfaceV,y(z), by averaging

gap. However, in a more recent publicaflomwe have th f the Hart h i 4 ioni
shown that the band gap @-FeS} in the heteroepitaxial € sum of the Hartree, exchange-correfation, and ionic po-

relationship 8-FeSi(100)/Si(001), which has two lattice tentials in the plane parallel to the interface. CleaT[yt(z)
matchings, (type-A) B-FeSp[010]|Si(110 and (type-B) is a one-dimensional quantity, which still exhibits periodic
B—FeSiz[Ol,O]HSi(lOO) % is highly sensitive to its lattice pa- variations in the direction perpendicular to the interface. The

rameters and therefore to the orientation at which the matenacroscopic averag¥,(z) is accomplished by averaging
rial is grown on silicon, with the type-A orientation more this function using a moving slab technique:
favorable to a direct band gap.

The properties of interfaces between semiconductors in - 1
electric or optoelectronic devices govern characteristics such Vio(2)= — o, Vi(Z)dZ'dZ’, (D)
as charge transport through the devices. Within the device, M Jzmaz Szt

the eIectroni_c band gap plays a crucial rule, but_the valenceihere x and N’ are the lengths of a single period of the
band offset is also critical. Therefore, wh@FeSp grown  micrascopic average on each side of the interface that lies
on a silicon substrate is used in the construction of semicoNsomal to thez axis. Full details of the microscopic and

ductor devices, as in all heterostructures, it is important tc?nacroscopic averages can be found in Ref. 11. The differ-
know the band alignment at the interface. We have been

motivated to study the band alignment for the ence in potential line up across the juncticm\:/tot, is cal-

B-FeSi(100)/Si(001) heterostructure due to its potential B (000 2 PSS B NACREERT (EHIRSS O 2O
importance for devices. We have chosen the type-A orientf d by the iuncti

tion since, energetically, it is a more favorable structure tha ec;\e _”y N Jtén.c |(::r}. 1 th | band offskE. i
type-B8 and it also has a direct gap and consequently i%h s lllustrated in Fig. 1, the valence-band offskE, is

ZHN2 (57 4 fo

more interesting for optical applications. en given by
In this paper we present results alb initio plane wave _ _
calculations of the structure of thg-FeSh(100)/Si(001) AE,=(Vior T Evem) — (Viotr T Evemr) 2
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FIG. 1. Schematic representation of a band structure line-up /'@ a’

problem at heterojunctiond. and R represent the bulk materials
forming the left and right hand sides of the interface, respectively.
Evemr @ndEygy. (the maximum valence-bands BfandL cells,
respectively, which are obtained from separate calculations of the

two mallterials, are measured relgtive to an arbitrarily defiped mac- Si <100> FeSiZ [010]
roscopic average of the potential. The average potential of the —_—
whole supercell obtained froab initio calculations ensures that the O /Q O
total potentials of both materials are expressed with respect to the ’ N
same reference, and allows direct extractiol\df. The separation ¢ a,/’ol \Q\ P
between the relativeEygyr and Eygy. then determines the Q’ () ‘@
valence-band offset. , N
¢ o o 9
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where we have added a subsciiphndR to indicate the left Ja i b~
A\ \ A\

or right side of the junctionAE, gy is the difference in the
energies of the valence-band maxima of the two bulk mate- FIG. 2. The diagram shows two of the possible orientations of
rials measured with respect to their respective bulk potentialthe heteroepitaxial relationshjg-FeS(100)/Si(001). The circles
\7?Out|k defined above. indicate the Si atoms in th@01) plane(the larger circles are the

In the construction of an infinite interface, periodic layer of Si atoms at the interface and the smaller circles show the Si

boundary conditions in the directions parallel to the interfacd@yer below. The type-A (3-FeSp[010]|S110)) matching is il-
(a andb directions in this cageare used. However, the plane 'ustrated in the top diagram. The-FeS} cell (dashed linesis
wave basis set calculations that will be used F(ell,sescribed chosen to coincide with the Si conventional cell, given a 45° rota-
below) require periodic boundary conditions in all three di- tion around the direction perpendicular to the substrate. For com-

rections. Therefore in the direction perpendicular to the pletene_ss we a_Iso i”ufc'trate’ in the bottom diagram, the type-B
interfacé we require a unit cell sufficiently large that the(ﬁ “FeSH010]|Si(100) interface(Ref. 8. The full lines represent

2X2 conventional3-FeSp(100) surface cells. The lattice param-

interface is isolated from its periodic images through theyocp’ andce’ of the smaller3-FeS(100) common unit mesh

bulk Si and FeSi. It was found that a large supercétle-  (gashed lingare given byb’=(0,1,1)p andc’ = (0,— 1,1)c.
scribed belowcontaining 80 Si atoms and 20 Fe atotoer-
responding to eight atomic layers on the Si side and 148-FeSj(100) interfacial planes. They are very well matched
atomic layers on the FeSside results in converged calcu- when theg-FeSj cleavage plane that leaves a layer of eight
lations. This ensured that the electronic distribution in thesj atoms on the surface is uséske Fig. 2 Theb andc
center of the two sides of the supercell could be considerephttice parameters of th@-FeSi unit cell (the overlayer
as “bulklike.” 1413 were both constrained at 7.7692 A, equal to the Si aéll
Following the notation of Ref. 8, the type-A interface of andb’ parameters. An illustration of the interface used in the
B-FeSp[010]||Si(110 matching in a heteroepitaxial rela- calculations is given in Fig. 2. The type-B interface is also
tionship B-FeSp(100)/Si(001) is the subject of the present shown in the figure, for comparison.
investigation. To build the supercell for this system, we first Details of the computational technique are as follows. The
defined a new larger Si tetragonal cell of the diamond struccastepcodé® has been used for our calculations. They have
ture with crystal translational vectoss', b’, andc’ such  peen carried out within the density functional formalism us-
thata’=(1,-1,0)a, b’=(1,1,0)a, andc’=(0,0,2)a (a be- ing the local density approximation for the exchange and
ing the conventional cubic axis of Si and equal to 5.43 A).correlation potential. The electron-ion interaction was de-
For the other side of the supercell we uggéeSp unit cells,  scribed using Vanderbilt's ultrasoft pseudopotentfalior
which have theCmca space group and lattice parametershoth Si and Fe. In the case of the Fe atoms,dtedectrons
a=9.863 A, b=7.884 A, c=7.791 A3 The two unit were not frozen in the ionic core, but were instead treated as
cells were then joined together at the (08D and valence electrons, which we found necessary to obtain reli-
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FIG. 3. The dependence of the total energy of the heterojunction FIG. 4. The planar averages of the charge densittted ling
system on thec axis of the 8-FeSp[010]||S110 supercell is  and of the total potentiaisolid line) along thec axis, which is
shown. The minumum energy gives the relaxed supercell latticgerpendicular to the interfacial plane of the supercell. To aid the
parameter. interpretation of the diagram we also show the positions of planes

of atoms. The filled symbols indicate the positions of planes of
able lattice parameters. The valence electronic wave funcsilicon atoms and the open symbols indicate the positions of planes
tions were expanded in a plane wave basis set up to a kinetif iron atoms.
energy cutoff of 560 eV. This was large enough to converge
the total energy of the unit cell to better than 1 meV/atom.face there is no significant difference in structure between
The Brillouin zone integrations were performed by samplingthat and the individual bulk structures, which was our crite-
on regular Monkhorst-Pack meshes at a density of 0.05' A rion for convergence of the calculation with respect to the
for the Si, B-FeSp, and supercell structures, which we also size of the supercell. In the silicon part of the supercell, we
found converges the total energy to approximately 1 meVfind that the bond lengths at the interfaciosest monolayer
atom. The total energy was minimized using a precondito the junction are 2.506 A compared to the natural Si bond
tioned conjugate gradient algorithm and a charge densityength of 2.345 A. In the next layer below the interface the
mixing scheme. The forces on the atoms were calculatedj pond lengths are 2.332 A, followed by 2.354 A and
using the Hellmann-Feynman theorem and a conjugate gr2.339 A, finally relaxing to 2.345 A at the center of the
dient scheme was used to relax the geometric structure of thglicon part of the simulation cell. At the interface, the silicon
material. bond angles are also deformed away from the natural tetra-

For the band structure calculatioffer the two materials hedral angle (109.5°) varying from 105.8° to 114.7°. In the
forming the supercell, i.e., Si an@-FeSp) that were carried sijlicon layer below the interface the bond angles range from
out following the geometrical optimization, we used the self-107.5° to 111.8°. In the third layer from the interface, the
consistent charge density obtained from the relaxed calculeperfect tetrahedral angle is obtained to within 0.2°.
tions to construct the Hamiltonian of the system. This was Qn the FeSi side of the interface, we also observe small
then diagonalized at various points in the Brillouin zone todeviations from the bulk values which occur as slightly

obtain the energy eigenvalues. strained bonds are formed between the two materials. An
inspection of the valence electronic charge density at the
Il. RESULTS AND DISCUSSIONS interface shows that the material is covalently bonded be-
tween silicon atoms at the interface.
We first optimized the structure of the BiFeS} inter- To examine the electronic structure of the material across

face by calculating the energy of the cell for different valuesthe interface, the total potential and the electronic charge
of the Supercelb lattice parameter, OptImIZIng the pOSitionS density have been microscopica”y averag'e‘d a manner
of the atoms within the supercell each time. Thdattice  analogous to obtaining the average potential described
parameter was fixed at the relaxed value of bulk silicon agbove in the directions parallel to the interface. These re-
th's.'s the _substrate material. The r_esullts of total ENEI9Y its for the planar averaged charge densitgnd the aver-
againstc lattice parameter are shown in Fig. 3, where it was L — S .
found that the energy has a minimum valuecat25.4 A. aged total potentidV'yo, are shown in Fig. 4. Itis seen that
It was found that the relaxed atomic positions in the het0oth Vi, and the charge density (calculated in a manner
erojunction interface show a substantial deformation fromanalogous toV,,) rapidly recover their bulk behavior in
the bulk structure geometry in both materials. At the centeeach of the two materials comprising the junction as one
of each material within the supercélurthest from the inter- moves away from the interface. However, the positions of

033311-3



BRIEF REPORTS PHYSICAL REVIEW B 63 033311

the macroscopic averages of the potentials in the bulklikeerfaces with3-FeSi, will differ greatly, and hence the band
regions are shifted with respect to one another, providing theffset will also differ.

potential Iine—upA\:/tot, which is found to be about 0.64 eV,
with Si being lower. IV. CONCLUSIONS

We have also carried out the necessalpyinitio calcula- In summary, the band offset in the lattice-matched

tions on the bulk Si ang@B-FeSj unit cells, to obtain infor- . )
mation about the top of the valence-bands in the two mate'—:l:"SlZ[om]||SI<110> heterostructure has been calculated by

. . . . a%b initio density functional techniques. A supercell method
rials a_nd the macroscopically avera_lged potential with reSPeCyas employed so that an unbiased plane wave basis set could
to which the band structure energies are measured. We o%—

. . . e used, but required careful checking of convergence crite-
tg:un 6'464 eV and 5.43 eV for the Si aniFeS} respec- ria with respect to interactions between periodically repeat-
tively. Using Eq.(3), the maximum of the valence-band on

the B-FeSj side was found to be lower by about 0.39 eV ing interfaces. These calculations are necessary due to the

L 2 .~ experimental difficulties in obtaining electronic properties
:EZE ;22t\?a[;utgifstlhseld:x()fe:ihrgesnutgﬁrcril:a.a-tl;tlrseg \r/g?gr?czl-%gi ch as band offsets in complicated heterojunctions. In the
offset of 0.05 eV for th P “FesSi /Si(ylll) interface. which ;SJrJesent case we find that the band potential is 0.39 eV higher
- 38 b . T in Si than in FeSi. The results of such calculations will be
was obtained from the diode propertiésHowever, this is

. . . extremely useful for integrate@-FeSi optoelectronic de-
not unexpected as the interface was made using a dlffereglfées used within standard silicon technology.

silicon surface. This difference is because the origin of the
band offset is primarily Fhe absolute relation of the band ACKNOWLEDGMENTS

structure of the materials concerned and the surface

dipole®*which in turn is determined by the interface struc- ~ We are grateful to Professor R. A. Abram for reading the
ture. Obviously, the structure of the(801) and S{111) in- manuscript and for his many useful remarks.
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